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Fo rewo rd 

The Symposium on Irradiation Effects on Structural Alloys for Nuclear 
Reactor Applications was presented at Niagara Falls, Canada, 29 June- 
1 July 1970, in conjunction with the Seventy-third Annual Meeting of the 
American Society for Testing and Materials held in Toronto, Ontario, 
Canada, 22-26 June 1970. The symposium was sponsored by ASTM Com- 
mittee E-10 on Radiosotopes and Radiation Effects. A. L. Bement, Jr., 
Battelle 5lemorial Institute, Pacific Northwest Laboratory, served as 
chairman of the symposium committee, which consisted of J. Moteff, 
cochairman, and K. hi. Zwilsky, C. J. Baroch, E. Landerman, and L. E. 
Steele. The six sessions were presided over by L. J. Chockie, D. R. Harries, 
W. R. Thomas, R. Bullough, J. Moteff, and H. BShm. Two agenda dis- 
cussion sessions also were presented to survey the status of two con- 
temporary problem areas. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



Related 
ASTM Publications 

Chemical and Physical EfFects of High-Energy Radiation 
on Inorganic Substances, STP 400 (1966), $5.25 

Irradiation EfFects in Structural Alloys for Thermal and 
Fast Reactors, STP 457 (1969), $36.00 

Analysis of Reactor Vessel Radiation Effects Surveillance 
Programs, STP 481 (1970), $26.00 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



Contents 

Introduction 1 

Pressure Vessel S tee l s - -Frac ture  Behavior--Session I 
Neutron Dosimetry for Reactor Pressure Vessel Applications--c. z. SERPAN, 

JR.,  AND W. C. MORGAN 3 
Discussion 17 

Radiation Effects on the Metallurgical Fracture Parameters and Fracture 
Toughness of Pressure Vessel Steels--R. A. WULLAERT, D. R. IRELAND, 
AND A. S. TETELMAN 2 0  

Discussion 40 
The Effect of Hydrogen on the Ductile Properties of Irradiated Pressure 

Vessel Steels--c. R. BRINKMAN AND J. M. BEESTON 42 
Discussion 73 

Evaluation of the Embrittlement of Pressure Vessel Steels Irradiated in 
J P D R - - M A S A Y U K I  KAWASAKI~ T. FUJIMURA~ K. SUZUKI, H. NAMATAME, 

AND MINORU KAWASAKI 74 

Discussion 95 

Pressure Vessel S t ee l s - -S truc tura l  and Imp u r i ty  Effects--Session IX 
Demonstration of Improved Radiation Embritt lement Resistance of A533B 

Steel Through Control of Selected Residual Elements--J. R. 
HAWTHORNE 96 

Discussion 127 
Neutron Irradiation Effects on Iron Containing Aluminum and Nitrogen--  

N. IGATA, R. R. HASIGUTI~ E. YAGI~ U. NISHIIKE,  AND K. WATANABE 128  

Discussion 140 
The Effect of Fast Neutron Irradiation on the Mechanical Properties of Some 

Quenched and Tempered Steels--R. R. HOSBONS AND B. L. WOTTON 142 
Discussion 163 

Agenda Discussion Session 
Structure and Composition Effects on Irradiation Sensitivity of Pressure 

Vessel Steels--L. E. STEELE 164 

Thermal  Reactor M a t e r i a l s - - S e s s i o n  I I I  

Effects of Irradiation in a Thermal Reactor on the Tensile Properties of 
Zircaloy 2 and 4 and Borated Stainless Steel--c. J. BAROCI~, A. V. 
MUNIM, AND E. N, HARBINSON 176 

Discussion 193 
Influence o( Irradiation Temperature on the Tensile Properties of Stainless 

Steel--M. KANGILASKI~ J. W. SPRETNAK~ A. A. BAUER, AND R. A. 

WULLAERT 194 
The Effect of Neutron Irradiation on the Mechanical Properties of Zirconium 

Alloy Fuel Cladding in Uniaxial and Biaxial Tests--D. G. HARDY 215 
Discussion 258 

Metallurgical Properties of Cold-Worked Zircaloy 2 Pressure Tubes Irradiated 
Under CANDU-PHW Power Reactor Conditions--w. J. LANGFORD 259 

Discussion 286 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



The Temperature and Neutron Dose Dependence of Irradiation Growth in 
Zircaloy 2--J. E. HARBOTTLE 287 

Discussion 298 

Fast Reactor Materials--Damage M e c h a n i s m s - - S e s s i o n  IV 

Quantitative Transmission Electron Microscopy of Bubbles in A1 and A1-A1203 
Alloys--E. RCEDL 300 

Discussion 316 
The Mechanism and Kinetics of Void Growth During Neutron Irradiat ion--  

R. BULLOUGH AND R. C. PERRIN 317 
Discussion 330 

Void Formation in Proton Irradiated Stainless Steel--D. w. KEEFER, H. H. 
NEELY, J. C. ROBINSON, A. G. PARD, AND D. KRAMER 332 

Discussion 345 
Considerations of Metal Swelling and Related Phenomena Caused by Fast 

Neutron Irradiation--CHE-VU LI, D. O. FRANKLIN, AND S. D. HARKNESS 347 
Discussion 361 

Some Observations on the Structure and Tensile Properties of AISI Type 316 
Steel as a Function of Fast Reactor Irradiation Temperature--P. J. 
BARTON A N D  P. R. B. HIGGINS 362 

Fast Reactor Materials--Swell ing Behavior--Session V 
Neutron Dosimetry for Fast Reactor Applications--w. N. MCELROY AND 

R. E. DAHL, JR. 375 
Agenda Discussion Session 

How Do We Solve the Void Problem? 400 

Fast Reactor Materials--Properties--Session VI 

Neutron Fluence Limit Determinations for Some Fast Flux Test Facility 
Components--R. A. MOEN, J. C. TOBIN, AND K. C. THOMAS 409 

Axial Fatigue of Irradiated Stainless Steels Tested at Elevated Temper- 
atures--J. M. BEESTON AND C. R. BRINKMAN 419 

Discussion 449 
Effect of Fast Neutron Irradiation on the Creep Rupture Properties of Type 

304 Stainless Steel at 600 C--E. E. BLOOM AND J. O. STIEGLER 451 
Discussion 467 

Uniaxial and Biaxial Creep Rupture of Type 316 Stainless Steel After Fast 
Reactor Irradiation--A. J. LOVELL AND R. W. BARKER 468 

Effect of Irradiation on the Mechanical Properties of 19-9DL Alloy--A. L. 
LOWE~ JR., AND C. J. BAROCH 484 

Discussion 494 
Influence of Neutron Irradiation on the Creep Rupture Properties of a 

16Cr-13Ni Steel--K. EHRLICH, H. BOHM, AND C. WASSILEW 495 
The Effects of Helium on the High-Temperature Ductility of Sandvik 

12R72HV and Inco IN-744X--D. KRAMER, K. R. GARR, C. G. RHODES, 

AND A. G. PARD 509  

Discussion 520 
Correlation Between the Mechanical Properties and Microstructure of Irradi- 

ated Iron and Low-Carbon Steel--v. M. STEFANOVI5 AND N. LJ. 
MILASIN 521 

Irradiation Effects at Cryogenic Temperature on Tensile Properties of Ti- 
tanium and Titanium-Base Alloys--c. L. YOUNGER AND F. A. HALEr 537 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



STP484-EB/Jan. 1970 

Introduction 

The 1970 Symposium on Radiation Effects on Structural Metals was 
the fifth in a series of related international conferences that have been 
held biennially. The symposium, sponsored by ASTM Committee E-10 
on Radiosotopes and Radiation Effects, had the primary objective of pro- 
viding a comprehensive review of current technology in the development 
and evaluation of metallic materials for thermal and fast nuclear reactors�9 
This was accomplished by bringing together the world's experts in nuclear 
radiation effects on structural metals, utilizing as a focal point a selected 
group of papers and providing a forum for discussion of new techniques 
for applying structural metals to various nuclear environments�9 

This is an expanding field of technology of vital interest to research and 
development investigators, reactor design, nuclear utilities, the nuclear 
industry, and government. While efforts to minimize the detrimental 
aspects of radiation induced property changes in thermal reactor materials 
are continuing, the development of superior materials that will withstand 
void swelling in fast breeder reactors is presently the focus of technological 
effort. Furthermore, experimental and analytical methods for correlating 
property changes with neutron flux and energy parameters have achieved 
a promising stage of development. In order to cover the important aspects 
of the general topic, approximately forty papers contributed by recognized 
experts from many countries were carefully selected by the symposium 
committee and were arranged into six sessions. This volume is accordingly 
divided by session topic to facilitate the reader's review in terms of his 
preferred interest. The topics include (1) pressure vessel steels--fracture 
behavior, (2) pressure vessel steels--structural and impurity effects, (3) 
thermal reactor materials, (4) fast reactor materials--damage mechanisms, 
(5) fast. reactor materials--swelling behavior, and (6) fast reactor ma- 
terials-properties. Recent advances in neutron dosimetry for thermal and 
fast reactor applications were reviewed in three invited papers, two of 
which are included in the proceedings; namely, "Neutron  Dosimetry for 
Reactor Pressure Vessel Apphcatlom, by C. Z. Serpan, Jr., and W. C. 
Morgan and "Neutron Dosimetry for Fast Reactor Applications," by 
W. N. McElroy and R. E. Dahl, Jr. 

Two agenda discussion sessions stimulated plenary discussions of sub- 
jects of technical interest. Scientists eminent in the field were selected as 

�9 
Copyright 1970 by ASTM lntcrnational www.astm.org 
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2 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

discussion leaders and were given the responsibility for outlining critical 
points and developing the discussion of each point. These leaders were 
assisted by rapporteurs who prepared a more or less literal transcription 
of the discussion. The two sessions were "Structural and Composition 
Effects on Irradiation Sensitivity of Pressure Vessel Steels," L. E. Steele, 
chairman, and C. W. Hunter, rapporteur, and "How Do We Solve the 
Void Problem?" K. Zwilsky, chairman, and T. T. Claudson, rapporteur. 
The agenda discussion chairmen have condensed, rearranged, organized, 
added commentary to, and interpreted these discussions, each at his own 
discretion, in order to contribute a compendium of current thought on 
each topic. These agenda discussions are included in these proceedings 
following the formal papers to which they refer. In addition, a rapporteur 
session, "Swelling of Austenitie Stainless Steels in Fast Reactors--Experi- 
mental Evidence and Design Considerations," was presented by J. R. Weir 
but is not included in this publication. 

Scheduling this symposium in Canada not only enhanced the inter- 
nationM focus on the symposium topic but also attracted a broader inter- 
national representation. In addition to the host country, Canada, authors 
and attendees from Australia, Belgium, Czechoslovakia, France, Germany, 
India, Italy, Japan, the Netherlands, the United Kingdom, the United 
States, and Yugoslavia discussed recent work being conducted in their 
homelands. 

Rapid advances in nuclear materials technology along several fronts 
were evident from this symposium. They suggest the importance of both 
these proceedings and future symposia to the further development of an 
international exchange of information encouraged by this and preceding 
symposia of this series. The authors and discussers are commended for 
their excellent presentation of both the problems and some solutions in 
the field of nuclear radiation damage of materials. 

The members of the symposium committee were Arden L. Bement, 
chairman, John Moteff, coehairman, Klaus Zwilsky, Charles J. Baroch, 
E. Landerman, and Lendell E. Steele. The symposium committee grate- 
fully acknowledges the substantial assistance of Rebecca R. Martin, 
Pacific Northwest Laboratory, for secretarial services and of Duane N. 
Sunderman, chairman, ASTM Committee E-10, for his leadership and 
encouragement,. 

A. L. Bement 

manager, Fuels and Materials Dept., 
Battelle-Northwest, Richland, Wash. 99352; 
currently, visiting professor of nuclear materials, 
Department of Nuclear Engineering, 
Massachusetts Institute of Technology, 
Cambridge, Mass. 02139. 
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C. Z. Serpan, Jr. ,  1 and W. C. Morgan 2 

Neutron Dosimetry for Reactor 
Pressure Vessel Applications 

REFERENCE:  Serpan, C. Z., Jr., and Morgan, W. C., " N e u t r o n  D o s i m e t r y  
for  Reac to r  P ressu re  Vessel A p p l i c a t i o n s , "  Irradiation Effects on Structural 
Alloys for Nuclear Reactor Applications, A S T M  S T P  ~8~, American Society 
for Testing and Materials, 1970, pp. 3-19. 

ABSTRACT:  The neutron dosimetry analysis effort discussed is aimed solely 
at obtaining the most accurate projections of neutron fluence and future 
radiation embrittlement in the pressure vessel of an operating commercial 
power reactor. The mechanical property changes in materials for reactor 
pressure vessel applications are caused by neutron/atomic lattice interactions 
that are highly sensitive to material composition, irradiation temperature, 
and population and energy of the damage causing neutrons. Of these, the 
neutron fluence and spectra are most difficult to define accurately for a given 
irradiation condition since neither can be measured directly. Nevertheless, if 
radiation induced changes are to be understood and subsequently used as a 
basis for projecting changes in real reactor components, the neutron dosimetry 
analysis must be as precise as possible; the ultimate results of any such pro- 
jections are highly dependent upon the accuracy of the neutron spectrum and 
neutron fluence used as input. Improvements in both of these areas, as well as 
in standardization of approaches, are needed for accurate projection of radiation 
induced changes in reactor pressure vessels. The current status of neutron 
dosimetry in power reactors is reviewed, and guidelines are provided for im- 
proving future dosimetry of reactor pressure vessel surveillance programs. 

KEY WORDS:  irradiation, particle beams, neutron irradiation, neutron flux, 
spectra, radiation effects, dosimetry, mechanical properties, microstructure, 
crystal lattices, embrittlement, power reactors (nuclear), nuclear fuel cladding, 
pressure vessels, alloy steels, alloy stainless steels 

The primary pressure containment vessels of the present generation of 
light water moderated power reactors are fabricated of heavy-section low- 

1 Research chemist, Reactor Materials Branch, Metallurgy Division, Naval Research 
Laboratory, Washington, D.C. 20390. 

Senior research scientist, Irradiation Effects Section, Metallurgy and Ceramics 
Department, Battelle Memorial Institute, Pacific Northwest Laboratory, Riehland, 
Wash. 99352. 

Copyright* 1970 by ASTM International www.astm.org 
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4 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

alloy ferritic steel [1]. 2 Economic design considerations dictate that the 
vessel diameters be kept as small as possible. This reults in the vessel 
wall being close to the nuclear fuel core and causes a corresponding in- 
crease in the neutron flux intensity incident on the vessel wall. I t  is the 
bombardment of ferritic steel in reactor pressure vessel walls by reactor 
core neutrons that causes alterations in the steel atomic lattice, with re- 
sulting changes in mechanical properties. 

These mechanical property changes are highly sensitive to material 
composition, mierostructure, irradiation temperature, and the population 
and energy of impinging neutrons. Certain changes such as increases in 
yield and tensile strength are not generally considered detrimental; how- 
ever, neutron induced increases in the brittle-to-ductile transition temper- 
ature of ferritic steels are of significant importance to the overall opera- 
tional safety of a pressurized reactor vessel. 

Embrittlement Analysis 

The basic embrittlement analysis problem of reactor pressure vessels 
arises from the fact that nondestructive measurements of mechanical 
property changes cannot be made for the precise location of primary inter- 
est, the interface between the stainless steel cladding and the alloy steel 
inside the vessel wall. With present technology, the best alternative is to 
make mechanical property measurements on specimens irradiated at 
nearby accessible locations in the same reactor and extrapolate the me- 
chanical property changes to the location of interest. 

The Analysis of a Reactor in Use 

For example, this technique was used for analysis of the Yankee-Rowe 
reactor; Fig. 1 is a schematic representation of the reactor, including a 
section through the vessel core at midplane, showing the positions of the 
surveillance capsules in relation to the reactor [2]. The magnitude of the 
extrapolation required for this kind of reactor is given by the neutron flux 
measurements from "accelerated" and "vessel wall" surveillance location 
capsules. These show that the measured flux, n/cm2-s, for E >0.5 MeV 
at the vessel wall location decreased to about 0.001 of the accelerated loca- 
tion fluxes. 

Because of the different types and thicknesses of moderating materials 
between the location at which the specimens were irradiated and the pres- 
sure vessel wall, the neutron population as a function of energy can change 
significantly, and the resulting neutron spectrum will have greater or 
lesser capabilities for creating damage. Therefore, the damage produced 
per unit neutron fluence must be taken into account if meaningful projec- 
tions are to be made of damage in a component and of the resulting service 

Italic numbers in brackets refer to the list of references at the end of this paper. 
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SERPAN AND MORGAN ON NEUTRON DOSIMETRY ,5 
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FIG. 1--Schematic representation of the Yankee reactor showing the relative location of 
accelerated and vessel wall surveillance capsules. 

capabilities. Figure 2 shows, as an example of the neutron spectrum changes 
with position, the neutron spectra for the near-core accelerated surveil- 
lance irradiation location and the near-vessel vessel wall surveillance ir- 
radiation location of the Big Rock Point reactor (BRPR) as histograms 
[3]. The smooth curve for the Watt form of the fission spectrum is included 
for reference. It is clear that the fission spectrum is not a good approxi- 
mation for the spectrum at either of the BRPR locations. 

A closer inspection of Fig. 2 reveals the effects of moderating materials 
upon neutron distributions in reactors. The spectrum for the accelerated 
location, which is quite near the reactor fuel core, more closely reflects a 
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6 I R R A D I A T I O N  E F F E C T S  O N  S T R U C T U R A L  A L L O Y S  
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FIG. 2--Theoretical neutron spectra for surveillance locations in the Big Rock Point 
reactor. The spectra were calculated with the transport theory reactor physics code, Program S, 
and validated with flux detector measurements. The spectral emphasis is seen to shift from 
lower to higher energies between the near-core accelerated location and the near-vessel vessel 
wall location. 

fission-spectrum shape than does the spectrum at the vessel wall sur- 
veillance location, which is only an inch or two from the internal wall of 
the reactor vessel. The thermal flux population decreases significantly at 
the vessel wall location as a result of removal processes occurring in the 
steel. The neutron spectrum within the vessel wall is again somewhat dif- 
ferent than either of these spectra. As a general comment, the average 
neutron energy increases as a result of the removal processes in the steel 
and water layers. (Only the relative spectral group intensities are being 
discussed here. The overall intensity of the vessel wall spectrum is several 
orders of magnitude lower than the overall intensity of the accelerated 
location spectrum.) An indication of the importance of these spectral 
changes can be gained from Table 1; as can be seen, by far the most im- 
portant radiation effects in the pressure vessel are caused by high-energy 
neutrons. The intermediate-energy neutrons, of energies greater than 
thermal but less than about 0.1 MeV, have enough energy to create some 
damage but are relatively unimportant; thermal neutrons, on the other 
hand, do contribute to the damage at the accelerated surveillance position 
but not at the vessel wall position. 

The details of this comparison have been presented previously [4]; the 
most important points to be emphasized here are that (1) the spectrum 
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8 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

changes with position in the reactor and (2) the damage produced by a 
given neutron fluence is a function of the neutron spectrum. 

Determinat ion  of  Neutron Spectra 

Having described the value of knowing a specific neutron spectrum, it 
is important to consider how it can be obtained. However, for this particu- 
lar application, it should be emphasized that uncertainties in spectral 
definition are only important where, and to the degree that, they result in 
subsequent uncertainties in the integral of the damage cross section over 
the total spectrum. The two principal methods for obtaining neutron 
spectra are (1) calculations using reactor physics codes and (2) computer 
iterative techniques using activation data from many different flux de- 
tector materials simultaneously irradiated in the reactor at the location of 
interest. Both methods have associated advantages and disadvantages 
and require considerable professional judgment by the user to assure mean- 
ingful results. Either method can be used to obtain neutron spectra at the 
surveillance locations; however, projections into the pressure vessel can 
only be m~de by use of the reactor physics code. 

Reactor Physics Codes 

The mathematical methods for the most widely used codes for reactor 
vessel spectrum calculations are diffusion theory, transport theory, and a 
combination of these two. This does not exhaust the possible methods, 
but few other applications have been made for power reactors. The diffu- 
sion codes are very convenient as they permit calculations to be performed 
with relatively short computer times. Transport theory codes usually take 
more computer time because of the nature of the mathematical process 
involved. A typical transport code in use is DTF-IV [5]; another transport 
code used for several reactor vessel analyses is Program S [6]. The P3MG 
code [7] has found use for reactor vessel analyses, because it combines 
some of the rapid analysis features of diffusion theory while also retaining 
such desirable features of transport theory as considerations of anisotropic 
scattering. 

The idealized model of the reactor, which is chosen for use in the code, 
can h~ve a significant effect on the calculated spectrum. The mathematical 
operations of reactor physics codes and the library of microscopic cross 
sections used in the cMculation can also affect the resultant tabulated 
neutron spectra. There is no universal set of these cross section values for 
reactor physics calculations, and, therefore, each computational result will 
reflect the differences inherent in each set to a greater or lesser degree. 
Without careful comparison of results from several codes and libraries, it 
is nearly impossible to discern the cause of differences between sets of 
results. 
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FIG. 3--Theoretical neutron spectra for the alloy steel~stainless steel cladding interface 
of the PM-2A reactor vessel wall as derived by the transport theory code, Program S, and 
the P3MG code. 

An example of the differences that can arise from use of two different 
reactor physics codes and cross section libraries is shown in Fig. 3 for the 
interface of the alloy steel vessel wall and stainless steel cladding of the 
PM-2A reactor. The heavy line histogram is from a transport theory Pro- 
gram S calculation [8] performed at Battelle-Northwest; the light line 
histogram is from a P3MG calculation reported by Shure and Oberg [9]. 
Normalization of the spectra is accomplished on the basis that calculated 
activation rates of a 54Fe monitor would be the same in each spectrum. 
The most significant difference is the variation in the relative intensities 
at different energies; the relative fluences calculated using the two spectra 
and any one activation monitor would depend on the energy response of 
the monitor. Thus it is apparent that spectra, calculated by use of a reactor 
physics code, should be checked by activation of monitors having different 
energy responses and may require adjustment on the basis of the activa- 
tion results. 

Computer Iterative Ana lys i s  

Multiple-foil techniques [10] provide an effective means of adjusting 
calculated spectra; moreover, if sufficient monitoring data are available, 
computer iterative analysis techniques can be used to derive neutron spec- 
tra directly from the activation data. The multiple-foil technique is, theo- 
retically, capable o f  yielding very accurate spectra. The method does 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



10 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

require that, unless good estimates of the spectra are available, a large 
number of monitor materials be irradiated simultaneously for use as input 
data. A second limitation is that the energy dependent cross sections must 
be known for all of the monitors; an associated problem is the scarcity of 
cross section data for monitors which are primarily activated by inter- 
mediate-energy neutrons. The second limitation has generally been over- 
come, as in the case of the SAND-II computer code [I1], by the compila- 
tion and evaluation of an extensive library of consistent cross sections [I2]. 

Large differences do not always exist between the results obtained by 
different methods. A recent study by Jenkins [13] shows excellent agree- 
ment between the calculated spectrum and the neutron activation results; 
and, by using the SAND-II code, to adjust the calculated spectrum, even 
better agreement was obtained. These results show the degree of precision 
which can be obtained through careful choice of techniques; however, the 
choice of techniques requires the exercise of professional judgment and 
considerable experience with the use of different codes under various 
conditions. 

Damage and Fluence 

Comparisons of irradiation effects data have been made on the basis of 
the Radiation Damage Unit (RDU) introduced by Rossin [14] and the 
Dt unit introduced by Shure [15]. Both approaches are similar in that 
they use theoretically derived atomic displacement cross sections which 
are integrated over the neutron flux spectrum ~dth the resultant sum 
taken as a measm'e of the relative damaging potential of the spectrum. 
The damaging potential could then be multiplied by the neutron fluence, 
and this product used in place of the fluence for comparing radiation 
damage data. Such a procedure is far more realistic than simply assuming 
that the damage is directly proportional to the fluence; however, both 
methods suffer from the defect that they are closely tied to a particular 
set of theoretical displacement cross sections and they require the intro- 
duction of a damage unit scale in addition to the fiuence scale. 

DaM and Yoshikawa [16] found that an energy could be determined 
such that the integral of the displacement cross section over the neutron 
spectrum was proportional to the flux above that energy for a number of 
different spectra. This method does not require the introduction of an ar- 
bitrary damage unit; however, it does retain the assumption that the dam- 
age is proportional to the calculated number of displacements produced 
during the irradiation. 

Various improvements have been made in the models used to derive 
theoretical displacement cross sections [17], and other models have been 
developed which are more realistic in that they are based on the formation 
of vacancy clusters [18] rather than just displacement production. These 
studies clearly point the direction for future developments in damage cor- 
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relation work; however, additional improvements and validation studies 
are required to obtain the accuracy required for pressure vessel surveil- 
lance programs. 

In addition to the theoretical work, macroscopic damage cross sections 
have been derived [19] directly from physical property change data by use 
of computer iterative analysis techniques. Although this approach requires 
that a fairly substantial body of radiation effects data be compiled on a 
specific steel irradiated in several different known spectra, the resultant 
damage cross sections have been shown to be much more precise than 
currently available theoretical cross sections. 

Recently a large-scale effort has been under way with the joint sponsor- 
ship of NRL, Battelle-Northwest, and Westinghouse Nuclear Energy 
Systems to evaluate the accuracy of several reactor physics codes for pre- 
diction of the neutron spectrum and flux intensity at different locations 
associated with a simulated reactor pressure vessel wall and thermal shield. 
The experimental arrangement provides for the irradiation of neutron flux 
detectors at seven locations simulating (1) an accelerated surveillance loca- 
tion between the reactor core and a 1-in.-thick "thermal" shield, (2) a 
vessel wall surveillance location, and (3) five additional locations within 
an 8-in.-thick steel test block that simulates the pressure vessel wall. Spec- 
tra will be calculated for all seven irradiation locations with the DTF-IV 
transport code, the P1MG code [20], and the 2DB diffusion code [21] and 
compared with those obtained from multiple foils using the SAND-II 
computer iterative technique. The results of this series of tests should 
provide a valuable basis for selection of codes and techniques to be used 
for pressure vessel surveillance programs. 

In addition, mechanical property changes will be measured on test 
specimens included at the seven locations for comparison with the changes 
predicted by the various methods. These data will also be used as input 
to the SAND-II program to improve the damage cross sections for pres- 
sure vessel steels, thus increasing the precision obtainable in projections 
of damage for future surveillance programs. 

Spectral Detectors 

The selection of neutron detector materials [22] must be considered on 
the basis of the relationship of their cross sections and the spectrum. The 
goal is to select materials tl_at will provide coverage of all segments of a 
neutron spectrum plus some small amount of redundance to preclude errors 
arising from a single inconsistent datum. Where possible, a short-term 
irradiation should be employed to activate the detectors used for spectral 
determination or adjustment. The optimum set of detectors will be differ- 
ent for different irradiation conditions and spectra; therefore, the following 
discussion of specific detector materials is included as a general guide 
rather than as a specific recommendation. Shown in Fig. 4 is a differential 
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FIG.  4--Schematic representation of the energy range of neutrons effective in causing 
90 percent of the activation of a series of materials used for neutron flux detection. The 
reference spectrum represents deep penetration into a pressure vessel wall. 

plot of a neutron spectrum representing deep penetration into a pressure 
vessel wall [23]. Superimposed are the energy response ranges for a number 
of different reactions of general use in neutron dosimetry. The shaded 
regions represent the energy range of neutrons causing 90 percent of the 
indicated reactions. 

For thermal neutron detection [24], cadmium covered cobalt can be 
used with bare cobalt to obtain the thermal flux by the "difference" 
method. Resonance detectors include cadmium covered cobalt (from the 
cadmium difference thermal flux determination above). Additionally, the 
reaction 1~ ~/)it~ is of significant value as a resonance detector 
because, like the cadmium covered cobalt, it will be activated by the inter- 
mediate-energy neutrons, but the silver does not require the cadmium to 
be effective. Bare silver and cobalt detectors can thus be used for the "two- 
foil" method for thermal flux determinations [25-27] as a check against 
the bare and cadmium covered cobalt difference method. 

Resonance activity for the 5SFe(n, ~)59Fe reaction is very useful, be- 
cause, unlike most n,~/reactions, it has a broad response range, thus pro- 
riding a valuable contribution to establishing the flux intensity level in 
the intermediate energy range. The two fission detectors, ~sU and 23sPu, 
are valuable because they cover the energy range between the thermal and 
fast neutrons. This is particularly so for the 23sPu materials as it covers a 
broad range reaching the 1-MeV level. Fast neutron detectors should be 
included to help preclude errors in this important energy range; :~TNp, 
~sU, nickel, iron, and titanium are commonly used [28] for this purpose. 
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Fluence Monitoring 

The overall accuracy of neutron fluence measurements is of course de- 
pendent on knowledge of the neutron spectrum. However, if the fluence 
is derived from a single detector material, or even several if their cross 
sections cover only a narrow energy response range, a possible source for 
error is introduced. I t  is thus valuable to include a variety of neutron de- 
tector materials in any experiment to be irradiated for long time periods 
corresponding to requirements of reactor vessel dosimetry. The selection 
of materials is severely hampered, however, by  the very nature of the ir- 
radiation environment. 

Irradiations associated with the vessel wall of a reactor must be com- 
patible with the elevated temperature (usually near 550 F (288 C)) and 
long irradiation periods, ranging over several years, that  are common for 
reactor vessel surveillance programs. Reactor  vessel research in general 
requires detector materials that  will be sensitive to activation for these 
long periods and will retain to the time of analysis some degree of activity 
from early exposures. I t  is thus important  in vessel surveillance of monitor- 
ing to have flux detectors of long half-lives so that  the induced activity 
from early segments of power operations have not significantly decayed or 
been overcome by new activation from more recent power operations. I t  is 
especially important  that  the reactor operating history be carefully re- 
tained and utilized in the fluence analysis. Direct correlation between 
neutron flux and reactor operating power can be of significant value if no 
significant changes are made throughout the monitoring period; some 
changes, for example the type or enrichment of fuel elements, however, 
can invalidate such correlations. 

To help minimize the possibility of errors arising from use of spectrum 
calculations for extrapolations, the distance between the measurement 
location and the extrapolation location should be kept as small as possible 
[29]. For extrapolations to the reactor vessel wall, it is convenient to have 
a flux value from a detector irradiated in a vessel wall surveillance capsule 
or from a flux detector wire enclosed inside a tube placed adjacent to the 
reactor vessel wall. A flux detector tube alongside a reactor vessel wall 
was used for analysis of the SM-1A reactor [30] with great success. 

S u m m a r y  a n d  Conc lu s ions  

For an accurate analysis of a reactor vessel condition, four factors are 
needed. 

1. The neutron spectrum must be well established for each surveillance 
location. Reactor physics codes are generally used for determining neutron 
spectra in reactor locations outside the core, although the codes now avail- 
able were not intended for deep penetration problems such as pressure 
vessels. Therefore, it is important  that  spectra obtained from reactor phys- 
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14 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

its calculations be validated or adjusted with data from flux detector 
measurements. Spectrum determinations can also be made by computer 
iterative analysis of a series of many neutron flux detector materials simul- 
taneously exposed to the reactor flux at a specific location. These results 
should be considerably more accurate, but only if an appropriate set of 
detectors is selected. 

2. Accurate neutron fluence monitoring must be accomplished for sur- 
veillance irradiation periods to obtain a thorough knowledge of the trends 
in radiation induced damage in the reactor vessel steel as a function of 
fluence. Monitors which have long half-lives and provide coverage of the 
entire reactor spectrum should be selected. 

3. Reactor physics calculations must be used to extrapolate the spectrum 
and fluence from the closest measurement position to the pressure vessel. 
Additional research is required to assure the accuracy of such extrapola- 
tions for deep penetration problems such as at a reactor vessel wall. I t  
may be necessary to recommend in the future that  a large-scale effort be 
undertaken to ~ ' i t e  a new code that  will properly extrapolate spectra and 
fluence for this type of situation. Research studies are now under way 
that  may well provide the basis for judging the merits of such an effort. 

4. Finally, the materials property change must be calculated at the posi- 
tion of interest; if a macroscopic damage cross section has been obtained 
for the steel, the property change can be calculated from the above data. 
Although theoretical displacement cross sections or damage models could 
be used in lieu of the semiempirical damage cross sections, one should not 
expect the same degree of accuracy from such a substitution. 

The procedure outlined above is believed to result in the highest accu- 
racy obtainable at the present time; however, the degree of accuracy will 
depend on the particular circumstances and procedures used at each step. 
Additional research is required before the accuracy limits can be specified. 
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DISCUSSION 

E. Landermanl - - In  the list of dosimeters, 237Np and 238U were not sug- 
gested for use in surveillance programs. Westinghouse has been using them 
successfully; K. M. Barry and J. A. Corbett have described their use in a 
recent ANS paper, "Measurement  of Neutron Fluenee by 237Np and 23sU 
Fission Dosimeters." 2 Their results show that from test performance in 
dissimilar reactors such as the Saxton reactor and the Babcock and Wilcox 
test reactor (BAWTR), the combination of fission dosimeters, with the 
P1MG Code to predict the neutron energy spectrum, yields fast neutron 
fluenees in good agreement with values obtained from the 54Fe monitors. 

The data below, are from the Saxton reactor: 

Fast Neutron Fluenee, 
Reaction n /cm ~, E > 1 MeV 

2~TNp (n, f) 137 Cs 1.18 X 1020 
238U (n, f) 137Cs 1.1 7 X 102~ 
5*Fe (n,p)54Mn 1.15 X 1020 

Noting these good relationships, why were they not included and considered 
in this paper? 

A. D. Rossina--I wish to take exception to the statement in the third 
paragraph of this paper: "With present technology, the best alternative is 
to make mechanical property measurements on specimens irradiated at 
nearby accessible locations in the same reactor and extrapolate the mechan- 
ical property changes to the location of interest." 

This statement is certainly not correct and is misleading to the reader. 
Any technique that extrapolates to another position in a reactor system 
could work equally well with any position in any materials testing reactor. 
The advantages of ease of handling, temperature control, better dosimetry, 
and factors of 10 to 1000 less irradiation time required because of higher 
flux levels available far outweigh the problems that go with surveillance. 

1 Fellow engineer, Westinghouse Nuclear Energy Systems, Pittsburgh, Pa. 15230. 
2 June 1970 Annual Meeting, Transactions of the American Nuclear Society, TANSA, 

Vol. 13, No. 1, pp. 431-432. 
Center for Environmental  Studies, Argonne National Laboratory, Argonne, Ill. 

60439. 
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1 8 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Moreover, in order to design reactors there must be experimental evi- 
dence on the behavior of irradiated pressure vessel steel throughou~ the 
reactor lifetime. To date, designs have met requirements for safety analysis 
by substantial overdesign. The surveillance approach was accepted by re- 
view bodies several years ago as a backup to the limited experimental 
evidence. Unfortunately, there was no real basis for believing that surveil- 
lance would prove worthwhile. This paper notwithstanding, there is still 
no valid reason to believe that surveillance is either necessary or desirable. 
Surveillance offers evidence of good intentions on the part of the vendor 
and has the distinct short-term advantage of giving nothing to evaluate 
for many years. Hopefully, the design will turn out to have been conserva- 
tive enough regardless of the findings. 

What is still missing is adequate experimental evidence to support design 
calculations. Because the industry has accepted overdesign, neither it nor 
government has seen fit to support sufficient research to put this problem 
to bed. 

Two additional points: 
1. I might defend the RDU or Dt approach to this extent: the con- 

cepts work with any set of displacement cross sections, and results can 
easily be updated if a new and better set of cross sections is developed. As 
for a "damage unit scale in addition to the fluence scale," since the fluence 
scMe fails to give the correlation required, who needs it? 

The problem with use of an effective energy cutoff [16] is that to validate 
it for specific cases one must go through the whole damage model approach 
first, and then the effective energy cutoff limits the usefulness to the cases 
tested. Unfortunately, to those not familiar with radiation damage, the 
energy cutoff model gives the impression that only the neutrons with 
energy above that value cause the damage. This impression has led to 
much confusion in the past. 

2. in practice, determination of neutron spectra turns out to be an ex- 
periment that takes substantial effort to perform and skill to interpret. I t  
can be done in special locations, in test reactors, or in mockups, as described 
in the paper. For power reactors, for long-term irradiations, knowledge of 
flux and spectra at points of interest, whatever methods are used to deter- 
mine it, can best be used along with operating history to determine fluence 
and damage. 

What is needed by the power reactor industry at this stage is to get rid 
of surveillance. Specimens in reactors have broken loose creating potential 
safety problems. They add to cost, complicate flow patterns, and do not 
add to safety. Even with accelerated locations, they beg the question. If 
surveillance specimens predict vessel damage, a $100 million operating 
plant is in a lot of trouble. The knowledge is needed early, not later on. 

C. Z. Serpan, Jr. (authors' closure)--The discussion by Mr. Landerman 
is in reference to presentation of this paper which was a condensation of 
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papers by Serpan and by Odette and Ziebold. In the presentation, 2~TNp 
and 23sU were omitted from the list of neutron flux detectors on the basis 
of a rather  difficult analysis procedure required, in particular for 237Np. I t  
should be noted, however, tha t  in this final version of the paper these two 
fission detectors are included. 

The discussion by Dr. Rossin permits the continued airing of important  
divergent views on dosimetry, spectrum, and surveillance. The first com- 
ment refers to extrapolation of surveillance results and is not withdrawn 
by the authors. The statement has been refined in the text, however, to 
clarify the intent:  surveillance irradiations should be made as close as 
practicable to the location of interest, as this effectively minimizes spec- 
trum, temperature,  and flux differences, hence, a significant reduction in 
potential errors. As this was the original intent  of the statement,  it was 
reemphasized in the paragraph preceding the summary and conclusions 
section. Damage models, trends, approximations, error bands are not 
needed to evaluate data that  have been obtained from irradiation at, or 
virtually at, the location of interest. As Dr. Rossin says, "there must be 
experimental evidence on the behavior of irradiated pressure vessel steel 
through the reactor lifetime." Where better  to obtain such realistic, not 
accelerated nor test reactor, data? If surveillance is no good, what  alterna- 
tive does the responsible reactor operator have today to assess the future 
potentially frangible condition of his reactor vessel? Research has been 
and is continuing to be conducted on this very topic. If the past ten or 
twelve years of research have provided as little useful information as sug- 
gested by Dr. Rossin, then what will come from ten or twelve more years 
of research? 

The question of an energy "cutoff" such as "> 1 MeV" is one that  has 
been with us since the onset of radiation effects testing. Dr. Rossin was 
one of the first to point out the shortcomings of the concept and, in general, 
these are recognized and accepted. Nevertheless, no agreement has yet  
been reached regarding what to use in place of a threshold. The fact is 
that  research data  must be placed into terms that  can be understood and 
used by design and operating personnel. Elegant and complicated analysis 
techniques simply will not be used on a daily working level basis. Thus, it 
is the obligation of those working in this field not only to mold their tech- 
niques for simple use but  also to provide reference marks along the way 
in old, familiar terms to help guide the uninitiated. 

I t  is felt that  great progress has been made toward understanding the 
radiation embrit t lement problem and toward solving it. I need only point 
to the paper by Hawthorne in this volume showing the dramatically re- 
duced embri t t lement  potential demonstrated on a 30-ton heat of A533B 
pressure vessel steel produced by composition control. This shows what 
kind of experimental evidence can and is being developed to support the 
future design of reactors. 
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ABSTRACT:  The effect of radiation on tensile properties, notch bend prop- 
erties, and fracture toughness was determined on A212B steel from the Path- 
finder reactor surveillance program and on A533B steel from the U.S. AEC 
Heavy Section Technology program. Impact tests were performed on an 
instrumented Charpy machine which provided load-deflection data in addition 
to energy absorption data. Valid fracture toughness values were obtained from 
precracked Charpy specimens. 

The results of the notch bend tests on the irradiated steels indicated that the 
radiation induced increase in the ductile-brittle transition temperature was 
mainly due to the large radiation induced increase in the friction stress. Radi- 
ation reduced the strain rate sensitivity of the yield stress but did not change 
the temperature dependence of the yield stress. The microscopic cleavage 
strength was essentially unaffected by irradiation. The relationships between 
the metallurgical fracture parameters (Cottrell-Petch) and the ductile-brittle 
transition temperature (DBTT) and fracture toughness ( KI~ ) were established. 
These relationships were used to predict the radiation induced change in 
fracture toughness (both DBTT and (KI~) from a knowledge of the effect of 
radiation on metallurgical fracture parameters. 

KEY WORDS : irradiation, neutron irradiation, radiation effects, impact tests, 
tension tests, fracture properties, fracture strength, notch strength, tensile 
properties, yield strength, brittle fracturing, ductility, pressure vessels, struc- 
tural steels 

There are two approaches to determining the effect of radiation on the 
fracture toughness of pressure vessel steels: (1) the shift in the ductile- 
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brittle transition temperature  D B T T  and (2) the change in the fracture 
toughness K~. The modern theories of fracture (Cottrell-Petch) define key 
metallurgical fracture parameters such as friction stress at, grain size d, 
grain size dependence of the yield stress, kv, and surface energy or plastic 
work of microcrack propagation, 7. The effect of radiation on most of 
these metallurgical fracture parameters has been previously studied, but  
the results have not been directly linked with the radiation induced change 
in fracture toughness. The purpose of this paper is to establish the relation- 
ships between the key metallurgical fracture parameters and the D B T T  
and K~c. These relationships are used to predict the radiation induced 
change in fracture toughness (both D B T T  and K~r from a knowledge of 
the effect of radiation on metallurgical fracture parameters.  

Fracture Theory 

Metallurgical  Fracture Parameters 

To understand how radiation affects the ductile-brittle transition tem- 
perature ( D B T T ) ,  it is first necessary to define the metallurgical fracture 
parameters that  are sensitive to radiation and then establish a link between 
these fracture parameters and the D B T T .  Hall [-17 4 and later Petch [-2"] 
proposed a relationship between the yield stress ay and grain size d of the 
form 

~y = ~ i+kyd  -~/2 . . . . . . . . . . . . . . . . . . . . . . .  (1) 

where zl is the friction stress and k~ is a constant which determines the grain 
size dependence of the yield stress. Using the Perch equation for yielding, 
and assuming that  initial crack growth is the critical fracture step, Cottrell 
[-31 predicted that  unstable crack growth will occur when 

~G~ d_l/2 . . . . . . . . . . . . . . . . . . . . . . . .  (2) o'/----- --'~y 

where af is the fracture stress when the critical event in the fracture of a 
tension specimen is microcrack propagation, f~ is a geometrical factor tha t  
depends on stress state, G is the shear modulus, and y is the effective 
surface energy for fracture, or the plastic work term. Equations 1 and 2 
encompass what is generally referred to as the Cottrell-Petch theory of 
fracture. The two key metallurgical fracture parameters are ~v and ~/, 
which are functions of the parameters ~ ,  k~, d, and ~,. Changes in the 
shear modulus are usually very small, so this term will not  be considered. 

Radiation can influence the fracture behavior through the changes it 
produces in the parameters at,/cy, and ~,. The primary effect of fast neutron 
damage on iron and mild steels is to produce a large increase in the athermal 

4 Italic numbers in brackets refer to the list of references at the end of this paper. 
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2 2  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

component of the friction stress ~ [4-10]. The temperature dependence 
of the yield stress da~/dT is not altered by neutron irradiation [4,5,6]. 
For mild steels [-4,5,7,8] and silicon iron [10], ky has been found to be 
insensitive to radiation. Some workers E9] have noted for pure iron that  
k~ is unchanged by irradiation, but  others [5,6] have observed that  ir- 
radiation produces a substantial decrease in ky. Johnson et al Ell] have 
reviewed the effect of radiation on ky for pure iron, mild steel, silicon iron, 
and molybdenum and conclude that  the most reliable observations indicate 
tha t  radiation decreases k~. Another possible explanation E12] of this 
effect is tha t  ~ is changed more by irradiation in coarse-grained rather  
than fine-grained material (owing perhaps to differences in substructure 
or defect annealing at grain boundaries in a fine-grained material).  This 
would cause the slope of a zy versus d -1/2 plot to decrease and give the 
impression that  ku was lowered by irradiation. Although the situation in 
pure iron and mo]ybdenum remains ambiguous at the moment, there is 
little doubt  that  in low-carbon and low-alloy steels all changes in zy upon 
irradiation are due to changes in ~.  

Very little is known about the effect of radiation on % Tetelman E12-] 
has shown that  ~, depends on the temperature dependence of the dislocation 
velocity, the initial density of mobile dislocations, and the dislocation 
multiplication process. In general, -/will  decrease if the ability for homo- 
geneous plastic deformation is reduced. Since radiation damage is known 
to produce restricted slip or channeling [-13], it would appear that  radi- 
ation should decrease % 

From the above discussion it is apparent  that  radiation damage can 
affect more than one parameter  in the equations for yielding and fracture. 
To understand the effect of radiation on the DBTT, the effect of radiation 
on au and as (and thus ~,  ku, and ~) as a function of temperature must be 
known. 

Ductile-Brittle Transition Temperature in Te~sion 
The DBTT in an unnotched tension specimen of mild steel is determined 

by the yield stress an, the microcleavage fracture stress aj, and their 
dependence on the above fracture parameters. Figure la  gives a schematic 
diagram of the temperature dependence of au and as for an unnotched 
tension specimen of mild steel: zu shows the strong temperature dependence 
typical of body centered cubic metals, and zx is only slightly temperature 
dependent;  ~ /  is the true stress at which ductile fracture occurs. The 
highest temperature at which ay= r is the brittleness transition temper- 
ature TD. At T<_TD, ai=a,j since yielding is a prerequisite for fracture. 
Thus fracture occurs when the stress level reaches a,j for temperatures 
below TD. 

Above TD fracture occurs when the stress level in the material reaches 
a s (a critical stress criterion for fracture).  Strain hardening, kr is required 
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FIG.  1--Effect of temperature on the yield stress ay, cleavage fracture stress el, and 
ductile fracture stress c d :  (~) schematic of tension data for mild steel, (b) schematic of the 
increase in TD produced by an increase in friction stress r 

to raise the stress level from q~ to ~]: 

af = ay ~- Aa 
o r  

da 
zs=a~+e/  ~-~ at T >  TD . . . . . . . . . . . . . . . . . . .  (3) 

where ej is the cleavage fracture strain and d z / &  is the strain hardening 
rate. As the temperature is raised above TD, z~ decreases and increasing 
strain is required to raise a~ to as by strain hardening. At a temperature 
T,, the initiation transition temperature,  the ductile fracture strain e~ is 
reached before the cleavage fracture strain el and the material fractures 
in a ductile manner at z / .  T~ is the highest temperature  at which cleavage 
cracks can be nucleated before fracture begins. 
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2 4  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Since at TD 

or at T~ 
as= ay . . . . . . . . . . . . . . . . . . . . . . . . . . .  (4) 

do- 
as-- a~q-es &-e . . . . . . . . . . . . . . . . . . . . . . . .  (3) 

a change in the value of ay or as will change the D B T T .  Changes in a s and a~ 
are brought about by changes in the parameters as, k~, d, G, % da/de, 
and es (Eqs 1, 2, and 3). For example, if radiation increases r and the 
other fracture parameters are unaffected, then r will increase and as will 
not change. This will result in an increase in the D B T T  (TD),  as shown in 
Figure lb. 

Ductile-Brittle Transition Temperature in  Notched Bending 

A notch produces an embrittling effect by raising the tensile stress level 
below the notch by increasing the effective strain rate, by concentrating 
the strain, and primarily by introducing a triaxial stress state below the 
root of the notch. The effect of a notch on the D B T T  is shown in Fig. 2. 
Strain rate and strain hardening effects raise r to r and plastic constraint 
raises r to K~(~)a~*, where K~(p) is the plastic stress concentration factor. 
K~(p) is a function of the plastic zone size R below a notch and the root 
radius p only and, according to Hill E14], is given by 

K~(p) = l q- ln(  l q -R /p )  . . . . . . . . . . . . . . . . . . . .  (5) 

The effect of a notch is to increase the D B T T  from TD to TD(N). 

T D TD(N) 

Test Temperature 

O'f 

) Cry ~ 

FIG. 2--The effect of increased strain rate and a triaxial stress state on the brittleness 
transition temperature TD. 
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FIG. 3--An idealized load-time trace .for an impacted Charpy V notch specimen. 

Instrumented Charpy Test 

To relate the metallurgicM fracture parameters and fracture criteria 
that have been discussed to the standard Charpy energy curves and the 
D B T T  determined from these curves, the yield stress and cleavage fracture 
stress must be measured in the Charpy test. The loads involved during 
impact can be obtained by instrumenting the Charpy hammer with strain 
gages so that the hammer is essentiMly a load cell. The details of this 
technique have been reported previously [15]. 

The additional information obtained from the instrumented Charpy 
test is general yield load P6r (plastic yielding across the entire cross 
section of the Charpy specimen), the m~ximum load P . . . .  the brittle 
fracture load PF, and the time to brittle fracture, see Fig. 3. Also, the area 
under the load-time curve corresponds to the total energy absorbed, which 
is the only d~ta obtained in a normal uninstrumented Charpy test. The 
instrumented test, however, allows one to separate the energy absorbed 
into (1) the energy required to initiate ductile or brittle fracture (pre- 
maximum load energy), (2) the energy required for ductile tearing (post- 
maximum load energy), and (3) the energy associated with shear lip for- 
motion (post-brittle fracture energy), as shown in Fig. 3. 

Ill a normal Charpy impact study, the energy absorbed is determined 
as a function of temperature to obtain the Charpy impact curve and the 
ductile-brittle transition temperature. The instrumented Charpy test also 
gives the information shown in Fig. 3 as a function of temperature. An 
example of this type of information is shown in Fig. 4. V~rious investi- 
gators [16-20] have developed theories which permit a detMled analysis 
of the load-temperature diagram. 
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~%o~,..e.gy / 
Region I l Region 2 Region :5 Region 4 | 

Test Temperature 

Region I -LoCal y,eldin 9 {o:. > o-f) o-~ �9 Region 3 - Plastic constraint plus strain hordefling 

max * do" - * 
g%) % + ~fd-;'J= ~ 

0"~ K max * t -  ~p) o-~ 
Region2 -Plast ic  constr:]int (o'y< o'f ) ~f  = rt~x do" 

max t: ~ Ko,( p| - ~ (  
O'yy =Ko,(p ) O'y = O'f 

Region 4 - Fibrous initiation 

FIG. 4--The variation in general yield load PoY, fracture load PF, and energy absorbed 
with temperature for a Charpy specimen in three-point bendinq. 

This diagram can be divided into four regions of fracture behavior where 
different fracture parameters are involved. The approach used to define 
the fracture criteria for each region is similar to that presented for the 
smooth bar tension test. The equationc developed are similar to Eqs 3 
and 4 except for the effects of a notch (~*, K~(p)). The fracture criterion 
for each region is shown in Fig. 4, and a detailed development of these 
equations is given in Ref 15. 

For the purposes of this paper, regions 2 and 3 are of most interest. In 
region 2, ~ * <  z~*, where r is the mieroeleavage fracture stress below the 
notch. Plastic deformation is required to raise z~* to ~s*. This additional 
deformation, accomplished through the growth of a plastic zone, increases 
the maximum tensile stress below the notch (~y/"~) through plastic con- 
straint (K~(~), Eq 5) until fracture occurs at. a~*, that is 

~yy . . . . . .  K~(p)~y* -- ~s* . . . . . . . . . . . . . . . . . . . .  (6) 
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WULLAERT ET AL ON FRACTURE OF STEEL 2 7  

Wilshaw and Pratt [16] found that in mild steel Charpy V notch specimens 
K~(p) increased until P/PGz=0.8, where K~(~) . . . .  2.18 and remained 
constant. 

When the temperature is increased further, ay* decreases to such an 
extent that plastic constraint is no longer able to raise ~* to af*. This is 
the beginning of region 3, where strain hardening in addition to plastic 
constraint is required to produce cleavage fracture. Thus 

and 

or, since 

K~(p)~xay*<as* for P/PGy>0.8 

do" 
A a ~ e S  d'-~ 

/ , da\ , 
. . . . . . . . . . . . . . . . .  ( 7 )  

A technique for calculating the cleavage strength below a notch (as*) 
has been developed by Tetelman [-17'3 and summarized by Wullaert [15~. 
The temperature at which P/PGz = 0.8 represents the highest temperature 
at which plastic constraint alone can produce fracture, and K,c~)-- 
K,cp) . . . .  2.18. Using the fracture criterion for region 2, 

O'f $ ~ K a ( p ) O y *  

or  

af*=2.18ay* at P/Pay=0.8  . . . . . . . . . . . . . . . . .  (8) 

Green and Hundy E21~ have calculated the relationship between ay* and 
PGr for the case of a Charpy V notch specimen loaded in three-point 
bending. They assumed plane strain conditions and an ideal plastic ma- 
terial and showed that 

ay* = 33.3Pa) . . . . . . . . . . . . . . . . . . . . . . . . .  (9) 

where a~ is in psi and Pay is ill pounds. Combining Eqs 8 and 9, the cleavage 
fracture stress is given by 

of* = 72.5Pw- at P/Pw" = 0.8 . . . . . . . . . . . . . . . .  (10) 

and as* is considered independent of temperature and strain rate. 
Thus, by the use of the instrumented Charpy impact test plus the use 

of modern notch bend theories, the effect of radiation on the key metal- 
lurgical fracture parameters ay* and as* can be measured. The radiation 
induced change in these parameters can in turn be related to the effect of 
radiation on the Cottrell-Petch fracture parameters. A distinct advantage 
of this approach is the fact that changes in the above parameters can be 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



2 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

related to service performance through the well established correlation 
between service failures and Charpy energy values. 

R e s u l t s  and  D i s c u s s i o n  

The reactor pressure vessel steels studied in this investigation were 
A212B from a reactor surveillance program and A533B from the U.S. AEC 
Heavy Section Steel Technology program. The effect of radiation on 
tensile properties, Charpy V notch bend properties, and fracture toughness 
was determined. The interrelationship between the effect of radiation on 
tensile properties (an, a/), notch bend properties ( D B T T ) ,  and fracture 
toughness (K~) was established. 

Radiation Effects on the DBTT 

Instrumented Charpy impact tests were performed on A212B steel 
irradiated to fluences of 5.8)<1016 anti 9.4X1018 n/cm 2, E > I  MeV, at 
approximately 260 C. The Charpy V notch specimens were irradiated in 
the Pathfinder reactor as part of a surveillance study E22~. Unirradiated 
material from the same heat of A212B steel as the irradiated material was 
not available for instrumented Charpy testing, so unirradiated Charpy 
specimens from an ASTM correlation heat of A212B were tested. A pre- 
liminary comparison of the unirradiated material with the material irradi- 
ated to a fluence of 9.4X10 ~s n/cm 2 has been reported [15~. 

Recently, additional irradiated specimens of A212B steel from the Path- 
finder surveillance capsules were tested on the instrumented Charpy impact 
machine. The Ch~rpy energy curves and the load-temperature information 
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FIG. 5--Comparison of unirradiated and irradiated A212B showing the increase in the 
brittleness transition temperature TD(~), the 20-ft.lb transition temperature T~o, and the 
general yield load produced by irradiation. 
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WULLAERT ET AL ON FRACTURE OF STEEL 29 

TABLE 1--Summary of the effect of radiation on the yield stress (ay), microcleavage fracture 
stress (~*), and ductile-brittle transition temperature (DBTT) of A212B steel irradiated 

at ~260 C. 

a~, ksi (25 C) ~ (Dynamic) 
Fluence, n/em 2, ay*, ksi 

E > 1 MeV Static Dynamic a~ (Static) 
(~.~10-2 s-I) (~103 s -1) 

5.8• 1016 . . . . . . . . . . . . . .  43.1 94.3 2.18 250 
9.4X1018 . . . . . . . . . . . . . .  67.0 108.0 1.61 263 

DBTT 
Fluence, n/era ~, (20 ft .lb), Brittleness, 

E > I  MeV T~o, deg C AT~o TD<N), deg C ATD(N). 

5.8X1016 . . . . . . . . . . . . . .  --3 -33 
9.4X 1018 . . . . . . . . . . . . . .  35 38' --6 "27 - -  

obtained from the instrumented Charpy  tests are shown in Fig. 5. The 
specimens irradiated to the low fluenee of 5 .8X10 TM n /em 2 can essentially 
be considered unirradiated material ;  these Charpy  results are considered 
base line da ta  for this particular heat  of A212B steel. Figure 5 then gives 
a reasonable indication of the effect of radiation on a given heat  of A212B 
steel. 

Table 1 is a summary  of the results on irradiated A212B steel. The 
static yield stress values were obtained from tension tests, and the dynamic 
values were calculated from the general yield load using Eq 9. The  micro- 
cleavage fracture stress was calculated (Eq 10) from PF and PaY values 
obtained at the tempera ture  where P/Pcy=0.8.  The calculated value of 
~f* is assumed to be independent of temperature.  The radiation induced 
increase in the D B T T  was determined using both the brittleness transition 
temperature  (TD(N)) and the 20-ft . lb tempera ture  (T20). The results of 
the s tudy are as follows: 

1. Radiat ion increased the yield stress as measured in tension and 
notched bending. 

2. Radiat ion reduced the strain rate sensitivity of the yield stress but  
did not significantly change the temperature  dependence of the yield stress. 

3. Radiat ion did not change the mieroeleavage fracture stress signifi- 
cantly. 

4. Radiat ion increased TD(NI and T20 but  not by the same amount.  
Since the tempera ture  dependence of the yield stress and the grain 

size d are not changed by radiation, the increase in the D B T T  (TD(N)) 
must  be due to changes in ky, % and the a thermal  component  of zi. I t  has 
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3 0  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

already been shown that radiation increases a~ and does not affect k~ in 
mild steels. The slight increase in af* produced by irradiation of A212B is 
consistent with the small increase in as obtained from tension tests on 
irradiated A212B by Wechsler et al [-251. Chow et al E24~ observed no 
change in as for tension tests on irradiated iron. 

The effect of radiation on ~ has not been established. The ~ of interest 
here is the plastic work associated with cleavage fracture in regions 2 and 3 
of the load-temperature diagram. Thus the ~, indirectly measured by this 
approach is for temperatures well below the upper shelf of the Charpy 
energy curve and should not be associated with the ability to absorb 
energy during ductile fracture oil the upper shelf (region 4)- The fact that 
as* is only slightly dependent on radiation indicates that the ratio y/ky is 
not very radiation sensitive (Eq 2). Since radiation does not change ky 
in mild steels, -y must be unaffected by radiation. This indicates that the 
channeling or restricted slip observed in irradiated steels is of such a nature 
that it does not affect "y/k~ and does not produce less homogeneous defor- 
mation on a scale that affects the fracture process. 

The fact that ATD(~V) and AT20 were not the same is evidence that the 
use of a foot-pound fix for determining the D B T T  of irradiated materials 
may not be satisfactory. The particular foot .pound fix value used varies 
with the yield strength of a material [19~. The To(N) temperature de- 
termined by notch bar bend (that is, instrumented Charpy) tests is 
sensitive to radiation induced changes in yield strength, whereas the 
foot.pound fix is based on the initial yield strength and does not take into 
account these changes. For example, the unirradiated A212B has a 20-ft.lb 
fix value associated with its yield strength of approximately 40,000 psi. 
The irradiated A212B has a yield strength of approximately 70,000 psi, 
and the appropriate D B T T  fix value should be 30 ft.lb. However, the 
current methods for determining D B T T  values from Charpy impact results 
do not consider the obvious change in the yield strength, and the 20-ft.lb 
value is used for irradiated material. The D B T T  determined by instru- 
mented Charpy techniques (TD(N)) is a well defined measure of the actual 
fracture transition' properties of the material. In addition, the values of 
a~* and ai* obtained from the instrumented Charpy test can be used to 
predict accurately the effect of radiation on the D B T T  and fracture 
toughness K~ of pressure vessel steels. 

Calculation of the Radiation Induced Shift in the DBTT 

A relationship between the D B T T  and a~*, ai*, and da~*/dT had been 
derived [181 which accurately predicted the change in  the D B T T  of 
ferritic steels produced by changes in composition (carbon, nickel), micro- 
structure (grain size, grain boundary carbides) and strain rate. The deri- 
vation of this equation is given in the Appendix. Calculations and experi- 
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WULLAERT ET AL ON FRACTURE OF STEEL 31 

ments were performed to determine if Eq 21 could be used to predict the 
radiation induced shift ill the DBTT. For this purpose, the relationship is 
of the form 

TD (i) = TD (u) + ~*  (u) -- (~Y* (i) -- K,<p~[-a~* (u) - a~,* (i) -lr, (~) . (11) 

d~* (u) 

where (u) refers to the unirradiated condition (condition 2, Eq 21) and 
(i) to the irradiation condition (condition 1, Eq 21). This equation was 
used to predict the change in the DBTT measured in tension, slow bend, 
and impact ( instrumented Charpy).  

Equat ion 11 was used to calculate the change in the DBTT for the 
A212B steel irradiated in the Pathfinder reactor. From Table 1, considering 
the materiM irradiated at 5.8X10 TM n/cm 2 to be unirradiated, TD(U)~-- 
- 3 3  C, TD(i) = - 6  C, r =250,000 psi, and r =263,000 psi. The 
difference in the yield stress should be determined at TD(i). The Pov 
values for the unirradiated and irradiated materials were determined at 
TD (i) ---- - -6  C from Fig. 5. These values were converted to r values by 
use of Eq 9, and the values obtained were r (u) = 103,000 psi and r (i) = 
118,000 psi. The temperature dependence of the unirradiated materiM 
should be determined in the range TD(U) to TD(i) ( --33 to --6 C). From 
Fig. 5, [d~*(u) /dT~r ,=292 psi/deg C. Substituting the above values 
into Eq 11, 

(250,000 - 263,000) - 2.18 (103,000 - 118,000) 
To (i) = - 33-~ 

2.18(292) 

TD (i) (calculated) = - 2 C 

The measured value of TD(i) was --6 C and the agreement between the 
calculated value and the measured value is considered quite good. 

Equation 11 was also used to predict the radiation induced increase in 
the DBTT as measured by others in tension and notch bending (instru- 
mented Charpy) .  The results of Chow et al [-24J on irradiated Ferrovac E 
iron and Wechsler et al ~25~ on irradiated A212B steel were used to 
determine the usefulness of Eq 11 in predicting the radiation induced 
change in the DBTT measured in tension. The tensile properties of unir- 
radiated and irradiated A212B steel obtained by Wechsler et al are shown 
in Fig. 6. Irradiation at 60 C to a fluence of 1 X1019 n / cm  2 increased TD 
from 56 K to 78 K ( - 217 C to - 195 C) and increased aI from 150,000 
psi to 165,000 psi. The yield strength increase at To(i)  is 41,000 psi, 
dcr~(u)/dT= 1210 psi/deg C in the temperature region ATD, and Ko(p)= 1 
for tension. I t  should be noted that  for the case of radiation effects on the 
DBTT it is not necessary to measure z~(u) -a~( i )  at TD (i), since dz~/dT 
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FIG. 6--Comparison of variations in yield stress and fracture stress for unirradiated and 
irradiated A212B evaluated by conventiona; tension testing techniques [25]. 

is no t  af fec ted  b y  rad ia t ion .  Using  the  above  va lues  in Eq  11, a ca l cu la t ed  
va lue  of TD = -- 193 C is o b t a i n e d  and  is ve ry  close to  t he  measu red  va lue  
of TD = -  195 C. T h e  r ad i a t i on  i nduced  changes  in t he  p a r a m e t e r s  used  
in Eq  11 are  given in T a b l e  2 for t he  p rev ious ly  d iscussed ca lcu la t ions  on 
A212B steel. Also inc luded  in T a b l e  2 are  va lues  for  these  p a r a m e t e r s  for 
i r r a d i a t e d  F e r r o v a c  E i ron and  A533B steel. T a b l e  3 compares  the  ca lcu-  
l a t ed  va lues  of TD(i) wi th  t he  e x p e r i m e n t a l l y  d e t e r m i n e d  values.  I t  is 
c lear  t h a t  the  change  in the  D B T T  due  to i r r a d i a t i o n  can be a c c u ra t e ly  

TABLE 2--Effect of radiation on the metallurgical fracture parameters used in Eq 11. 

Fluence, dz~*(u) 
n/cm~, dT ' 

Steel E > 1 MeV Az]*, psi Aa~*, psi psi/deg C 

Tension 

Ferrovac E iron [2]+] 
0.016-mm grain size.. .  1 X 1019 0 63 000 825 
0.110-mm grain size. . .  1 0 54 000 940 
A212B [25] . . . . . . . . . . .  1 12 000 41 000 1210 

Notch Bend 

A212B . . . . . . . . . . . . . . .  9.4X1018 13 000 15 000 292 
A533B [26] . . . . . . . . . . . .  9.5 0 14 000 318 

6 ~18 000 41 500 318 
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WULLAERT ET AL ON FRACTURE OF STEEL 33  

TABLE 3--Calculated and measured radiation induced increases in the DBTT of various 
steels. 

Fluence, Irradiation 
n/cm 2, Temperature, TD(i), deg C TD(i), deg C 

Steel E> 1 MeV deg C TD(U), deg C (calculated) (measured) 

Tension 
Ferrovae E iron 

[24] 
0.016-ram grain 

size . . . . . . . . . . .  1 • 10 TM 60 to 90 --263 - 187 - 183 
0.010-mm grain 

size . . . . . . . . . . .  1 60 to 90 -- 235 -- 177 -- 169 
A212B [25] . . . . . . .  1 60 -217 -- 193 - 195 

Notch Bend 
A212B . . . . . . . . . . .  9.4X10 TM 260 --33 --2 --6 
A533B [26] . . . . . . .  ~9.5 293 -44 0 0 

~'~6 68 --44 60 59 

predicted for Ferrovac E iron E24~ and A212B steel E25~ tested in tension 
and A212B and A533B ~26~ steel tested in notch bending. 

The above comparison of calculated and measured radiation induced 
changes in the D B T T  has served to establish the validity of Eq 11. How- 
ever, the real value of Eq 11 is evident when all of the measured values 
are not available. For example, since radiation does not generally change 
a1* significantly, ~r and 

Affy* 
ATD-d(r  . (u )  / d T =  A Aay . . . . . . . . . . . . . . . . .  (12) 

which illustrates the importance of d~* ( u ) / d T  in the constant A for the 
empericM relationships that  have been found between the radiation induced 
increase in the D B T T  and the radiation induced increase in ay. 

Since radiation does not change the temperature dependence of the 
yield stress, the radiation induced increase in ~ can be measured at any 
temperature, A room temperature measurement of ay* (i) can be obtained 
by an instrumented Charpy or a dynamic tension test. A static tension 
test can also be used to measure a~ (i) (static), and ~* (i) can be calculated 
from a knowledge of the strain rate sensitivity of the irradiated material. 
The temperature dependence of the unirradiated material d~* (u ) /dT  can 
be determined by performing any of the above tests as a function of tem- 
perature. Thus, from a knowledge of d~* (u ) /dT  before irradiation, and a 
single measurement of ~y* (i) after irradiation, the radiation induced shift 
in the D B T T  can be predicted if ACs*~---0. 
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3 4  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

If A(r:*~O, then a/*(i) can be determined from notch bend tests or 
tension tests at T~'~TD(i). The usefulness of Eq 11 to predict ATD is 
rather limited if a z : * ~ 0 ,  since a measured value of ATD c a n  be obtained 
in the process of determining ~:* (i). However, Eq 11 is still very useful in 
determining the contribution of each metallurgical fracture parameter to 
the shift in the DBTT. Also, the equation can be solved for one of the 
other parumeters if ATD is known. The usefulness of a~*(i) and a:*(i) 
can be extended beyond a calculation of the shift in the DBTT to a calcu- 
lation of the fracture toughness Kic, as discussed in the next section. 

Calculation of Kzc 

A simple model has been developed to culculate the plane strain fracture 
toughness KIo from a knowledge of the metallurgical fracture parameters 
ay* and ~:* [-27J. The equation can be expressed in the following form 

KI~ = 2.89~* { exp[- ((r:*/~y*) - 1-] - 1 } '/2p01/2 . . . . . . . . . .  (13) 

where p0 is the minimum effective root radius below which Kic is inde- 
pendent of p. Tetelman [-271 found that  a reasonable assumption was 
p0 = 0.002 in. for A302B and A533B steels. This reduces Eq 13 to the form 

KIo = 0.13zy* { exp[- (~:*/~*) - 1 ~ - 1 }1/2 . . . . . . . . . . .  (14) 

Equation 14 appears to be valid at sufficiently low temperatures or in 
irradiated steels where ~:*_<3.4a~*. These are the conditions under which 
a critical stress criterion for fracture applies. At temperatures above that  
at which ~:*<_3.4a~*, unstable fracture initiates when a critical plastic 
strain e, is achieved near the crack tip (Ts(N) or region 4 in Fig. 4). 

zy* and zf* were calculated from instrumented Charpy tests on unirradi- 
ated A212B steel from the ASTM surveillance correlation heat. Equation 
14 was used to calculate Kid as a function of temperature. Dynamic fracture 
toughness is used because dynamic yield stress values are obtained from 
the Charpy impact test. Figure 7 shows ~*  (measured) and KId (calcu- 
lated) as a function of temperature. The validity of the predicted Kid 
curve was determined by  performing valid ASTM fracture toughness tests 
on precracked Charpy specimens from the same heat of A212B steel. The  
solid points are the valid KI~, values, and they agree quite well with the 
predicted values. 

One of the most promising uses of Eq 14 is the prediction of the effect 
of radiation on fracture toughness from a knowledge of metallurgical 
fracture parameters obtained from testing small Charpy specimens. For  
example, there appear to be no data  on the effect of radiation on the 
fracture toughness of A212B steel, zy* and af* values for A212B steel 
irradiated to 9.4X 10 ~s n / cm 2 were calculated from the load-temperature 
diagram of Fig. 5. These values were then used in Eq 14 to calculate Kid 
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FIG. 7--Comparison of predicted results for unirradiated and irradiated A212B steel 
with Kzd values from precracked Charpy impact tests of unirradiated A212B steel. 

as a function of temperature. The predicted fracture toughness behavior 
of irradiated A212B is shown in Fig. 7. The model used to calculate Kid 
is considered valid only when zI*~ 3.4ay*. Since a~* decreases with increas- 
ing temperature, a temperature limit exists for the predicted K~d values. 
The upper limiting temperature is indicated by an arrow in Fig. 7. Since 
radiation does not change zI* significantly, the predicted decrease in Kid 
for irradiated A212B steel is primarily due to the radiation induced in- 
crease in a~*. 

A great deal of data have been generated on the effects of radiation on 
A533B steel as part of the AEC Heavy Section Steel Technology (HSST) 
program. It has been shown previously [-227 that KIo values calculated 
from Eq 14 or unirradiated A533B steel are in excellent agreement with 
valid experimental values obtained in the HSST program. The instrumented 
Charpy data on irradiated A533B steel obtained by Berggren [26-] were 
used to calculate zi*= 309,000 psi. Mager [-28-] has reported data for KIo 
and ~ (static) as a function of temperature for A533B irradiated at 540 F 
282 C) to a fluence of 4X1019 n/cm ~, E > I  MeV. Equation 14 was used 
to predict the effect of radiation on Kzo (static) for A533B steel using the 
as* and ~ values obtained above. The measured and predicted values of 
Kio for irradiated A533B steel are shown to be in excellent agreement in 
Fig. 8. Thus a good correlation has been established between Kzd or K~r 
and the parameters a** and ay* for the class of materials studied here. This 
correlation holds for both the unirradiated and irradiated conditions. 
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FIG. 8--Comparison of predicted results with postirradiation results of compact KI~ 
fracture toughness tests for quarter thickness, A533 Grade B Class I steel HSST plate 02 [28]. 

Conclus ions  

The effect of radiation on the metallurgical fracture parameters  defined 
by  the Cottrel l-Petch theory of fracture can be linked to the effect of 
radiation on the fracture toughness as measured by  the shift in the ductile- 
brittle transition tempera ture  or by  a change in K~c. A knowledge of the 
relationships between key metallurgical fracture parameters  and the 
Charpy  energy curve or fracture toughness permits an accurate prediction 
of the radiation induced embri t t lement  of pressure vessel steels. The instru- 
mented Charpy test  provides a valuable link between the metallurgical 
and fracture mechanics approaches to fracture toughness. The value of 
irradiated Charpy specimens, part icularly in present surveillance programs, 
can be considerably enhanced by  the use of the instrumented Charpy test. 

APPENDIX 
Calculation of the Change in the DBTT, ATD(N) 

Figure 9 is a schematic of the variation of the cleavage fracture stress and yield 
stress with temperature for two different conditions (with respect to composition, 
strain rate, irradiation, etc.). The schematic is similar to that shown in Fig. lb, 
except that the stresses and transition temperatures in Fig. 9 are those for notch 
bending. In the figure K~(p)afl* is the value of the yield stress for condition 1, 
where the triaxiality and strain rate effects of the notch have been taken into 
account, aj* was assumed to be independent of temperature in Fig. 9. The change 
in the D B T T  is taken as the difference between the brittleness transition temper- 
ature for conditions I and 2, ATD(•) = TD(N)1-- TD(N)r The temperature dependence 
of the yield stress is given by K~(v)(day*/dT). 

Using the schematic diagram in Fig. 9, an expression can be obtained for length 
A in the terms of the fracture parameters: 

A = Az:* - K,(p) A#y*rD(N)I . . . . . . . . . . . . . . . .  (15) 
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where Aas* is determined at TD(y). and 

AaS* = aS** -- aS~* . . . . . . . . . . . . . . . . . . . . .  (16) 

Aa~* = a~** -- a~* . . . . . . . . . . . . . . . . . . . . .  (17) 

Length A is also given by length B times the slope of line C, 

dC 
A = B - -  

dT  

o r  

(da~*~ . . . . .  (18) A = ATD(N)K~(p) \ dT/2,aT . . . . . . . . . . . . .  

where the subscript AT for (dav*/dT) means that da~/dT is measured in the temper- 
a~ure range TD(N),~ to TD(N). Combining Eqs 15 and 18, 

~da.*~ (19) AGI* -- Kq<,)A(ry* TD(N)I = ATD(N)Kf<p> \ dT /~,a~ . . . . . . . . .  

Solving for ATD(N), an expression for the change in the DBTT is derived: 

$ 
ATD(N) -- AZS* -- K.(~)Az~ T~<N>~ . . . . . . . . . . . . . . .  (20) 

( d..* ~ 
K.(p) \ dT  /: ,~.  

~ �9 

\ K",'(~-~ )z 

TD~) 2 TO[N) I 

T E M P E R A T U R E  

. dO-~ 

TD(N) I 

F I G .  9--Schematic of the temperature dependence of the yield stress and cleavage fracture 
stress for notch bending. 
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38 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Substituting Eqs 16 and 17 into Eq 20, a more detailed expression is obtained; 

TD(N) 1 -- TD(N) 2 -- 
( ~ s ~* - ~ s 1" ) - K s  (~) ( ~ 8" - ~ 1" ) T . (  N .  

( d~* "~ 
. . . . .  (21) 
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Section Steel Technology Program, Oak Ridge National Laboratory, 31 March- 
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DISCUSSION 

J. P. Higginsl--The proposed model appears to provide a useful approach 
for evaluating the effects of radiation on fracture toughness based pri- 
marily on mechanical property considerations; however, there are strong 
indications that  certain trace element impurities have a strong effect on 
the radiation sensitivity of pressure vessel steels. The Naval  Research 
Laboratory  has identified copper and phosphorus as being particularly 
important.  Does the proposed model account for minor variations in such 
trace impurities elements and their potential  effect on radiation damage 
sensitivity? 

R. A. Wullaert (authors' closure)--The instrumented Charpy test would 
be useful in determining whether the large radiation induced shift in the 
DBTT associated with high copper and phosphorous content is related to 
an enhanced radiation sensitivity of a~* or ~:* or both. If the trace impuri ty 
elements are inhibiting the recovery of displacement defects, then a large 
increase in ~y* and little change in cr:* would be expected. However, if the 
trace impurities are producing a temper embrit t lement type of behavior, 
a large decrease in ~:* would be expected and the increase in zy* would be 
no greater than that  for steels with low impuri ty element contents. Recent 
work at the Naval Research Laboratory 2 has shown that  welds with a 
high copper content show a larger increase in hardness and DBTT than 
low-copper welds irradiated to the same fluence at 288 C. This indicates 
that  at least part  of the high radiation sensitivity of high copper content 
pressure vessel steels is related to the enhanced radiation sensitivity of the 
yield stress. The effect of trace impuri ty elements on the radiation sensi- 
t ivi ty of (r:* remains to be determined. 

A. L. BementS--The departure of the fracture load PF from the maximum 
load Pma~ in region 4 of your Fig. 4 could result from either macroscopic 
lateral contraction of the specimen or ductile fracture. Can you distinguish 
the relative contribution of either process from your load-time traces alone? 
If so, should not a departure of PF from Pm,~ for lateral contraction prior 
to brittle fracture initiation be allowed for region 3? 

1 Senior metallurgist, General Electric Co., Nuclear Energy Division, San Jose, Calif. 
Hawthorne, J. R., Fortner, Edward, and Grant, S. P., "Radiation Resistant Experi- 

mental Weld Metals for Advanced Reactor Vessel Steels," submitted for publication in 
The Welding Journal, 1 Aug. 1970. 

3 Battelle-Northwest, Richland, Wash. 99352. 
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DISCUSSION ON FRACTURE OF STEEL 41 

It is important in interpreting micrographs of ductile fracture surfaces 
to distinguish between features representing fracture under predominantly 
biaxial shear stresses and features representing regions subjected to sig- 
nificant hydrostatic tension components due to geometric restraints. 

R. A. Wullaert (authors' closure)--For the class of steels studied, lateral 
contraction is about 1 to 2 percent at TD(N) and 6 to 8 percent at Ts(~). 
This increase in plastic deformation through region 3 is an indication of 
the additional amount of strain hardening that is required to raise a~* to 
aI* to produce cleavage fracture. At T<Ts(N), cleavage fracture occurs 
before the load reaches a zero slope, and thus the fracture load is the 
maximum load (PF=Pm~x). Ts(~) corresponds to the temperature at 
which ductile tearing first occurs across the root of the notch. This ductile 
tearing has been observed to occur at the maximum load (zero slope). 
Figure 3 is a typical load-time (deflection) curve for temperatures above 
TS(N) where cleavage fracture can still occur. The fibrous crack initiated at 
P .... will sharpen and accelerate and eventually lead to cleavage fracture 
at the brittle fracture load PF. As the temperature is increased above 
TS(N), the fracture will become 100 percent fibrous and a sharp drop in 
load will no longer occur. Thus in the initial part of region 4 where cleavage 
fracture occurs after fibrous initiation at the maximum load, P .... >PF. 
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C. R. Br inkman 1 and J. M. Beeston ~ 

The Effect of Hydrogen on the Ductile 
Properties of Irradiated Pressure 
Vessel Steels* 

REFERENCE:  Brinkman, C. R. and Beeston, J. M., " T h e  Effect  o f  H y -  
d r o g e n  o n  t h e  D u c t i l e  Proper t i e s  o f  I rrad ia ted  Pres sure  Vesse l  S t ee l s ,"  
Irradiation Effects on Structural A Uoys for Nuclear Reactor Applications, A S T M  
S T P  484, American Society for Testing and Materials, 1970, pp. 42-73. 

A B S T R A C T :  The influence of hydrogen on the mechanical properties (duc- 
tility, fracture strength, and tendency towards delayed failure) was investi- 
gated for several irradiated pressure vessel steels. Included were ASTM 
A302B, A542, and IIY-80 steel irradiated at fluences from 8 X 10 TM to 4 X 102o 
n/cm ~, E :> 1 MeV. Specimens from plate sections of these steels which had 
been quenched and tempered and some from A542 which were given prestrain 
and heat treatment modifications were prepared and tested. The effects of 
strength level from irradiation, heat treatment, and microstructure were thus 
determined. Reductions in ductility and true fracture strength occurred with 
increasing hydrogen content but were not extensive at strength levels less 
than 180 ksi in specimens containing 1 to 2 ppm hydrogen. This concen- 
tration, however, produced a marked effect on the ductile properties when 
the strength level was increased by irradiation hardening or heat treatment 
beyond this threshold range. Irradiation hardening increased the magnitude 
of the decrease in notched strength resulting from a given hydrogen content in 
all of the steels and conditions tested. Hydrogen induced delayed failure, 
however, did not occur to any large extent in HY-80, A302B, and A542 steel 
in the normal quenched and tempered condition even after irradiation to 
fluences in excess of 1020 n/cm 2, E > 1 MeV, and hydrogen concentrations of 
up to 4 ppm. 

K E Y  W O R D S :  hydrogen, hydrogen containing alloys, structural steels, 
pressurized water reactors, pressure vessels, ductility, fracture strength, me- 
chanical properties, hardening (materials), heat treatment, radiation effects, 
neutron irradiation, microstructure, tests 

H y d r o g e n  in ferri t ic steels can lead to several  dele ter ious  effects includ-  

ing loss of duc t i l i ty  and t i m e - d e p e n d e n t  failure at  s t r eng th  levels consider-  

1 Group leader and section chief, respectively, Materials Research, Idaho Nuclear 
Corp., Idaho Falls, Idaho 83401. 

* Work performed under the auspices of the U.S. Atomic Energy Commission, Idaho 
Operations Office, under Contract AT(10-1)-1230. 
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BRINKMAN AND BEESTON ON PRESSURE VESSEL STEELS $,3 

ably less than the yield strength. The problems associated with the pres- 
ence of hydrogen become most acute in high-strength steels where instances 
of loss of ductili ty [1] 2 and delayed failure have been at t r ibuted to the 
presence of hydrogen at the 1 ppm level or less. Further,  aqueous environ- 
ments [2] have been shown to generate sufficient hydrogen at the metal- 
water interface to embrittle high-strength steel. In lower strength or mild 
steels, higher hydrogen concentrations are required to effect a decrease in 
ductility, and the lower critical stress for delayed failure approaches that  
of the strength obtained from a short-time tension test or is considerably 
higher than that  of high-strength steels at equivalent hydrogen concentra- 
tions [3]. The embrittling mechanisms responsible for these effects are still 
somewhat controversial [4, 5] but  are dependent upon temperature,  strain 
rate, applied stress, hydrogen concentration, as well as such material prop- 
erties as ultimate strength, toughness, residual stress level, and hydrogen 
diffusivity. The presence of flaws, cracks, voids, and certain microstruc- 
tural features further serves to accentuate the problem of embrit t lement 
both  by increasing the stress intensity factor and by  the increased tri- 
axiality which serves to concentrate hydrogen in the vicinity of a stress 
riser [6]. 

Low-alloy carbon steels used in nuclear service for light water reactor 
(LWR) vessel materials are not expected to be subject to appreciable 
amounts of hydrogen embri t t lement- -even in the event of a vessel cladding 
failure which would allow reactor coolant water to come in contact with 
the carbon steel and instigate hydrogen generating corrosion reactions 
[7-10]. I t  was concluded by Harries and Broomfield [7] tha t  the chief 
source of diffusible hydrogen would be from these metal-water corrosion 
reactions, but assuming pessimistic and unacceptable corrosion rates this 
concentration would not exceed 1 to 2 ppm. Experimental work using ir- 
radiated low-strength LWR vessel steels has shown that ,  whereas hydrogen 
can embrittle these steels at this concentration level, appreciable amounts 
of delayed failure, meaning failure below the yield strength, does not occur 
at room temperature,  where the embrittling effect would be a maximum 
[8, 9]. However, at the onset of this work new steels [11] in the intermediate 
strength range were being considered for possible use. These steels would be 
further hardened by irradiation, perhaps to the level where hydrogen em- 
brit t lement could be a problem. Potential  vessel stee] strength plus the 
fact tha t  cladding failures [12] have occurred indicated a need for the initia- 
tion of'this work. The objective then was to determine the degree to which 
the ductility of several of the intermediate-strength steels (namely ASTM 
A320B, A542 Class II,  and HY-80 (A543) in the irradiated condition) was 
affected by the presence of hydrogen and to determine if hydrogen induced 
delayed failure were possible. 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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44 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Experimental 

Materials 

Low-alloy steel selection at the initiation of this program was based upon 
current use as a vessel material, possible use as a second generation vessel 
steel, and availability (1966). The steels were obtained in sections from 
plates of special reference heats and were identified as indicated in Table 1. 
Chemical compositions also are given in the table. After allowances were 
made for flame-cut surfaces, the plates were cut into blanks measuring 
11/16 by 11/16 by 5 in., with the long axis in the plate rolling direction. 
Blanks taken from the approximately two-fifths thicknesses and designated 
normal quenched and tempered (NQT) material were stamped with identi- 
fying lot numbers 31, 51, and 81, corresponding to A302B, A542, and 
HY-80, respectively. Blanks from other than the two-fifths thickness, as 
in the case of A542 steel, were used for subsequent cold work and heat 
t reatment modifications. These modifications were made so that  compari- 
sons between irradiation strengthened and specially heat-treated or cold- 
worked material might be made. Further, the heat-treated material would 
be used to define the effects of these changes on the susceptibility of this 
steel to hydrogen embrittlement. These modifications were identified by 
lot numbers and are listed in Table 2, along with the NQT material. Re- 
sultant microstructures and grain sizes also are given in the table. 

TABLE 1--Material identification and composition. 

PLATE IDENTIFICATION 

Plate 
Steel (ASTM) Thickness, in. Identification 

A542 Class II  . . . . . . . . . . . . . . . . . . .  6~ Lukens melt slab B427-1 [13] 
HY-80 (A543, Ni-Cr-Mo) . . . . . . . . .  3 U.S.S. heat No. N74L204 [14] 
A302B . . . . . . . . . . . . . . . . . . . . . . . . . .  4 U.S.S. heat No. N-13438 [15] 

Plate No. 190784 

CHEMICAL COMPOSITION~ W~5 

Steel C Mn P S Cu Ni Cr Mo Si 

A542 . . . . . . . . . . . . . . . . . .  0.18 0.40 0.013 0.02 0.26 0.23 2.4 0.96 0.32 
HY-80 . . . . . . . . . . . . . . . .  0.14 0.20 0.011 0.015 0.07 3.01 1.6 0.50 0.18 
A302B . . . . . . . . . . . . . . . . .  0.19 1.29 0.02 0.02 0.05 0.02 0.14 0.54 0.3 
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BRINKMAN AND BEESTON ON PRESSURE VESSEL STEELS 45 

TABLE 2--Material processing history. 

Steel Lot No. Heat or Cold Working History 

A302B . . . . . . . . . . . . . . . . .  31 Placed in a furnace at 500 C and heated 35 C/h to 

HY-80 . . . . . . . . . . . . . . . . .  

A542 . . . . . . . . . . . . . . . . . .  

A542 . . . . . . . . . . . . . . . . . .  

A542 . . . . . . . . . . . . . . . . . .  

A542 . . . . . . . . . . . . . . . . . .  

A542 . . . . .  �9 . . . . . . . . . . . . .  

A542 . . . . . . . . . . . . . . . . . .  
A542 . . . . . . . . . . . . . . . . . .  
A542. ~ . . . .  . . . . . . . . . . . .  

900 C. Equalized for 3 h and held for an additional 
4 h, followed by WQ to a temperature less than 
150 C. Tempering: charged into a furnace at 400 C, 
heated at 35 C/h to 650 C, equalized for 4 h, main- 
tained an additional 4 h and air cooled. Charged 
into a furnace at 400 C, heated to 675 C, equalized 
3 h, maintained an additional 4 h and air cooled. 
Bainitic microstructure, grain size: ASTM 6 to 7. 

81 Austenitized at 900 C for 3 h, WQ. Tempered at 
635 C for 3 h. Tempered martensite microstructure, 
grain size: ASTM 7 to 8. 

51 940 C, 1 h/in., WDQ 
590 C, 1 h/in., AC 
620 C, 12 h, AC 
Balnitic microstructure, grain size: ASTiV[ 6 to 7. 

52 Austenitized at 930 C for 1 h, quenched in an ice- 
brine solution, tempered at 620 C to HRC 24• 
Tempered martensite microstructure. 

53 Austenitized at 930 C for 1 h, quenched in an ice- 
brine solution, and tempered at 620 C to HRC 
35 =t=l. Martensite microstructure. 

54 Austenitized at 930 C for 1 h and furnace cooled. 
Pearlitic microstructure. 

55 As-received material given a 5 percent reduction 
in area by rolling. 

56 10 percent reduction in area. 
57 25 percent reduction in area. 
58 Austenitized at 930 C for 1 h and normalized. 

Bainitic microstructure. 

Specimens 
Two types  of specimens were fabricated,  a small  t ens ion  specimen for 

low-stra in  rate  tens ion  tests  and  a no tched  specimen for s ta t ic  load tests. 
Specimen configurat ions are shown in  Fig. 1. The notched  specimen geom- 
e t ry  has been  used extensively [9, 16], and  the tens ion  specimen was kept  
small  to minimize  space required  for i r radiat ion.  Subsequen t  to fabrica- 
t ion,  all of the specimens except lots 55, 56, and  57 were given a stress 

rel ieving annea l  of 1 h at  500 C. 

Irradiation 
Specimens were i r rad ia ted  in  specially designed he l ium-bonded  capsules 

to several fluences r ang ing  from approx imate ly  7X 10 is n / c m  2 to 5 X 1020 
n / c m  2, E > 1 5/~eV. (Henceforth,  all fluences reported will be in  the above 
uni ts . )  Specimens i r rad ia ted  to the lower fluence were i r rad ia ted  in  the  
M T R  with  the gage center  line t empera tu res  less t h a n  300 C, while speci- 
mens  i r radia ted  to fluenees in  excess of 1020 n / c m  ~ were i r radia ted  in  the 
E T R  at  t empera tu res  less t h a n  225 C. Considerable  a m o u n t s  of in situ 
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46 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

NOTCHED SPECIMEN < : ~ ~ ~  

FIG.  1--Notched and tension specimens for hydrogen embrittlement of steel tests. 

annealing no doubt occurred at these temperatures, resulting in a decrease 
in the deleterious effects attributable to irradiation damage; however, 
these temperatures are within the operating range of most light water 
reactor vessels. 

Cathodic Charging 

-Postirradiation cathodic charging was the means selected for introducing 
various amounts of hydrogen into the specimens prior to testing. The solu- 
tion used was 4 percent sulfuric acid containing 5 mg of sodium arsenate, 
and a current density of 0.02 A/in? was applied during charging unless 
stated otherwise. It  was noticed in some of the preliminary work that con- 
siderable variation in the hydrogen absorption rates occurred, which was 
dependent on specimen strength level, chemistry, and whether or not the 
specimen had been irradiated. These observations were reported elsewhere 
[17] and by other investigators [2]. Because of this variation in absorption 
rates a standard charging and aging time was not adopted. For each lot 
a combination of charging and aging time was sought that would give the 
desired hydrogen concentration level as determined by posttest gas analy- 
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sis. Charging times ranged from 2 min to 2 h, and aging was carried out 
at  room temperature for at least ~ h in the case of the plain tension speci- 
mens. No visible evidence of permanent damage, that  is, blistering or 
cracking, was seen in specimens charged for times up to 2 h. The notched 
specimens were given a cadmium plate of approximately 6 X 10 -4 in. prior 
to aging and testing to minimize specimen outgassing. Aging times and 
temperatures for the notched specimens are given with the data (see sec- 
tion on Static Load Tests). 

Testing Procedure 

Tension and constant load tests were accomplished using standard ten- 
sile and stress rupture equipment. Strain rates of 0.05 to 0.1 min -1 gave 
comparable results; therefore, a strain rate of 0.1 min -1 was used. All of 
the tension and constant load tests reported here were conducted at cell 
ambient temperatures, 26=t=3 C. 

Gas Analysis 

In this investigation, particular emphasis was placed on the analytical 
technique for accurately determining the postfailure hydrogen concentra- 
tions in the gage section of the tested specimens. Immediately after speci- 
men failure the specimen fragments were placed in liquid nitrogen. A single 
specimen weighing approximately 1.2 g was sheared from each half of the 
cooled specimen, that  is, gage section, adjacent to the fracture surface. 
These specimens were transferred in liquid nitrogen to the gas analyzer. 
Hydrogen contents were determined with an EA-1 Exhalograph, (Balzers, 
Liechtenstein), which has been described elsewhere [17]. A vacuum inter- 
lock permitted rapid introduction of the specimens into the analyzer, thus 
minimizing room temperature outgassing. Hydrogen was extracted at 
1000 C and determined quanti tat ively by thermoconductivi ty measure- 
ments. Occasionally, verification of the hydrogen contents  was made using 
a small mass spectrometer connected in series with the EA-1. Close agree- 
ment was obtained. 

Specimens from the as-irradiated materials were analyzed and found to 
contain hydrogen. Hydrogen contents were considerably higher than one 
would expect based on calculations of n,p production (<0.1  ppm for the 
higher flucnces). They  were as follows: 

Average Number of 
Approximate Fluence, Hydrogen Specimens Standard 

n/cm 2, E > 1 MeV Content, ppm Analyzed Deviation 

U n i r r a d i a t e d  . . . . . . . . . . . . . . . . .  0 t o  0 . 2  
7 •  1018 . . . . . . . . . . . . . . . . . . . . . .  0 . 9  

2 •  ~ . . . . . . . . . . . . . . . . . . . . . .  1 . 7  
4 •  10 ~ . . . . . . . . . . . . . . . . . . . . . .  2 . 1  

2 6  0 . 8  
8 1 . 3  
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48 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

As indicated, these hydrogen concentrations varied considerably; however, 
there is a trend of increasing hydrogen content with increasing fluence. 
Prolonged aging (48 h) at temperatures ranging from 100 to 325 C indi- 
cated that this hydrogen was essentially trapped or immobile until baking 
temperatures in excess of 300 C were used. It appears that irradiation 
damage such as cold work [18, 19] produces a condition which can trap 
hydrogen. As this hydrogen was nondiffusible at test temperatures and was 
shown by static load tests to be innocuous to the mechanical properties, 
it was subtracted as a blank from all concentrations reported herein. 

Results  

Tensile Properties 

Tensile properties of the unirradiated and irradiated steels prior to hy- 
drogenation are given in Tables 3 and. 4, respectively. Because of the 
limited number of irradiated specimens, only one to three specimens were 
used in obtaining the average values of the properties reported in Table 4. 
Specimens irradiated to fluences in excess of 1020 were probably at or near 
the point of saturation of irradiation induced hardening [20]. 

Tension Testing of Hydrogenated Specimens 

The effects of increasing hydrogen content on the form of the engineering 
stress-strain curves of these steels in the irradiated condition are typified 
by the examples shown for A302B steel in Figs. 2 and 3. As the hydrogen 
content is increased, the amount of nonuniform elongation and the true 
fracture strength are decreased. Finally, a concentration is reached where, 
if the strength level is high enough, the fracture strength drops below the 
yield (0.2 percent), which, in most cases, is equivalent to the ultimate 
strength after irradiation to high fluences. Little if any macroplasticity 
(uniform elongation) occurs prior to failure, and the specimen fails in a 
brittle manner. The amount of hydrogen required to reach this nil ductility 
condition apparently is inversely proportional to the strength level assum- 
ing a corresponding decrease in toughness. Alternately, if the strength level 
is not high enough, a point is reached where a further increase in hydrogen 
content results in little or no change in the ductile properties, and the 
specimen fails in a predominately ductile manner. This behavior is evident 
from the effects of hydrogen on the reduction in area (see Figs. 4-6). 

The reduction in ductility is demonstrated visually in the photographs 
of the fractured surfaces (see Figs. 7-9). The photographs show normal 
cup-cone fracture in the uncharged condition. Increasing the hydrogen con- 
tent increases the radial zone at the expense of the fibrous and shear-lip 
zones. Figure 8 shows a definite change in the fracture mode (from ductile 
to brittle) brought about by the presence of hydrogen, that is, cup-cone 
to fiat with a faeeted appearance. Uniform appearance of the fractured 
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20  

Specimen Foilure Specimen No. Fluence ( n/crff ?'E :" I MeV 

O 31 - 39  70  x 1018 

�9 31 - 17 6 . 2 x  IO 

31 - I I  6 .2x  I0 
�9 51 - 6 7 0 x  IO 

�9 31 -:38 Z 2 x  I0 
31 - 9 7.2 x IO 
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= O.I / rnin ~ AII testing ot room temperoture 

,2o,.. -,, \ 

='-- As Irrodio~ed 

I I I 
01  0 2  O.3 

Stroin  

FIG. 2--Engineering stress-strain curves compared .for irradiated ( N f  .8 X10 is n /cm 2, 
E >1 MeV) A302B steel containing various amounts of hydrogen. 

surfaces of the hydrogenated specimens (see Fig. 8) was taken as an indi- 
cation of a fairly homogenous hydrogen distribution produced by the 
charging and aging treatment applied. Microscopic changes in ductility are 
apparent from the electron photomicrographs shown in Fig. 9 for irradiated 
HY-80 steel. Whereas there are no unique features associated with hydro- 
gen embrittlement that distinguish it from any other type of environment 
induced failure, the transition from dimple rupture to cleavage fracture is 
apparentJ 

Figures 10 through 12 are plots of true fracture strength as a function of 
hydrogen content for the three steels under consideration. To a first ap- 
proximation, like the reduction in area plots, these figures exhibit a linear 
decrease in fracture strength with increasing hydrogen content up to ap- 
proximately 2 ppm. Figure 10 indicates that the fracture strength of A302B 
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240 l I 
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FIG. 3--Engineering stress-strain curves compared for irradiated (~2.7 XI02~ n/cm~, 
E > 1 MeV) A302B steel containing various amounts of hydrogen. 
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FIG. 4--Effect of hydrogen on the ductility (reduction in area) of A302B steel irradiated 
to several fluences (E >1 MeV). 
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I00  / I I I 1 I I I 
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Diffusible Hydrogen Concentrofion (ppm) 

20  

FIG. 5--Effect of hydrogen on the ductility (reduction in area) of HY-80 steel irradiated 
to several fluences (E >1 MeV). 

steel is reduced slightly with increasing hydrogen content. However, over 
the strength level considered (105 to 150 ksi) within the scatter of the data, 
the extent of this reduction with hydrogen content is nearly insensitive to 
irradiation induced increases in strength level up to concentrations of 3 to 
4 ppm. The fracture strcngh of HY-80 (see Fig. 11), however, is more 
adversely affected by the presence of hydrogen; as is indicated, the slope 
decreases with increasing strength level. The difference appears due to 
strength level or to a difference in response to a combination of irradiation 
and hydrogen effects or to both. Figure 12 illustrates the changes in frac- 
ture strength due to the presence of hydrogen in irradiated A542 steel 
heat-treated to various strength levels. Plots of negative slope, -dz//dH2, 
initial linear decrease up to 1 to 2 ppm, are shown in Figs. 13 and 14 as a 
function Of ultimate strength and fracture stress, respectively. A single 
line fits all of the data, even though material differences are evident, and 
there are inherent uncertainties in obtaining the slopes from the original 
curves. The utility of these curves lies in the fact that the ultimate and 
fracture stress levels are evident at which low diffusible hydrogen concen- 
trations (<2 ppm) initiate marked changes in the ductile properties of 
these materials. They also may be useful in predicting the likely response 
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FIG.  6--Reduction in area versus hydrogen content for a number of strength levels (UTS) 
of A542 steel produced by heat treatment and irradiation. 

to hydrogen embrittlement of other low-alloy steels at equivalent strength 
levels and fluences and similar toughness. Farrell and Quarrel] [I] plotted 
data from similar tests made on unirradiated ultrahigh-strength steel. 
Their slope versus ultimate strength curve was similar in form to that 
shown in Fig. 13, thus depicting increased respons e with increasing strength 
level; however, their slope versus fracture strength curve was different in 
that it was initially linear rather than exponential in form. Obviously, 
individual material chemistry, microstructure, toughness, response to ir- 
radiation hardening, as well as strength must be considered in these com- 
parisons. 

Static Load Tests 

In Figs. 15-20, stress as a function of time to failure is plotted for data 
obtained from constant load tests. Substantial amounts of delayed failure, 
defined as a significant difference between the hydrogenated notched tensile 
strength (NTS) and the lower critical stress for failure (LCS) did not occur 
in any of the NQT steels tested. Lower critical stress values and hydro- 
genated notched strengths are given in Table 5. 
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BRINKMAN AND BEESTON ON PRESSURE VESSEL STEELS 55  

FIG. 7--Fracture of surfaces of hydrogen charged plain tension specimens of HY-80 
(unirradiated). 
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56 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 8--Fracture surfaces of irradiated plain tension specimens of A302B steel, (a,b) 
2.3X10 ~~ n/cm ~, E >1 MeV, and HY-80 steel; (c,d) 4.9X102~ n/cm ~, E >1 MeV, showing 
changes in fracture mode brought about by the presence of hydrogen. 
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BRINKMAN AND BEESTON ON PRESSURE VESSEL STEELS 57 

FIG. 9--Embrittlement of HY-80 steel specimens by hydrogen. Specimens initially 
irradiated to fluences ~102~ n/cm 2, E >  I MeV. 

Static fatigue data (shown in Fig. 15) for HY-80 steel irradiated to a 
fluence of 8 X 10 is n/cm 2 are typical of that found for the normal (NQT) 
condition of the three steels irradiated to this fluence level. The data show 
that the steels in the NQT condition containing 2 to 3 ppm hydrogen were 
not subject to delayed failure. 

Comparisons between unirradiated and irradiated (fluences greater than 
1050 n/cm 2) steels in the NQT condition are made in Figs. 16-18. The data 
show the following: (1) the nondiffusible hydrogen referred to previously 
has no effect on the static fatigue properties of the irradiated steels, that is, 
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300 
I I I i I J 

0 Unlrrodloted, U.T. S, = f 05 ~el 
~1 Irradiated ~6.SxrO~n/cm E>I  MeV, U,'ES,,III ksi 
�9 Irradiated ~ h5 x IO=~ = E > l  MeV, U,T.S, = f38 ksl 
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All  Testing at Room Temperature, 

�9 . I / r a i n  

i'~176 
o �9 , ~  

0 

0 
0 

I I I I I I I 
I 2 3 4 5 6 7 

Diffusible Hydrogen Concentration (ppm-wt , )  

FIG. lO--True fracture strength as a function of hydrogen content for ASO2B sleel 
irradiated to several fluences. 

no indication of a decrease in notched strength in times tested; (2) as the 
hydrogen content increases the hydrogenated NTS and LCS decrease, with 
the LCS falling below the unirradiated NTS at about the 2-ppm level; 
(3) significant amounts of time-dependent failure did not occur even at 
relatively high hydrogen concentrMions. Failure occurred either instan- 
taneously on loading or over a limited stress range, thus giving relatively 
flat curves rather than the characteristic static fatigue curves found for 

35o I f I J l I f 

! 

~ot \  ~;:';i% . . . . . . . . . . . . . . . . .  | \  ........................ 
~5o~ \~' 

0 0 0 

5 0  . o n m ~ x J u - - . / c  {178 ksl) 

0 ] [ I J l I 
I Z 3 4 5 6 

D~ffusibte Hydrogen Concentrat{on (l=pm-wt.| 

p 

FIG. 11--True fracture strength as a function of hydrogen content for HY-80 steel 
irradiated to several fluences (E > 1 MeV). 
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I I I I I 1 i I 

O A542 Steel {51) Normol Quenched ond TenlPe,ed 
Co~dltlon ITr ~ 6.6 �9 10 LE n/cm 2 E > I MeV 

0 AS42 Steel (5~) Quenched and Tempered TO R c 25~1 
400  &rodloter ~ 6.7 x ~0 Ig n/cm 2 

~I' A542 Steel (53) Quenched ond Tempeced to R~ SS t l  
Irradlafed ~ 4.0 xlO eO 

�9 A~42 Sfe41 ($3) Quenched ond Tempered to Rr 3S~1 
27 ksl Irradioted m ?.2 X I018 

~1~ ~ A542 Steel 54) Aus~enilize4 and Fu,nac.e COOled 
IrrO41oted m 6.TxtOI8 

�9 A542 Steel [SB) NormaliZed Ir(odloted ~ 6 .6x i0  I@ i 300 

/ x  

J I I I I I I I 
I ~ S ' ;  S 6 7 8 

0~ffuslble Hydrogen Concentration (ppm-wt.I 

FIG.  12--True fracture strength as a function of diffusible hydrogen concentration for 
steel heat-treated and irradiated to various strength levels. 

high-strength steels tested under similar conditions. The lack of significant 
amounts of delayed failure is indicative of a sufficient toughness to resist 
slow stable crack growth except at stress levels approaching the point 
where instantaneous failure occurs. 

Static fatigue curves for specimen blanks of A542 steel receiving heat 
treatment or cold work modifications prior to specimen machining and ir- 
radiation are shown in Figs. 19 and 20. Condition H.T. 52, which was heat- 
treated to a similar strength level but with a tempered martensite instead 
of bainite microstructure for the normal quenched and tempered material 
(H.T. 51), had a similar response to constant loading conditions (see Table 
5). The data also indicate that for the unirradiated material increasing the 
hydrogen content to 5 to 6 ppm wilt result in increased amounts of delayed 
failure. Material quenched and tempered to an ultimate tensile strength of 
165 ksi prior to irradiation (see Fig. 19), unlike previous conditions, showed 
considerable amounts of delayed failure at a low concentration level (ap- 
parently due to the increased strength level). H.T. 54, the furnace-cooled 
material with a pearlitic structure, was not prone to delayed failure at the 
concentration levels studied. LCS values for H.T. 54 are given in Table 5. 
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FIG. 14--Susceptibility to hydrogen embrittlement as a function of uncharged fracture 
stress for A302B, HY-80, and A542 steel containing diffusible hydrogen concentrations 
(<2 ppm (wt) ). Fracture stress: load at failure divided by cross-sectional area at failure. 
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FIG. 15--Constant load rupture curves compared for hydrogenated specimens of unir- 
radiated and irradiated (8X10 Is n/cm 2, E> I MeV) HY-80 steel (H.T. 81). 
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FIG. 16--Constant load rupture curves compared for hydrogenated specimens of unir- 
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and tempered condition. 
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FIG. 17--Constant load rupture curves compared for hydrogenated specimens of unirradi- 
ated and irradiated (to 2.2X10 ~ n/cm ~, E >1 MeV) HY-80 steel (H.T. 81). 
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FIG. 18--Constant toad rupture curves compared for hydrogenated specimens of unirradi- 
ated and irradiated (to 2.~X102a n/cra 2, E >  I MeV) A542 steel in the normal quenched 
and tempered condition (H.T. 51). 
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I )~ "" ~ O t  Irradiated, UTS: 225k•i - 
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F 
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~ =  9E Post failure diffusible hydrogen content, ppm,(wt.) 
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~ ~ ^ 0  All m r s  at room temgeroture 

40 

ol . . . . .  , , , I  . . . . . . . .  I . . . . . . . .  l . . . . . . .  O.O~ 0.1 tO I00 

Time TO Fracture (houri)  

FIG. 19--Constant load rupture curves compared for hydrogenated specimens of unirradi- 
ated and irradiated (to 4.2X102~ n/cm 2, E> I MeV) A542 steel that had been quenched 
and tempered to HRC 36 (H.T. 53). 
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Time To Fracture (hrs)  

FIG. 20--Constant load rupture curves compared for hydrogenated specimens of irradiated 
(1.6 to 2.1~X1020 n/cm 2, E>I  MeV) A5~2 steel that had been cold-rolled 5 to 25 percent 
prior to specimen fabrication. 

Figure 20 indicates that ,  whereas A542 steel cold-worked by rolling is not  
prone to delayed failure, cold working is deleterious in tha t  a greater de- 
crease in the hydrogenated NTS is found in this steel after being subjected 
to substantial amounts of cold work. H.T.  58 was very sensitive to the 
presence of hydrogen even at the 1-ppm level and showed considerable 
amounts of delayed failure. H.T.  58 was notch sensitive and, therefore, 
particularly prone to hydrogen embrittlement. 

In Figs. 21 and 22, the LCS values as a function of ultimate strength 
are compared for the NQT and modified heat t reatment  and cold-worked 
conditions, respectively. As is shown in Table 5, the hydrogenated NTS 
was only slightly larger than the LCS in all conditions and hydrogen 
concentrations except in unirradiated H.T.  52 (5 to 6 ppm), H.T.  53, and 
H.T.  58, where significant amounts of delayed failure occurred; therefore, 
conclusions drawn regarding the behavior of LCS values are nearly always 
applicable to the behavior of the hydrogenated NTS. Figure 21 illustrates 
the fact tha t  as the strength is increased by  irradiation the same amount  
of hydrogen will produce an increased reduction in the LCS. For example, 
in the case of HY-80: 

Hydrogen Ultimate % Decrease 
Fluence Content, ppm Strength, ksi in LCS 

Unirradiated . . . . . . . . . . . . . . . . .  1.9 
8X10 is . . . . . . . . . . . . . . . . . . . . . .  1.5 
2X102~ . . . . . . . . . . . . . . . . . . . . . .  1.9 

108 13 
131 10 
178 38 
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The strength level of HY-80 steel was increased more and to a higher 
level than were the other NQT steels after irradiation to about 2 •  1050 
n/cm ~. A hydrogen concentration of about 2 ppm resulted in a greater 
decrease in the LCS of HY-80 than it did in the other steels after a fluence 
of about 2• n/cm2:HY-80 38 percent, A542 16 percent, and A302B 
17 percent. Within experimental error, hydrogen concentrations at 1 to 2 

280 
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i 60  
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I I I I I I I I 
120 140 160 ISO 200 220 240 260 

Ul t imate  Strength (ksi) 
280 

FIG. 21--Lower critical stress levels for failure as a function of ultimate strength at 
various hydrogen concentrations for steels in normal quenched and tempered condition. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



6 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

260 

240 

220 

20C 

18C 

~ 16C 

u~14 ( 

C, 

~ 12( 

IOC 

H.T. 54 

(5.6) 

I 
H.T, 5 3  
8 X  IO IO n /cm z 

(0.8) 
N.T. 55 

HIT, 51 
B X I018 n/cm2 

HT. 52 

H 
H.T. 5f ~ ~(4/.01 

(5,7), 
XI t8 nlcm 2 

I 3.5) 

{4.9)l 
(3.7) 

{5.8) 

H.T. 51 
2.4 X 102On/era2 

 , o,Oo,oo2 
H.T.58 Notch 

H.T. 53 �9 
1(2.s 4 4'2 X '020 n/cm2 

I 

I 

r :h4) 

I 
I 

I 

~D(4.5) 
'(3.7) 

)(3.5) 

t % 0 0 0 0  Unirrod,ated 
4 b Q ~ O .  Irrodi~lted, Fluence: E > I M e V  

- -  Notched Tensile Strength (unchorged)  
( ) Hydrogen Concentrotion, ppm (wt) 
H.T. Designotes Heat or Cold Work Treotment 

H,T, 58 
s x ~_~o n,~r. ~ 

I 

! 

! 

~.s]! 

I ~ ) ( < i )  

o I I I I I I I I 
so ,oo 12o ,40 ,60 ,80 200 220 240 260 

Ultimate Strength (ksi) 

FIG. 22--Lower critical stress levels for failure as a function of ultimate strength at 
various hydrogen concentrations for A542 steel heat-treated to several levels or cold worked 
prior to irradiation. 

ppm in specimens irradiated to a fluence > 1020 n/cm ~ resulted in an LCS 
which was nearly equal to the unirradiated NTS. Increasing hydrogen 
content further decreases the LCS. Figure 22 similarly shows that increas- 
ing the strength level by heat treatment (H.T. 53, 58), cold work (H.T. 
57), or irradiation results in increased susceptibility to hydrogen embrittle- 
ment, that is, larger decrease in the NTS. 
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Discussion 

The tension data showed that hydrogen would begin to have an effect 
on the ductile properties of these steels in the NQT condition at the 1 
to 2-ppm level. The degree to which the ductility, as measured by reduc- 
tion in area (R.A.), was decreased depended upon the strength level. In- 
creasing the strength level by irradiation increases the susceptibility of 
these steels to hydrogen embrittlement (ductility change). In the case of 
A302B, however, this change was minimal at 1 to 2 ppm even after ir- 
radiation to high fluences. Concentrations in excess of 4 to 5 ppm were 
required to reduce R.A. measurements below 10 percent; this occurred 
only after irradiation to fluences in excess of 1020 n/cm 2. The ductility of 
HY-80 was much more responsive to increased amounts of hydrogen than 
A302B. A near nil ductility condition resulted from approximately 1 to 3 
ppm hydrogen in the highly irradiated HY-80 steel. This seems to occur 
at a rather low hydrogen concentration based on comparisons with other 
unirradiated steels at this same strength level [1] and may be due to irra- 
diation damage which may have introduced other factors than strength 
elevation, thus enhancing the susceptibility to hydrogen embrittlement. 
A near nil ductility condition in NQT A542 steel after irradiation to flu- 
ences in excess of 102~ n/em 2 at the 2 to 3-ppm level also occurred. The 
fact that both of these steels in this condition were still resistant to delayed 
failure at the 4-ppm level indicates that, even though the ductility of a 
steel in a given condition may be reduced to a very low level by the pres- 
ence of hydrogen, it may still possess sufficient toughness to resist crack 
growth. It  is evident that hydrogen can produce a condition of near nil 
ductility in all three of these steels after irradiation to fluences in excess 
of 102~ n/cm 2, whereas this was not possible in the unirradiated condition 
over the concentration range considered. 

As far as determined, strength level and not microstructural or cold work 
variation was the important parameter which determined the degree to 
which the ductility would be affected by the presence of 1 to 2 ppm hydro- 
gen. Irradiation hardening of these steels to levels in excess of approxi- 
mately 180 ksi resulted in a condition that was particularly susceptible 
to hydrogen embrittlement, but not necessarily to delayed failure. H.T. 
53 and 58 were susceptible to delayed failure prior to irradiation. Irradia- 
tion and hydrogen decreased the notch strength ratio, but even hydrogen 
concentrations that reduced this ratio to a value less than one (brittle 
notch) did not result in a condition in which there was an appreciable 
differer~ce between the notched strength and the LCS. 

Hydrogen concentrations of 1 to 2 ppm in these three steels in the NQT 
condition irradiated to a fluence of about 8 X 10 Is n/cm 2 resulted in a de- 
crease in the NTS; however, irradiation hardening more than compensated. 
for this loss such that the LCS was higher than the unirradiated NTS. 
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70 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Irradiation to fluences in excess of 10 ~~ n/cm 2 further strengthened these 
steels but did not fully compensate for the effects of 1 to 2 ppm hydrogen, 
that is, the LCS was approximately equal to or slightly below the unir- 
radiated NTS. Increasing the hydrogen concentration further reduced 
the LCS but did not lead to a condition where delayed failure occurred 
v~ith hold times up to 60 to 70 h. 

Practical Implications 
Peak design life fluence levels for pressurized water reactors are cur- 

rently set at 3 • 1019 n/cm 2. Thus specimens irradiated to fluences in ex- 
cess of 1020 n/cm ~ and tested were probably at strengths in excess of those 
likely to be found in LWR steels unless future reactors are designed with 
the vessel closer to the core. This condition thus represents an advanced 
state with respect to material property degradation by irradiation and 
the most susceptible to hydrogen embrittlement. Pressure vessels are sub- 
jected to stresses approaching two thirds of the unirradiated yield at 
reactor operating conditions. In the case of highly irradiated A320B, dif- 
fusible hydrogen concentrations of from 4 to 5 ppm were required to initiate 
failure at stresses approaching the unirradiated yield strength. A542 and 
particu]arly HY-80 were more adversely affected by the presence of hy- 
drogen; however, irradiation to fluences of approximately 4•176 n/cm 2 
resulting in a UTS of 195 ksi in the case of HY-80 were required to pro- 
4uce a condition in which 1 to 2 ppm hydrogen could initiate brittle fail- 
ure at stress levels less than yield. All three of these steels retained consid- 
erable notch toughness after irradiation to fluences in excess of 102~ n/cm ~ 
and were able to resist hydrogen induced stable crack growth at stress 
levels less than the hydrogenated notch strength despite the probable 
higher hydrogen concentrations at the notch root, because of stress 
induced diffusion of hydrogen to the vicinity of the notch. These values 
indicate that several parts per million of diffusible hydrogen in a reactor 
vessel concentrated in the region of a flaw, small crack, or other stress 
riser would not lower the toughness to the point where growth of the flaw 
s produce crack instability would occur. The fact that operating tempera- 
tures for LWR reactors are from 300 to 350 C should serve further to mini- 
mize the deleterious effect of hydrogen by increasing intrinsic material 
toughness. 

The data reported herein therefore support the conclusion that medium- 
strength pressure vessel steels in the normal quenched and tempered con- 
dition used for pressurized water and boiling water reactor plants operating 
under normal conditions will not be embrittled by the presence of 1 to 2 
ppm hydrogen to the point where catastrophic failure will occur. 

Conclusions 
1. The ductility (reduction in area) of A302B steel after irradiation to 

fluences of nearly 3 X 102~ n/cm ~, E > 1 MeV, was not significantly affected 
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by the presence of up to 2 ppm hydrogen. Hydrogen concentrations greater 
than 2 ppm, however, resulted in a marked decrease in ductility with an 
essentially nil ductility condition reached at the 5 to 6-ppm level. 

2. HY-80 and A542 steel in the normal quenched and tempered condi- 
tion were much more responsive to the presence of 1 to 2 ppm hydrogen. 
Low-strain rate tests on specimens irradiated to approximately 7X10 is 
n/cm 2 resulted in a decrease in the reduction of area measurements of 
about 20 percent (from 65 to 45 percent). Subsequent to irradiation to 
2 • 1020 n/cm 2, E > 1 5~eV, A542 steel showed essentially nil ductility at 
the 2 to 3-ppm level, while HY-80 displayed a nil ductility condition at 
1 to 2 ppm. 

3. Heat treatment or cold working, which increased the strength level 
(like irradiation), resulted in a condition that was more sensitive to hydro- 
gen induced ductility reductions, particularly after a strength level of 
approximately 180 ksi had been attained. 

4. Hydrogen induced delayed failure did not occur to any large extent 
in HY-80, A302B, and A542 steel in the normal quenched and tempered 
condition even after irradiating to fluences in excess of 1020 n/cm 2, E > 1 
MeV, and hydrogen concentrations of up to 4 ppm. 

5. Irradiation hardening increased the magnitude of the decrease in 
notched strength resulting from a given hydrogen concentration in all of 
the steels and conditions tested. As irradiation increased the notch strength 
level, however, this effect was somewhat self-compensating from a design 
point of view in that at the 1 to 2-ppm level the hydrogenated notch 
strength or lower critical stress to failure was equal to or only slightly 
less than that of the unirradiated strength. Increasing the hydrogen con- 
centration beyond this point resulted in a further decrease in the lower 
critical stress level. 

6. Steel (A542) that was heat-treated to a preirradiation hardness of 
HRC 35 by normalizing, quenching, and tempering treatments was sus- 
ceptible to hydrogen induced delayed failure in both the pre and postirra- 
diation conditions. 

Acknowledgments  

We wish to acknowledge the assistance of G. A. Rigby in the accomplish- 
ment of much of the experimental work and the Fuels and 5~aterials 
Branch, RDT, for sponsoring this study. 

R e f e r e n c e s  

[1] Farrell, K. and Quarrell, A. G., Journal of the Iron and Steel Institute, JISIA, Vol. 
202, December 1964, p. 1002. 

[2] Fletcher, E. E. and Elsea, A. R., Battelle Technical Review, BATRA, Vol. 16, 
No. 12, Dec. 1967, p. 10. 

[3] Munse, W. It., Fracture an Advanced Treatise, H. Liebowitz, Ed., Vol. IV, Academic 
Press, 1969, p. 371. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



72  iRRADiATION EFFECTS ON STRUCTURAL ALLOYS 

[4] Tetelman, A. S., "The Mechanism of Hydrogen Embrittlement in Steel," Pro- 
ceedings of Conference on Fundamental Aspects of Stress Corrosion Cracking, 
Ohio State University, Sept. 1967, p. 446. 

[5] Johnson, H. H., "On Hydrogen Brittleness in High Strength Steels," Proceedings 
of Conference on Fundamental Aspects of Stress Corrosion Cracking, Ohio State 
University, Sept. 1967, p. 439. 

[6] Gilpin, C. B., Paul, D. H., Asunmaa, S. K., and Tiner, N. A. in Advances in Electron 
Metallography, ASTM STP 396, American Society for Testing and Materials, 
1966, pp. 7-20. 

[7] Harries, D. R. and Broomfield, G. H., Journal of Nuclear Materials, JNUMA, 
Vol. 9, No. 3, 1963, p. 327. 

[8] Broomfield, G. H., Journal of Nuclear Materials, JNUMA, Vol. 16, 1965, pp. 
249-259. 

[9] Rossin, A. D., "Hydrogen Embrittlement in Irradiated Steels," ANL-7266, Clear- 
inghouse for Federal Scientific and Technical Information, U.S. Dept. of Com- 
merce, Springfield, Va., Feb. 1967. 

[10] Whitman, G. D., "Technology of Steel Pressure Vessels for Water Cooled Nuclear 
Reactors," ORNL-NSIC-21, Clearinghouse for Federal Scientific and Technical 
Information, U.S. Dept. of Commerce, Springfield, Va., Dec. 1967, p. 219. 

[11] Sterne, R. H., Nucleonics, NUCLA, Vol. 25, No. 3, March 1967, p. A543. 
[12] Wimunc, E. A., Power Reactor Technology, PRETA, Vol. 9, No. 3, Summer 1966, 

p. 101. 
[13] Personal communication from A. Hoersch, Jr., Luckens Steel Co., Coatesville, Pa., 

1 Feb. 1967. 
[14] "Evaluation of Reference Pressure-Vessel Steel for Neutron-Irradiation Studies," 

Tech. Report, U.S.S., Monroeville, Pa., Project No. 40.002-066 (4). 
[15] Claudson, T. T., "Fabrication History of Alloys Used in the Irradiation Effects on 

Reactor Structural Materials Program," BNWL-CC-236, Oct. 1963. 
[16] Barnett, W. J. and Troiano, A. R., Transactions, American Institute of Mining, 

Metallurgical and Petroleum Engineers, TAIMA, Vol. 209, April 1957, p. 486. 
[17] Brinkman, C. R. and Beeston, J. M., "Effects of Irradiation on the Surface Activity 

and Diffusivity of Hydrogen in Steels," IN-1200, Clearinghouse for Federal Scien- 
tific and Technical Information, U.S. Dept. of Commerce, Springfield, Va., June 
1968. 

[18] Bhat, U. V. and Lloyd, H. K., Journal of the Iron and Steel Institute, JISIA, Vol. 
188, Aug. 1950, p. 382. 

[19] Hill, M. L. and Johnson, E. W., Transactions, American Institute of Mining, 
Metallurgical and Petroleum Engineers, TAIMA, Vol. 215, Aug. 1959, p. 717. 

[20] Klier, E. P., Hawthorne, J. R., and Steele, L. E., "Tensile Properties of Selected 
Steels for Use in Nuclear Reactor Pressure Vessels," NRL-6649, Clearinghouse for 
Federal Scientific and Technical Information, U.S. Dept. of Commerce, Springfield, 
Va., Sept. 22, 1967. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



STP484-EB/Jan. 1970 

DISCUSSION 

A. L. Bementl--There are important distinctions between the occlusion 
of hydrogen in cold-worked as compared with irradiated steel. Microtears 
developed by the cold working of steel create internal surfaces which can 
trap hydrogen in an absorbed state. This hydrogen would be released at 
relatively high temperatures. Irradiation induced defects, however, might 
also trap hydrogen by chemical binding forces, but the hydrogen should 
be released when the binding energy is overcome by thermal activation or 
when the defect is annihilated by thermal recovery. Therefore, there could 
be significant departures from a single hydrogen sensitivity versus ulti- 
mate strength correlation for steels representing mixed structural states. 

C. R. Brinkman (authors' closure)--Trapping of hydrogen in steel is a 
complex phenomenon. Indeed, besides microvoids or cracks it is believed 
that dislocations, grain boundaries, precipitates (interfaces), twins, voids, 
interstitials, etc., also can be effective in trapping hydrogen. The trapping 
mechanism is by no means the same and its effectiveness is dependent on 
the size, density, and binding energy associated with the traps. Thus, 
microcavities can adsorb monatomic hydrogen at the lattice defect inter- 
face or they can absorb hydrogen acting as sites for recombination and 
collection of molecular hydrogen, or even methane if the temperature is 
high enough. Similarly, strain fields set up around line or point defects 
result in atmospheres of atomic hydrogen which can diffuse to the defect 
cores. Certainly the nature and extent of the structural imperfections 
introduced by cold working 2 or irradiation damage will result in differ- 
ences in the types of traps operative at a given temperature; however, the 
two conditions could show similar anomalous behavior, as was indicated 
in this paper, with respect to an apparent increase in hydrogen solubility 
over that of the unirradiated and strain-free material. 

Departure from a simple hydrogen sensitivity versus ultimate strength 
correlation is indeed a possibility in irradiated materials and it has been 
shown that this can be accomplished in unirradiated steels by micro- 
structural variations at a given strength level. Additional work needs to 
be accomplished in order to more closely define the nature of the hydrogen- 
irradiation induced defect interaction intimated by this work. 

1 Battelle-Northwest, Richland, Wash. 99352. 
Oriani, R. A., Acta Metallurgica, AMETA, Vol. 18, Jan. 1970, p. 147. 
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Evaluation of the Embrittlement of Pressure 
Vessel Steels Irradiated in JPDR 

REFERENCE: Kawasaki, Masayuki, Fu]imura, T., Suzuki, K., Namatame, 
H., and Kawasaki, Minoru, "Evaluat lon of the  E m b r i t t l e m e n t  of  Pressure 
Vessel Steels Irradiated in  JPDR," Irradiation Effects on Structural Alloys 
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Testing and Materials, 1970, pp. 74-95. 

ABSTRACT:  Three surveillance programs of the JPDR pressure vessel have 
been performed to date. From the assessment of both the shift of NDT temper- 
ature and the reduction of upper shelf energy in the pressure vessel steel due to 
irradiation, it was concluded that the pressure vessel could be used with safety 
for about ten years at equivalent full power (45 MWt) operation. 

A reference test was also performed on two potential steels for pressure 
vessel use, namely a Mn-Mo-0.4~0.7Ni steel (A533B Class 1 ) and a 2~ C r -  
1Mo (A542 Class 1 ) steel, following the completion of the surveillance test. 
The latter steel was found to be much less sensitive to irradiation than the 
former. The weld metal and heat affected zone are somewhat more sensitive to 
irradiation than the base metal for the 2~Cr- lMo steel submerged arc weld- 
ment. 

KEY WORDS �9 irradiation, neutron irradiation, radiation effects, boiling water 
reactors, power reactors (nuclear), pressure vessels, dosimetry, embrittlement, 
heat treatment, fatigue strength, cracking (fracturing}, steels, alloy steels, 
structural steels, tests 

The  J a p a n  power demons t r a t i on  reactor  ( J P D R ) ,  which went  in to  
opera t ion  in 1963, was the  first boi l ing water  reac tor  (BWR) in Japan .  
The  reactor  is owned by  the J a p a n  Atomic  E n e r g y  Research I n s t i t u t e  
( J A E R I ) ,  which has Used it  to ob t a in  experience wi th  l ight-water  cooled 
power reactors.  The  reactor  was cons t ruc ted  by  the  Genera l  Electric Co., 
b u t  the  reactor  pressure vessel was fabr icated b y  a Japanese  firm us ing 
domest ic  materials .  The  reactor  has operated for a to ta l  of 14,096 h 

1 Tokyo Headquarters, Japan Atomic Energy Research Institute, Tokyo, Japan. 
Tokai Research Establishment, Japan Atomic Energy Research Institute, Tokai- 

mura, Japan. 
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KAWASAKI ET AL ON EMBRITTLEMENT OF PRESSURE VESSELS 7 5  

(18,501 MWD)  at an equivalent full power of 45 MWt  (12.5 MWe) from 
1963 to 1969. ~ 

Findings from the operation have contributed in assuring the integrity 
of the pressure vessel and its components for the many power reactors that  
were and are being constructed in Japan. J A E R I  is proceeding now with 
a project to double the thermal power of the J P D R  ( J P D R - I I  program). 
In  order to confirm the integrity of its pressure vessel with respect to neu- 
tron irradiation embrittlement, J A E R I  has already performed three sur- 
veillance programs. In the J P D R ,  after removal of the surveillance test 
coupons, positions inside the vessel shroud can be used for a reference 
test on new vessel steels. 

From the results of the surveillance test, it was found that  the pressure 
vessel could be expected to operate for about  ten years at an equivalent 
full power under the existing conditions. In  the reference test, interesting 
behavior concerning the irradiation embritt lement was noted on two do- 
mestic steels: one, Mn-Mo-0.4~-~0.TNi low-alloy steel (ASTM A533B), 
has been generally used for light water cooled reactors; the other, 21~Cr- 
1Mo low-alloy steel (ASTM A542), is currently being developed for reactor 
pressure vessel service. 

TABLE 1--Specificatiqns of the J P D R  pressure vessel and its operating records. 

Inner diameter 
Inner length 
Wall thickness 
Pressure: 

Normal 
Design 
Test 

Design temperature 
Vessel shell and heads material 
Flange material 

2083 mm (6.85 ft) 
8534 mm (28 ft) 
67.0 mm (2.5 in.) 

61.5 kg/cm ~ (G) (875 psi) 
77.34 kg/cm 2 (G) (1100 psi) 
116 kg/em ~ (G) (1650 psi) 
343 C (650 F) 
ASTM A302B modified steel 
ASTM A-336 case 1236 

Reactor Operation Integrated Thermal Electric Generating 
Term Time, h Power, MWD Time, h 

1963 . . . . . . . . . . . . .  659 540 311 
1964 . . . . . . . . . . . . .  379 281 176 
1965 . . . . . . . . . . . . .  4 043 5 420 3 420 
1966 . . . . . . . . . . . . .  3 996 5 535 3 678 
1967 . . . . . . . . . . . . .  3 257 4 072 3 059 
1968 . . . . . . . . . . . . .  801 1 083 692 
1969.' . . . . . . . . . . . .  961 1 570 901 

Total . . . . . . . . . .  14 096 18 501 12 237 

8 MWD =megawatt-days, MWt =megawatts thermal, MWe=megawatts electrical. 
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KAWASAKI ET AL ON EMBRITTLEMENT OF PRESSURE VESSELS 77 

Results  of  the  Survei l lance Test  

Specifications of the JPDR and Its Operational Records 

Table 1 shows the specifications of the JPDR and its operational re- 
cords. During operation of this reactor, two kinds of problems concerning 
pressure vessel integrity were considered: one concerned the reduction of 
fatigue strength in nozzles, believed to be caused by hair cracks in the 
stainless steel overlaid welds; and the other was neutron irradiation em- 
brittlement on the pressure vessel steel and its welds near the reactor core. 
For the former problem, JAERI performed low-cycle fatigue tests with 
small laboratory specimens and cyclic pressure loading tests with three 
vessel models. These tests assured that the reactor vessel integrity would 
be sufficiently maintained. The latter problem was resolved as described 
below. 

Program of Surveillance Test 

The surveillance test program for the JPDR pressure vessel is sum- 
marized in Table 2, The surveillance test coupons were base metal, weld 
metal, and heat affected zone specimens. The longitudinal direction of the 
base metal specimen was that of the rolling of the vessel plate and those 
of the weld metal and heat affected zone specimens were perpendicular to 
the welding direction. Each irradiation capsule contained twelve V Charpy 
test specimens and three tension specimens. Irradiation capsules were lo- 
cated just inside the shroud and inside the vessel wall, as close to the re- 
actor core as possible, and also'in the main steam pipe, where the capsules 
were given equivalent thermal cycles to those of the pressure vessel but 
without neutron irradiation. Figure 1 shows the locations of the test cou- 
pons in the pressure vessel. In the first surveillance test three kinds of 
test coupons were removed from inside the shroud and from the main 
steam pipe in June 1966; in the second test specimens were removed from 
inside the vessel wall in April 1967; and in the third test from inside the 
shroud again in June 1969. 

Dosimetry at the Irradiation Positions 

When the JPDR was designed, the fast neutron flux distribution 
(E >0.1 MeV) in the pressure vessel was calculated by the General 
Electric Co. (GE) code. However, the results of dosimetry at the irradia- 
tion positions differed markedly from the calculated values by the GE 
code. JAERI made efforts to obtain accurate values both by experiments 
and calculations using the JAERI code. Figure 2 shows a comparison of 
the results from the GE code with the experimental values for the fast 
neutron flux distribution in the JPDR pressure vessel, which were ob- 
tained by radiochemical analysis of pure iron wires in irradiation capsules, 
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B : BASE METAL COUPON 

0" W: WELD METAL COUPON 

COUPON 

270" 90* 

' - -  VESSEL WALL 

180 ~ ~-~  SHROUD 

FIG.  1--Location of surveillance coupons. 

using the reaction 54Fe(n,p)54Mn. Inside the shroud (position A) the differ- 
ence between the two calculations was not great, but inside the vessel wall 
(position B) the difference was fairly large, that is, JAERI's calculated 
value of the fast neutron flux, 3•176 n/cmLs, E >0.1 MeV, was about 
three times as large as that of the GE code, 1.1X101~ n/cmLs. On the 
other hand, JAERI's experimental value, 6.17 to 8.83 X 101~ n/cmLs, was 
about two to three times as large as the value by JAERI code. JAERI 
considered the experimental values to be correct since the values were 
obtained by major collaborative works in the JAERI to evaluate accu- 
rately the fast neutron flux distribution in the JPDR pressure vessel. 
Table 3 shows the results of the dosimetry based on the experiment in the 
surveillance test. 

Results of the Surveillance Test 

Figure 3 shows the materials for the pressure vessel components and also 
the nil ductility transition (NDT) temperatures at the preoperational 
condition of these materials. In Fig. 4 are summarized the results of the 
whole surveillance test, that is, postirradiation V Charpy tests on the base 
metal, weld metal, and heat affected zone. The shift of the 30-ft-lb (4.2- 
kg-m) transition temperature, Tr30, did not differ considerably among 
the three kinds of test coupon. On the assumption that Tr30 is equivalent 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



KAWASAKI ET AL ON EMBRITTLEMENT OF PRESSURE VESSELS 79 

to NDT temperature, as the initial NDT temperature of the base metal 
is the highest among the test coupons, it was adequate to evaluate the 
irradiation embrittlement of the JPDR pressure vessel from that of the 
base metal. Figure 5 shows the shift of Tr30 for the base metal caused by 
neutron irradiation. The data of the JPDR surveillance test were between 
Carpenter'ssensitive and insensitive curves [1] 4 and agreed with Steele's 
data [2] at 260 C, the irradiation temperature. In Fig. 6 the results are 
compared with those for other light water cooled reactors [3]; the data of 
the JPDR have the same tendency as the other BWR reactors. Figure 7 
shows the influence on the reactor operation due to the neutron irradiation 
embritt]ement of the JPDR pressure vessel. The initial NDT temperature 
of the vessel wall near the reactor core was about 20 C; the results of sur- 
veillance tests showed that, for the assumed reactor life, at full power, of 
twenty years, the NDT temperature Would be about 120 C, assuming 

lol=J 

i011 

~d o 

~ N X ~ q  POSITION A 
EXPERIMENTAL VALUE 

~ (~  ( > 0 . 1 M e V )  

I IEXPERIMENTAL VALUE POSITION B 

~ N VESSEL r "~ 

JAERI" S CODE 

I ~ .  ~ .J'AERrS CODE . 
] 1 \ \  \ C.AT_CUI~AT~ON('> IMeV) 

77.38 

SHROUD 

EXPERIMENTAL VALUE 

EXPERIMENTAL VALUE 
(> 1 MeV) 

~E'S CODE CALCUL 
(>0.1MeV) 

GE'S CODE CALCULATION I I J ( >  IM~V) 

7g,30 I 180.57 

lo1.41 J 

104.14 110.81 

70 80 90 100 ItO 
DISTANCE FROM CORE CENTER ( crn ) 

FIG. 2--Radial distribution of fast neutron flux in JPDR pressure vessel. 

4 Italic numbers in brackets refer to the list of references at the end of this paper. 
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G43C~-59 SU$ 27B 

Remark:Temperofure put in squares shows 
NDT temperature in the co'npo~nt. 

FIG. 3--Preoperational NDT temperature in components of JPDR pressure vessel. 
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FIG. 4--Results of postirradiation V Charpy test. 
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FIG.  5--Irradiation embrittlement of J P D R  pressure vessel. 
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FIG. 6--Comparison of results of surveillance test in several reactors. 
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I L I 
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FIG. 7--Shift of NDT temperature in JPDR pressure vessel. 

ATr30=100 C for fast neutron fluence, 2X1019 n / cm  ~, (E > 1  MeV). 
Therefore, at the end of reactor life, this N D T  temperature would be suffi- 
cient to avoid a brittle fracture of the pressure vessel at operating tempera- 
ture. Nevertheless, it is necessary to take precautions if the pressure vessel 
is to be pressure tested or if the reactor is to be shutdown near the end of 
reactor life. The shift of N D T  temperature  is relatively large in the initial 
stage of operation (the fast neutron dose applied to the vessel wall was 
approximately 1018 to 1019 n / cm 2) ; from this fact, the pressure test  tempera- 
ture of the J P D R  pressure vessel must be changed to a higher temperature 
in some cases. 

In addition to the shift of transition temperature,  the reduction of upper 
shelf energy due to irradiation should be noticed, since this can also lead 
to unstable fracture behavior of the pressure vessel. This reduction of 
upper shelf energy was measured in the third test (Table 4). 

According to Burghard et al [5], the reduction of upper shelf energy due 
to irradiation is formulated as follows: 

A E / E  = - 5.70143 - 0.145 In ~t . . . . . . . . . . . . . . .  . . .  (1) 

where AE is the reduction of upper shelf energy, E is the initial upper 
shelf energy, and ~t is the fast neutron fluence (E > 1 MeV). 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



84 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

T A B L E  4--Upper shelf energy of pressure vessel steels in the JPDR surveillance test. 

Absorbed Energy by V Charpy Test, k g . m  (f t- lb)  

Metal  Preirradiat ion Postirradiation 
(2.6 X 1019 n / c m  ~) 

Base metal  . . . . . . . . . . . . . . . . . . . . .  9 .8  to 14.0 
mean 11.9 (86) 

Weld metal  . . . . . . . . . . . . . . . . . . . .  11.2 to 11.6 
mean 11.4 (82) 

Hea t  affected zone . . . . . . . . . . . . . .  11.7 to 12.7 
mean 12.2 (88) 

9 .0  to 12.8 
mean 11.2 (81) 
6 .6  to 7 .6  
mean 7.2 (52) 
7 .5  to 9 .0  
mean 8 .3  (60) 

NoTE--Tests  were performed at  240 C for the  base metal  specimens and at  200 C for 
the  weld metal  and heat  affected zone specimens. At  these test ing temperatures  
the fracture behaviors showed 100 percent shear mode in all specimens. 

However, we found Eq 1 to be incorrect; the correct form is 

A E / E  = - 6 . 0 6 9 5  +0.145 111 Ct . . . . . . . . . . . . . . . . . .  (2) 

For  the base metal specimens of the J P D R  pressure vessel steel, the 
initial upper shelf energy was 11.9 k g . m  at 100 C on the average. In the 
third test (the fast neutron fluence was 2 .6•  1019 n/cm~), the upper shelf 
energy decreased to 11.2 kg .m at 200 C so that  the reduction was ex- 
t remely small, and this tendency did not agree with the corrected equation 
(Eq 2). However, this fact is rather  common to irradiation data obtained 
in our country, as shown in Fig. 8, and the tendency for reduction in upper 
shelf energy for the base metal can be indicated by the following equation: 

A E / E  = - -  2.63287+0.063 In ~t . . . . . . . . . . . . . . . . .  (3) 

$ 
n,. 
ELI 

b Ld 

a.. 

Z 
0 

I 0 0  i [ 

O A 5 5 5 B  
Z~ A 302S 

SO~ -D ALUMINUM KILLED STEEL -~ 

/ e ,.TPDR F~XZ STEEL (A302B) 

/ &E/E =-6.0695+OJ451,n~ f | 
6o t- X u.o.A.0 : eO..ECT .,- 1 

..',,=-2.,,2,,+0.0,,'.,, I 

10 TM 10 ~ 10 z~ 

FAST NEUTRON DOSE (n/cm ~, > I M e V )  

FIG.  8--Reduction of upper shelf energy by irradiation (base metal). 
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FIG. 9--Reduction of upper shelf energy by irradiation (weIdments). 

On the contrary, as shown in Fig. 9, the reduction of upper shelf energy 
in the weld metal and heat affected zones was fairly larger than that of 
the base metal and fitted Eq 2. Hence, the weld metal becomes the limiting 
factor in regard to the shelf reduction question. 

Concerning the evaluation of the shelf reduction question, we have in- 
troduced the judgment, made by the Safety Committee of the Govern- 
ment, that the assessment should be done by taking into account the tenta- 
tive U.S. Atomic Energy Commission regulation. This regulation means 
that even in the postirradiation state more than 40 ft-lb of upper shelf 
energy must be kept in all parts of the vessel components in order to pre- 
vent unstable fracture. Furthermore, in actual evaluation, as shown in 
Fig. 10, we have converted the values obtained from surveillance test 
plates into ones for production test plates as the most conservative case 
of weld metal. 

Thus, by taking the above considerations into account for the irradiated 
weld metal, which showed the lowest shelf energy among the three kinds 
of specimen, we could derive a limiting fluence of about 1 X1019 n/cm 2 
(E > 1 MeV), 5 from the experimental results as shown in Fig. 10. This 
limiting fluence corresponds to the usage of the present vessel for ten 
years. 

Finally from the assessment of both the shift of NDT temperature and 
the reduction of upper shelf energy, it was concluded that the JPDR pres- 
sure vessel can be operated with safety for at least ten years at equivalent 
full power (45 MWt) operation. 

5 Conservative criterion recommended by the government. 
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FIG. lO--Evaluation of the reduction of upper shelf energy. 

R e s u l t s  o f  t h e  R e f e r e n c e  T e s t  

Testing Purpose 

Mn-Mo-Ni steel (A533B Class 1), widely used in the construction of 
pressure vessels of light water cooled reactors, will be required in thick- 
nesses of 300 mm or greater in the near future with the growing size of 
reactors. However, properties satisfying some design requirements of pres- 
sure vessels, particularly good notch toughness, are hard to obtain in such 
heavy-section sizes, thus higher strength steels are being considered for 
future nuclear reactor pressure vessel construction. High-strength steels 
are also advantageous with respect to the relatively lower total cost for 
pressure vessel construction. 

Cr-Mo steels have been used at temperatures below 550 C for high- 
pressure piping or vessel construction in steam power electric generation 
and in the chemical industry. Recently, 21/~Cr-1Mo steel in a thickness of 
250 mm has been used for construction of chemical plants in Japan. The 
heat treatment of quenching and tempering is gradually replacing the 
customary heat treatment of normalizing and tempering, with the corre- 
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KAWASAKI ET AL ON EMBRITTLEMENT OF PRESSURE VESSELS 87 

sponding development of welding procedures. Therefore, the series of 
Cr-Mo steels is considered to be one of the prime candidate steels for 
future nuclear structural applications. 

On the other hand, pressure vessel steels are required which exhibit 
lower radiation sensitivity. Steele et al [6] found that the radiation induced 
increase in transition temperature (hNDT) tended to be smaller in the 
higher strength steel in 306 C irradiation tests of several higher strength 
steels. Furthermore, in irradiation tests on A302B steels, it was shown 
that the radiation sensitivity of a steel can be altered appreciably through 
heat treatment practices and that a tempered martensite structure is gen- 
erally less radiation sensitive than tempered upper bainite and ferrite 
structures [7]. 

From these experimental results it was anticipated that the radiation 
sensitivity of a steel would depend strongly on the strength level, namely, 
yield strength, tensile strength, or yield to ultimate strength ratio, although 
it varies with metallurgical variables other than heat treatment even at 
the same strength level. In fact, it was found from the latter experimental 
data that the radiation sensitivity in each single heat of A302B steel be- 
comes smaller with increasing strength level. In this point, at least, Cr-Mo 
steels with a higher strength level also could be expected to exhibit lower 
radiation sensitivity. 

Thus, as a preliminary study to assess the potential of Cr-Mo steels for 
future nuclear structural applications, JAERI performed irradiation tests 
on 21/~Cr-lMo steels in the JPDR, following the surveillance test proce- 
dure mentioned in the previous section. 

Program of Reference Test 

The experiments included the comparison of the notch ductilities be- 
tween the quenched and tempered 21/~Cr-1Mo steel (A542 Class 1) and 
the Mn-Mo-Ni steel (A533B Class 1) and also the comparisons of the 
notch ductility of the weld metal and heat affected zone with that of the 
base metal for the 21/~Cr-1Mo (A542 Class 1) submerged arc weldment, 
Limited investigation results of the influence of nickel content on radiation 
sensitivity of 21/~Cr-1Mo steel are also given. 

Material's and Condition of Irradiation 

Table 5 shows the chemical compositions of the Mn-Mo-Ni steel plate 
and the 21/~Cr-1Mo steel plate and weldment in the present reference test 
together with the heat treatment conditions. The 165-mm Mn-Mo-Ni 
steel and the 150-mm 21/~Cr-1Mo steel met ASTM specifications for 
A533B Class 1 steel and A542 Class 1 steel, respectively. Except for the 
25-mm 2~Cr- lMo steels with varying nickel content, all materials were 
produced commercially. 
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90 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Standard V Charpy test specimens and tension specimens of 9-mm di- 
ameter were taken in the longitudinal direction from quarter thickness for 
the Mn-Mo-Ni steel plate and 21~Cr-1Mo submerged arc weldment, and 
from half thickness of plates for 25-mm 2~Cr- lMo steels with varying 
nickel content. The weld metal and heat affected zone specimens were 
oriented with their longitudinal axes perpendicular to the welding direc- 
tion. V Charpy test specimens were notched perpendicular to the surface 
of the plates or weldment. 

The irradiation test was performed in the JPDR following the third 
surveillance test previously described. The specimens were irradiated 
simultaneously in the same operating cycle in the sealed stainless steel 
capsules, just inside the shroud at 277 C. The fast neutron dose (E > 1 
MeV) was 3 X 10 Is n/cm 2, measured by the 54Fe(n,p) 54Mn reaction. Irradia- 
tion methods used in the present reference test were the same as those 
used in the surveillance test. 

Results 

The results of pre and postirradiation tension tests and V Charpy tests 
are summarized in Table 6. Figure 11 shows the difference in radiation 
sensitivity between the 21/~Cr-lMo steel and the Mn-Mo-Ni steel plates 
of nearly the same thickness (150 mm and 165 mm, respectively). From 

,oo. f:,77-- 

30 150mm 21/4 Cr-IMolA542-CLlIAND165mm Mn-Mo-NilA533B-CL1 

21/4Cr-IMo(A542-CL1), o UNIRRADJATED �9 iRRADiATED 

25 
E t 

20 

0 
-120 

Mn-Mo-Ni(A533B-CL1). z~UNIRRADIATED AIRRADIATED 

,.o,,o..,o.<.,..v,//f- 
=ATr C30 i / # ~  A / /  

-80 -40 0 40 80 
TESTING TEMPERATURE (C) 

120 

FIG. 11--Comparison of radiation sensitivity of 2 ~ Cr-lMo steel and Mn-Mo-Ni steel. 
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f 5 O M M  21/4 Cr-IMo(A542-CLI) STEEL To---'/.--- /./ ,c oo(> (MeV, 
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i I I I I l 

WELD METAL 
o- 

o UNIRRADIATED / o  
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1 6 0  

FIG. 12--Notch ductility characteristics of 150-mm 9 ~ Cr-l Mo submerged arc weldment 
in response to irradiation. 

Fig. 11 it is seen that the 21/~Cr-1Mo steel is much less sensitive to irradia- 
tion than the Mn-Mo-Ni steel; on the other hand, Mn-Mo-Ni steel (A302B) 
and 21/~Cr-lMo steel (A387) have been reported to show similar ATr30 
values after irradiation at 306 C to 3.8 • 1019 n/cm 2, E > 1 MeV [6]. We 
consider this discrepancy to be due to the difference in strength level be- 
tween the 21/~Cr-lMo steels tested. In order to clarify this point, it is 
necessary to perform further detailed irradiation tests of 21/~Cr-lMo steel 
under various heat treatment conditions. 

Figure 12 shows the results for the 21/~Cr-lMo submerged arc weldment. 
The weld metal and heat affected zone are rather more sensitive to irradia- 
tion than the base metal. These resuiCs are similar to those observed on 
the submerged arc weldments of other steels; for example, Mn-Mo steel 
(A302B) [8, 9], Mn-Mo-Ni steel (A533) [10], and 31/~Ni-Cr-Mo steel 
(HY-80) [8, 10]. 
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FIG. 13--Notch ductility characteristics of 25-mm 21~Cr-1Mo steels varying in nickel 
content in response to irradiation. 

The effects of nickel content in 21/~Cr-lMo steel on the radiation sensi- 
tivity are indicated in Fig. 13. It can be seen that the nickel content, up 
to 2 weight percent, does not have much influence on the radiation sensi- 
tivity of the 21/~Cr-lMo steel, as far as the data in the reference test. How- 
ever, the increase of nickel content tends to raise the initial transition 
temperature and to reduce the initial upper shelf energy, thus addition of 
nickel up to 2 weight percent in 21/~Cr-lMo Steel would not be desirable. 

Conclus ions  

From the results of the surveillance test, the following can be concluded. 
1. The shift of t h e  NDT temperature of JPDR pressure vessel steel 

(A302B) due to irradiation is between Carpenter's sensitive and insensitive 
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curves and agrees with Steele's data  at  260 C. After irradiation to 2 X 10 i9 
n / em 2, E > 1 NIeV, the shift would be about  100 C. 

2. The reduction of upper shelf energy for the weld metal and heat af- 
fected zone follows the relationship derived by Burghard, but  for the base 
metal it becomes extremely small. The upper shelf energy of the J P D R  
pressure vessel weld metal, whose energy is the lowest, satisfies the assumed 
limiting energy value, 40 f t . lb  (5.5 kg-m),  after irradiation to 1X10 i9 
n / cm 2, E > 1 MeV. 

3. From the assessment of both the shift of N D T  temperature  and the 
reduction of upper shelf energy, it was concluded that  the pressure vessel 
could be opera tedwi th  safety for about ten years at equivalent full power 
(45 MWt)  operation. 

The following can be concluded from the results of the reference test. 
1. 21/~Cr-1Mo steel (A542 Class 1) is much less sensitive to fast neutron 

irradiation at 3 X l0 is n//cm 2, E ) 1 MeV, than is Mn-Mo-Ni steel (A533B 
Class 1). 

2. The weld metal and heat affected zone are somewhat more sensitive 
to irradiation than the base metal for a 21~Cr-lMo submerged arc weld- 
ment. 

3. Addition of nickel up to 2 weight percent in 2 ~ C r - l M o  steel does 
not seem to be desirable, because it increases the initial N D T  temperature 
and reduces the initial upper shelf energy. 

From the viewpoint of fabrication experience and quality in the pre and 
postirradiated state, Mn-Mo-Ni steel (A533) has been demonstrated as an 
excellent pressure vessel material in Japan. From the present preliminary 
data, 21/~Cr-1Mo steel (A542) was shown to be promising for nuclear pres- 
sure vessel steel in the heavy-section range. The steel already has had 
wide application in non-nuclear industries. 
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STP484-EB/Jan. 1970 

DISCUSSION 

B. Watkinsl--Could the author please state the location of the notch in 
the heat affected zone specimens examined. I am particularly interested 
whether any work has been done where the notch is located near the fusion 
face in high-input welds. Evidence is accumulating that  for many struc- 
tural steels low toughness values are obtained in this zone. Fracture me- 
chanics considerations would indicate tha t  crack initiation would start  at 
the zone of lowest toughness, provided the stress level and a defect is 
present of sufficient size to give crack instability. Could the authors please 
comment. 

Masayuki Kawasaki (authors' closure)--In case of surveillance test spec- 
imens, the notch root was located at the weld bond line (weld metal-HAZ 
boundary line), and the notch direction was parallel to the plate surface 
and normal to the weld beads. 

In case of reference test specimens, the notch was located at distance of 
about 2 mm from the weld bond which was the zone of lowest toughness, 
and the notch direction was normal both to the plate surface and to the 
weld beads. 

1 Research manager, Reactor Engineering Laboratory, United Kingdom Atomic 
Energy Authority, Risley, Warrington, Lancashire. 

Copyright �9 1970 by ASTM International 
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J.  R. Hawthorne ~ 

Demonstration of Improved Radiation 
Embrittlement Resistance of A533B 
Steel Through Control of Selected 
Residual Elements 

R E F E R E N C E :  Hawthorne, J. R., " D e m o n s t r a t i o n  of  Improved Radiat ion  
E m b r i t t l e m e n t  Res i s tance  of  AS33B Steel  Through Control  of  Se lected 
Res idua l  E l e m e n t s , "  Irradiation Effects on Structural Alloys for Nuclear Re- 
actor Applications, A S T M  S T P  ~8~, American Society for Testing and Ma- 
terials, 1970, pp. 96-127. 

ABSTRACT:  A successful demonstration test of metallurgically controlled 
radiation embrittlement sensitivity has been conducted with a large com- 
mercial melt of A533B steel. The 30-ton melt represents a scaleup from 300-1b 
laboratory melts which provided the first evidence of the potential for very low 
sensitivity to radiation embrittlement at power reactor pressure vessel service 
temperatures (~550 F, 288 C). The commercial scale demonstration test was 
sponsored by the U.S. Atomic Energy Commission (AEC), Division of Reactor 
Development and Technology (DRDT) ,  Fuels and Materials Branch, and 
depicts the "composition specification approach" to the development of 
optimum radiation resistance in structural steels. 

The primary objective of special melt specifications and melt planning was 
the reduction of copper and phosphorus contents to the lowest possible level. 
Restrictions were also imposed on the content of other residual impurity 
elements with known or suspected influences on radiation embrittlement re- 
sistance. For a broad experimental analysis, the melt was split to provide 
material representing the primary melt analysis (0.03 percent copper) and a 
melt modification (0.13 percent copper). Plates representing each analysis 
were also split and sections individually heat-treated to Class 1 or Class 2 
strength conditions. All procedures used were standard mill practices. 

Radiation assessments showed the primary melt analysis to have very low 
sensitivity to radiation embrittlement at 550 F (288 C), thereby validating the 
composition specification approach for future melts. Transition temperature 
increases measured independently by Charpy V (Cv) and dynamic tear (DT) 
test methods were 70 F (39 C) or less for fluences up  to 3.1X1019 n /cm ~, 
E > 1 MeV. Based upon D T  results, the nil ductility transition (NDT) 
temperature of the Class 1 plate remained belo~v 75 F (24 C) after 550 F 
(288 C) irradiation. 

1 Metallurgist, Reactor Materials Branch, Metallurgy Division, Naval Research 
Laboratory, Washington, D.C. 20390. 
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Results for the 0.13 percent copper melt modification provided direct 
confirmation of the primary, highly detrimental influence of copper content 
on radiation embrittlement resistance. The Cv 30 ft.lb transition temperature 
increases for the Class 1 and Class 2 plates were 140 and 125 F (78 and 69 C), 
respectively, for a fluence of 2.8)<1019 n/cm ~, E > 1 MeV. The enhancement 
of radiation sensitivity by copper content appeared independent of the strength 
class. 

Postirradiation DT characteristics of the primary melt analysis (Class 1 
plate) were indicative of excellent fracture resistance at shelf level temper- 
atures. 

The A533B scaleup demonstration test fully supports the principles for 
control of radiation embrittlement sensitivity developed in laboratory research. 
A summary of 550 F (288 C) radiation data for the ASTNI A302B reference 
plate and A533 standard production plate and weld metals places the results 
for the special melt in full perspective. The radiation embrittlement sensitivity 
of the primary melt analysis is shown to be only one-third that of the reference 
plate and significantly less than that of A533 production materials. 

KEY WORDS:  irradiation, neutron irradiation, radiation effects, degradation, 
embrittlement, nuclear reactor materials, power reactors (nuclear), pressure 
vessels, structural steels, melts, impurities, copper, phosphorus, radiation 
tolerance, mechanical tests 

Variable sensit ivity to  radia t ion embr i t t l ement  has been revealed for 
m a n y  low-alloy pressure vessel steels [1]. 2 The  A533 steel employed ex- 
tensively in new commercia l  reactor  vessel const ruct ion is no exception 
[2]. Two and threefold differences in brit t le-ductile t rans i t ion  tempera ture  
increases under  equivalent  exposure condit ions have been documented  for 
bo th  A533 plate and weld metals.  As a result, the predict ion and possible 
control  of variable sensi t ivi ty are of direct  interest  to  reactor  vessel opera- 
t ions as well as to  future  vessel design. 

Labora to ry  studies for the  unders tand ing  and minimizat ion of steel em- 
br i t t lement  tendencies have revealed the  s t rong influence of residual ele- 
men t  content  on radia t ion embr i t t l ement  characterist ics at  elevated service 
tempera tures  [3]. As i l lustrated in Fig. 1, a low residual element content  
was found essential for low radiat ion embr i t t l ement  sensitivity.  Building 
on this research breakthrough,  invest igations of specific impur i ty  elements 
using split l abora tory  melts subsequent ly  revealed par t icular ly  det r imental  
influences of copper and phosphorus  on i r radiat ion resistance [3]. The  
contr ibut ions of other  suspect  impur i ty  elements, including sulfur, alumi- 
num, vanadium,  and nitrogen,  have also been assessed experimental ly;  
however,  of those elements  evaluated,  none appear  as highly potent  as 
copper and phosphorus.  

This report  concerns the  t ransfer  of laboratory-scale  findings to  com- 
mercial-scale practice. The  30-ton A533B steel melt  to  be described repre- 
sents the first large-scale demons t ra t ion  test  of metal lurgical ly controlled 

Italic numbers in brackets refer to the list of references at the end of this paper. 
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FIG.  1--Comparison of radiation embrittlement sensitivities of one large commercial 
heat and two air induction heats of A302B steel with nominal and low residual element 
contents based on Charpy V notch ductility following 550 F (288 C) irradiation [3]. 

radiation embrittlement behavior. More specifically, the melt was con- 
ceived as a major test of industry's capability to provide tonnage quantities 
of steel with nuclear characteristics matching (or closely approaching) the 
excellent elevated-temperature radiation resistance shown consistently by 
high-purity laboratory melts. 
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The AEC, DRDT, Fuels and Materials Branch, sponsored this scaleup 
demonstration test. The NRL prime contractor was Lukens Steel Co., 
Coatesville, Pa. The melt was made to NRL specifications by Latrobe 
Steel Co., Latrobe, Pa., under subcontract to Lukens Steel. As planned, 
the melt would not reflect any unusual production techniques or procedures 
but would be fully representative of conventional (standard) commercial 
practices. 

This report presents initial findings on the radiation performance of 
6-in.-thick plates from the 30-ton melt. Detailed specifications and com- 
plete mill history (melting, plate fabrication, and heat treatment) are also 
documented for the highly successful demonstration test. 

Melt Specifications and Twin Ingot Processing Plan 

General melt requirements on which actual melt specifications were 
founded are listed in Table 1. A 10-ton melt was considered a minimum 
for efficient working of the heat. This minimum melt size was also dictated 
by the limited availability of small-capacity electric furnaces. Plate gage 
and the desired ingot reduction ratio defined the minimum ingot size. 
Double slagging and vacuum degassing treatments were consistent with 
the basic aim of reducing the total impurity content to the lowest possible 
level. 

Composition specifications for the special melt, as given by the purchase 
order, are summarized in Table 2. Ranges for carbon, manganese, silicon, 
nickel, and molybdenum contents are those limits specified by the ASTM 
Standard Specification for A533 Grade B steel. The balance of listed com- 
position restrictions are special purity requirements imposed by NRL on 
elements with known (or suspect) influences on radiation performance. 
Maximum allowable values for the two elements of primary concern, cop- 
per and phosphorus, served to guide melt shop planning of the furnace 
charge; however, their reduction was to proceed on a best efforts basis. 

In order to ensure a maximum yield of information from this scaleup 
effort, special steps were added to normal melt handling and plate process- 
ing sequences. Special plans included the splitting of the melt between 

TABLE 1--General melt and melt processing requirements. 

Composition: 
Melt size: 
Melt type: 
Melt charge: 
Slag process: 
Ladle treatment: 
Ingot size: 
Plate size: 
Rolling ratio: 

A533 Grade B steel 
10 ton (minimum) 
Electric furnace air melt, fine grain practice 
Selected scrap or hot metal or both 
Double slag 
Vacuum degas 
18-in.-thick ingot for 3:1 reduction (min) 
6.0-in. gage 
Approximately 1 : 1 (aim) 
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FIG. 2--Schematic plan of processing of special commercial heat of A538B steel for 
radiation sensitivity studies. 

two ingot molds, thereby permitting a study of the effects of two impurity 
copper contents. The planned copper doping addition to one ingot (0.13 
percent Cu) was to represent the approximate copper purity level of "best" 
current production A533B melts. Plans also called for the splitting of each 
prime plate into two sections after the final austenitizing treatment, but 
before tempering, to permit a direct comparison of Class 1 and Class 2 
strength conditions. Thus, a total of four plate sections were secured for 
radiation assessments rather than one large plate representing a single 
composition and single heat treatment condition. Complete purchase order 
specifications are given in Appendix I. 

The stepwise melt plan and ingot processing sequence through to final 
tempering treatments are illustrated schematically in Fig. 2. The 31~:1 
ingot reduction ratio exceeded the required minimum reduction. Note that 
pure copper shot was added (gradually) to the first ingot mold 3 (during 
the pour) to take advantage of the higher ladle temperature and head 

3 Consistent with purchase specifications, this ingot is identified as ingot 2. 
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pressure for best mixing. Significant details of melt and ingot processing 
are given in Appendix II. 

Heat Treatment Procedures 

Primary heat treatment procedures used for the individual plate sec- 
tions are outlined in Table 3. The double quench, temper, and thermal 
stress relief sequence is typical of the heat treatment history of plate form- 
ing welded nuclear reactor vessels. Complete heat treatment procedures 
are given in Appendix III  together with a synopsis of mill test results in- 
cluding nondestructive examinations. It should be noted that the heat 
treatment histories of the Class 1 plate sections from ingots 1 and 2 were 
identical and that thermal histories of the Class 2 plate sections were also 
identical. Mill tests of plate sections B and D after the first (1200 F, 649 C) 
temper indicated that their strengths were below the Class 2 required 
minimum. These two plates were subsequently reaustenitized, quenched, 
and tempered at a lower temperature (1150 F, 621 C), whereupon repeat 
mill tests following a 10-h stress relief indicated acceptable Class 2 proper- 
ties. Averages of mill tensile property determinations are included in Ap- 
pendix III. 

Drop weight tests by the mill indicated that all plate sections passed 
the nil ductility transition (NDT) temperature requirement of +10 F 
( - 1 2  C) maximum. 

Preirradiation Properties 

Chemical Composition 

Individual chemical compositions of ingots 1 and 2 as determined by 
surveys of plate sections A and B and plate sections C and D are given in 
Table 2. With the exception of arsenic, antimony, tin, and bismuth, the 
determinations are based on wet chemistry methods. Values given for As, 
Sb, Sn, and Bi are approximate limits based on spectrographic compari- 
sons with reference standards. Results for ingot 1 indicate that the melt 
composition conformed fully to purchase order check analyses require- 
ments (Table 2). Significantly, the copper content of ingot i was well below 
the allowable check test value and met the more stringent ladle analysis 
maximum as well. Phosphorus and sulfur contents satisfied check test 
specifications but were above ladle analysis requirements. As expected, the 
analyses for ingots 1 and 2 were matched except for copper centent. 

Referring to Appendix II, NRL and Latrobe analyses of dip test speci- 
mens (ingot hot top specimens) were in close agreement except for manga- 
nese content. Similarly, NRL and Lukens Steel check test results (plate 
specimens) were in good agreement, although Lukens values for copper 
and phosphorus were slightly higher. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



0 b
o

 

T
A

B
L

E
 

2-
-C

he
m

ic
al

 c
om

po
si

tio
n:

 
sp

ec
ifi

ca
tio

ns
 a

nd
 N

R
L

 c
he

ck
 a

na
ly

se
s.

 

C
h

em
ic

al
 C

o
m

p
o

si
ti

o
n

, 
w

t 
%

 
~)

 
D

et
er

m
in

at
io

n
 

z 
C

 
M

n
 

S
i 

N
i 

M
o

 
C

u
 

P 
S 

A
s 

S
b 

S
n 

B
i 

O
th

er
 

M
el

t 
p

u
rc

h
as

e 
sp

ec
if

ic
at

io
ns

 
O

 
L

ad
le

 .
..

..
..

..
..

..
..

..
..

 
0

.2
5

 
1

.1
5

 
0

.1
5

 
0

.4
0

 
0

.4
5

 
0

.0
8

 
0

.0
0

7
 

0
.0

0
7

 
0

.0
1

" 
0

.0
1

- 
0

.0
2

- 
0

.0
2

 a
 

L
A

P
 

z 
m

ax
 

1
.5

0
 

0
.3

0
 

0
.7

0
 

0
.6

0
 

m
ax

 
m

ax
 

m
ax

 
m

ax
 

m
ax

 
m

ax
 

m
ax

 
m

ax
 

1
.1

0
 

0
.1

3
 

0
.3

7
 

0
.4

1
 

0
.1

0
 

0
.0

1
0

 
b 

0
.0

1
" 

0
.0

1
 ~

 
0

.0
2

 �9
 

0
.0

2
 ~

 
C

h
ec

k
 .

..
..

..
..

..
..

. 
..

..
..

. 
1

.5
5

 
0

.3
2

 
0

.7
3

 
0

.6
4

 
m

ax
 

m
ax

 
m

ax
 

m
ax

 
m

ax
 

m
ax

 
" 

" "
 

In
g

o
t 

1 
)*

 
(a

v
er

ag
e 

p
la

te
s 

A
 a

n
d

 B
) 

. 
. 

0
.1

7
 

1
.2

2
 

0
.1

9
 

0
.5

8
 

0
.5

0
 

0
.0

3
 

0
.0

0
8

 
0

.0
0

8
 

~
0

.0
3

 
<

:0
.0

1 
0

.0
2

 
~

0
.0

0
5

 
0

.0
2

V
 

0
.0

1
5

A
1

 
O

 
-<

 
(0

.0
1

0
-0

.0
1

2
A

1
 d

) 
r 

In
g

o
t 

2 
(c

o
p

p
er

 m
od

if
ie

d)
 

(a
ve

ra
ge

 p
la

te
s 

C
 a

n
d

 D
).

 
0

.1
7

 
1.

21
 

0
.2

0
 

0
.5

6
 

0
.5

0
 

0
.1

3
 c

 
0

.0
0

8
 

0
.0

0
7

 
(0

.0
3

 
(0

.0
1

 
(0

.0
2

 
<

:0
.0

05
 

0
.0

2
V

 
0

.0
1

5
A

1
 

(0
.0

1
0

- 
0

.0
1

3
A

1
 ~

) 

a 
A

sT
S

b
T

S
n

T
B

i 
<

0
.0

5
 m

ax
. 

b 
P

-~
-S

 ~
0

.0
2

2
 m

ax
. 

c 
C

o
p

p
er

 a
d

d
ed

 t
o 

in
g

o
t 

2 
d

u
ri

n
g

 p
ou

r.
 

T
o

ta
l 

al
u

m
in

u
m

 b
y

 s
p

ec
tr

o
g

ra
p

h
ic

 a
n

al
y

si
s 

(c
o

u
rt

es
y

 L
u

k
en

s 
S

te
el

).
 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



T
A

B
L

E
 3

--
H

ea
t 

tr
ea

tm
en

t 
of

 i
nd

iv
id

ua
l 

pl
at

e 
se

ct
io

ns
. 

P
la

te
 S

ec
ti

on
 

S
tr

en
gt

h 
Sp

ec
if

ic
at

io
n 

H
ea

t 
T

re
at

m
en

t 

S
ec

ti
on

 A
 (

in
go

t 
1)

 
S

ec
ti

on
 C

 (
in

go
t 2

) 

S
ec

ti
on

 B
 (

in
go

t 
l)

 
S

ec
ti

on
 D

 (
in

go
t 2

) 

..
..

..
..

..
..

..
..

 
C

la
ss

 1
 

(5
0-

ks
i 

(m
in

) 
yi

el
d 

st
re

ng
th

) 

..
..

..
..

..
..

..
..

 
C

la
ss

 2
 

(7
0-

ks
i 

(m
in

) 
yi

el
d 

st
re

ng
th

) 

A
us

te
ni

ti
ze

d 
16

75
 F

 (
91

3 
C

)-
6 

h,
 w

at
er

 q
ue

nc
he

d;
 a 

re
au

st
en

it
iz

ed
 1

57
5 

F 
(8

57
) C

- 
O

 
6 

h,
 w

at
er

 q
ue

nc
he

d;
 te

m
pe

re
d 

12
50

 F
 (

67
7 

C
)-

6 
h,

 f
ur

na
ce

 c
oo

le
d;

 s
tr

es
s 

re
lie

f 
z 

an
ne

al
ed

 1
12

5 
F 

(6
07

 C
)-

20
 h

, 
fu

rn
ac

e 
co

ol
ed

. 

S
am

e 
do

ub
le

 q
ue

nc
h 

tr
ea

tm
en

t 
as

 C
la

ss
 1

 a
bo

ve
; t

em
pe

re
d 

12
00

 F
 (

64
9 

C
)-

6 
h,

 
"4

 
fu

rn
ac

e 
co

ol
ed

; 
st

re
ss

 r
el

ie
f 

an
ne

al
ed

 1
12

5 
F 

(6
07

 C
)-

20
 h

, 
fu

rn
ac

e 
co

ol
ed

; 
re

au
st

en
it

iz
ed

 1
57

5 
F 

(8
57

 C
)-

6 
h,

 w
at

er
 q

ue
nc

he
d;

 te
m

pe
re

d 
11

50
 F

 (
62

1 
C

)-
6 

h,
 

z 
fu

rn
ac

e 
co

ol
ed

; s
tr

es
s 

re
lie

f 
an

ne
al

ed
 1

10
0 

F 
(5

93
 C

)-
10

 h
, 

fu
rn

ac
e 

co
ol

ed
. 

a 
D

ip
 q

ue
nc

he
d 

in
 a

gi
ta

te
d 

w
at

er
 (

ty
pi

ca
l)

. 

z o 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



104 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Spot checks at two sampling positions in each plate (approximately 3 
and 7 ft from the bottom ingot end) and at two test depths through the 
thickness (surface and 1/~T to ~ T )  did not show composition differences 
suggestive of marked alloy or trace element segregation. Average copper 
content values for ingots 1 and 2 were, respectively, 0.03• percent and 
0.13• percent. The average phosphorus content value for both ingots 
1 and 2 was 0.008• percent. The reported spread in values represents 
a confidence level of 85 percent or better. 

FIG. 3--Microstructures of plate sections A, B, C, and D (quarter thickness location). 
Structures appear very similar irrespective of the copper content variation. Tempered upper 
bainite (X 500; nital, picral etchant). 
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HAWTHORNE ON RADIATION EMBRiTTLEMENT RESISTANCE 105 

Microstructure 
Typical microstructures at the quarter-plate thickness location are 

shown in Fig. 3. The structures have been classified as tempered upper 
bainite and give some small evidence of banding. Plate from both ingots 
1 and 2 exhibited a duplex prior austenitic grain structure. The grain size 
of plate section A (0.03 percent Cu) was rated as ASTM No. 7-8 and 
finer; the grain size of plate section C (0.13 percent Cu) was rated as 
ASTM No. 8 and finer. 

The close similarity of structures of Class 1 plate sections and of Class 2 
plate sections has an important bearing on radiation effects comparisons 
described below. 

Tensile Properties 

Results of through thickness tension tests of each plate section are sum- 
marized in Table 4. The sampling area was located on the plate center line 
approximately 3 ft above the bottom ingot end. The results confirm that 
the strength and ductility of all four plate sections were within required 
ASTM limits for the respective A533B strength classes. 

Through thickness properties gradients noted in Table 4 are considered 
quite small for the type and size of plates involved. Properties at the 1/~ T 
and ~ T  locations are well matched in all cases. The slight difference in 
strength levels possibly may be a reflection of the flat quenching procedure 
used. 

Assessments of the longitudinal (RW) and transverse (WR) plate direc- 
tions also showed only small differences in properties. The observed cor- 
respondence between test orientations is indicative of the high degree of 
cross rolling (1 : 1 aim) used in plate fabrication. 

Noting that the Class 2 plate sections, B and D, were heat-treated to- 
gether, comparisons of test data for these two sections suggest some influ- 
ence of copper content on general strength level in this heat treatment 
condition. Plate section D with 0.13 percent Cu exhibited both a 5 to 10-ksi 
higher yield strength and a 5 to 10-ksi higher tensile strength than plate 
section B with 0.03 percent Cu. However, strength differences between the 
corresponding Class 1 plate sections were insignificant. 

Notch Ductility Properties 
Drop Weight Test Assessments--Nil ductility transition (NDT) tempera- 

tures listed in Table 5 were determined by ASTM Standard Method for 
Conducting Drop-Weight Test to Determine Nil-Ductility Transition 
Temperature of Ferritic Steels (E 208- 69) using type P-3 drop weight 
test specimens (2 by 5 by 5~ in. thick). Through thickness surveys of the 
Class 1 plate sections revealed very good uniformity throughout. Quarter 
thickness position NDT temperatures were - 2 0  F ( - 2 9  C). Surveys of 
the Class 2 plate sections also revealed good uniformity with the exception 
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108 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

of the bottom surface layer. The marked differences between top and bot- 
tom surface determinations in this case undoubtedly resulted from the flat 
quenching procedure and the smaller total volume of metal (~50 percent 
less) involved when these particular sections were repeat quenched. Quarter 
thickness position NDT temperatures of sections B and D were 0 F ( -  18 
C) and 10 F ( - 1 2  C), respectively. 

Quarter thickness position determinations verified that the maximum 
NDT temperature requirement (+10 F, - 1 2  C) was met in all cases. 
Copper content did not appear to influence NDT temperature character- 
istics of either the Class 1 or Class 2 plate sections. 

Charpy V Assessments---Charpy V (Cv) notch ductility characteristics 
of the individual plate sections are summarized and compared to NDT 
performance in Table 5. As with NDT determinations, relatively good 
agreement in properties is observed between Class 1 plate sections, between 
Class 2 plate sections, and between one-quarter and three-quarter thickness 
locations of a given section. Unlike NDT determinations, however, Cv 
30-ft.lb transition temperatures show a distinct gradient from plate sur- 
face to plate center with the greater change occurring between the quarter 
thickness and midthickness positions. Since the NDT temperature did not 
vary appreciably with test depth while the Cv curve did, the Cv energy 
level approximating the NDT temperature differed with thickness posi- 
tion. Energy "fix" values (Table 5) vary from as high as 65 to 95 ft.lb 
(surface locations) to as low as 25 to 30 ft.lb (center location). Radiation 
effect assessments to be described were indexed to 30-ft.lb transition tem- 
perature behavior to allow direct comparisons with the bank of existing 
data on commercially produced A533 and A302 steels. The choice of a 
higher index was considered but would not have altered the reported analy- 
sis appreciably owing to generally consistent transition temperature char- 
acteristics. 

Average Cv shelf energy values included in Table 5 attest to the general 
high purity level of the melt. Shelf levels of the Class 1 plate sections are 
in good agreement; differences in shelf level of the Class 2 plate sections 
can be ascribed to the small difference in yield strength. Data scatter at 
shelf level temperatures as well as in the transition region was somewhat 
pronounced but did not exceed typical scatter for large commercial melts. 
Data scatter in the shelf region may have been enhanced by the 1 : 1 cross 
rolling practice as well as the better than average melt cleanliness. Photo- 
macrographs of full thickness sections of the Class 1 materials are given 
in Fig. 4. 

Dynamic Tear Test Assessments--Dynamic tear (DT) test shelf level 
determinations for the transverse (WR) orientation are compared in Table 
5. The specimens were of the standard size, 15~ by 7 by 5~ in. thick. 
Differences noted between plate surface and mid thickness locations are 
considered small. In view of the nominal 1 : 1 cross rolling ratio and general 
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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE 109 

FIG.  4--Macrostructures of Class 1 plate sections from the primary melt analysis and 
the copper melt modification. The difference in inclusion distributions may reflect the ingot 
pouring sequence. Plate section C represents the first ingot cast (highest ladle temperature). 

melt cleanliness, only slightly higher values would be expected for the 
longitudinal (RW) test orientation. Shelf values of plate sections A and C 
significantly exceed values determined for other commercially produced 
A533B Class 1 plates (~1100 ft . lb versus 750 to 850 ft.lb), perhaps for 
the same reasons. 

The DT energy transition curves developed for plate section A are given 
in Fig. 5. Results are considered representative of through thickness varia- 
tions observed for the remaining sections. Typically, DT transition curves 
are displaced to the right of corresponding Cv curves owing to the inherent 
fracture characteristics of the larger DT specimen. Note that the drop 
weight NDT indexes the beginning of the temperature range through 
which DT energy absorption rises to the condition of maximum ductility. 

Radiation Investigations 

The initial radiation experiment, conducted with Cv specimens of all 
four plate sections, was designed to compare the effects of copper content 
and strength class on radiation performance as well as to determine if low 
radiatioh embrittlement sensitivity had indeed been secured by the special 
melt specifications. The experiment was performed at 550 F (288 C) in the 
Union Carbide research reactor (UCRR) using a fully instrumented as- 
sembly. 

Subsequent radiation experiments contained DT specimens whereby 
radiation effects on fracture resistance characteristics could be explored 
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1 10 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

PLATE SECTION A 
CLASS 1 
0.03% Cu UNIRRADIATED 

140C - -  
QUARTER 

TOP SURFACE O THICKNESS 
,200 -- LAYER 

~ M I D -  
j ~ l O O O  - -  @ THICKNESS 

_ 8 0 0 -  l 

~ 6 0 0  - -  

400 N D_.T_T 

2 0 0  - -  

_0,6o ~,~o I - ~ ~  [ I I I I I -8~ -4~ o 4o 8o ,20 ,6~ 2~ 24~ 28~ 52~ 
TEMPERATURE (~ 

i I I I I I I l I I I I I 
-107 -84  -62 -40 -18 4 27 49 ?1 95 116 158 160 

T E M P E R A T U R E  (%) 

F I G .  5--Dynamic tear (DT) test performance of plate section A at surface, quarter, and 
mid thickness positions. The 1% by 7 by %-in.-thick specimens were oriented in the trans- 
verse (WR) test direction. Corresponding nil ductility transition (NDT) temperatures 
determined by drop weight tests are also indicated. 

quantitatively. By including Cv specimens in each of the reactor units, a 
partial assessment of the correspondence of Cv and DT test methods for 
the irradiated case was also achieved. The DT-Cv specimen irradiations 
were conducted in the UCRR at 550 F (288 C) and in the engineering test 
reactor (ETR) at <300 F (149 C). The ETR experiments were not instru- 
mented but depended on low-melting point alloys for peak temperature 
determinations. The DT-Cv assessments have been completed for one plate 
section, A; systematic assessments of companion sections are still under way. 

Neutron fluence values, based on an assumed fission spectrum neutron 
energy distribution and the 54Fe(n,p)541~in reaction, are given for UCRR 
and ETR experiments. The fission averaged 54Fe cross section was taken 
as 68 mbarn. Neutron fluence values based on a calculated neutron spec- 
trum and the related 54Fe averaged cross section of 82.6 mbarn are also 
reported for the UCRR experiments. Spectrum calculations for the ETR 
facility are not yet available. Detailed techniques for translating fission 
spectrum fluence values into calculated spectrum fluence values are out- 
lined elsewhere [#, 5]. 

Initial Determination of Radiation Resistance 

Charpy V specimens for this 550 F (288 C) radiation assessment were 
taken from the quarter thickness location of plate sections A, B, C, and 
D. Specimens within each material group represented the longitudinal 
(RW) and transverse (WR) test orientations. The experiment was exposed 
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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE I 1 1 

in the UCRR F-5 fuel core facility and received a fluence (fission spectrum) 
of 2.8X1019 n/cm 2, E >1 MeV. The corresponding calculated spectrum 
fluence value ( ~  (F-5 facility)=~I~X98.26/l14) was 2.4X1019 n/cm 2, 
E > 1 MeV. 

Postirradiation results are shown in Fig. 6. Closed data points refer to 
the longitudinal orientation; half-filled points refer to the transverse ori- 
entation. Results for unirradiated specimens aged at 550 F (288 C) for 
700 h, corresponding to the reactor experiment thermal history, are also 
shown (open points). Thermal control data in each case are indicative of 
good properties stability at this temperature. 

The immediate observation from Fig. 6 is the high radiation embrittle- 
ment resistance of the primary melt composition as represented by plate 
sections A and B. The data also indicate that the radiation resistance of 
the melt is not dependent upon the heat treatment condition, that is, 
strength Class 1 or Class 2. The difference in values for sections A and B 
should be considered insignificant in view of the general level of data 
scatter for the pre and postirradiation conditions. 

Radiation would be expected to have a similarly small effect on drop 
weight test performance [6]. NDT temperatures below room temperature 
would thus be projected for this exposure condition 4. In terms of reactor 
service, the fiuence of 2.8 X 1019 n/cm 2 equals or exceeds most water reactor 
vessel lifetime projections. The transition temperature increases recorded 
for plate sections A and B indicate that a very low 550 F (288 C) radiation 
embrittlement sensitivity has indeed been achieved by "specification." 

Results for plate sections C and D given in Figs. 6c and 6d signify that 
an elevation in copper content to 0.13 percent appreciably degrades the 
radiation embrittlement resistance of A533 steel. The average radiation 
embrittlement sensitivity of the copper modified melt composition, as de- 
picted by these plate sections, appears more than double that of the pri- 
mary melt analysis. It is reemphasized that, for a given strength class, a 
direct comparison of results is fully valid owing to the identical melt proc- 
essing, heat treatment, and irradiation history of the materials. Results 
of this experiment indicate that the effectiveness of copper content toward 
enhancing the sensitivity of A533B is not highly dependent on the particu- 
lar strength class (1 or 2). This observation is supported by data compila- 
tions for A533 production plates having a wide range of copper contents 
[2]. 

Dynamic Tear Investigations 

Primary objectives of DT investigations were (1) the verification of Cv 
test indications concerning the 550 F (288 C) radiation embrittlement re- 

4 A direct determination of NDT temperature increase will be possible with drop 
weight specimens of plate section A currently being irradiated in the Big Rock Point 
power reactor. 
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sistance of the primary melt  analysis,  (2) the  assessment of relative < 3 0 0  F 
(149 C) radiation resistance of both  the  primary melt analysis and the 
copper modified analysis,  and, finally, (3) the assessment of D T  shelf level  
retention with 550 F (288 C) and < 3 0 0  F (149 C) radiation exposure. 
Shelf determinations were of particular interest as indications of resistance 
to fracture for the condit ion of max imum ductil ity.  

D y n a m i c  tear and Cv specimens for the irradiation series were taken 

PLATE SECTION A 

CLASS ] 
003~176 Cu 

UNIRRADIATED 
8 8 IRRADIATED 550~176 

14o o {fs = 3.1 x I019 n/cm 2 > I MeV 
o (5-fs = 68 mb 54Fe} 

120 - -  (~cs = 2 7 x I019 n/cm 2 > I MeV 

~ e IRRADIATED 
Ioo- -  ~ < 500~ (149~ 

~fs=24 x lOt9 n/cm 2 
I L / <~ > I MeV 

80 - -  

z 
LU 295 ~ F (164~ } 

-i ~ -70~ i ~  (3 -330~ (183~ ~'~ 

~. . / ]  ] I I I I ] [ I o "1 I I 

UNIRRADIATED 
14oo ( u  = 661KSl) 

~20( -- f - o IRRADIATED 550~176 ', 

/ 6 !  j L ~ ( YS= 702 KSI] ~j I000 
IRRADIATED 

~- < 300OF (149~ 

~ 600 / L 7 1 _  _ _ 

400 - -  - 52 

NDT / NDT / 

o I I ~ , ~ , , I ~ ' T  I I I I 
-160 -120 -80 -40 0 40 80 120 160 200 240 280 320 360 400 440 

TEMPERATURE (OF) 

I I ] I J I I I I I I I I I I [ 
-107 -84 -62 -40 -18 4 27 49 71 93 116 138 160 182 204 227 

TEMPERATURE (~ 

FIG. 7--Comparison of Charpy V and dynamic tear test performance of plate section A 
at the quarter thickness location. Good agreement of mid energy range transition temperature 
increases is found for both low-temperature and elevated-temperature radiation assessments. 
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114 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

from the quarter thickness location and were oriented in the transverse 
(WR) test  direction only. Postirradiation assessments of plate section A 
only have been completed. Combined results for the 550 F (288 C) UCRR 
irradiation and the <300 F (149 C) ETR irradiation are presented in 
Fig. 7. The upper graph compares Cv results for the pre and postirradia- 
tion conditions; the lower graph gives corresponding DT results. Note 
that the Cv and DT energy scales are in the ratio of 1 : 10. 

The fluence received by the 550 F (288 C) UCRR DT irradiation was 
3.1• n/cm 2, E > 1 MeV, slightly higher than the fluence received by 
the similar experiment. The corresponding calculated spectrum neutron 
fluence value was 2.7 X 1019 n/cm 2, E > 1 MeV, based on the 0.870 conver- 
sion factor for the D-3 core facility. The Cv 30-ft.]b transition tempera- 
ture increase of 70 F (39 C) agrees well with the initial determination for 
plate section A (Fig. 6). For comparisons of Cv versus DT results, the 
mid energy range transition temperature increase was taken as a more aP- 
propriate index of irradiation performance. In Fig. 7 the two independent 
determinations are found in close agreement, 75 F (39 C) Cv versus 60 F 
(33 C) DT. Noting that the NDT temperature marks the toe of the DT 
curve, estimates would place the postirradiation NDT temperature be- 
tween 40 and 50 F (4 to 10 C) for the stated exposure condition. This esti- 
mate based on DT performance is in good agreement with the original 
estimate based on Cv results. 

Specimens contained in the <300 F (149 C) ETR experiment received 
an average fluence (fission spectrum) of 2.4)1019 n/cm 2, E >1 MeV. 
From Fig. 7, mid energy range transition temperature increases determined 
by the respective test methods again appear in good agreement. As ex- 
pected, radiation induced changes with the low exposure temperature were 
much more pronounced. Consistent with experimental findings for high- 
purity laboratory heats [3], the primary melt analysis appears about as 
sensitive to low-temperature irradiation as does the ASTM A302B refer- 
enee plate. In effect, residual element restrictions serve to optimize ele- 
vated temperature radiation embrittlement resistance but have little or no 
effect on steel embrittlement characteristics at low (below 300 F) exposure 
temperatures. 

Apparent DT shelf and yield strength characteristics of UCRR and ETR 
exposure conditions are suggestive of excellent fracture resistance at shelf 
level temperatures. As noted in Fig. 7, changes in shelf level and yield 
strength with 550 F (288 C) exposure were very small; accordingly, frac- 
ture resistance features were not impaired to a significant extent. In the 
ease of the ETR exposure, an exact determination of shelf level was not 
obtained, but the level dearly exceeded 600 ft.lb. At the measured yield 
strength of 116.8 ksi, a shelf level of this magnitude according to the Ratio 
Analysis Diagram (RAD) [7] precludes plane strain fracture in thin or 
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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE 1 15 

thick section (up to 12 in.). Overall shelf level performance characteristics 
of the primary melt analysis thus complement well its transition tempera- 
ture performance at elevated irradiation temperatures. 

D i s c u s s i o n  

Experimental results from the individual radiation assessments have 
confirmed the success of the scaleup effort. The overall yield of significant 
new information was also gratifying. 

To place the radiation embrittlement resistance of the primary melt 
analysis in full perspective, the results for plate sections A and B have 
been entered on a summary plot of 550 F (288 C) radiation data for stand- 
ard production A533 plate and weld metals and the ASTM A302B refer- 
ence plate (Fig. 8). The potential benefit of low copper and low phosphorus 
contents in steels for nuclear applications is immediately visible. The radia- 
tion embrittlement sensitivity of the primary melt analysis appears to be 
only one-third that of the ASTM A302B reference plate and significantly 
less than that of the best A533 production materials. It will be noted that, 
within the series of production materials, those with the best radiation re- 
sistance also had the lowest copper and phosphorus contents [2]. Data 
points for the 0.13 percent copper melt modification, if added, would fall 

FIG. 8'---Increase in Charpy V 30-ft.lb transition temperature with neutron exposure at 
550 F (288 C). Performance of plate sections A and B representing the primary melt analysis 
(open data points) is shown compared to the performance of the ASTM A302B reference 
plate and conventional A533 materials representative of current reactor vessel construction. 
The benefit of controlled copper and phosphorus contents is readily apparent. 
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1 16 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

just below the ASTM A302B reference trend line. Thus, the significance 
of copper content relative to radiation embrittlement resistance cannot be 
denied. 

Purity specifications used for the scale-up demonstration were proven 
attainable with conventional melting techniques and good commercial 
practices. In this regard, it is considered that a reduction of allowable 
phosphorus content below the 0.010 check test maximum would be bene- 
ficial in terms of radiation performance. Surveys of phosphorus content 
did not reveal appreciable segregation; thus, a tighter check specification 
may be both realistic as well as beneficial to performance. 

To provide material duplicating the primary melt analysis specification 
in the belt line region of a large reactor vessel, the additional cost to the 
reactor builder has been estimated at $35 to 40,000. The cost premium is, by 
comparison, but a small percentage of the $2 to 2,500,000 projection of total 
vessel cost and an even smaller part of the approximately 8100,000,000 
overall cost for a large nuclear power plant. 

The continuing research effort has undertaken the development of com- 
panion weld metals having matching radiation embrittlement resistance 
characteristics. One study involves the submerged arc welding process and 
plate from the special melt (low-copper plate section A). Looking toward 
longer range vessel requirements, other studies are engaged in the improve- 
ment of higher strength steels, including A543, A517E, and A542 (plate 
and weld metals). Simultaneously, studies of radiation effects mechanisms 
have been initiated to reveal the processes by which copper and other im- 
purity elements alter radiation embrittlement sensitivity. The effort in- 
cludes a determination of the significance of trace impurities at internal 
surfaces (particle-matrix interfaces, grain boundaries, etc.) and investiga- 
tions of heterogeneous nucleation of defect aggregates on impurity solute 
atoms. 

C o n c l u s i o n s  

The first large-scale demonstration of metallurgically controlled radia- 
tion embrittlement sensitivity has been conducted and has proven highly 
successful. All research objectives for the 30-ton A533B steel melt were at- 
tained. The commercial melt, sponsored by the U.S. Atomic Energy Com- 
mission, Division of Reactor Development and Technology, Fuels and 
Materials Branch, demonstrates industry's capability to produce, in quan- 
tity, steel having low radiation embrittlement characteristics approaching 
the optimum radiation resistance of steel produced in the laboratory. 

The 30-ton melt did not require unusual production techniques or pro- 
cedures to satisfy NRL special specifications to optimize radiation resist- 
ance. The NRL specifications were primarily concerned with the maximum 
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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE I 17 

concentrations of certain residual elements having known or suspected in- 
fluences on radiation performance. The reduction of copper and phosphorus 
contents to the lowest possible level was stressed. ExperimentM results 
have verified this composition approach to the development of maximum 
radiation embrittlement resistance in reactor structural steels. 

According to plan, the A533B melt was split and plates representing 
the primary melt analysis (0.03 percent Cu, 0.008 percent P) and a melt 
modification (0.13 percent Cu) were produced. Specific observations from 
radiation assessments of the 6-in.-thiek plates using the Cv and DT test 
methods were as follows: 

1. The primary melt analysis (0.03 percent Cu, 0.008 percent P) ex- 
hibited very low sensitivity to radiation embrittlement at 550 F (288 C). 
Charpy V 30-ft.lb transition temperature increases for Class 1 and Class 2 
plates were 40 and 65 F (22 and 36 C), respectively, for a neutron fluence 
of 2.8 X 101~ n/cm 2, E > 1 MeV. Low radiation embrittlement sensitivity 
characteristics were confirmed separately by dynamic tear radiation assess- 
ments. 

2. The melt modification (0.13 percent Cu) appeared about twice as 
sensitive as the primary melt composition (0.03 percent Cu) to radiation 
embrittlement at 550 F (288 C) : a clear and specific demonstration of the 
highly detrimental influence of copper content on radiation resistance at 
elevated temperature. Charpy V 30-ft-lb transition temperature increases 
for Class 1 and Class 2 plates were 140 and 125 F (78 and 69 C), respec- 
tively, for the radiation exposure identified in 1 above. 

3. The enhancement of radiation embrittlement sensitivity by copper 
content is not dependent on Class 1 or Class 2 strength conditions. 

4. Residual element restrictions are shown to maximize elevated-temper- 
ature radiation embrittlement resistance but have little or no effect on low 
(less than 300 F, 149 C)-temperature irradiation characteristics. As ex- 
pected, radiation embrittlement sensitivity of the primary melt analysis 
(0.03 percent Cu, 0.008 percent P) at <300 F (149 C) was about equal to 
that of the ASTM A302B reference plate (0.21 percent Cu, 0.013 percent 
P). 

5. The simultaneous exposure of DT and Cv specimens of the primary 
melt analysis produced comparable increases in mid energy range transition 
temperature. 

6. The DT performance after low- and elevated-temperature exposure 
suggests excellent retention of fracture resistance at shelf level tempera- 
tures for the primary melt analysis Class 1 plate. The DT shelf retention 
coupled with observed yield strength behavior suggests that the develop- 
ment of plane strain fracture even in thick section components exposed to 
fluences of at least 2.4X1019 n/cm 2, E > 1 MeV, is highly unlikely. 

7. The nil ductility transition temperature of the primary melt analysis 
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1 18 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Class 1 plate after irradiation at  550 F (288 C) to 3.1X1019 n /cm 2, E >1  
MeV, was below 75 F (24 C) according to postirradiation D T  test results. 

8. The A533B scaleup demonstration fully supports the principles of 
radiation embrit t lement sensitivity control developed in the laboratory. 
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A P P E N D I X  I 

Purchase Specifications for Special 30-ton A533B Steel Melt 

General 

A single heat of ASTM A533 Grade B steel shall be air melted, vacuum stream 
degassed, and cast into two 62-in.-wide by 22-in.-thick ingot molds. Each mold 
will be top poured and filled to a height of approximately 77 in. One ingot shall 
contain 0.08 percent (maximum) copper; the other ingot shall contain 0.13 percent 
(aim) 5 copper. Each ingot shall be cross rolled to 6.0-in.-thick plate using a LIT 
rolling ratio of approximately 1:1 (aim). Two 96 by 48 by 6.0-in. (thickness) 
patterns shall be cut from each plate using the pattern layout given in Fig. 9. 
Primary direction of rolling shall be parallel to the 96-in. pattern dimension. 
Pattern orientation with respect to the top and center line of the ingot shall be 
retained with suitable reference markings. 

Patterns from ingot 1 (0.08 percent max copper) shall be designated plates A 
and B; patterns from ingot 2 (0.13 percent copper)shall be designated plates C 
and D. Pattern size is exclusive of edge allowances. Each plate edge shall be at 
least 1T away from the initial as-quenched plate edge surfaces. Three of the four 
plate edges shall be at least 1T away from initial as-quenched and tempered plate 

5 Achieved by ingot addition of pure copper shot. 
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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE 1 19 

edge surfaces. Edge allowances for plate and test dropouts (Fig. 9) shall not be 
removed until  after the tempering treatment. 

Chemical Composition 

ASTM A533 Grade B, with following additional special restrictions on melt 
analysis (weight percent, maximum): 

Determination Cu = P S P +S As Sb Sn Bi As +Sb + 
Sn+Bi 

Ladle . . . . . . . . . . .  0.08 0.007 0.007 0.012 0.01 0.01 0.02 0.02 0.05 
Check . . . . . . . . . .  0.10 0.010 . . .  0.022 0.01 0.01 0.02 0.02 0.05 

= Ingot 2 "ladle" maximum: 0.16% copper. 

Chemistry and heat treatment shall be in accordance with best fine grain practice. 

~,~,1 TOP * 

[A%~ ?::;'en, 
PLATE A (orC) 

CENTER* 

48" - -  

/ '~ 
~.., ~r..,~,n, / V / / / / ~  r'oo' 

t CENTER * 

4 8 " ~  

r v//A 
uoL Test ~ ~, oui IN~H~ 

REQUIRED PLATE ORIENTATION MARKINGS 
6-INCH ( I T )  MINIMUM EDGE ALLOWANCE (TYPICAL) 

FIG. 9--Layout for cutting two 96 by ~8 by 6-in. patterns from A S T M  A533B plate. 
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120 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Heat Treatment 

Plates A and C--Heat-treat by double quenching and tempering treatments to 
meet ASTM A533 Grade B Class 1 specifications: 50,000-psi minimum yield 
strength, 0.2 percent offset; 80,000 to 100,000-psi tensile strength; 20.0 percent 
minimum elongation in 2 in. 

Plates B and D--Heat-treat  by double quenching and tempering treatments to 
meet ASTM A533 Grade B Class 2 specifications: 70,000-psi minimum yield 
strength, 0.2 percent offset; 90,000 to 115,000-psi tensile strength; 18.0 percent 
minimum elongation in 2 in. 

Required Qualification Tests 
Qualification tests over and above those destructive and nondestructive tests 

required by ASTM A533 Grade B (firebox quality) steel specifications are 
1. Destructive tests: All destructive qualification tests must be a minimum of 

1T away from the initial quenched and tempered plate edge surfaces. 
Drop Weight Tests--Drop weight tests of each plate shall be performed in ac- 

cordance with ASTM Method E 208 -- 69. Each plate shall meet the NDT require- 
merit of +10 F (or lower) at the quarter thickness location. Specimens shall be 
oriented with their long dimension perpendicular to the primary rolling direction 
of the plate. Specimens shall be saw cut with the surface on which the weld bead 
is to be placed parallel to and centered on the quarter thickness plane of the plate. 
The body of the specimen shall be located toward the center of the plate. 

Tension Tests--Tension tests will be performed at the top and bottom of the 
plate in accordance with the ASTM Specifications for General Requirements for 
Delivery of Steel Plates for Pressure Vessels (A 20 -- 69a). 

2. Nondestructive tests 
Ultrasonic--The plates shall be sonically sound and inspected in accordance 

with ASME Code Case 1338-4, Alternate 1, 100 percent. 
Certified copies of results of all destructive and nondestructive tests performed 

for qualification and acceptance of each of the four plates, A, B, C, and D, shall 
be furnished. 

A P P E N D I X  II 

Melt and Ingot Processing Details  

Melt Identification: 
Melt Type: 
Furnace: 

Furnace Charge: 

Latrobe Steel Co. heat V22403. 
Basic electric double slag, fine grain practice. 
Swindel, 30-ton trunnion type with induction stirrers (17 

prior heats on top and bottom linings). 
100 percent scrap, low-phosphorus automobile fender punch- 

ings. 
(S, 0.022% maximum; P, 0.007%; Cr, Ni, Mn, <0.02%; 

Cu, 0.04%). 
Nickel to specifications with electrolytic nickel. Molybdenum 

to specifications with ferromolybdenum. Manganese to 
specifications with electrolytic manganese. 
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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE 121 

Furnace  Order Sheet  Specifications: 

Element Low, % High, % Aim, % Working 
Aim, % 

C . . . . . . . . . . . . . . . . . . .  0.18 0.21 
Si . . . . . . . . . . . . . . . . . . .  0.15 0.30 
Mn . . . . . . . . . . . . . . . . .  1.20 1.40 
S . . . . . . . . . . . . . . . . . . .  0.006 LAP 
P . . . . . . . . . . . . . . . . . . .  0.006 LAP 
Cr . . . . . . . . . . . . . . . . . .  0.05 0.10 

V . . . . . . . . . . . . . . . . . . .  0.02 
M o  . . . . . . . . . . . . . . . . .  o : 4 5  0 . 6 0  
Ni . . . . . . . . . . . . . . . . . .  0.40 0.70 
Cu . . . . . . . . . . . . . . . . . . . . .  0.08 
Sn . . . . . . . . . . . . . . . . . . . . .  0.02 
As . . . . . . . . . . . . . . . . . . . . .  0.01 
Sb . . . . . . . . . . . . . . . . . . . . .  0.01 
Bi . . . . . . . . . . . . . . . . . . . . .  0.01 

0.20 0.19 
0.24 O.24+ 
1.30 1.45 
0.012 LAP 
max LAP 
0. O5 LAP 
m a x  

LAP LAP 
0.55 0.53 
0.55 0.55 
0.08 LAP 

LAP 
0.05 LAP 

LAP 
jmax LAP 

Mel t  Schedule: 
Charge 1600 
Back charge 1730 
Fi rs t  slagging 6 1845 
Second slagging 6 2000 
Tapped  hea t  2205 
Commenced  vacuum 

degassing 2210 
Commenced pouring 

ingot 1 2225 
Completed pouring 

ingot 2 2240 

h 

(3070 F furnace, 2960 F ladle) 

6 Lanced heat in advance of slagging operation. 
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124 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

INGOT * 
23000-25500F  

22 IN. THICK 

2 9 0 0  LB 

(90 IN. (771N.) 

SLAB 

16 IN.THICK 

~ 2 8 , 4 0 0  LB 

62 IN. 70  IN. 

PLATE 
( L / T  RATIO ~ I 

(I381N~ 

~' 6 IN. THICK 

26~000 LB 

II; '  IN. 

SURFACES WERE PRECONDITIONED BY GRINDING, THEN ACID CHECKED FOR CRACKS. 

pLATE SECTIONS 

i t - / 7  t--l- ~"\'-% '~ ~ 
(138 tNJ Y / / / /  . . . . .  

V / / / /  

v . . . . . . . . .  

CLASS I CLASS 2 

V ~ _ ~  . . . . .  

~ 5 6 1 N .  l ~ 5 6  IN. 

SPLIT 
BEFORE 
TEMPER 

FIG. lO--Ingot processing of 30-ton melt A S T M  A533B steel. The schematic shows the 
ingot-to-plate (6 in.) sequence and, far right, the two final plate sections. 

Ingot Processing: 
Ingots were given a full anneal after stripping, then slow cooled to below 600 F. 

Surfaces were inspected and any major surface defects were removed by grinding. 
Ingots were heated to 2300 to 2350 F and tandem rolled on Lukens 140//206 mills 
directly to 6-in. gage following the ingot-to-plate sequence outlined schematically 
in Fig. 10. The plates finished rolling above 1600 F and were buried in sand. The 
L I T  ratios from ingot to plate were 1.03:1 (plate length/ingot length+plate 
width/ingot width= 1.03). 

A P P E N D I X  III 

Plate Heat Treatment ,  Qualification, and Inspect ion 

Heat Treatment 

Both 6-in.-gage plates were heated to 1675• F, held 6 h, and water (dip) 
quenched, then reheated to 1575• F, held 6 h and water (dip) quenched. 
Following stress relief at 1050• F for 6 h and air cooling, both plates were split 
in half longitudinally by gas cutting. (Orientation of each plate section relative to 
the parent plate was retained by suitable heat-resistant reference markings.) After 
gas cutting all four plate sections were stress relieved at 1050• F for 6 h and 
air cooled. 

Plate section A from ingot i (low copper) and plate section C from ingot 2 
(high copper) were tempered for Class 1 properties at 1250• F. Plate section B 
from ingot 1 and plate section D from ingot 2 were tempered for Class 2 properties 
at 1200• F. All tempered sections were then stress relieved at 1125• F for 
20 h. Furnace cooling to 600 F was used consistently with tempering and the final 
stress relief treatment. 

Mechanical tests revealed that Class 2 requirements were not met by plate 
sections B and D. These sections were requenched from 1575• F after 6 h at 
temperature, tempered at 1150• F for 6 h, air cooled, stress relieved at 1100 F 
for 10 h, and water quenched. After gas cutting to size, plate sections B and D 
and the test sections received a final stress relief at 1050• F for 6 h, followed 
by furnace cooling to below 600 F. 
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126 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Strength Qualification Tests 

Tension tests were conducted on specimens oriented with their central axis 
lying in the plate section top 1/~T plane. Properties based on the duplicate tests 
are given in Table 6. 

Ultrasonic Inspection Tests 

All four plates were ultrasonically tested to ASME Code Case 1338-4 Alternate 
1, 100 percent search after heat t reatment  but  before final cutting. The instru- 

ment was calibrated on a 3/~-in.-diameter fiat bot tom hole drilled in a 6-in.-gage 
calibration block to a depth of 10 percent of the gage. An ingot top end indication 
of massive size was noted in both parent plates (ingot 1 and 2). A smaller (but 
slightly above specification) indication was noted about one quarter of the plate 
length from the ingot bot tom end of plate 1. Nondestructive test reports included 
plots of all indications for evaluation and reference. 
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DISCUSSION 

E. Landerman1--Although the A533B with 0.03 percent Cu shows de- 
creased radiation embrittlement, materials of this copper level are not 
available to the nuclear industry. Copper levels for currently used heats 
(using selected scrap) have been lowered in recent years to ~-~0.!0 to 0.15 
percent. Special scrap would be required for 0.03 percent Cu heats and are 
not available for materials required for current reactor vessels within any 
reasonable schedule and for needed construction planning. 

J. R. Hawthorne (author's closure)--Formal disclosure of the research 
findings of Potapovs and Hawthorne which first provided positive identifi- 
cation and experimental verification of the detrimental effect of copper and 
phosphorus on radiation embrittlement resistance dates back only to June 
1968 (see Ref 3). Understandably, some time would elapse before the in- 
dustry (reactor vendors and vessel fabricators) would come to realize and 
seek the marked benefits of reduced copper and phosphorus impurities in 
reactor vessel steels. Only of late have steel producers had sufficient in- 
quiries for such steel to prompt a reexamination of their technology and 
capabilities for providing low-copper and -phosphorus melts. Thus, it is 
fully understable that steel vendors have not yet established those limits 
for copper content which can be supplied on a standard or a premium 
cost basis or which can be supplied on a small or large tonnage basis. In 
effect, the full circle of indoctrination from laboratory to general practice 
has not been completed, but, hopefully, the results for the demonstration 
melt will accelerate the process. 

I recognize the current difficulties in obtaining low-copper content melts. 
It  is encouraging that Lukcns Steel Co., the prime supplier of thick plate 
for reactor vessels, is exploring the problems attending routine production 
of such melts. One major problem presented to a cold metal shop such as 
Lukens is the quality and availability of low-copper content scrap. Con- 
ceivably, this problem can be eased somewhat by the use of a hot metal 
charge (or alternately, ingot iron) either alone or in conjunction with se- 
lected scrap to boost Volume and to lower copper contents as well. It is 
pointed out that a 0.06 percent copper content (maximum) was the re- 
search target for the current study and may well be sufficiently low for 
steel optimization. 

1 Fellow engineer, Westinghouse Nuclear Energy Systems, Pittsburgh, Pa. 15230. 
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ABSTRACT: Several authors have emphasized that aluminum nitride in iron 
and iron alloys not only lowers the transition temperature but also suppresses 
the rise of the transition temperature due to irradiation. To clarify the mech- 
anism of the effect of aluminum nitride, structural changes after irradiation and 
annealing are observed by means of internal friction and electron microscopy. 
Materials investigated are iron, containing 0.05 wt% A1 and 0.01 wt% N with 
<1 ppm C and a few ppm 0, and iron, containing 0.02 wt% A1 and 0.005 wt% 
N with 10 ppm C and 20 ppm 0. The materials are annealed at 750 C before 
irradiation and irradiated in the JRR-2 at temperatures of 60 C and up to 1.2 
X 1019 n/cm s, E > 1 MeV. Two new peaks in internal friction arc found at 
~125 C and ""155 C after irradiation. Besides these changes a new type of 
precipitate is observed by electron microscopy. These precipitates are thin, 
doughnut shaped disks with a diameter of 0.3 gm and are considered to be com- 
plex defects of irradiation induced point defects, nitrogen, and aluminum 
atoms. The 125 C peak of internal friction disappears after annealing at 250 C 
for 30 min; the 150 C peak disappears after annealing at 150 C for 30 min or 
aging at room temperature for about half a year. Resolution of free nitrogen is 
observed, but precipitates do not disappear even after annealing at 350 C for 
30 min. The precipitates suppress the formation of irradiation induced complex 
nitrogen defects and irradiation hardening because of the strong effect of 
aluminum on nitrogen atoms. 

K E Y  W O R D S  : irradiation, neutron irradiation, radiation effects, water cooled 
reactors, pressure vessels, structural steels, aluminum, nitrides, iron, transition 
temperature, point defects, precipitates, annealing, embrittlement, hardening 
(materials), nitrogen, electron microscopy 
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Many investigators have emphasized the role of aluminum and alumi- 
num nitride in reducing the change in the brittle transition temperature 
due to irradiation [1, ~].4 Investigation of the effect of A1 or A1N in iron 
alloys is thought to be important to the development of pressure vessel 
steels that will better withstand irradiation embrittlement. Also, it is a very 
interesting problem from the standpoint of the study of lattice imperfec- 
tions. The objectives of this study were to clarify the atomistic structural 
changes due to neutron irradiation and subsequent annealing and also to 
clarify the mechanism of the effects of A1 and A1N in reducing irradiation 
hardening. We used internal friction and electron microscopy techniques 
in our investigations. 

Previously, we [3] had clarified the behavior of nitrogen or carbon atoms 
in pure iron, "Puron." In that case the complexes of nitrogen and point 
defects induced by irradiation were responsible for the irradiation harden- 
ing. As these complex defects redissolved in the matrix after annealing the 
hardening effect recovered. This suggests that the study of changes in 
these complex defects should clarify the mechanism of irradiation harden- 
ing. In this investigation the behavior of nitrogen in iron-aluminum-nitro- 
gen is compared with that in pure iron. 

Experimental Procedure 
The two kinds of materials used were high-purity iron containing (1) 

0.05 weight percent aluminum, 0.01 weight percent nitrogen, with < 1 ppm 
carbon and a few ppm oxygen (specimen A) and (2) 0.02 weight percent 
aluminum, 0.005 weight percent nitrogen, with 10 ppm carbon and 20 
ppm oxygen (specimen B). For specimen A, electrolytic, high-purity iron 
containing almost no carbon atoms was used; for specimen B, Puron con- 
taining 70 ppm nitrogen and 30 ppm carbon was used. Aluminum and 
nitrogen gas were introduced into both while melting under vacuum. 
After cold rolling to form more A1N, the sheets were heated under argon 
atmosphere at 750 C for 60 min (specimen A) and for 10 rain (specimen B). 
The specimens were again heated to 830 C for 10 min under wet hydrogen 
atmosphere to eliminate excess nitrogen atoms. The final cooling rates were 
500 deg C/min for specimen A and 100 deg C/h for specimen B. Both 
specimens were aged for several months at room temperature before irradi- 
ation. Irradiation was performed in the JRR-2 at 60 C to a fluence of 1 
to 2 •  10 ~9 n/cm 2. Since JRR-2 is a water cooled reactor, the specimens 
were put into an aluminum capsule, which was submerged while being 
irradiated. Internal friction measurements were made after irradiation. 
Electrolytic polishing, to produce thin foils, was performed in a semihot 
cell at the Japan Atomic Energy Research Institute. 

Internal friction and Young's modulus were measured under a vacuum 
of 10 -3 torr and at ~500 cycles using an automatic, digital measuring 

4 Italic numbers in brackets refer to the list of references at the end of this paper. 
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apparatus. The temperature for the internal friction measurement ranged 
from room temperature to 180 C, and the heating rate was 1 deg C/min. 
The postirr&diation annealing was also performed at 10 -~ torr. 

For the electron microscopy studies the specimens were cut and annealed 
after electrolytic polishing by the Bollmann method. Specimens were 
brought back to the University of Tokyo and observed with a JEM 150 
electron microscope from the Japan Electron Optics Laboratory. 
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FIG. 1--The behavior of nitrogen before and after irradiation and after postirradiation 
annealing (specimen A). 
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FIG. 2--The behavior of nitrogen before and after irradiation and also after postirradia- 
tion annealing (specimen B). 

E x p e r i m e n t a l  R e s u l t s  

Internal Friction 

Before irradiation only a small nitrogen peak, less than 1 X 10 -4, was ob- 
served, as shown in Figs. 1 and 2 for specimens A and B, respectively. 
After irradiation two new peaks were observed at ~-~125 C and N155 C 
in both specimens A and B as also shown. The two new peaks for specimen 
A were much higher than those for B. Hereafter,  we shall call the usual 
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FIG. 3--The comparison of the reversion process in Fe-AI-N, Puron, and Fe-lNi. Data 
from Ref 9 also are compared. 

nitrogen Snoek peak "PI ,"  the ~125 C peak "PII ,"  and the ~155 C peak 
"PII I . "  After annealing at 150 C for 30 min peak PIII  disappeared in 
both specimens A and B. Peak PIII  also disappeared after room tempera- 
ture aging of both specimens for more than half a year. This shows that 
these defects are unstable at 150 C. After 350 C and 450 C annealing the 
peak height for peak PI did not change greatly. The peak height attributed 
to nitrogen was much lower than was the case for pure iron [3]. The be- 
havior of free nitrogen atoms is shown and compared with pure iron in 
Fig. 3. 

Electron Microscopy 

Before irradiation, besides some precipitate of polyhedral A1N, meta- 
stable precipitates like Fe16N2 were observed, which possibly were due to 
metastable nitrides other than A1N. These are shown in Fig. 4. After ir- 
radiation, new doughnut shaped precipitates with a diameter of about 
0.3 #m were observed as shown in Fig. 5. Since they were not observed in 
irradiated pure iron or unirradiated Fe-A1-N alloy, they were considered 
to consist of irradiation induced point defects, nitrogen atoms, and alumi- 
num atoms. After annealing at 150 to 450 C for 30 min, these doughnut 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



IGATA ET AL ON iRON CONTAiNiNG ALUMINUM AND NITROGEN 133 

FIG. 4--Metastable precipitates before irradiation. 

FIG. 5--Stable precipitates which are formed after irradiation. 
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134 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG.  6--Stable precipitates after postirradiation annealing at 300 C, 30 min. 

shaped precipitates were still evident (see Fig. 6). They were very stable 
and suppressed the formation of complex defects of nitrogen and point 
defects. Although both the metastable phase and complex defects were ob- 
served in pure iron, only the complex defects were observed in the case of 
Fe-AI-N (the precipitates were not observed). 

D i s c u s s i o n  

Before Irradiation 

Almost no Snoek peak was observed in the unirradiated specimens, but  
in electron microscopy studies metastable nitrides like Fe16N2 in addition 
to A1N were observed. Resolution of these nitrides by 150 C annealing 
was observed in the control specimens as it was in the specimens of pure 
iron [3]. Because the behaviors of the two were similar, we believe that 
the control specimen contained FeloN2. 

The formation of A1N at 850 or 750 C was not complete in Fe-A1-N 
containing less than 0.01 weight percent carbon; the amount of A1N was 
55 percent or less. These results indicate the partial formation of meta- 
stable nitrides [4]. If we assume that these precipitates are 10/~ in thick- 
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ness, the total amount of nitrogen in the metastable phase matches the 
observed value [5]. In specimen B a lesser quantity of metastable precipi- 
tates was observed, probably due to the lower contents of aluminum and 
nitrogen (the content of aluminum in specimen B was 0.02 weight percent). 

After Irradiation 

Three peaks were observed in internal friction measurements. Peak PI 
is the Snoek peak for free nitrogen. Peak PII, at about 125 C, would be 
the same as the peak which was found in a previous low-frequency experi- 
ment [6] and can be attributed to nitrogen trapped by aluminum atoms. 
This correspondence can be made because the ratio of the temperature for 
peak PII to that of the Snoek peak is about 1.05 in both this high- and that 
low-frequency experiment and because the relaxation due to solute nitro- 
gen atoms trapped with some species should not change the ratio of the 
peak temperature to that of free nitrogen in measurements at different 
frequencies. 

The peak at 155 C, PIII, probably is due to a vacancy-nitrogen com- 
plex, since the ratio of the temperature of that peak to that of the Snoek 
peak is about 1.14, just the same as in the case of irradiated or cold-worked 
iron containing carbon atoms [7, 8]. Considering the similar or equivalent 
behavior of carbon and nitrogen atoms [9], peak PIII  probably is due to a 
similar complex consisting of a nitrogen atom and a vacancy. 

Since the measurement of internal friction was performed about one 
month later in specimen B than in specimen A, the relative height of peak 
PIII  to peak PII was less in specimen B than in specimen A, which is con- 
sistent with the observation that peak PIII  decays much faster than peak 
PII. After aging at room temperature for more than several months, peak 
PIII  was not observed and peak PII  decreased in both specimens A and B. 
Corresponding to this behavior, a new type of precipitate was observed. 
These precipitates were thin, doughnut shaped disks with an average di- 
ameter of 0.3 ~m. Since these new precipitates were observed after peaks 
PII  and PIII  had decayed, and since they were not observed in either un- 
irradiated Fe-A1-N or irradiated Fe-N, they probably consist of  nitrogen, 
aluminum atoms, and irradiation induced defects. Although the diffusion 
constant of aluminum atoms in iron is small near room temperature [10], 
the diffusion of aluminum would be very much enhanced by the help of 
irradiation induced vacancies that form precipitates. If we assume that 
these precipitates have one atomic layer and account for the concentration 
of nitrogen atoms, the composition of the precipitates would become 
Fe~-A1-N accompanied with vacancies. The estimated behavior of these 
precipitates is shown in Fig. 7. The behaviors of A1N and solute nitrogen 
atoms arc also shown in the same figure. The invisible precipitates might 
come from the assumption that the new type of precipitate (Fe-A1-N-r 
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Behavior of Nitrogen Atoms in I r radia,ed F e - A I - N  
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FIG. 7--Schematic representation of the behavior of nitrogen due to irradiation and post- 
irradiation annealing. (This diagram should be considered schematic due to the assumptions 
used). For peaks P I I  and P I I I  in specimen A, the background is taken higher considering 
the decrease of the background at higher temperature. 

consists of one atomic layer. The doughnut shaped fringe could be due to 
either the strong strain field around the circular precipitates or the atomic 
steps in the precipitates. 

A smaller amount of A1N hexagonal precipitate was observed after ir- 
radiation, indicating resolution of A1N by irradiation. Data from unpub- 
lished research of K. Matsumoto and H. Nakamura have shown about 
10 to 20 percent resolution even in thicker A1N precipitates; thus, as was 
the case here, more of the total would redissolve in a thinner A1N precipi- 
tate: However, there also is evidence for the resolution of metastable pre- 
cipitates in iron [11]. Accordingly, the increase of internal friction would 
come mainly from the resolution of metastable precipitates but, as in this 
case, partly from A1N precipitates. 

Postirradiation Anneal ing  

The precipitates formed after irradiation were much more stable than 
those observed before irradiation and remained stable even after 450 C 
annealing, at which temperature irradiation hardening recovered. How- 
ever, gradual precipitate resolution due to postirradiation annealing is 
observed in specimens A and B. The resolution of nitrogen from complexes 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



IGATA ET AL ON IRON CONTAINING ALUMINUM AND NITROGEN 137  

of nitrogen and irradiation induced point defects begins with annealing at 
150 C, increases at 250 C, and saturates above 350 C. This behavior cor- 
responds to changes in mechanical properties due to postirradiation an- 
nealing, 5 indicating that complexes of nitrogen and irradiation induced 
point defects are essential in irradiation hardening. 

The Role of A l u m i n u m  in  Irradiation Hardening 

As mentioned above, even when A1N is not completely formed, alumi- 
num atoms stabilize irradiation induced point defects and nitrogen by 
forming a new type of precipitate, thereby reducing the contribution of 
hardening due to nitrogen-point defect complexes. Assuming that the 
amount of Snoek peak reversion due to nitrogen corresponds to the amount 
of complex defects formed, then hardening due to the complex defects can 
*be correlated with the reversion in the Snoek peak as shown in Fig. 7. 5 
In Fig. 8 the results of this investigation are compared with data for zone 
melted iron [12], Puron, and Fe-lNi [11]. These results show that irradia- 
t ion hardening is closely related to the amount of Snoek peak reversion 
due to reduced nitrogen atom concentration and corresponds to the num- 
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FIG. 8--The relationship between the reversion of nitrogen and the recovery of irradiation 
induced hardening. The amount of nitrogen reversion is assumed proportional to the concen- 
tration of  nitrogen-point defect complexes introduced by irradiation. The data J. M. Fe 
are taken from Hasiguti et al, the hardening data are taken from K. Kitajima, and the 
BMIFe data are taken from Ref 12. 

5 Data from unpublished research of K. Kitajima and also of G. Mima and T. Yamane. 
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ber of invisible complexes of nitrogen and point defects formed after irradi- 
ation. Finally, the effect of aluminum in irradiation hardening would come 
not only from the formation of aluminum nitride but also from the forma- 
tion of precipitates that are more stable than complex defects after ir- 
radiation. 

Conc lus ions  

1. Before irradiation, precipitates of FeloN2 in addition to hexagonal 
A1N were observed. This showed reversion after annealing at 150 C for 
30 min. 

2. After irradiation, the resolution of nitrogen from a metastable phase 
and partially from A1N was observed by internal friction measurements. 
Three peaks were observed at 100 C, ~125 C, and ~155 C at 550 cps. 
The 100 C peak, PI, is the Snoek peak; the ~125 C peak, PII, and the 
~-~155 C peak, PIII,  are attributed to nitrogen trapped with an aluminum 
atom and an irradiation induced vacancy, respectively. Peaks PII  and 
PII I  decrease and peak PII I  disappears at room temperature or after 150 C 
annealing. After room temperature aging, a new type of stable precipitate 
was observed, which seemed to consist of aluminum, nitrogen, and irradia- 
tion induced defects. 

3. After postirradiation annealing at both 150 C and 250 C, nitrogen 
resolution was observed. This can be interpreted as the resolution of nitro- 
gen complexed with irradiation induced point defects and correlates with 
changes in irradiation hardening. 

4. The role of aluminum in reducing irradiation hardening or embrittle- 
merit consists of the formation not only of A1N but also of stable precipi- 
rates that prevent complexes of nitrogen and irradiation induced point 
defects. 

Acknowledgments 

This study was sponsored by the Steel Irradiation Subcommittee of the 
122nd Committee for Nuclear Materials of the Japan Society for the 
Promotion of Science. We would like to express our appreciation to the 
committee members and also for the support from the staffs in the Hot 
Laboratory of the Japan Atomic Energy Research Institute. 

References 

[1] Harries, D. R. and Eyre, B. L. in Flow and Fracture of Metals and Alloys in Nuclear 
Environments, A S T M  STP 380, American Society for Testing and Materials, 
1965, p. 105. 

[2] Hasegawa, M. in Irradiation Effects in Structural Alloys for Thermal and Fast 
Reactors, A S T M  STP 457, American Society for Testing and Materials, 1969, 
p. 92. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



IGATA ET AL ON IRON CONTAINING ALUMINUM AND NITROGEN 1 3 9  

[3] Igata, N., Hasiguti, R. R., and Seto, S., Transactions of the Iron and Steel Institute 
of Japan, TISJA, Vol. 10, 1970, p. 21. 

[4] Ichiyama, T., Koizumi, M., Yoshida, I., Kunio, K., and Nishiumi, S., Journal of 
the Iron and Steel Institute of Japan, TEHAA, Vol. 55, 1969, p. 1229. 

[5] HMe, K. F. and McLean, Journal of the Iron and Steel Institute, JISIA, Vol. 201, 
1963, p. 337. 

[6] Private communication with Y. Uchida and T. Sugeno. 
[7] Wagenblast, H. and Swartz, J. C., Acta Metallurgica, AMETA, Vol. 13, 1965, 

p. 42. 
[8] Oren, E. C. and Stephenson, E. T., Metal Science Journal, MESJA, Vol. 4, 1970, 

p. 9. 
[9] Wuttig, M., Stanley, J. T., and Birnbaum, H. K., Physica Status Solidi, PHSSA, 

Vol. 27, 1968, p. 701. 
[10] Sato, K., Transactions, Japan Institute for Metals, TJIMA, Vol. 4, 1963, p. 121. 
[11] Hasiguti, R. R., Igata, N., Kaneko, H., Kitajima, K., Koda, S., Mima, G., and 

Yamane, T., "The Role of Nitrogen and Carbon Atoms iv_ Neutron Irradiation 
Effects on Iron and Iron Alloy," unpublished research. 

[12] Smidt, F. A. and Bement, A. L., Dislocation Dynamics, McGraw-Hill, New York, 
1968, p. 409. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



STP484-EB/Jan. 1970 

DISCUSSION 

J. T. Stanleyl--This paper is an interesting and timely contribution to 
our understanding of irradiation effects in steel. However, there are two 
points concerning interpretation of the data that need to be discussed. 

1. It should be noted that separation of the internal friction data shown 
in Figs. 1 and 2 to determine relative magnitudes of the three different 
peaks is not without an element of uncertainty. An alternate analysis 
would assign a value of at least 15.5 • 10 -4 to peak PI, the normal Snoek 
peak, for specimen A immediately following irradiation instead of the value 
of zero presented by the authors in Fig. 3. The significance of this alterna- 
tive interpretation of the data is that it presents evidence for breaking up 
of precipitate particles by neutron irradiation. 

2. Consideration of the magnitude of peak PIII  makes it unlikely that 
this peak could be due to a nitrogen vacancy complex. The magnitude of 
peak PIII  in the present case would require a relaxation strength per 
nitrogen-vacancy complex about 100 times that of the carbon-vacancy 
complex postulated by Wagenblast and Swartz. I t  seems uiflikely that the 
nitrogen vacancy could have such a large relaxation strength but still have 
about the same motion energy as the carbon vacancy complex. 

N. Igata (authors' closure)--2. The peak height of PIII  was taken as 
65 • 10 -4 by taking into account of the slope of the background, which 
was estimated from the shape of peak PII. This value is about 50 times 
larger than the value of Wagenblast and Swarts. This high peak value 
shows that the resolution of metastable nitride or thin A1N precipitates is 
much greater than the resolution of the metastable carbides in Fe-0.2C 
shown by Wagenblast and Swarts. I t  does not show, however, that the 
relaxation strength per unit defect in the case of the nitrogen vacancy is 
50 times higher than in the case of carbon vacancy. 

1. Since the temperature was measured by a thermocouple directly at- 
tached to the specimen, the accuracy of the temperature measurement 
would be high. Thus, while the peak can be interpreted to be other than 
the normal Snoek peak, it also provides evidence for the break up of pre- 
cipitate particles by neutron irradiation. 

i Associate professor, School of Engineering, Arizona State University, Temple, Ariz. 
85281. 
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DISCUSSION ON IRON CONTAINING ALUMINUM AND NITROGEN 141 

A. L. BementL-Have you observed the occurrence of radiation anneal 
hardening in the specimens exhibiting a PIII  peak resulting from the resolu- 
tion of nitrogen? If so, did the hardening decay with room temperature 
aging? 

N. Igata (authors' closure)--Although we did not measure the hardening 
as a function of aging time at room temperature, the possibility of a change 
in hardening corresponding to structural changes must exist. 

2 Battelle-Northwest, Richland, Wash. 99352. 
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R. R. Hosbons 1 and B.  L. Wotton ~ 

The Effect of Fast Neutron Irradiation on the 
Mechanical Properties of Some Quenched 
and Tempered Steels 

REFERENCE: Hosbons, R. R. and Wotton,  B. L., " T h e  Effect of  Fas t  
N e u t r o n  Irradiat ion  on  t h e  M e c h a n i c a l  Propert ies  of  S o m e  Q u e n c h e d  
a n d  T e m p e r e d  Stee l s ,"  Irradiation Effects on Structural Alloys for Nuclear 
Reactor Applications, A S T M  S T P  484, American Society for Testing and 
Materials, 1970, pp. 142-163. 

ABSTRACT:  Specimens from seven heats of AISI 403, five heats of A542, 
and one heat  of AISI  431 were irradiated at  300 C in pressurized water to find 
the effect of chemical composition on their  irradiated properties. The change 
in ductile-brittle transit ion temperature A T  after the maximum integrated 
fast neutron flux of 1 •176 n / c m  2, E > 1 MeV, was similar for these steels. 
Some of the heats were also tested after an  integrated flux of 6 • 10 ~9 n / c m  2, 
E > 1 MeV, and the  results showed tha t  the  lat ter  flux caused saturat ion of 
damage in AISI 403. The total  impuri ty  concentration of AISI 403 appeared 
to control the size of A T  at  saturation, bu t  there was no such correlation in 
the other steels. Obversely, the nitrogen concentration of A542 did affect its 
change of transit ion temperature  for a given flux; a t i tanium concentration of 
0.1 weight percent increased the unirradiated transit ion temperature  but  not  
AT.  AISI  431 is unsuitable for use at  300 C as it is thermally embrittled. 
Although the A T  values for AISI 403 and A542 were the same, the lat ter  had 
a lower initial transit ion temperature.  

KEY WORDS : irradiation; neutron irradiation, radiation tolerance, radiation 
damage, neutron flux, mechanical properties, chemical composition, grain 
size, quenching (cooling), tempering, martensit ic stainless steels, alloy steels, 
pressure vessels 

Fast neutron irradiation increases the nil ductility temperature (NDT) 
and yield stress of ferritic and martensitic steels. Much information is 
available on carbon and low-aHoy steels in the normalized and tempered 
conditions but there is little information on quenched and tempered steels, 
especially high-alloy martensitic grades. 

1 Research engineers, Fuels and Materials Div., Metallurgical Engineering Branch, 
Chalk River Nuclear Laboratories, Atomic Energy of Canada  Ltd., Chalk River, 
Ontario. 
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HOSBONS AND WOTTON ON QUENCHED AND TEMPERED STEELS 1 4 3  

Two martensitic stainless steels, AISI 403 and AISI 431, and a low-alloy 
steel, A542, all quenched and tempered, were irradiated at 300 C. The 
effect of chemical composition and grain size on the changes in NDT and 
yield stress of AISI 403 and A542 with fast neutron irradiation was in- 
vestigated. Only one heat of AISI 431 was tested. 

Investigations on body centered cubic (bcc) metals [1, 2] 2 have shown 
that the change in tensile properties of these metals with irradiation satu- 
rates with high neutron fluxes. Beeler [3] has stated that saturation of 
damage occurs when the number of displacement spikes is so large that 
they make peripheral contact. Damage in pressure vessel steel has been 
found to occur below an integrated flux of 5 X 1019 n/cm 2, E > 1 MeV [4]; 
therefore, specimens have been irradiated to 6 • 1019 n/cm 2, E > 1 MeV, 
and 1 X 1020 n/cm 2, E > 1 MeV. 

Experimental Procedure 

Materials 

Seven heats of AISI 403, one heat of AISI 431, and 5 heats of A542 
were tested. The fabrication, heat treatment, and chemical composition 
of these steels are shown in Tables 1 and 2. The AISI 403 and AISI 431 
stainless steels were obtained as extrusions, and the A542 was obtained as 
rolled tube according to ASTM Specification P22, bar stock and casting. 
All heats were quenched and tempered before machining. 

Specimens--The tension specimens shown in Fig. 1 were used. Standard 
Charpy V notch specimens were used for the impact tests, as results from 
these specimens have been correlated to drop weight tests for both irradi- 
ated and unirradiated specimens [5]. All specimens were machined in the 
transverse direction (Fig. 2). 

1 . 4 7 ~  

SCALE~ 2X 

DECIMALS : --..005 II UNLESS NOTED 

FIG. 1--Details of tension specimen used. 

Italic numbers in brackets refer to the list of references at the end of this paper. 
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HOSBONS AND WOTTON ON QUENCHED AND TEMPERED STEELS 145 

TABLE 2--Heat trealm~t and origin of heats. 

Identi ty Fabrication Details Heat  Treatment 

403A . . . . . . . . . . . .  Air poured extrusion 

403B . . . . . . . . . . . .  Vacuum degassed extrusion 

403C . . . . . . . . . . . .  Air poured extrusion 

403D . . . . . . . . . . . .  Argon degassed extrusion 

403E . . . . . . . . . . . .  Argon degassed extrusion 

403F . . . . . . . . . . . .  Air poured extrusion 

403G . . . . . . . . . . . .  Air poured extrusion 

431 . . . . . . . . . . . . .  Air poured forging 

542A . . . . . . . . . . . .  Electric arc melted rolled pipe 
542B . . . . . . . . . . . .  Electric melted rolled pipe 
542C . . . . . . . . . . . .  Electric melted rolled pipe 
542D . . . . . . . . . . . .  Forged bar 
542E . . . . . . . . . . . .  Centrifugally cast bar 

Air hardened 1850 F, 
tempered 4 h 1150 F 
Air hardened 1850 F, 
tempered 4 h 1150 F 
Air hardened 1800 F, 
tempered 4 h 1140 F 
Air hardened 1800 F, 
tempered 1160 F 
Air hardened 1800 F, 
tempered 4 h 1150 F 
1800 F 2 h water quenched, 
tempered 4 h 1160 F 
1750 F 2 h water quenched 
tempered 4 h 1150 F 
1800 F oil quenched, 
tempered 8 h 1100 F, 
air cooled, 
tempered 8 h 1100 F, 
water quenched 
1775 F for 1~ h, water quenched, 
1100 to 1125 F 4 h 

V--NOTCH CHARPY IMPACT SPECIMEN 

FIG.  2--Specimen orientation relative to extrusion section. 
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146 iRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

The specimens were tested in three conditions: 
1. Control specimens--machined from as-received heat-treated material. 
2. Thermal control specimens--heated in pressurized water at 300 C. 
3. Irradiated specimens--irradiated at 300 C. 
Irradiation--The specimens were irradiated in a reactor insert consisting 

of a heat-treated Zr-2.5Cb pressure tube closed at the bottom and flanged 

WAFER OUT 

WATER I N -  

AIR 
IN 

TOP OF FUEL 

II 11 
i [ i I 

1%-~- P' 
I AH . j_.,--- 

FIG. 

~ TOP CLOSURE 

AIR PRESSURE TUBE FLANGE ~ 
~N FUEL ROD FLANGE 

   ;7r . o ,  S . O W N ,  

AIR INLET TUBE 

i I L 
ELEV. 462 - 7 iI-~6 

AIR FLOW GAP 

! jjz- J  
~ T T O  COOLANT FLOW TUBE 

PRESSURE TUBE 

I 711 
M OF FU_EL ELEV 4 5 7 - 9 ~  

PRESSURE TUBE 

3--Mechanical test specimen irradiation insert. 
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HOSBONS AND WOTTON ON QUENCHED AND TEMPERED STEELS 147 

FIG. 4--Mechanical test specimen array. 

at the top. A 24-ft water inlet tube passed down the center of the pressure 
tube and the specimen array was suspended around this tube (see Fig. 3). 

The specimens were located in trays stacked to form an assembly within 
the region of fast neutron flux of the insert (see Fig. 4). All specimens were 
exposed to the flow of hot pressurized water. 

An air cooling line passed down the inside of the pressure tube, in a 
spiral around the specimen stringer, and out through the bottom end. The 
insert was designed to allow this air to flow up the annulus between the 
containment tube and the coolant flow tube to provide a good medium by 
which the excess heat, produced by gamma heating, could be dissipated 
to the cooling water. In actual operation this cooling proved unnecessary, 
since the normal loop flow maintained a temperature differential of less 
than 10 C across the specimen array. 

Three irradiations were undertaken, and the irradiation conditions and 
the integrated fast neutron flux for the steels are shown in Table 3. 
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148 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

TABLE 3--Irradiation conditions. 

Irradiation Materials Total Time, h Specimen Integrated Fast 
Temperature, Flux, n/cm 2, 

deg C E > 1 MeV 

1 . . . . . . . . . . . . . . .  403A~403B 1352 
403D, 403F 
431A, 542A 

2 . . . . . . . . . . . . . . .  403A, 403C 2332 
403E, 403G 
431A, 542A 

3 . . . . .  . . . . . . . . . .  542A, 542B 2288 
542C, 542D 
542E 

295• 6.0XlO 1~ 

306 •  9.5 x 1019 

315• 1.0• ~ 

Fast neutron exposures were determined by analyzing spectra of acti- 
vated iron wire monitors which had been located in dummy impact speci- 
mens, subtracting the 6~ mixture and comparing the result with a 
standard 54Mn spectrum. The cross section for the 54Fe(n,p)54Mn reaction 
was assumed to be 70 mbarn;  this figure is based on experience at Chalk 
River Nuclear Laboratories and gives the best correlation with reactor 
neutron fluxes (within 10 percent). 

Testing 

Tension Testing--Two tension specimens of each material, from each of 
the control, thermal control, and irradiation groups, were tested at room 
temperature,  250 C (482 F), and 295 C (563 F). All tests were performed 
on 30,000-1b-capacity testing machines manufactured by  the Tinius Olsen 
Testing Machine Co., Willow Grove, Pa. One of the machines was installed 
in a shielded test facility. 

All specimens were tested at a range of 6000 ib with a crosshead speed 
of 0.050 in./min. Uniform and total elongation measurements were made 
from the load versus time charts by relating crosshead speed to chart 
speed. The reduced diameter of each specimen was measured using a vernier 
travelling microscope and the reduction in area was calculated. 

Specimens were heated in the test position using a three zone, split ele- 
ment furnace. Tests indicated that  specimen temperature could be con- 
trolled within :t:2.0 C. Specimens were held 5 to 10 re_in at temperature 
before testing. 

Impact Testing--Unirradiated specimens were tested on a T M I  remotely 
controlled impact tester manufactured by Testing Machines Inc., Mineola, 
N.Y. Specimens were heated or cooled in constant temperature baths as 
specified by ASTM Specification for Notched Bar Impact  Testing of 
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HOSBONS AND "vVOTTON ON QUENCHED AND TEMPERED STEELS 149 

FIG. 5--Flow diagram for heating and cooling system in impact testing cell. 

Metallic Materials (E 23 - 66). As this is impractical for testing in-cell 
irradiated specimens, a method was developed to heat or cool the speci- 
mens after they had been centered in the vise. The irradiated specimens 
were brought to the test temperature by blowing heated or cooled nitrogen 
gas over the specimen, which was partially contained in a shroud [6]. A 
schematic diagram of the equipment is shown in Fig. 5. A constant temper- 
ature zone (4-1 C) was obtained ~/~ in. around the notch. 

Results  

Tension Results 

AIS I  403--Tension test results are given in Tables 4-6. The thermal 
control specimens showed that heating at 300 C produced no significant 
change in tensile properties. All the irradiated specimens showed an in= 
crease in 0.2 percent yield strength of 14 to 31 percent at room temperature 
and 12 to 20 percent at 295 C with some decrease in the reduction of area. 
The changes in the 250 C tensile properties were similar to those at 295 C. 
The air cast, water quenched heat, 403G, showed the greatest change, 
and the argon degassed, air quenched heats, D and E, appeared to be the 
least radiation sensitive. 

Exposure at the higher irradiation level did not produce any pronounced 
difference in properties. The increase in room temperature yield strength 
of 403A was about 16 percent after an irradiation of 6.0• n/cm ~, 
further irradiation producing little further change. 
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H O S B O N S  A N D  W O T T O N  O N  QUENCHED A N D  TEMPERED STEELS 153 

A I S I  431-- In  percentage the increase in yield stress was similar to that 
in AISI 403. After irradiation the room temperature ductility was almost 
zero, but at 250 and 295 C the loss of ductility was similar to AISI 403. 

A 5 4 2 - - T h e  variation in the initial yield stress at room temperature of 
these heats was greater than in the heats of AISI 403, varying from 108 
ksi (heat E) to 139 ksi (heat D). However, all the heats had good ductility 
(about 14 percent elongation at room temperature) and there was little 
heat-to-heat variation in elongation to failure at all test temperatures. The 
increase in tensile strength with fast neutron irradiation was lower than 
in the heats of AISI 403; the increase in yield stress was between 3 and 10 
ksi after an integrated fast neutron flux of 1 X 1020 n/cm 2. Heat C had the 
lowest overall change in tensile properties after irradiation. 

Impact Tests 

Two criteria were used to determine the ductile-brittle transition tem- 
perature: 

1. Temperature corresponding to a 50 percent shear failure. 
2. Temperature corresponding to specific energy levels (NDT). These 

levels were 
a. 15 ft.lb for AISI 403. 
b. 30 ft.lb for AISI 431 and A542. 

For comparison purposes criterion 1 will be used; criterion 2 is included 
for design purposes, as it is used in section III  of the ASME Boiler and 
Pressure Vessel Code. 

A I S I  403- -The  impact-energy-temperature curves for the 403 heats are 
shown in Fig. 6. The transition temperatures and their change with irradi- 

80 

SO 

=~ 40 

2o 

0 
-20 ~ 
-4 ~ 
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e THERMAL CONTROL 
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�9 6.OXIOIgN/CMZ> IMeV e o 
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�9 9.5XIOIgN/CM2>IMeV / e e o e �9 

j -  

o e o n �9 

o I o I I 
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~ ( " i  : i i  J i J I 
2o ,o ,oo , ,o ,oo 220 2Bo 
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FIG. 6--Effect of fast neutron irradiation on the Charpy V notch impact properties of 
AISI  ]+03, heat A. 
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154 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

T A B L E  7--Transition temperatures of materials tested. 

Material  Neu t ron  
Exposure,  

n / e r a  2, 
E > I  MeV 

Transi t ion Tempera ture ,  deg C 

N D T  50% Shear 

C I AT C I AT 

403A . . . . . . . .  6 .0  X 10 TM 40 80 40 96-112 158-168 5 9  
9 .5  40 95 55 96-112 146-160 51 

403B . . . . . . . .  6 .0  26 78 52 72-82 130-140 58 
403C . . . . . . . .  9 .5  85 145 60 110-122 194-208 85 
403D . . . . . . . .  6 .0  16 96 80 96-108 168-178 71 
403E . . . . . . . .  9 .5  46 86 40 82-94 126-138 44 
403F . . . . . . . .  6 .0  26 112 86 68-78 150-160 82 
403G . . . . . . . .  9 .5  - 16 84 100 60-66 146-154 87 
431 . . . . . . . . .  6 . . . . . . . . .  180-192 290-300 110 

. . . . . . . . .  224-234 66 
1 X 10 ~9 . . . . . . . . .  180-192 302-308 120 

212-232 88 
542A . . . . . . . .  6X101~ --J~J. --3() "i4 - - 1 6 - - - 8  - -6 -0  10 

1X102~ --56 - 8  44 - - 3 8 - - - 2 8  - -2 -6  36 
542B . . . . . . . .  1 64 120 56 78-90 122-132 43 
542C . . . . . . . .  1 0 100 100 30-42 110-120 80 
542D . . . . . . . .  1 - 6 60 66 8-20 40-48 28 
542E . . . . . . . .  1 -- 4 64 68 42-54 68-78 24 

NOTE--C = control 
I = irradiation 

AT =sh i f t  in t ransi t ion tempera ture  
N D T = 1 5  f t . l b  for A I S I  403, 30 f t . l b  for A I S I  431 and A542 

ation (AT) are shown in Table 7. Although the two criteria give different 
absolute values for the transition temperatures, they do give similar values 
of AT. 

Heat G had the lowest initial transition temperature (60 C) but had the 
greatest change with irradiation. Air poured, air hardened heat A appeared 
to have the best impact properties, with an unirradiated transition temper- 
ature of about 105 C and a shift of 51 C after exposure at 9.5X10 t9 n/cm 2, 
E > 1 MeV. Energy levels in the ductile range were comparatively high at 
about 60 ft . lb and did not show a large decrease after irradiation. The 
similarity between the curves for the two irradiation levels (Fig. 6) would 
again indicate that there was little if any further irradiation damage be- 
yond the 6.0X1019-n/cm 2 level. 

A I S I  431--The impact energy temperature curves for this steel are 
shown in Fig. 7; the transition temperatures are given in Table 7. 

The transition temperature of AISI 431 increased by about 40 C after 
1352 h at 300 C but did not increase any further after longer times. The 
increase in transition temperature was 66 C after irradiation at 6X 10 l~ 
n/cm 2 and changed by an additional 22 C on irradiation to 9.5 X 1019 n/cm 2. 
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H O S B O N S  A N D  W O T T O N  O N  QUENCHED A N D  TEMPERED STEELS 1 5 5  
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FIG. 7--Effect of fast neutron irradiation on the Charpy V notch impact properties of 
A I S I  $31, heat A. 

A 5 4 2 - - F i g u r e s  8 through 10 show the impact energy-temperature curves 
of these heats. The transition temperatures are shown in Table 7. The 
variation in unirradiated transition temperatures of the heats of A542 was 
greater than in the case of AISI 403, but generally the transition tempera- 
tures were lower. With the exception of heat C the variation of change in 
transition temperature of these heats was small (40 C) and was lower than 
that found in the heats of 403 and 431. Heat C, which came from the same 
source as heat A, had the greatest change in transition temperature. The 
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FIG. 8--Effect of fast neulron irradiation on the Charpy V notch impact properties of 
A I S I  553 Grade 2, heat A. 
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156 I R R A D I A T I O N  EFFECTS O N  STRUCTURAL A L L O Y S  
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FIG. 9--Effect of fast neutron irradiation on the Charpy V notch impact properties of 
A I S I  543 Grade 2, heat C. 

impact properties of heats D and E were similar although they had differ- 
ent fabrication histories. 

Metallographic Examina t ion  

A I S I  403--The polished sections from all specimens revealed large and 
small globular groups and stringers of inclusions randomly distributed. 
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FIG. lO--Effect of fast neutron irradiation on the Charpy V notch impact properties of 
A I S I  543 Grade 2, heat E. 
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HOSBONS AND WOTTON ON QUENCHED AND TEMPERED STEELS 1 5 7  

FIG. 11--Representative microstructure of A I S I  403 stainless steel ( X500). 

The specimens were etched in a solution consisting of 1 g of picric acid, 
5 parts  hydrochloric acid, and 95 parts  ethyl alcohol and reexamined. 
Figure 11 shows the typical microstructure of free ferrite in a matr ix  of 
tempered martensite in each of the AISI  403 steels. Ferrite stringers in the 
403B specimens were large and were oriented parallel to the extrusion direc- 
tion. Ferrite in the remaining 403 specimens was randomly distributed. 
The grain sizes of these heats are shown in Table 8. 

TABLE 8--Grain size of steels tested. 

Material Grain Size, t~m 

403A 43 
403B 38 
403C 33 
403D 28 
403E 47 
403F 46 
403G 32 
431 40 
542A 20 
542B 29 
542C 33 
542D 32 
542E 28 
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158 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 12--Typical microstructure of A I S I  431 stainless steel (X500). 

FIG. 13--Typical microstructure of A543 steel (X500). 
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HOSBONS AND WOTTON ON QUENCHED AND TEMPERED STEELS 1.59 

A I S I  431- -The  431 alloy, as polished, showed randomly distributed in- 
clusions similar to those noted in the 403 heats. A typical microstructure 
with the picric acid etch is shown in Fig. 12. The material exhibited an 
acicular tempered martensite structure with a few large areas of free ferrite 
with a grain size as shown in Table 8. 

A542- -Very  few inclusions were seen in these heats with the exception 
of heat B, Fig. 13, which had large angular inclusions later identified by 
electron microprobe analysis as either TiN or TiC. The fine-grained tem- 
pered martensite structure was less acicular than the AISI 403 and 431 
stainless steels. No free ferrite was observed. The grain sizes of these heats 
are shown in Table 8. 

D i s c u s s i o n  

A I S I  4O3 

The impact test results of heat 403A, Table 7, show that the change in 
transition temperature (AT) for heat 403A was 59 C after an integrated 
flux of 6X1019 n/cm 2 but only 51 C after 1X102~ n/cm 2. This indicates 
that saturation of fast neutron damage may have occurred by a flux of 
6X 1019 n/cm 2. Saturation is also suggested by the results of heats 403F 
and 403G. Saturation should be dependent on the composition of the steel, 
as saturation occurs when the rate of annealing equals the rate of damage 
formation. The annealing rate depends upon the diffusion rate of the atoms 
in the matrix; thus, for different steel alloys, different annealing rates 
would be expected. 

u d~ 

z ~ 4C o~ 
E 

< 

/ 

I l I I i i I I 
1000 2000 3000 4000 

CONCENTRATION { PPM } 

FIG. 14--Effect of impurities on the change of transition temperature of AISI  ~03 
with irradiation. 
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160 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

The concentration of residuaJ elements (copper, vanadium, antimony, 
arsenic, etc.) also affects the sensitivity of steels to fast neutron damage 
[7]. Figure 14 shows the total residual impurity concentration plotted 
against the change of transition temperature at saturation. An S curve is 
the best fit for the points of the graph, but the general trend is that sensi- 
tivity of AISI 403 to fast neutron damage increases as the impurity con- 
centration increases. The impurity elements which changed the sensitivity 
the most were nickel, copper, and tin. Potopovs and Hawthorne [8] have 
shown that the copper concentration of steel has a marked effect on its 
sensitivity to fast neutron damage. The present work shows that other im- 
purity elements may also affect the sensitivity. This possibly explains why 
argon or vacuum degassing was beneficial. Although little oxygen and 
nitrogen was removed, the concentrations of some other volatile residual 
elements could have been reduced. Point defects formed during irradiation 
will associate with the impurity atoms. The nature of the interaction is not 
understood, but the point defects produced during irradiation either pro- 
vide nucleation sites for precipitation of solute atoms and hence increase 
the precipitation rate [9, 10] or introduce defect clusters which trap the 
solute atom [11, 12]. 

Grain size affects the change in NDT of normalized steels with irradia- 
tion [13-15]: the change increases as the grain size increases. Grain bound- 
aries act as either barriers to dislocations or as sinks for migrating point 
defects. Thus the change of transition temperature could depend not only 
on the grain size but also on the distribution of carbides in the grain. A 
quenched and tempered steel has a finer carbide distribution than a pearlitic 
or bainitic steel, and therefore the grain size effect may not be as pro- 
nounced. This then could account for the lack of correlation between grain 
size and change in transition temperature. 

A I S I  431 

Analysis of the results of A431 shows that this alloy has the greatest 
change in transition temperature after irradiation at 300 C. This is due 
partly to temper embrittlement that can occur in the absence of irradia- 
tion. Grounes [16] has postulated that if a number of factors influence the 
change in transition temperature then the total change is the sum of the 
individual factors if they act independently. Steele et al [14] irradiated two 
heats of a Ni-Cr-Mo steel, one of which had been temper embrittled after 
a suitable heat treatment. Although the embrittled heat had a higher 
transition temperature, the change in transition temperature of the two 
heats on irradiation was the same. The change in transition temperature 
of a steel which is susceptible to temper embrittlement can be expressed by 

AT=ATE+ATI 
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HOSBONS AND WOTTON ON QUENCHED AND TEMPERED STEELS ] 61 

where 

AT = total change in transition temperature, 
ATE--change in transition temperature due to temper embrittlement, 

and 
AT~ = change in transition temperature due to irradiation. 
The thermal control tests showed that the transition temperature of 

AISI 431 had increased by about 40 C, which by applying the above rule 
gives A T ~ 8 0  C (average of both irradiations). This figure is consistent 
with values of AT found for the heats of AISI 403. 

A5~2 
Analysis of these results by the same method as used for AISI 403 is 

not as simple. All the heats of 403 were extrusions of the same size; and, 
apart from water quenching, heats 403F and 403G, the only variable was 
chemical composition. The A542 material was obtained in a different wall 
thickness and was made by different fabrication processes. Heat B was 
found to contain 0.1 percent titanium. Woodfine [17], in an experiment to 
determine the effect of alloying elements on the occurrence of temper em- 
brittlement in steels, found that titanium increased the transition tempera- 
ture even without the embrittling heat treatment. Although the titanium 
concentration of Woodfine's alloys was higher than that of the present in- 
vestigation, this lower titanium concentration may affect the initial transi- 
tion temperature. The change in transition temperature of heat B with 
fast neutron irradiation was slightly greater than those of heats A, D, and 
E, but the small difference suggests that titanium does not affect the sensi- 
tivity of steel to fast neutron damage. 

Heat 542C was found to be the most sensitive to damage even though 
it had the second lowest copper concentration; however, this heat con- 
tained the highest nitrogen concentration, which could influence its sensi- 
tivity. 

Reynolds [15] has tested irradiated, quenched, and tempered A336 F22, 
which has the same chemical composition as A542. The 30 ft . lb NDT of 
the alloy tested increased by 22 C after an integrated fast neutron flux of 
about 3 X 1019 n/cm 2, E > 1 MeV. This is consistent with the results found 
in the present work when the difference in integrated flux is taken into 
account [18]. 

Summary 
1. Results of this irradiation indicate that saturation of fast neutron 

damage may occur in AISI 403 irradiated at 300 C by an integrated fast 
neutron flux of 6 X 1019 n/cm 2, E > 1 MeV. 

2. The sensitivity to fast neutron damage of AISI 403 is thought to 
depend upon the concentration of impurity elements present, thus de- 
gassing the melt is beneficial. 
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3. A542 is a b e t t e r  s tee l  for r eac to r  use as, even t h o u g h  its change  in 
t r ans i t i on  t e m p e r a t u r e  is t he  same as A I S I  403, i t  has a lower  in i t ia l  N D T .  
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DISCUSSION 

A. L. BementlmIn your specimens of A431 and A403 steel, which exhibit 
semicontinuous stringers of delta ferrite, one would expect low-energy ab- 
sorption in a Charpy test for the transverse direction. In this case there 
is a weak phase (delta ferrite) surrounded by a strong phase (tempered 
martensite), and fracture should initiate and propagate along the delta 
ferrite stringers. Therefore, a systematic correlation of impact properties 
against bulk structure (grain size, mean carbide separation, etc.) should 
not be expected unless mechanical anisotropy is taken into account. 

R. R. Hosbons (authors' closure)--Only AISI 403 heat B contains semi- 
continuous stringer orientation which would affect the charpy V notch 
properties of the steel, and therefore we think that the analysis we have 
carried out is still valid. 

1 Battelle-Northwest, Riehland, Wash. 99352. 
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AGENDA DISCUSSION SESSION 

L. E. Steele 1 

Structure and Composition Effects 
Irradiation Sensitivity of Pressure 
Vessel Steels 

o n  

REFERENCE: Steele, L. E., "Structure and Composi t ion Effects on  
Irradiation Sensit ivity of  Pressure Vessel S t ee l s , "  Irradiation Effects on 
Structural Alloys for Nuclear Reactor Applications, A S T M  S T P  48~, American 
Society for Testing and Materials, 1970, pp. 164-175. 

ABSTRACT:  The paper emphasizes engineering implications of the effects of 
structure and composition on the irradiation sensitivity of steels. Theoretical 
considerations are discussed and reviewed as they relate to possible expla- 
nations for observations on the subject. 

The structural aspects include primarily the type of metallurgical micro- 
structure and the grain size and also the steel condition, that  is, plate, forging, 
weld metal, or weld heat affected zone. The compositional factors are never 
quite separable from structural factors in a microscopic sense. Several inter- 
stitial elements, primarily nitrogen, carbon, oxygen, and hydrogen, have been 
investigated for their relationship to neutron radiation sensitivity. Substitu- 
tional elements, including nickel, copper, phosphorus, vanadium, sulfur, and 
boron, as constituents in steels have also been included. Copper and phosphorus 
are found particularly detrimental to radiation resistance when present in 
quantities above certain levels. 

KEY WORDS: neutron irradiation, radiation effects, radiation tolerance, 
nuclear reactor engineering, pressure vessels, steels, structural steels, nuclear 
reactor components, microstructure, embrittlement, interstitials, grain size, 
heat treatment, martensite, solid solutions, steel constituents 

The technological and scientific importance of structure and composi- 
tion as these affect the irradiation embrittlement sensitivity of reactor 

1 Head , Reactor Metals Branch, Metallurgy Division, Naval Research Laboratory, 
Washington, D.C. 20390. 
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STEELE ON RADIATION SENSITIVITY OF STEELS 1 6,5 

pressure vessel steels led to an agenda discussion session on the subject. 
The illuminating discussion in turn formed much of the basis for this sum- 
mary; nonetheless, to assure completeness, this summary is prefaced neces- 
sarily by reference to the earlier work in this field and to the papers pre- 
sented in the first two sessions, Pressure Vessel Steels--Fracture Behavior 
and Pressure Vessel Steels--Structural and Impurity Effects, of the sym- 
posium. In the interest of readability and early publication, direct quota- 
tions of discussors are eliminated in favor of a paraphased condensation. 
(Individual contributors and discussors are recognized in the acknowledg- 
ments.) 

For purposes of this review, the critical aspects of structural or composi- 
tional influences on radiation sensitivity are correlated with reactor service 
situation. Thus, for example, while the theoretical aspects of the influence 
of nitrogen or carbon on the behavior of otherwise pure iron after low- 
temperature irradiation are of interest, the emphasis is on their role in 
steel at reactor service temperatures. 

While time did not permit a full summary of our understanding of this 
subject during the symposium, the well developed body of published in- 
formation provided for the drawing of conclusions which naturally will re- 
flect somewhat my experience and opinions. 

Structure and Irradiation Sensit ivity 

Metallurgical Microstructure 

The influence of metallurgical microstructure after irradiation at low 
temperatures (< 300 F, 149 C) has been identified as important by several 
investigators [1, 2, 3]. 2 In one experiment [4] three laboratory heats of 
steel meeting the nominal ASTM composition specifications for Type 
A212B--no uranium and additions of uranium to levels of 0.06 and 1.1 
percent--were irradiated simultaneously with a commercial plate. These 
three were produced in lj.~-in, plate with great care (more typical of a 
vacuum stream degassed steel) and, except for the 1.1 percent uranium 
version, proved to be far superior to the commercial reference standard in 
terms of radiation embrittlement after exposure to an irradiation of 1.3 • 
1019 n/cm 2, E > 1 5/[eV, at 240 F (116 C). While variations in residual 
element contents might partially explain their superior performance, the 
major difference noted was the microstructure: the uranium bearing steels 
being essentially martensitic in structure compared to the usual ferrite- 
pearlite structure of commercial A212B steel. The martensitic structure 
was attributecl to the rapid cooling in air of the very thin plate produced 
from the heat. Another suggested explanation for the superior radiatiou 
resistance of the 0.06 percent uranium steel is that the uranium served as a 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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"getter" for nitrogen, reducing the amount in solution. Nitrogen in solu- 
tion has been identified as critical to the irradiation sensitivity of steels 
and iron in the temperature range of this irradiation (240 F, 116 C). It is 
unfortunate that the uranium bearing steels and the related superior con- 
trol version were not available in sufficient quantity to permit irradiation 
at a variety of temperatures to more fully test the irradiation sensitivity 
advantages of this steel and their causes. 

A more specific test of microstructural effects was provided by an experi- 
ment in which two steels--Type A350 forging grade (a C-Ni-Mn steel of 
high radiation sensitivity) and A543 plate (a Ni-Cr-Mo steel of low sensi- 
tivity)--were placed into reverse positions of sensitivity through heat 
treatment alone [3, 5]. After irradiation at <240 F (116 C), the highest 
strength versions, characterized in both steels by a tempered martensite 
structure, proved to be most insensitive to radiation (less than one half 
the change exhibited in the sensitive state). Since no composition changes 
occurred, microstructural variations were credited with the reversal of 
irradiation embrittlement sensitivity in these two steels, which are quite 
dissimilar in unirradiated properties. 

The results published to date suggest that the effect of metallurgical 
microstructure on radiation embrittlement sensitivity may be quite signifi- 
cant. However, at temperatures of nuclear reactor service no such body of 
evidence is available. 

Grain Size 

Several investigators have identified grain size as an important factor in 
radiation sensitivity of steels [1, 6, 7, 8]. For example, Nichols and Harries 
[7] irradiated steels having markedly different ferrite grain size but similar 
microstructures at ~300 F (150 C) to a fluence (fission) of 7 • 1017 n/cm 2. 
Their data show a distinct effect, superior radiation resistance, with finer 
grain size. Similar findings were observed by Klepfer and Gordon [8], 
though the steels compared contained different microstructural features 
and were irradiated at a temperature range higher than that used by 
Nichols and Harries (470 to 545 F, 243 to 285 C). Close examination of 
the steels studied by Klepfer and Gordon distinguished differences in 
composition which, at the higher temperatures involved, may be of over- 
riding importance to the relative sensitivity of a given steel. In spite of the 
doubts raised, however, Klepfer and Gordon have developed an impressive 
model for the effects of ferrite grain size on steel embrittlement which in- 
cludes effects of temperature, dose rate, and exposure time. 

On the negative side, however, are the important observations by Tru- 
deau [1], which showed an inverse effect, greater embrittlement in a fine- 
grained 3.25 percent nickel steel than in a coarse-grained product of the 
same steel. Recent data by Hawthorne [9] s showing the effects of copper 

8 Included in this ASTM Special Technical Publication. 
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content on sensitivity point to no significant role of grain size in irradiation 
of a 0.13 percent copper version of A533B steel at 550 F (288 C) and a 0.03 
percent copper product. The latter, which was relatively insensitive to 
radiation, had a grain size which was slightly larger than that of the more 
sensitive 0.13 percent copper version. Thus, it appears that composition 
effects may be more important than grain size or microstructural effects 
in the temperature range of water reactor vessel service (> 500 F, 260 C). 
At lower temperatures grain size is thought to be very important. 

Discussion identified the role of the grain boundary (and the advantage 
of its abundance in fine-grained steel) as a defect trap and as a sink for 
dislocation pileups. This role is thought to be especially important where 
free interstitial elements such as nitrogen (and a projected nitrogen defect 
complex) may be more homogeneously trapped, thereby lessening the ef- 
fects on macroscopic properties of the irradiated steel. A more homogeneous 
distribution of nitrogen would also aid the resolution of nitrogen as the 
temperature is raised, minimizing the possibilities for a "lingering" effect 
of the nitrogen defect complexes in the lower range of reactor operation, 
about 500 F (260 C). 

Considering the practical case of quenched and tempered steels (current 
practice) irradiated at normal vessel service temperatures, the ferrite grain 
size has lesa meaning because of the finer carbide distribution inherent to 
the quenched structure. Hosbons and Wotton [10] 3 ascribe a lack of cor= 
relation between irradiation induced embrittlement of A542 steel and 
grain size to such a quenched structure. On a similar practical base is the 
fact that steelmaking practice for current pressure vessel steels aims rou- 
tinely for a fine grained structure. 

Composition or Impurities and Irradiation Sensitivity 

More effort has been devoted to the study of compositional effects than 
to structural effects on the sensitivity of steels to neutron induced changes. 
The most exciting recent development has been the identification and 
verification of the role of copper in steel embrittlement at elevated temper- 
atures. The work at the Naval Research Laboratory (NRL) on this subject 
and the vivid demonstration of copper effects were summarized for A533B 
steel in a paper by Hawthorne [9]. 

Studies by Little and Harries [11, 12], Castagna et al [13], and Igata 
et al [13, 3 15] have verified nitrogen in solid solution as a major factor in 
radiation embrittlement of iron and steel when the exposure is at low tem- 
perature (less than about 482 F, 250 C). The effect is attributed to nitrogen 
plus neutron irradiation produced defects in relatively stable complexes. 
At higher temperatures, between 300 and 750 F (150 and 400 C) [11, 1~], 
nitrogen returns to solution, producing a related reduction of hardness. 
Igata et al have shown the recovery of hardening and the parallel resolu- 
tion of nitrogen on annealing to 482 F (250 C), but the presence of uni- 
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dentified stable precipitates was noted even after postirradiation annealing 
at 572 F (300 C) for 30 min. 

It has been suggested that the most important factor in compositional 
effects is the combination of irradiation produced defects and available 
interstitial elements and that the role of substitutional elements such as 
titanium, silicon, and aluminum can best be understood in this context. 
However, examination of the empirical evidence [9, 16] suggests that at 
elevated temperatures the presence of substitutional elements, such as 
copper and phosphorus, controls the level of embrittlement in the Mn-Mo 
steels currently used in the United States for reactor pressure vessels. Cop- 
per has been shown to be especially effective, with the level of embrittlement 
at an irradiation temperature of 550 F (288 C) paralleling the copper level. 

The Effects of Copper on Embrittlement 

The important effect of copper was recognized in studies involving very 
clean laboratory heats of Type A302B steel, prepared by J. V. Alger of 
the U. S. Steel Applied Research Laboratory, with selected residual ele- 
ment impurities added [16]. Following a vivid demonstration by NRL of 
copper and phosphorus effects in these laboratory heats, a large (30 ton) 
heat of ASTM Type A533B steel was procured at the request of the U. S. 
Atomic Energy Commission. In addition to ASTM specifcations, added 
limits were specified on copper (0.03 percent, with a high-copper version 
of 0.13 percent), phosphorus (0.009 percent), and other residuals, such 
as arsenic, antimony, bismuth, and tin (total 0.05 percent maximum) and 
vanadium (0.02 percent maximum). After irradiation at 550 F (288 C), 
the increase in transition temperature for the 0.03 percent copper version 
was only 40 F (22 C) versus 150 F (83 C) for a reference A302B steel which 
represented a midrange sensitivity for several component heats of A533B 
steel irradiated to comparable fluences. Other strong evidence of the effects 
of copper is found through a comparison of the increase in transition tem- 
perature with neutron exposure as a function of copper content for A533B 
steel (plate and welds) irradiated to various fluences [17]. Steels containing 
copper levels from 0.19 to 0.32 percent showed increases in transition tem- 
perature on an average twice those of a group of steels containing from 
0.09 to 0.14 percent copper. The latter, in turn, produced shifts twice as 
great as those for the 0.03 percent copper steel. The welds of A533B studied 
contained copper at levels >0.19 percent andconsequently fell in the high- 
sensitivity group. In a major effort [18] to produce higher strength pressure 
vessel steels having high resistance to radiation embrittlement, welds have 
been studied and special welds prepared in which the copper, nickel, and 
manganese contents were controlled in a statistical sequence to test any 
irradiation effects attributable to these elements individually or in various 
combinations. Copper again proved to be of overriding importance to 
radiation sensitivity. 
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How does copper so greatly affect radiation embrittlement? No clear 
answers are yet in hand, but hypotheses have been advanced and studies 
are under way. Early observations of effects of copper on sensitivity to 
steel embrittlement only at elevated temperature led to an examination of 
the possibilities of segregation of copper to interfaces which would become 
the initiation sites for subsequent fracture. Thus, in a cooperative study 
between the Naval Research Laboratory and the Massachusetts Institute 
of Technology, Ziebold [19] examined fracture surfaces of broken Charpy V 
specimens using a scanning electron microscope. Copper was observed in 
conjunction with manganese sulfide inclusions in the fracture, but this 
segregation was not conclusively related to increased sensitivity in the high- 
copper material. Hunter [20] of the Pacific Northwest Laboratory used 
scanning electron microscopy to look for possible variations in fracture 
mode between selected high- and low-copper steels after irradiation. Again, 
no significant variations attributable to copper segregation were noted, 
leaving much doubt regarding the hypothesis of copper segregation at 
points conducive to fracture [21]. Smidt of the Naval Research Laboratory 
has suggested several alternatives which are being investigated; these in- 
clude 

1. A more sensitive test of the possibility of copper segregation at inter- 
faces which subsequently become the fracture surface. This involves examina- 
tion of" the fracture surfaces by Aiiger spectroscopy to ascertain if segrega- 
tion has occurred at the 550 F irradiation temperatures and the relative 
magnitude of the effect in high- and low-copper alloys. It is essential that 
a fresh fracture surface be examined in high vacuum, and the experiment 
is being conducted in cooperation with Dale Stein, University of Minne- 
sota, using the techniques and approaches developed for studies of temper 
embrittlement. An estimate of the vacancy supersaturations necessary to 
increase the diffusivity of copper in iron in a large enough amount to per- 
mit segregation appears to be outside the realm of possibility. 

2. A test of the more likely mechanism, the formation of a copper-vacancy 
complex which serves as the nucleation site for vacancy aggregates. Such a 
defect aggregate would have greater thermal stability than those produced 
in lower temperature (<300 F, 149 C) irradiations or in low-copper ma- 
terial which undergoes dynamic recovery in the 550 F temperature range. 
This hypothesis also helps to explain the fact that even low-copper steels 
show relatively high embrittlement sensitivity when irradiated at low 
(< 300 F, 149 C) temperatures. The mechanism of embrittlement is simply 
one in which the higher yield strength in the material containing aggre- 
gates causes a greater shift in transition temperature [21]. Specimens are 
presently being irradiated by NRL to verify the higher yield strength in 
copper bearing alloys and the retardation of the recovery process. 

In discussion, a mechanism similar to that in semiconductors, where a 
silicon interstitial element may change places with an impurity substitu- 
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tional element converting it into an interstitial impurity atom, was sug- 
gested to explain the role of copper [22, 23]. If such a "conversion" mech- 
anism were active, it is suggested that saturation of the deleterious effects 
of copper might occur with higher temperature as such exchanges are ac- 
celerated and essentially completed. 

Regardless of the exact mechanism, however, it is abundantly clear that 
copper plays a major role in the embrittlement of reactor pressure vessel 
steels and that the more of it that is removed from the steels going into 
reactors the better. 

Embrittlement and Other Elements 

Other elements identified as being important in the embrittlement pro- 
cess include boron [24] and nickel [25]. 3 Harries and Eyre [24] postulated 
that, in addition to the expected neutron produced displacement damage, 
boron containing steels may undergo additional damage because of the 
energetic products from the transmutation reaction l~ and 4He. 
Embrittlement was indeed more severe in boron containing steels when 
irradiated at temperatures of 302 F (150 C) but did not show the significant 
difference between boron and nonboron steels when the irradiation temper- 
ature was higher, 482 F (250 C). Further, most steels used or seriously 
considered for reactor pressure vessel service contain no significant amounts 
of boron. 

Kawasaki et al [25] identify added nickel as a possible factor in changing 
the embrittlement of a modified 21/~Cr-lMo steel. It  is noted, however, 
that the more sensitive nickel bearing version showed very small added 
shifts in transition temperature, that they contained higher levels of phos- 
phorus, and that no analysis for copper was available for these steels. In 
an earlier study [26] of nickel effects, Ni-Cr-Mo steel showed no significant 
effects of nickel on radiation sensitivity. In fact, a patent [27] based on 
this early study has been granted J. V. Alger of U. S. Steel for a "radiation 
resistant steel." The role of nickel in radiation sensitivity of welds has 
been further investigated by Hawthorne, Fortner, and Grant [18], with no 
significant effect indicated for a base electrode composition of 21/~Cr-lMo. 

The influence of phosphorus has been demonstrated in typical pressure 
vessel steels but primarily is of academic interest only, since current prac- 
tice for making pressure vessel steels (including a vacuum stream degassing 
operation) reduces phosphorus to levels below those found critical to the 
enhancement of steel embrittlement. 

P r a c t i c a l  C o n s i d e r a t i o n s  

The ultimate value of research is validated by its application. In the 
case of steels for nuclear reactor pressure vessels, close communication be- 
tween the researcher, the steelmaker, and the steel user generally has as- 
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sured prompt application of research data. (Nevertheless, there is room 
for even better communication and cooperation.) 

Progressive improvements in the steel for nuclear reactor pressure vessels 
have resulted from (1) a conscious effort on the part of steelmakers to 
improve their product for a critical function, (2) advances in technology 
leading to the demand for higher strength, with a natural move to quenched 
and tempered low-alloy steels to meet this advance, and (3) the application 
of lessons learned in irradiation effects research. This pattern of progress, 
if extended to every vessel component, would eventually assure the opti- 
mum in reliability in spite of neutron irradiation effects. Unfortunately, 
no such idealized sequence has occurred or is likely to occur. Proof of the 
latter statement rests in the rather extreme differences observed between 
irradiated plate and weld metal and, in the United Kingdom, between 
plate, weld, and weld heat affected zone material (unirradiated) in certain 
steels. Thus, while important progress has been made toward improving 
vessel plate steels (both before and after irradiation), the weld, with high 
copper content, becomes the weak link in irradiated welded structures. 
Similarly, in the United Kingdom, weld heat affected zone cracking has 
been described as a potential problem without superimposing the added 
factor of radiation. 

In spite of the "weak link" aspects of weld metal in the irradiation sensi- 
tivity context, there is abundant evidence that the critical factor is com- 
position, especially copper and phosphorus contents, in the current and 
projected grades of U. S. reactor pressure vessel steels. Thus, the answer 
to excessive irradiation embrittlement sensitivity in welds appears to be 
control of composition. No significant effect of metallurgical mierostructure 
nor grain size in the welds or heat affected zone of current pressure vessel 
steels has been identified. In fact, the heat affected zone in A302B and 
A533B steels, which may exhibit grain coarsening, has been identified as 
relatively insensitive to radiation embrittlement compared to the weld 
metal. Such favorable behavior on the part of the heat affected zone in 
higher strength steels is an open question, however; no significant differ- 
ence between plate and forging response has been noted. 

In summary, on a practical basis, a continuing close relationship for 
communication and cooperation among researchers, steelmakers, and steel 
users will assure rapid transformation of research data into technological 
innovation with related advancements of benefit to the whole nuclear 
industry. 

Summary 

Progress in both fundamental and applied research on radiation em- 
brittlement of reactor pressure vessel steels has been rapid in recent years; 
hence, the agenda discussion session was most fruitful. The examination 
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of the microstructural and compositional aspects of radiation embrittle- 
ment of steels permits summary statements of what we now know and 
implications of what is needed in the way of additional study. (Emphasis 
is on conditions pertinent to the service environment.) 

1. Metallurgical microstructure can affect embrittlement sensitivity. 
Such effects have been observed especially with low irradiation tempera- 
tures. Changing the microstructure by heat treatment in steels otherwise 
the same has been demonstrated to change the sensitivity. A ferrite- 
pearlite structure appears to produce embrittlement sensitivity, while 
tempered bainite and especially tempered martensite tend to coincide with 
relative radiation embrittlement insensitivity. Of most significance, how- 
ever, is the fact that studies conducted at elevated (reactor vessel service) 
temperatures have not identified significant effects of metallurgical micro- 
structure. The accepted explanation for microstructura] influences is based 
on the relative abundance and homogeneity of sinks for radiation pro- 
duced defects. 

2. Grain size in several carbon and low-alloy steels has been identified 
as paralleling embrittlcment sensitivity, coarse grain structure being sensi- 
tive and fine grain structure being relatively insensitive. Experimental 
evidence favors this statement, but it is by no means a unanimous con- 
clusion. The important practical effects of grain size on steels irradiated at 
reactor vessel service temperatures are not as clear, since the isolation of 
microstructural effects from composition or impurity effects has not been 
emphasized. The projected mechanism by which small grain size reduces 
embrittlement is one of providing for a relatively homogeneous coupling 
of grain boundaries and neutron defects to reduce the effect on the mechani- 
cal properties of the steel when irradiated. Of practical importance is the 
fact that grain size is believed to be less significant in the quenched and 
tempered steels because the fine distribution of martensite may serve as 
defect sinks in the same way that fine grain structures do. Further, current 
U. S. steelmaking practice for vessel steels routinely produces a fine-grained 
product. 

3. The study of composition or impurity effects on radiation sensitivity 
has been directed fundamentally at interstitial elements and their effects 
in pure iron (and in steels) after irradiation at low temperatures, much 
below vessel service temperatures; on the other hand, a more applied re- 
search effort has focused on substitutional elements in steels irradiated at 
service temperatures. The former effort is enlightening as to the causes of 
radiation cmbrittlement, but the latter holds more value for providing an 
early engineering solution to the question. 

In summary, free nitrogen (in solid solution), through a mechanism be- 
lieved to involve a nitrogen-neutron defect complex, has been shown to 
have a major effect on the sensitivity of steels when the irradiation tem- 
perature is low (less than about 480 F, ~250 C). The observation of resolu- 
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tion of nitrogen on annealing at progressively higher temperatures has 
aided in understanding the mechanisms involved. On the other hand, the 
other major contributor to radiation hardening, copper, has been shown to 
be effeetive only at elevated temperatures. This effect is not understood 
fully but is thought to be eaused by a retardation of annealing because of 
a eopper-vaeaney aggregate which exhibits relatively high thermal sta- 
bility. Experiments are under way to validate this postulate, but the most 
important fact is that very low sensitivity to radiation embrittlement 
parallels low copper (0.03 percent) eontent. Even eopper levels as high as 
0.14 percent show superior 550 F (288 C) radiation resistance in eompari- 
son to steels containing 0.19 percent eopper or greater. 

Phosphorus, boron, and vanadium have also been identified as contribu- 
tors to radiation embrittlement sensitivity, but eurrent steel making prac- 
tice and the specific U. S. vessel steel compositions dictate low phosphorus, 
boron, and vanadium levels. These elements are not to be overlooked, 
however, as higher strength steels are eonsidered for reaetor vessel service. 

4. Applying the lessons learned in fundamental and applied research 
efforts dictates care in assuring the production of reactor vessels containing 
steels (ineluding welds and weld heat affeeted zones) which exhibit a fine 
grain structure and are of maximum eleanliness, especially in terms of 
copper as well as nitrogen, phosphorus, sulfur, vanadium, and certain other 
trace residual elements including antimony, arsenic, bismuth, and tin. This 
will not be easy, but, with a concerted effort encompassing, if neeessary~ 
revised composition speeifieations ineluding those for weld electrodes, ves- 
sels of relative insensitivity to radiation embrittlement should be possible 
in the future. At the same time, lessons learned from rcseareh on radiation 
cmbrittlement should aid the projection of levels of embrittlement to be 
expected in vessels already constructed, thereby greatly aiding the estab- 
lishment of procedures for operation of reactors to maximize vessel re- 
liability. 
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Effects of Irradiation in a Thermal Reactor 
on the Tensile Properties of Zircaloy 2 
and 4 and Borated Stainless Steel 

R E F E R E N C E :  Baroch, C. J., Munim, A. V., and Harbinson,  E. N., " E f f e c t s  
of  I r r a d i a t i o n  i n  a T h e r m a l  R e a c t o r  o n  t h e  T e n s i l e  P r o p e r t i e s  o f  
Zirca loy  2 a n d  4 a n d  B o r a t e d  S t a i n l e s s  S t e e l , "  Irradiation Effects on 
Structural Alloys for Nuclear Reactor Applications, A S T M  S T P  ~8~, American 
Society for Testing and Materials, 1970, pp. 176-193. 

A B S T R A C T :  Babcock & Wilcox conducted a series of tests to determine the 
effects of irradiation and thermal aging on the tensile properties of core struc- 
tural  materials used in a PWR. Type 304 stainless steel (containing about  250 
ppm boron) and Zircaloy 2 specimens were obtained from the  first core of the  
Consolidated Edison Indian Point  reactor, and Zircaloy 4 specimens were 
irradiated in the Babcock & Wilcox test  reactor. The  Type 304 stainless steel 
cladding and the Zircaloy 2 channel from the Indian Point  reactor had oper- 
ated at  about  600 and 525 F, respectively, and had achieved peak fluences of 
about  3 • 1051 n / c m  ~, E > 1 MeV. The Zircaloy 4 specimens were irradiated at  
130, 650, and 725 F to peak fiuenees of about  9X10  ~~ n / c m  z, E > 1 MeV. 

The borated stainless steel specimens were tested at  70, 600, 750, 900, 1050, 
1200, 1300, and 1450 F. Some of the specimens were annealed at  1832 F for 1 h 
to eliminate all displacement-type defects. Irradiat ion increased the s t rength  
of the cladding a t  test  temperatures below 900 F, bu t  it had little effect on the  
s t rength at  higher test  temperatures.  At  all test  temperatures  the ductility of 
the cladding was quite low--often less than  0.5 percent. Postirradiation an- 
nealing for 1 h at  1832 F returned the s t rength to the unirradiated condition 
but  had little effect on the ductility. 

Specimens obtained from both  the  longitudinal and transverse directions of 
the  Zircaloy 2 channel  were tested a t  70, 525, and 750 F. At  all test  temper- 
atures the  ul t imate and yield strengths increased with fluence up to the peak 
fluence achieved in the  program. The  uniform elongations were all 1 percent 
or less, regardless of fast fluence or specimen orientation. 

Zircaloy 4 ring specimens were tested a t  900, 1100, 1300, 1450, and 1600 F. 
About  half of the tension specimens were in the mill-annealed condition, and 
the  remainder were cold-worked. At  1100 F and above the  tensile properties of 

Chief, Ceramics and Metallurgy Section, and engineer, Nuclear Metallurgy Group, 
respectively, Research and Development  Div., Babcock & Wilcox Co., Lynchburg, 
Va. 24505. 

Engineer, Wheelabrator  Co., Bombay,  India. 
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cold-worked and mill-annealed Zircaloy 4 were identical. At a test temperature 
of 900 F, irradiation caused some changes in the tensile properties of both 
materials. The extent of the effect of irradiation was dependent on the level of 
cold work and fluence. 

KEY W O R D S :  irradiation, zirconium alloys, reactor cores, stainless steels, 
Zircaloys, radiation effects, nuclear reactors, thermal reactors, pressurized 
water reactors, mechanical properties, nuclear energy, helium, cladding, tensile 
properties, tension tests 

Detailed knowledge of core material  properties before and after irradia- 
tion is required in the design of a nuclear power reactor; the behavior of 
the materials during normal and accident conditions must  be known. The 
effects of irradiation on the properties of structural  materials can be de- 
termined f rom experiments conducted in research or test  reactors or by 
examining core components f rom operating reactors. 

This paper describes two programs concerning the effects of irradiation 
on core and cladding materials. In  one, the tensile properties of Type  304 
stainless steel containing 250 p p m  boron and Zircaloy 2 were evaluated. 
These materials were obtained from the first core of the Consolidated 
Edison Indian Point reactor, Buchanan, N. Y., which had operated for 
442 effective full power days and had achieved a peak fluence of 2.6 >(1021 
n / c m  2, E > 1 MeV. The work on this program was supported by  the U. S. 
Atomic Energy Commission under contract AT(30-1)-3809. 

In  the other program, the tensile properties of Zircaloy 4 cladding at 900 
to 1600 F were determined before and after irradiation. These data are 
important  to core designers, especially if a loss-of-coolant accident should 
occur during reactor operation or if there is excessive crud buildup on the 
fuel cladding. Babcock & Wilcox supported the work on this program. 

Tens i l e  P r o p e r t i e s  o f  B o r a t e d  T y p e  304 S t a i n l e s s  S tee l  

Program Description 

During the past  few years it has been theorized tha t  the loss of ductility 
in irradiated austenltic stainless steel at  temperatures  above 900 F is 
caused by the accumulation of helium produced by the n,a reaction in 
boron-10 and other elements in the stainless steel. Because of the high 
boron content  (250• ppm) of the cladding from the first core of the 
Indian Point  reactor, a considerable amount  of helium was produced by 
irradiation. The examination of this cladding provides a unique oppor- 
tuni ty  to determine whether the loss in h igh4empera ture  ductil i ty can, 
indeed, be related to the helium or is caused by  some other fast neutron 
reaction. 

Table 1 outlines the scope of the tension testing program. The tests 
conducted at  70 and 600 F are of interest to thermal  reactor designers. The 
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remaining data were obtained to determine the effects of the high helium 
content on the elevated-temperature properties of the steel. The data from 
the unirradiated specimens that were aged in helium at 600 F for 3000 and 
6000 h were used to separate the effects of thermal aging in the reactor 
from the effects of irradiation. Some of the irradiated and unirradiated 
specimens were annealed at 1832 F for 1 h. The annealing eliminated the 
displacement-type defects in the irradiated specimens and allowed a more 
precise determination of the contribution of the helium to the loss in duc- 
tility. The unirradiated specimens, both as-received and annealed, provide 
a base line for interpreting the data. The fabrication history for the clad- 
ding and fuel assembly were discarded after the core had been inserted 
into the reactor; thus, it is assumed that the archive and irradiated ma- 
terials had similar processing histories. 

Semicylindrical pieces of the cladding were obtained by slitting 4-in.- 
long sections of the fuel rod in the axial direction. The sections of cladding 
were deburred, and the 1-in. gage length was machined using a Tensile 
Kut machine. The specimens that were annealed were soaked for 1 h at 
1832 F and then water quenched. The specimens were packed in Sen-Pak 
heat treating containers to minimize oxidation during annealing and 
quenching. Sen-Pak envelopes, fabricated by the Sentry Co., Foxboro, 
Mass., use a metal foil container to provide a protective sheath during heat 
treating that automatically neutralizes the entrapped air. All specimens 
were tested at a strain rate of 0.02 min-1; an extensometer was attached to 
each specimen throughout the test. The yield strength was determined 
using the 0.2 percent offset method. 
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FIG. 1--Yield strength of irradiated and unirradiated stainless steel cladding after 
annealing. 
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FIG. 2--Ultimate tensile strength of irradiated and unirradiated stainless steel cladding 
after annealing. 

Results 

Unirradiated Cladding--The results of the tension tests conducted on 
unirradiated specimens that were annealed for 1 h at 1832 F are shown 
graphically in Figs. 1-3. The yield strengths of as-received specimens 
thermally aged for 3000 and 6000 h decreased as the temperature increased 
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FIG. 3--Uniform elongation of irradiated and unirradiated stainless steel cladding after 
annealing. 
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from 70 to 750 F. Little difference was observed in the yield strength of 
the specimens tested at 750 to 1000 F. The yield strength then increased 
with increasing temperature from 1000 to 1300 F. The normal softening 
trend resumed above 1300 F, and at 1450 F the yield strength was approxi- 
mately the same as it was at 900 F. The ultimate tensile strength generally 
decreased with increasing temperature. 

The uniform elongation of all the materials (Fig. 3) decreased as the 
test temperature was increased from 70 to 600 F. At 600 F, the uniform 
elongation began to increase with increasing temperature, until a peak in 
the total elongation occurred at 850 F. The uniform elongation then de- 
creased as the temperature increased from 850 to 1450 F. 

The properties of the as-received, 3000 and 6000-h thermally aged ma- 
terials that were not annealed were essentially identical to those of the 
annealed materials. Annealing (1 h at 1832 F) of the unirradiated specimens 
before testing has essentially no effect on the strength or the ductility of 
either the as-received or thermally aged cladding. 

Irradiated Cladding--Figures  1 through 6 show the results of the tension 
tests on the irradiated cladding before and after annealing. The data points 
on these figures represent the average of the two specimens tested at any 
one condition. The fluence for the irradiated specimens ranged from about 
5X10 ~~ to 2.5><10 ~1 n/cm ~, E >1 5{eV. 

The data for the unirradiated and irradiated cladding after annealing 
are compared in Figs. 1-3. Some minor differences in the strength of the 
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FIG. 4--Yield strength of irradiated stainless steel cladding before and after annealing. 
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FIG. 5--Ultimate strength of irradiated stainless steel cladding before and after annealing. 

unirradiated and irradiated materials were observed, particularly in the 
shape of the curves above 800 F. It appears that irradiation may have 
either shifted the start of the secondary hardening process to a slightly 
lower temperature or altered the process. Because the unirradiated cladding 
came from a dummy bundle rather than a production bundle and, thus, 
may not be truly representative of the material irradiated, it is impossible 
to determine whether these differences were caused by irradiation or by 
differences in materials. 
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FIG. 6--Uniform elongation of irradiated stainless steel cladding before and after 
annealing. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



BAROCH ET AL ON IRRADIATION IN A THERMAL REACTOR 183 

The data also indicate that the annealing operation eliminated essentially 
all of the strengthening produced during irradiation. Even though the 
strength returned to the unirradiated condition, the elongation of the ir- 
radiated cladding after annealing was still considerably less than that for 
the unirradiated cladding. This would suggest that some factor other than 
point defects caused the low elongations. 

The data for the as-irradiated cladding before and after annealing are 
compared in Figs. 4-6. Annealing reduced the tensile and ultimate strength 
of the material significantly at test temperatures below 800 F. At higher 
test temperatures the strength of the as-irradiated cladding was generally 
lower than that of the irradiated cladding after annealing. Apparently, the 
annealing operation produced some secondary hardening that did not oc- 
cur in the as-irradiated cladding. It is possible also that many of the de- 
fects introduced by irradiation began to move rapidly during testing at 
temperatures above 800 F. The movement of defects led to rupture of the 
specimens at a lower load than that required to rupture specimens in which 
there was little defect movement. 

Annealing for 1 h at 1832 F restored some of the ductility to the speci- 
mens at test temperatures below 1000 F; the restoration of ductility was 
far from complete however. At test temperatures above 1000 F, there was 
essentially no difference between the elongation of the as-irradiated clad- 
ding and that of the irradiated cladding that had been annealed. 

With standagd Type 304 stainless steel the irradiation temperature is a 
fairly significant factor in determining the effect of irradiation on the ma- 
terial's mechanical properties [1, 2]. ~ Irradiation of the borated Type 304 
stainless steel at about 600 F appears to produce a slightly different effect 
in that 

1. It reduces the ductility at temperatures above 900 F; this effect is 
attributed to helium. 

2. It introduces some displacement-type defects and some other product 
that affects the properties below 900 F. 

Annealing the borated stainless steel restores its strength to the unirradi- 
ated condition but does not affect the ductility significantly. If displace- 
ment defects were the only factor affecting the properties at test tempera- 
tures below 900 F, then the annealing operation should restore the strength 
and ductility. It is possible that helium in sufficient quantities affects not 
only the elevated-temperatttre ductility but also the ductility both before 
and after annealing at test temperatures below 900 F. 

Tensile Properties of  Zirealoy 2 Channel 

Program Description 
These tests were conducted to determine the tensile properties of the 

Zircaloy 2 channel after operation at 525 F for 442 effective full power 

8 Italic numbers  in brackets refer to the list of references at  the end of this paper. 
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184 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

days in the Indian Point  reactor. Both longitudinal and transverse speci- 
mens were tested at 70, 525, and 750 F. The tensile properties were deter- 
mined at s strain rate of 0.020 min -~, the yield strength being determined 
by the 0.2 percent offset method. An Instron extensometer modified to fit 
these specimens was used at all three test  temperatures. 

The Zircaloy channel selected for examination was obtained from an 
element that  had received a peak calculated fluence of about 2.5X10 :' 
n / cm 2, E > 1 5~eV. The tensile blanks, 41~ in. long, 1/~ in. wide, and 0.155 
in. thick, were obtained by sectioning the channel with an abrasive cutoff 
wheel and a motorized band saw. A Tensile Kut  machine was used to 
machine the 0.25-in.-wide and 1.0-in.-long gage lengths. 

R e s u l t s  

The postirradiation tensile properties for the 70, 525, and 750 F tests 
are shown graphically as a function of fast fluence in Figs. 7-10. For  all 
test temperatures the ultimate tensile and yield strengths continued to in- 
crease with total fluence for fast fluences up to 2.6 X 1021, E > 1 MeV. The 
strength in the longitudinal direction was greater than that  in the trans- 
verse direction. The channel was fabricated from annealed Zircaloy 4 but  
the preirradiation tension data were not available. Typical  annealed Zir- 
caloy 4 would have a yield strength of about 40,000 psi at 70 F. Thus the 
strength increased from 40,000 psi in the as-fabricated condition to about 
100,000 psi at a fluence of 1.5 X 1020 n / cm 2. Because the preirradiation data 
were not available, the change in tensile and yield strengths as a function 
of fast ftuence and specimen orientation could not be evaluated. However, 
the absolute values reported by Irvin [3] for annealed Zircaloy 2 pressure 
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tubing irradiated at 540 F to an exposure of 2.2)<10 ~1 were within the 
100,000 to 110,000 psi range obtained from the material in this investi- 
gation. 

The increases in tensile and yield strengths were accompanied by a de- 
crease in ductility, as shown in Fig. 10. For all three test temperatures the 
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F I G .  lO--Effect of irradiation at 525 F on the total elongation of Zircaloy 2. 

total elongation in the transverse direction was greater than in the longi- 
tudinal direction. The total elongation in both directions was lower at 525 F 
than at 70 or 750 F. The lower ductility at 525 F is not inconsistent with 
the results for unirradiated Zircaloy 4 as reported by Scott [~], where the 
minimum ductility occurred at 500 to 800 F. 

Tensile Properties of Zlrcaloy 4 Cladding 

Program Descript ion 

Babcock & Wilcox conducted a program to determine the tensile prop- 
erties of irradiated Zircaloy 4 at test temperatures us high as 1600 F. These 
data are required to assess the consequences of a loss of primary coolant 
or of excessive crud buildup in an operating power reactor. About 60 ir- 
radiated ring-type specimens were tested at various temperatures; the 
specimens were obtained from the large program described by Harbinson 
[5]. Unirradiated ring specimens were also tested at similar temperatures. 
Table 2 lists specimen descriptions and the temperatures at which they 
were irradiated and tested. Before testing of the irradiated specimens be- 
gan, unirradiated specimens were tested at various temperatures after 
aging for varying lengths of time. During the aging operation, the speci- 
mens were sealed in Sen-Pak envelopes to keep them in u relatively inert 
atmosphere. According to Hurbinson hydrogen has little effect on the ele- 
vated-temperature properties of unirr~diated Zircaloy 4; therefore, none 
of the unirradiated specimens evaluated in this program were hydrided. 
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188 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

The method used in testing the ring specimens was similar to that de- 
scribed by Sanderson [6] and Fleming [7]. The 0.25-in.-wide ring specimens 
were obtained from tubing with an outside diameter of about 1.00 in. and 
an inside diameter of 0.940 in. Both mill-annealed and cold-worked tubing 
were included in the program. Some of the irradiated ring specimens were 
hydrided before irradiation. In these hydrided specimens the hydrogen 
content varied from about 100 to 800 ppm, and the average was about 
300 to 400 ppm. 

The specimens were strained at the rate of 0.05 in./min. In this program 
it was assumed that the gage length was equal to the outside diameter of 
the ring. Load-deflection Curves obtained from the crosshead travel provide 
rather precise information on the ultimate strength of the material; but 
the yield strength, as determined by the 0.2 percent offset method, and 
elongations are relative, because the actual gage length was not known. 

Results 

Effects of Thermal Aging on Tensile Properties--Aging for 4 to 24 h at 
900 F resulted in a slight decrease in the yield strength and a minor in- 
crease in the total elongation. 5~[ost of the changes in properties occurred 
within the first 4 h of aging. At 900 F there was some difference in the yield 
strengths, total elongations, and uniform elongations of mill-annealed and 
cold-worked Zircaloy 4. 

Aging at 1100 F caused tensile and yield strengths to decrease, producing 
increases in uniform and total elongations. After aging for 1 h, however, 
there were essentially no further changes in the tensile properties. At 1100 
F, some minor differences appeared in the properties of mill-annealed and 
cold-worked Zircaloy 4; however, these differences tended to diminish after 
aging for 1 h. Aging at 1300 F had essentially no effects on the properties 
of Zircaloy 4; furthermore, the properties ef mill-annealed and cold- 
worked Zircaloy ~ were essentially identical. 

Effects of Irradiation on Tensile Properties--The fluence of these speci- 
mens vacied from about 8 X 1019 to about 9 X 10 ~~ n/cm 2, E > 1 5~[eV. Nine- 
teen of the specimens had been irradiated at 775 F, 24 at 650 F, and 17 
at 130 F. Twenty-one of the irradiated specimens were aged at 900, 1100, 
or 1300 F for short periods of time before testing. The aging times were 
selected as the minimum times that would produce the maximum changes 
in the properties of unirradiated Zircaloy 4. For example, there were es- 
sentially no differences in the properties of unirradiated Zircaloy 4 after 
aging at 900 F for 4 and 24 h. Consequently, the irradiated specimens 
were aged for only 4 h. There were not enough irradiated specimens avail- 
able to prove that the irradiated specimens behaved in the same manner 
as the unirradiated specimens; nonetheless, the results reported below indi- 
cate that aging treatment is not always completely effective in restoring 
the properties found in the unirradiated condition. 
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BAROCH ET AL ON IRRADIATION IN A THERMAL REACTOR 189 

Properties at 900 F--The properties of cold-worked Zircaloy 4 at 900 F 
are essentially unaffected by irradiation to fluences as high as 9• 
n/cm 2. Irradiation increased the strength of annealed Zircaloy 4 at 900 F, 
and the strength increased with fluence to the maximum exposure achieved 
in this program. Even though irradiation increased the strength of the an- 
nealed Zircaloy 4, there was no significant change in the ductility. Neither 
hydrogen nor irradiation temperature had any significant effect on the 
properties at 900 F. 

The tensile strengths of the cold-worked specimens after aging for 4 h at 
900 F were almost identical to the strengths of the as-irradiated specimens; 
thus, aging had little or no effect on the strength of the irradiated material. 
The tensile and yield strengths of the irradiated mill-annealed material 
after aging for 4 h were somewhat lower than the strengths of the as-irradi- 
ated annealed material, but they were still higher than the strengths of 
the unirradiated control specimen. Fluence, however, had little effect on 
the properties of the aged material Aging apparently eliminated some of 
the effects of irradiation. It was not determined whether additional aging 
would have affected the properties even further. 

Properties at 1100 F--The strengths of mill-annealed and cold-worked 
Zircaloy 4 at 1100 F were not affected by irradiation at any exposure. The 
elongation of annealed Zircaloy 4 was reduced somewhat by irradiation, 
whereas the elongation of cold-worked Zircaloy 4 was unaffected by ir- 
radiation. 

Aging the specimens for 1 h had essentially no effect on the strengths of 
the specimens that received fluences greater than 3 X 102~ but it did reduce 
the strengths of the unirradiated specimens and of the irradiated specimens 
receiving a fluence of less than 3 • 102~ The aging operation did not affect 
the elongation of the irradiated, annealed Zircaloy. While the elongation 
of the cold-worked Zircaloy 4 was increased by aging when the fluence was 
less than 3 • 10 ~~ it was not affected when the fluence was greater than 
3 X 102~ n/cm ~. 

Properties at 1300 F, 1450, and 1600 F--At  1300 F there were no signifi- 
cant differences in the properties of cold-worked and annealed material, 
nor were there any differences between the irradiated, unirradiated, and 
irradiated and aged specimens. There was considerable scatter in the data 
obtained at 1450 and 1600 F. Consequently, it is difficult to draw any defi- 
nite conclusions from these limited data. On the basis of the results at 
1300 F one. can conclude, however, that irradiation had essentially no 
effect on the properties at 1450 and 1600 F. 

Comparison of Properties of as-Received and Irradiated Zircaloy 4--The 
yield strength and total elongation of as-received and irradiated Zircaloy 4 
are shown in Figs. 11 and 12. The data at 650 and 775 F were taken from 
the Zircaloy 4 program described by Harbinson [5]. At test temperatures 
above 900 F, fluence and irradiation temperatures had little effect on the 
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properties of Zircaloy 4. In contrast, however, fluence and irradiation 
temperature have a relatively important effect on the properties at test 
temperatures of 650 and 775 F. Consequently, all the data for irradiated 
specimens shown in Figs. 11 and 12 are from specimens that were irradi- 
ated at 650 :F to a fluence of 6 X 102o n/cm 2. 

The data indicate that,, at test temperatures above 1100 F, the unirradi- 
ated and il~radiated properties are essentially identical for both the cold- 
worked and annealed Zircaloy 4. Below 1100 F there are significant differ- 
ences. Furthermore, the properties of irradiated material differ from those 
of as-received material, and these :differences in properties increase with 
decreasing temperature. 

Conclusions 

1. The ductility of irradiated Type 304 stainless steel containing about 
250 ppm boron was generally quite low--often less than 0.5 percent--at 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



BAROCH ET AL ON IRRADIATION IN A THERMAL REACTOR 191 

3[ 

z( 

N 

lO 

Anld Irradiated ] 

g Anld - As-Received O / ~  |  
�9 CW- As-Received J / " ~ - - "  ~ ' %  

Anld ~ Irradiated X ~/~ ' O - / ? 
o W-Irr diated 7 / I  . . . . .  
F1 ..... 6X 10 zO nvt /~'i AAlloFvCeatrsea~olm3Cm0oFn t nd 
I~radiation T~p = 65oFILI Irra?iated and. Uni .... 

Both Irradiated diated Specimens 

and As-Received 

As-Received ~ ~ i i i l t  i Annealed Annealed Irradiated  

x.....L_.x ~ j 

fJ , o  

i i I i 800 1000 1Z00 1400 1600 
Test Temperature, F 

FIG. 12--Total elongation of as-received and as-irradiated Zircaloy 4 as a function of 
test temperature. 

all test  temperatures.  Postirradiation annealing for 1 h at  1832 F had little 
effect on the ductility. I r radiat ion of the borated stainless steel at  600 F 
apparent ly  introduces enough helium into the steel so tha t  the ductility 
at test  temperatures  up to 900 F is reduced significantly, even after a post- 
irradiation anneal. 

2. I r radiat ion at 525 F to a fluence of 2.5X1021 n / c m  2 increased the 
strength and reduced the ductility of the Zircaloy 2 obtained from the 
Indian Point reactor. The properties of the irradiated Zircaloy 2 at  70, 
525, and 750 F were consistent with those reported in the literature. 

3. Irradiat ion increased the strength and decreased the ductility of both 
cold-worked and annealed Zircaloy 4 ring specimens tested at  900 F. These 
effects became more pronounced with increasing fluence. Annealing the 
irradiated specimens for 4 h at 900 F before testing removed most of the 
effects of irradiation but  did not restore completely the properties found 
in the unirradiated condition. Neither the level of cold work nor irradiation 
had any effect on the properties of Zircaloy 4 at test  temperatures  of 1100 
to 1600 F. 
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DISCUSSION 

A. L. Bement~--Did you observe dimensional changes in the  Zircaloy 2 
channels from the Indian Point reactor that would indicate the occurrence 
of radiation induced growth? 

C. J. Baroch (authors' closure)--The overall dimensions and shape of the 
irradiated channel indicated that no gross dimensional changes or distor- 
tion had occurred during operation; rather precise measurements are re- 
quired to detect the volume changes that might occur during irradiation 
to fluences of < 3 • 10 21 n/cm 2. Since the preirradiation dimensions of the 
channel selected for examination were not available, accurate determina- 
tion of any radiation induced growth was impossible. 

1 Battelle-Northwest, Richland, Wash. 99352. 

Copyright �9 1970 by ASTM International 

193 

www.astm.org 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



M. Kangi laski ,  ~ J.  W. Spretnak, ~ A.  A .  B a u e r / a n d  
R. A.  Wullaert ~ 

Influence of Irradiation Temperature on 
the Tensile Properties of Stainless Steel* 

REFERENCE: Kangilaski, M., Spretnak, J. W., Bauer, A. A., and Wullaert, 
R. A., " Inf luence of  Irradiat ion  T e m p e r a t u r e  on t h e  Tens i l e  Propert ies  
of Stainless Steel ,"  Irradiation Effects on Structural Alloys for Nuclear Reactor 
Applications, A S T M  S T P  484, American Society for Testing and Materials, 
1970, pp. 194-214. 

ABSTRACT: As an initial step in comparing the effects of irradiation in 
neutron spectrums characteristic of thermal and fast reactors, irradiations to 
establish the role of temperature on tensile property changes in the thermal 
reactor spectrum were undertaken. For this purpose specimens of Type 347 
stainless steel were irradiated in the ETR at 400 and 650 C to a target fluence 
of 5 X 1011 n/cm 2. The results of this irradiation are reported in this paper and 
are compared with previous results for specimens irradiated to the same 
fluence at 50 C. 

K E Y  WORDS:  irradiation, fast neutrons, radiation damage, radiation effects, 
fast reactors (nuclear), thermal reactors, mechanical properties, tensile prop- 
erties, elongation, fractures (materials), dosimetry, helium, bubbles, stainless 
steels, mechanical tests 

I r r a d i a t i o n  s tudies  of T y p e  347 s ta inless  steel  were or ig ina l ly  u n d e r t a k e n  
to  measu re  the  changes  in tensi le  p roper t i e s  of s ta in less  steel  as a resul t  
of i r r a d i a t i o n  to  h igh  fas t  f luences a t  50 C in t h e r m a l  reactors .  Resu l t s  of 
t es t s  on spec imens  i r r a d i a t e d  in t he  E T R  to fas t  fluences rang ing  f rom 
5X1021 to 3 X1022 n / c m  2 have  been  p rev ious ly  r e p o r t e d  [1, 2]2 Of special  

1 Senior research metallurgist, fellow, and chief, respectively, Materials and Environ- 
mental Engineering Div., Battelle Memorial Institute, Columbus, Ohio 43201. 

2 Professor, Department of Metallurgical Engineering, Ohio State University, Colum- 
bus, Ohio 43210. 

* Work performed under U. S. Atomic Energy Commission Contract W-7405-eng-92. 
Submitted by M. Kangilaski to the Graduate School of the Ohio State University as a 
portion of a thesis in partial fulfillment of the requirements for the degree of Master of 
Science. 

a Italic numbers in brackets refer to the list of references at the end of this paper. 
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KANGILASK[ ET AL ON TENSILE PROPERTIES OF STAINLESS STEEL 1 9 5  

interest in this study was the irradiation induced embrittlement of stain- 
less steel at  elevated testing temperatures [3, 4, 5]. 

While these irradiations were performed in a thermal reactor, the results 
are of interest to the L M F B R  program because of potential  neutron spec- 
t rum effects on damage mechanisms and severity of damage, particularly 
at  the high fluence levels to which this material was exposed. Consequently, 
irradiations were planned in the E B R - I I  with identical Type 347 stainless 
steel specimens for the purpose of comparing the effects of irradiation in 
fast and thermal reactor spectrums. The temperature of irradiation repre- 
sents an additional variable, with temperatures up to at least 700 C being 
of interest for L M F B R  application. 

M a t e r i a l s  a n d  I r r a d i a t i o n  C o n d i t i o n s  

Specimen~ were taken from the same heat of Type 347 stainless steel 
that  was used for the earlier irradiation studies in E T R  [2]. Since only a 
limited number of the original Type 347 stainless steel specimens were 
available, additional specimens of Type 348 stainless steel were included 
in the irradiation experiment. Type 347 stainless steel can be considered 
as a Type 348 stainless steel (less than 0.10 weight percent tantalum and 
0.20 weight percent cobalt). The Type 348 stainless steel rod, from which 
specimens were machined, was obtained from the stockpile of structural 
materials kept at Battelle-Northwest for use in experiments to study radia- 
tion effects on structural materials. Chemical compositions of both stain- 
less steels are given in Table 1. Grain size of the Type 348 stainless steel 
was 10 t~m while that  of the Type 347 stainless steel was 12 #m. 

TABLE 1--Chemical analysis of Type 3~7 and Type 3~8 stainless steel. 

Weight Percent 

Element 347 SS 348 SS 

Chromium . . . . . . . . . . . . . . . . . . . . . . . . . . .  17.9 
Nickel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10.4 
Manganese . . . . . . . . . . . . . . . . . . . . . . . . . .  1.72 
Silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.65 
Columbium . . . . . . . . . . . . . . . . . . . . . . . . . .  0.67 
Copper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.30 
Molybdenum . . . . . . . . . . . . . . . . . . . . . . . .  0.20 
Cobalt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.19 
Titanium . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  0.10 
Carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0,057 
Phosphorus . . . . . . . . . . . . . . . . . . . . . . . . . .  0.024 
Sulfur . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.016 
Tantalum . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.01 
Boron . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  :. 0.00005 
Nitrogen . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.030 
Iron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Balance 

17.5 
9.67 
1.67 
0.51 
0.58 
0.06 
0.06 
0.18 

Not analyzed 
0.04 
0.014 
0.009 
0.03 
0.0008 
0.037 

Balance 
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The specimens, contained in NaK to assure better temperature uni- 
formity, were irradiated in a double walled, single gas annulus capsule. 
For specimens irradiated at 650 C a gas annulus of 12 mil was utilized, 
while the 400 C temperature was obtained by using a gas annulus of 3 
rail. Thermocouples were placed on both sides of the gas gap and the 
temperatures were continuously monitored. Temperatures could be con- 
trolled by changing the conductivity across the gap, effected by varying 
the helium to nitrogen ratio in the gas which continuously flowed through 
the gas annulus. 

The fast fluence (E > 1 MeV) that was received by the specimens was 
determined with nickel dosimetry wires. These dosimetry wires were 
placed around the capsule and removed after each cycle. Sections of the 
wires, which corresponded to specific specimen locations, were counted by 
gamma spectrometry. The total fast fluence that was received by the speci- 
mens ranged from 3.3 X 1051 to 4.6 X 1021 n/cm 2. 

Testing Techniques 

Tension Testing 

Tension testing was done with an Instron testing machine, at a strain 
rate of approximately 0.005 in. for all testing temperatures. This was ob- 
tained by using a crosshead travel speed of 0.01 in. for specimens with a 
2-in. gage length and one of 0.005 in. for specimens with a 1-in. gage length. 
Strain was measured with an extensometer fastened to the specimen grips; 
this method was adopted because of the difficulty of remotely fastening an 
extensometer to the highly radioactive specimens. To check the values for 
strain, as measured from the stress-strain curve, all specimens were meas- 
ured after testing. The change in length was divided by the length of the 
gage section to obtain total elongation values. The measured values showed 
good agreement with the elongation values obtained from the stress-strain 
curve. Reduction in area values were obtained by photographing the frac- 
tured ends of specimens together with a ruler at X6. 

Fractography 

Replicas were taken from the fracture surfaces of selected unirradiated 
and irradiated specimens after testing. The replicas were prepared by the 
two-stage cellulose acetate-carbon technique and were shadowed with 
chromium-carbon from an angle of 45 deg. They were examined by an 
electron microscope. 

Metallography 

Specimens for metallography were~sectioned and mounted so that the 
viewing surface was perpendicular to the tension axis. This way the frac- 
ture appearance of the specimens could be viewed. The specimens were 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



KANGILASKI ET AL ON TENSILE PROPERTIES OF STAINLESS STEEL ] 9 7  

ground wi th  120-grit SiC paper  close to midp lane  of the  d iameter .  T h e  

gr inding was finished wi th  240, 400, and 600-grit S iC paper,  a f ter  which  

the  specimens were polished wi th  d i a m o n d  paste.  E t c h i n g  was done wi th  

oxalic acid. 

Hel ium  Analys i s  

H e l i u m  analysis  was per formed on two of the  i r rad ia ted  specimens by  

Atomics  In te rna t iona l ,  Canoga  Park ,  Calif. Small  samples  f rom the  irradi-  

a ted  specimens were vapor ized  in a tungs ten  helix coil under  vacuum.  

I m m e d i a t e l y  af ter  the  4He was released f rom the  sample,  a precisely known 

vo lume  of 3He was added.  T h e n  the  rat io  of 4He to aHe was de te rmined  

and f rom this ra t io  the  4He con ten t  was calculated.  

TABLE 2--Tensile properties of unirradiated and irradiated Type 347 stainless steel. 

0.2% 
Fast Offset 

Test Fluence, Yield Ultimate Uniform Total Reduction 
Temperature, E ~ 1 MeV, Strength, Strength, Elonga- Elonga- in Area, 

deg C n/cm 2 psi psi tion, % tion, % % 

Unirradiated 
25 . . . . . . . . . .  37.0X10 s 90.0X10 ~ 52.0 64.0 79.0 

315 . . . . . . . . . .  26.8 64.2 3!.9 36 72 
500 . . . . . . . . . .  24.0 47.5 22.4 26.6 64 
600 . . . . . . . . . .  23.0 40.5 17.8 22.5 55 
750 . . . . . . . . . .  22.0 33.0 16.0 26 45 

Irradiated 
at 50 C 

25 . . . . . . .  5.5X1021 88.7 111.5 24.7 32.7 70 
315 . . . . . . .  5.5 80.0 84.0 13.2 16.4 60 

Irradiated 
at 400 C 

25 . . . . . . .  4.0 109.0 131.0 12.3 20.6 89 
315 . . . . . . .  4.0 95.6 104.0 4.8 9.5 47 
750 . . . . . . .  4.0 18.0 25.4 2.2 2.3 0.1 

Irradiated 
at 650 C 

25 . . . . . . .  4.2 39.1 95.5 47.5 56.7 88 
315 . . . . . . .  4.2 31.4 63.5 24.0 30.6 65 
750 . . . . . . .  4.2 18.7 21.2 3.1 3.7 5.0 

Irradiated 
at 650 C, an- 
nealed i h 
at 980 C 

25 . . . . . . .  4.6 32.5 92.2 57.5 69.9 91 
315 . . . . . . .  4.6 22.7 64.5 31.2 37.0 53 
750 . . . . . . .  4.6 14.5 18.2 2.5 3.6 6.0 
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1 9 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

TABLE 3--Tensile lyroperties of unirradiated and irradiated Type 348 stainless steel. 

0.2% 
Fast Offset 

Test Fluenee, Yield Ultimate Uniform Total Reduction 
Temperature, E >1 MeV, Strength, Strength, Elonga- Elonga- in Area, 

deg C n/cm 2 psi psi tion, % tion, % % 

Unirradiated 
25 . . . . . . . . . .  

315 . . . . . . . . . .  
440 . . . . . . . . . .  
500 . . . . . . . . . .  
600 . . . . . . . . .  
750 . . . . . . . . .  

Irradiated 
at 400 C 

315 . . . . . . .  3.3X1021 88.1 
500 . . . . . . .  3.3 70.6 
600 . . . . . . .  3.3 44.9 

Irradiated 
at 650 C 

25 . . . . . . .  4.4 38.0 
315 . . . . . . .  4.4 33.7 
425 . . . . . . .  4.4 27.6 
500 . . . . . . .  4.4 26.2 
600 . . . . . . .  4.4 26.8 

Irradiated 
at 650 C, an- 
nealed i h 
at 980 C 

500 . . . . . . .  4.6 25.2 
600 . . . . . . .  4.6 23.4 
750. . . . . . .  4.6 15.1 

36.2X10 a 93.0X10 a 58 61.4 82 
27:8 62.8 26.7 29.4 74 
23.2 60.2 22.5 25 70 
23.8 53.2 22.7 25.2 69 
23.4 49.1 21.5 30.3 64 
19.0 27.3 4 35 55 

93.1 3.5 6:6 60 
80.9 2.7 4.9 17 
45.8 1.4 3.2 13 

50 
63.7 21.0 24.4 69 
55.1 19.7 24.6 46 
48.9 14.8 15.7 15 
38.7 6.5 6.9 6.9 

58.5 24.5 32.2 48 
42.1 13.1 14.6 29 
17.6 4.6 6.3 14 

Experimental Results 

Tension Tests 

As-Irradiated Specimens--Tension tests  were per fo rmed  on i r rad ia ted  

T y p e  347 and 348 stainless steel specimens a t  t empera tu re s  ranging f rom 

room t e m p e r a t u r e  to 750 C. These  specimens had  been i r rad ia ted  a t  e i ther  

400 or 650 C. T h e  tensile proper t ies  of un i r r ad ia t ed  and i r rad ia ted  T y p e  

347 stainless steel specimens are g iven  in Tab le  2; Tab l e  3 gives the  tensi le  

proper t ies  of the  T y p e  348 stainless steel specimens.  Tab le  2 also includes 

previous ly  r epor t ed  tes t  results  on T y p e  347 stainless steel specimens ir- 

r ad ia ted  a t  50 C to a fast  fluence of 5• n / c m  2 [1]. The  yield s t rength,  

un i fo rm elongat ion,  to ta l  e longat ion,  r educ t ion  in area, and u l t ima te  

s t r eng th  of the  i r rad ia ted  specimens of T y p e  347 and T y p e  348 stainless 

steel, as a func t ion  of tes t ing  t empera tu re ,  are i l lus t ra ted  in Figs. 1-5. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



KANGILASKI ET AL ON TENSILE PROPERTIES OF STAINLESS STEEL 1 9 9  

The tensile properties of both irradiated stainless steels show similar 
trends. Irradiation at 400 C causes larger increases in yield strength than 
does irradiation at 650 C. The ultimate strength is also-increased to a 
greater degree by irradiation at 400 C than at 650 C. As the testing tem- 
perature is increased, the yield strength and ultimate strength of the ir- 
radiated material approaches that of the unirradiated material, and at the 
higher testing temperatures the strength of the irradiated material is in 
some eases less than that of the unirradiated stainless steel. 

120 

i 
I00 

80 

347 SS '348 SS 
Irrodioted at 50 OC �9 
Irrodioted ol 400 OC �9 0 
irradiated of E50 OC �9 r-I 
Unirrodioted �9 <> 

J 

i 
o o 

o_. 60 i 

0 200 400 600 
Test Temperature, C 

800 

FIG. 1--Yield strength of Types 347 and 348 stainless steel. 
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4r 

i2o  
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irrodioted at 400 ~ �9 o 
irradiated al 650 ~ �9 o 
Unirradioted �9 O 

0 200 400 600 800 
Tesl Ten~peroture, C 

FIG. 2--Uniform elongation of Types 247 and 3~8 stainless steel. 

Both the uniform and total elongations of the stainless steel are reduced 
by irradiation at all testing temperatures. Irradiation at 400 C causes 
equal or larger reductions in ductility than irradiation at 650 C for all 
testing temperatures. Of special note is the rather large reduction in both 
uniform ~nd total elongation when testing is done above about 500 C. 
Reduction in area values are slightly reduced by irradiation when tested 
at 315 C; however, at higher testing temperatures the reduction in area 
values are drastically reduced by irradiation. Typical stress-strain curves 
for both the unirradiated and irradiated specimens are illustrated in Figs. 
6 and 7. 
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Irradiated and Annealed Specimens--Selected specimens were annealed 
after irradiation for 1 h at 980 C to determine whether or not the anneal 
would restore the preirradiation tensile properties. The anneal restored the 
preirradiation tensile properties of those specimens tested at 500 C or be- 
low. The strength properties of the specimens tested at temperatures above 
500 C were reduced, but the annealed irradiated specimens still exhibited 
significant losses in ductility although some of the ductility was restored 
by the anneal. Thus, elevated-temperature embrittlement cannot be re- 
moved by postirradiation annealing. 

80 
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i 

~4o 

347 SS 348 SS 
Irre(lioted ot 50 ~ �9 
Irradiated at 400 ~ �9 0 
trradiote(I at 650 ~ �9 r-t 

Unirrodioted �9 <> 

0 200 400 600 
Test Temperaluret C 

FIG.  3--Total elongation of Types 347 and 848 stainless steel. 
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FIG.  4--Reduction in area of Types 347 and 348 stainless steel. 

MetaUographic Examination 
Selected unirradiated and irradiated specimens that were tested in ten- 

sion were metullographically examined. Of special interest in this examina- 
tion was the appearance of the fracture area. The irradiation and testing 
conditions of the specimens that were examined are given in Table 4. Fig- 
ures 8 through 10 compare the fracture area of an unirradiated specimen 
of Type 348 stainless steel ttmt was tested at 500 C with those of irradiated 
specimens that were also tested at 500 C. Figure 8 shows that the unir- 
radiated specimen which was tested at 500 C fractured transgranularly. 
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This specimen underwent a total elongation of 27 percent, which is evident 
by considering the large amount of elongation of the grains. Figure 9 shows 
the fracture area of the specimen that was irradiated at 400 C and tested 
in tension at 500 C. This specimen exhibited an intergranular fracture. 
There is very little elongation of the grains and a large number of voids 
at grain boundaries are visible. Figure 10 shows the fracture area of the 
specimen that was irradiated at 650 C, annealed for 1 h at 980 C, and then 
tested at 500 C. The fracture appears to be completely transgranular and 

140 
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FIG. 5--Ultimate strength of Types 347 and 348 stainless steel. 
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FIG. 6--Engineering stress-stain curves for Type 348 stainless steel tested in tension at 
815 C. 

is comparable to the unirradiated specimen shown in Fig. 8. This would 
be expected since the specimen had a total elongation of 32 percent, which 
is actually more than that of the unirradiated specimen. 

Fractography 
Replicas were obtained from the fracture surfaces of all the irradiated 

specimens enumerated in Table 4. For comparison, replicas were also ob- 
rained from unirradiated stainless steel specimens which were tested in 
tension at 500 and 750 C. A typical fracture surface of an unirradiated 
specimen is illustrated in Fig. 11. The unirradiated specimens fractured 
transgranularly with considerable plastic flow, as indicated by the presence 
of dimples. 

Both of the irradiated specimens that were tested at 750 C showed com- 
pletely intergranular fracture. The specimen that was irradiated at 650 C 
and tested at 750 C shows the possible presence of bubbles at the fracture 
which occurred at the grain boundaries (Fig. 12a). In the case of the speci- 
men that was irradiated at 650 C, annealed for 1 h at 980 C, and tested 
at 750 C, there do not appear to be any bubbles (Fig. 12b); however, the 
specimen does exhibit a large number of dimples on the grain boundaries. 
It  is hypothesized that these dimples are actually helium bubbles that 
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FIG. 7--Engineering stress-strain curves for Type 348 stainless steel tested in tension 
at 600 C. 

were enlarged by  the annea l ing  a t  980 C and  then  formed as dimples  when 

they  were locally deformed. 
The  specimen tha t  was i r rad ia ted  a t  400 C and  tested a t  500 C shows 

complete in te rgranu la r  fracture,  as shown in Fig. 13. I t  can also be not iced 
tha t  there are a large n u m b e r  of small  bubbles  a t  the grain boundary .  

F igure  13b i l lustrates  the presence of these bubbles  a t  grain boundar ies  a t  

a higher magnif icat ion.  

TABLE 4--Irradiation and testing conditions of specimens examined by 
light microscopy and fractography. 

Irradiation 
Material Temperature Testing Conditions 

347 SS . . . . . . . . . . . . . . . . . .  650 C 
347 SS . . . . . . . . . . . . . . . . . .  650 C 
348 SS . . . . . . . . . . . . . . . . . .  400 C 
348 SS . . . . . . . . . . . . . . . . . .  650 C 
348 SS . . . . . . . . . . . . . . . . . .  650 C 

Annealed 1 h at 980 C, tested at 750 C 
Tested at 750 C 
Tested at 500 C 
Tested at 500 C 
Annealed 1 h at 980 C, tested at 500 C 
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FIG. 8--Fracture appearance of nnirradiated Type 348 stainless steel tested in tension 
at 500 C. Total elongation 27 percent ( X 250). 

H e l i u m  A n a l y s i s  

Results of the helium analysis, which was performed at Atomics Inter- 
national, are given in Table 5. Along with the analyzed results are the 
calculated helium results. These calculations were based on n,a cross sec- 
tion data for neutrons with energies > 1 MeV as published by Birrs [6]. 
The results indicate that  the predicted helium content is considerably 
lower than the analyzed helium content. 

I t  has been suggested by Weitman [7] that  considerable amounts of 
helium are produced from nickel by thermal neutron bombardment.  Speci- 

TABLE 5--Helium content of irradiated Type 348 stainless steel. 

Fast Irradiation Calculated Analyzed 
Fluence, Temperature, Helium, Helium, 

n/cm ~ deg C ppm (atomic) ppm (atomic) 

3.3X 1021 . . . . . . . . . .  400 10.8 23.5 
4.4 . . . . . . . . . .  650 11.7 37.2 
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FIG.  9--Fracture appearance of Type 348 stainless steel irradiated at 400 C to a fast  
fluence of 5 X 102t n/cm 2 and tested in tension at 500 C. Total elongation 4.9 percent ( X  250). 

mens of pure nickel were irradiated in a mixed thermal and fast flux and 
a pure fast flux (obtained by cadmium shielding). After the irradiation the 
specimens were analyzed for helium, with the results shown in Fig. 14. 
These results indicate tha t  considerably more helium is produced by ther- 
mal neutrons than by fast neutrons. By  extrapolating Weitman's results 
to a thermal fluence of 5 X 10 ~1 n /cm ~, it can be seen that  the helium con- 
tent  of our irradiated Type  348 stainless steel falls on the predicted line. 
The source  of this helium has not been definitely established, but  it is 
thought  to result from nickel-58 being converted to nickel-59 by thermal 
neutron irradiation, with the nickel-59 having a high cross section to n,a 
reaction with either thermal or fast neutrons [7]. 

D i s c u s s i o n  

I t  is quite apparent  from Figs. 1 5 tha t  the degree of radia t ion induced 
changes in tensile properties is dependent on the irradiation temperature. 
These are maximum for irradiation at 400 C, intermediate for irradiation 
at  50 C, and minimum for irradiation at  650 C. Bloom et al [8] have shown 
that  the change in yield strength induced by  irradiation is due to the size 
and distribution of the defect clusters tha t  were produced during irradia- 
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FIG.  lO--~Fract~re appearance of Type 338 stainles.* steel irradiated at 6'50 C to a fast  
fluence of 5X1021 n/cm ~, annealed for 1 /t at 980 C, and tested in tension at 500 C. Total 
elongation 32 percent ( X 250). 

tion. Irradiation at low temperatures results in a large density of small 
defects. Irradiation at higher temperatures results in lower defect densities 
but larger individual defects. The maximum increase in yield strength oc- 
curs at about 150 C, and the yield strength decreases slowly from 150 C 
to 300 C, above which it decreases rapidly. We have concluded that there 
is an optimum defect size for maximum strengthening but that the amount 
of strengthening also depends on the defect density. Recent studies have 
shown that strengthening in irradiated stainless steel is also caused by 
helium bubbles [9]. 

At an irradiation temperature of 400 C, defect clusters are expected to 
be somewhat larger than the optimum size for strengthening and, conse- 
quently, the strengthening from defect clusters is not expected to be a 
maximum. However, at an irradiation temperature of 400 C, it is expected 
that small helium bubbles will form and make a significant contribution 
to strength. At an irradiation temperature of 650 C, the defect clusters 
would be annealed out during irradiation and the helium bubbles would 
probably be too large to make a significant contribution to yield strength. 
This is borne out by the fact that irradiation at 650 C does not result in 
significant increases of yield strength. 
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As mentioned in the introduction, irradiation affects the tensile elonga- 
tion of stainless steel by two different mechanisms. At low testing tempera- 
tures the presence of defect clusters causes strengthening of the material 
and also reduces the elongation; at intermediate test temperature (say 
400 C) helium bubbles also contribute to these changes in strength and 
ductility. The reduction in elongation takes place mostly in uniform elonga- 
tion, with the nonuniform, or necking, elongation remaining about the 
same. As with the increase in yield strength, the uniform elongation is 
reduced the most as a result of irradiation at 400 C; irradiation at 650 C 
does not significantly reduce the uniform elongation in tests below 450 C. 
At testing temperatures above about 450 C, irradiation causes a drastic 
reduction in uniform elongation total elongation, and reduction in area 
(Figs. 3-5). 

This reduction in ductility has generally been attributed to helium. 
Previous transmission electron microscopy studies on the same material 
[10], irradiated at 50 C to a fast fluence of 2.2 X 1022 n/cm 2, had shown no 
visible helium bubbles in the as-irradiated material when it was tested in 
tension at 600 C. Annealing of the irradiated material at 980 C for 1 h 
caused the appearance of large helium bubbles accompanied by an in- 

FIG. 11--Fracture surface of unirradiated Type 3~8 stainless steel tested at 750 C. 
Total elongation 35 percent (X 7500). 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



2 | 0 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 12--Fracture surface of Type 347 stainless steel irradiated at 650 C and tested in 
tension at 750 C (X15,000): (~) as irradiated, total elongation 3.7 percent; (b) irradiated 
and annealed I h at 980 C before testing, total elongation 3.6 percent. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



KANGILASKI ET AL ON TENSILE PROPERTIES OF STAINLESS STEEL 21 1 

FIG. 13--Fracture surface of Type 3~8 stainless steel irradiated at 400 C and tested at 
500 C ((a) X7500, (b) X50,O00). Total elongation 4.9 percent. 
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FIG, 14--Helium production in nickel due to fast and thermal fluence, n/cm ~. 

crease in ductility at 600 C. It was concluded that maximum embrittle- 
ment was associated with extremely fine helium bubbles and that growth 
of the helium bubbles produced an overaging effect with some recovery in 
ductility. 

Electron microscopy replicas from the fracture surfaces gave some indi- 
cations of helium. Figure 13 illustrates the presence of helium bubbles at 
grain boundary facets of a specimen which fractured intergranularly when 
tested at 500 C. At the higher testing temperature of 750 C helium bubbles 
cannot be positively identified although the fracture is intergranular; 
nevertheless, there is a mottled appearance at the grain boundary facets. 
I t  is hypothesized that this mottled appearance represents helium bubbles 
which were sheared and consequently enlarged during fracture. I t  is inter- 
esting to note that the individual mottles are significantly larger for the 
specimen that was annealed for 1 h at 980 C before testing at 750 C (Fig- 
ure 15)--the coarsening of the mottle structure would be expected if the 
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mottles were sheared helium bubbles, since annealing at 980 C results in 
enlargement of helium bubbles. 

The fracture of specimens which were irradiated at 650 C and then 
tested at 500 C was an intergranular and transgranular mixture. In areas 
where the fracture was intergranular there was some indication of the 
mottle structure at the grain boundary facets. The ductility of the speci- 
men irradiated at 650 C and annealed at 980 C for 1 h was actually com- 
parable to that of the unirradiated specimen that was tested at 500 C. 

Figures 6 and 7 compare the engineering stress-strain curves for the 
unirradiated and irradiated specimens tested at 315 and 600 C. In the 
case of the stainless steel irradiated at 400 C, the appearance of the curve 
is significantly changed. The work hardening is reduced and the elongation 
is drastically reduced. The ultimate strength is significantly increased 
when tested at 315 C, but the ultimate strength remains about the same 
when tested at 600 C. Irradiation at 650 C does not change the appearance 
of the stress-strain curve at low strains, but, since fracture occurs at con- 
siderably lower strains for irradiated specimens tested at 600 C, the ulti- 
mate strength is reduced. Similar behavior has been observed for other 
irradiated face centered cubic materials which were tested at elevated 
temperatures [11]. This behavior has been explained in terms of irradiation 
induced grain boundary weakening and consequent premature onset of 
intergranular fracture. 

Selected specimens were annealed for 1 h at 980 C after irradiation and 
then tested in tension at various temperatures (Tables 2 and 3). These 
included specimens that were irradiated at 400 C as well as 650 C. It was 
found that the preirradiation tensile properties could be essentially re- 
stored for testing temperatures below 500 C; however, tests at 600 and 
750 C showed that both ultimate strength and elongation were significantly 
reduced. Thus it is apparent that the irradiation induced elevated-tempera- 
ture embrittlement cannot be removed by annealing at high temperatures. 

Conclusions 

1. Irradiation induced changes of tensile properties are dependent on 
irradiation temperature. For low-temperature tests (<450 C) the changes 
in mechanical properties are maximum for irradiation at 400 C, inter- 
mediate for irradiation at 50 C, and minimum for irradiation at 650 C. 

2. The irradiation induced elevated-temperature embrittlement was 
found to start at testing temperatures above 450 C and at 750 C was 
found to b~ independent of irradiation temperature. 

3. Postirradiation annealing resulted in almost complete restoration of 
preirradiation tensile properties for testing temperatures of 500 C and be~ 
low. However, it did not remove the effects of elevated-temperature em- 
brittlement as manifested by reductions in ultimate strength and ductility. 

4. Testing of as-irradiated specimens at temperatures above 500 C re- 
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sulted in in tergranular  f racture  with evidence of helium bubbles at  grain 
b o u n d a r y  facets. At  500 C specimens i rradiated at  400 C exhibited inter- 
granular  f racture  while specimens irradiated at  650 C showed mixed inter-  
granular - t ransgranular  fracture.  

5. The  analyzed  helium contents  were found  to be about  2 to 3 t imes 
higher t han  those predicted f rom n,a  cross section data.  
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The Effect of Neutron Irradiation on the 
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ABSTRACT:  Short-time axial tension, transverse ring tension, and biaxial 
closed end burst tests were conducted on sections of fuel cladding from 17 
different batches and heat treatments of Zircaloy 2, Zircaloy 4, and Zr-2.SCb 
alloy. Specimens were irradiated at 2 to 3 •176 n /cm 2, E >  1 MeV, at temper- 
atures of 125 to 250 C and tested at temperatures of 20 and 300 C. 

The level of residual cold work was found to have the greatest effect on 
the mechanical properties of the Zircaloys prior to irradiation, and, although 
irradiation altered the general level of each property, the effect of cold work 
was preserved after irradiation for all properties except the uniform elongation. 
Very low values of uniform elongation (<1  percent) were obtained in the 
burst test after irradiation at all levels of cold work. In the instances where the 
texture and grain size influenced the properties, the effect was also preserved 
after irradiation. For the Zircaloys, the increment in the  strength properties 
due to irradiation was constant at this fluence, independent of cold work, 
texture, and grain size. The decrements in the uniform and total elongations 
due to irradiation decreased with increasing cold work. The irradiation harden- 
ing of the Zr-2.5Cb alloy was greater than that  experienced by the Zircaloys. 

Beta heat-treated Zircaloy had higher strength and lower ductility than alpha 
annealed material in the tension test. Grain size was found to have a much 
more significant effect on the strength and ductility in the burst and ring tests 
than in the axial tension test. 

KEY WORDS:  neutron irradiation, fast neutrons, radiation effects, nuclear 
fuel cladding, tubing, zirconium alloys, Zircaloys, mechanical proper t ies ,  
ductility, elongation, tensile strength, yield strength, fractures (materials), 
cold working, heat treatment, texture, zirconium hydrides, axial stress, strains, 
tension tests 
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2 1 6  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Zirconium alloys can undergo considerable reduction in uniform and 
total  elongation due to fast neutron irradiation at the temperatures en- 
countered in water cooled reactors. The fuel cladding, however, must 
retain sufficient ductility to enable it to accommodate any strains imposed 
during the fuel life, such as might occur during fuel power increases, on 
fuel swelling, or due to buildup of fission gas pressure. Strains caused by 
expansion of the fuel are of particular importance in collapsible clad, 
uranium dioxide (U02) fuel elements because of the close contact between 
the cladding and the fuel [-1, 21. 2 

With collapsible cladding, the requirement for adequate ductility must 
be balanced against the need for some initial strength to resist the forma- 
tion of longitudinal ridges due to the coolant pressure. Specification of 
such cladding requires a good knowledge of the relationship between pre 
and postirradiation mechanical properties and of the factors which can 
affect these properties. Toward this end, a series of fast neutron irradia- 
tions have been conducted at Chalk River Nuclear Laboratories over the 
past several years on specimens from different cladding batches s of Zir- 
ealoy 2, Zirealoy 4, and zireonium-2}~ weight percent eolumbium alloy. 
These were selected to cover a wide range of fabrication routes, mechanical 
properties, textures, heat treatments,  and hydride orientations. 

The unirradiated properties of six of the Zirealoy 2 batches have been 
reported previously by Steward and Cheadle [31. The present paper 
covers the effect of irradiation on the mechanical properties of all the 
batches in the unhydrided condition. 

Test Program 

The axial tube tension test is frequently the only mechanical acceptance 
test specified for zirconium alloy tubing, even when the tubing is destined 
for collapsible cladding which experiences most of its strain in the circum- 
ferential direction [-11. The actual stress ratio in the cladding may vary  
over the length of each U02 pellet, as suggested by Gittus E~,  from essen- 
tially hoop stress at the mid pellet position to balanced biaxiality at the 
pellet ends. Since the stress ratio can have a significant effect on the 
mechanical properties [-3, 51, and because of the anisotropie nature of 
zirconium alloys, a proper assessment of the mechanical properties of the 
tubing for this application can best be provided by a test which gives a 
reasonable simulation of the stress ratio existing in operating fuel cladding 
[-61. Balanced biaxiality produces the lowest fracture strains, but  it is 
difficult to achieve in a simple tubing test. A dosed end burst test, on the 
other hand, is simple to perform and has a ratio of longitudinal to cireum- 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
3 The term "batch" as applied in this report refers to tubing produced to a particular 

fabrication schedule from a particular zirconium alloy. 
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HARDY ON ZIRCONIUM ALLOY FUEL CLADDING 2 1 7  

fe ren t ia l  s t ress  of 0.5. A l t h o u g h  the  f r ac tu re  s t ra ins  a re  no t  the  lowest  a t  
th is  s tress  ra t io ,  M e h a n ' s  [-51 d a t a  show t h a t  t h e y  are  cons ide rab ly  re-  
duced  f rom the  un iax ia l  va lues ;  therefore ,  th is  t e s t  was a d o p t e d  to  assess 
the  b iaxia l  p rope r t i e s  of t he  tub ing .  

T h e  resul t s  ob ta ined '  in the  b u r s t  t e s t  were c o m p a r e d  wi th  un iax ia l  
l ong i tud ina l  p rope r t i e s  o b t a i n e d  in t h e  conven t iona l  t u b e  tens ion  tes t  a n d  
wi th  the  t r ansve r se  p rope r t i e s  o b t a i n e d  in t he  r ing  t ens ion  test .  T h e  l a t t e r  
t e s t  was a d o p t e d  m a i n l y  because  of i ts  s impl ic i ty ,  b u t  i t  was recognized  
tha t ,  because  of bend ing  over  the  edge of the  gr ips  [-7~ and  because  t he  
ac tua l  gage l eng th  var ies  s l igh t ly  f rom b a t c h  to b a t c h  E83, the  gage l eng th  
d e p e n d e n t  p rope r t i e s  are  sub jec t  to  errors.  

M a t e r i a l  

Nine  d i f ferent  ba t ches  of z i rcon ium al loys were se lec ted  for th is  inves t i -  
ga t ion :  six Z i rca loy  2, one Zi rca loy  4, and  two Zr -2 .5Cb a l loy  ba tches .  
Iden t i f i ca t ion  of these  ba tches  and  the i r  f ab r i ca t ion  rou te s  are  l i s ted  in 
T a b l e  1. 

T h r e e  of the  Z i rca loy  2 ba tches  and  the  Z i rca loy  4 b a t c h  were also t e s t ed  
in the  a l p h a  annea l ed  and  the  b e t a  h e a t - t r e a t e d  condi t ion .  T h e  fo rmer  
t r e a t m e n t  cons is ted  of hea t ing  the  t ubes  in a v a c u u m  for 1 h a t  800 C, 
while  the  l a t t e r  i nvo lved  induc t ion  hea t i ng  the  cen t ra l  1.5 in. of the  speci-  
men  to 1050 C for 1 rain in a vacuum.  T h e  l a t t e r  t r e a t m e n t  was i n t e n d e d  
to de t e rmine  the  effect of the  hea t ing  cycle  used to  b raze  appendages  to  
t h e  fuel c ladding .  

These  pa r t i cu l a r  ba t ches  were se lec ted  to  o b t a i n  t he  wides t  poss ible  
range  of mechan ica l  p roper t ies ,  t ex tures ,  and  h y d r i d e  o r ien ta t ions .  Oxygen  
concen t ra t ions  va r i ed  f rom 1100 to 1470 ppm.  

TABLE 1--Batch identification and fabrication details. 

Batch Method and Amount of Final Stress Relief 
Number Alloy Vendor Final Cold Reduction Heat Treatment 

1 . . . . . . . . . . . .  Zircaloy 2 Z 
2 . . . . . . . . . . . .  Zircaloy 2 Y 
7 . . . . . . . . . . . .  Zircaloy 2 Z 
8 . . . . . . . . . . . .  Zircaloy 2 X 
9 . . . . . . . . . . . .  Zircaloy 2 X 

11 . . . . . . . . . . . .  Zircaloy 2 V 
16 . . . . . . . . . . . .  Zirealoy 4 Z 
17 . . . . . . . . . . . .  Zr-2.5Cb X 
18 . . . . . . . . . . . .  Zr-2.5Cb Y 

15 to 20% cold drawn None 
~15% cold drawn None 
60% tube reduced 2 h at 495 C 
62% tube reduced 2 h at 427 C 
70% tube reduced 2.5 h at 454 C 
10% cold drawn ~ None 
60 to 70% tube reduced Done, but unknown 
42% tube reduced None 
40% tube reduced None 

a Batch 11 was impact extruded at 800 C from small bar stock slugs, then reduced 
in two draws with an intermediate anneal to finished size. All other batches were con- 
ventionally extruded in the high alpha temperature range from prebored or pierced 
billets, followed by several cold-working and annealing operations to finished size. 
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The tubes from which the specimens were cut had outside diameters of 
0,601-4-0.0015 in., a wall thickness of 0.0175=i=0.0015 in., and a length of 
19.5 in. 

Experimental Details 

Specimen Design 
The axial tube tension and the closed end burst test specimens were of 

similar design. A length of 3 in. was chosen after a series of tests had shown 
this to be the minimum length necessary to avoid end effects. 

End plugs were attached to the tubes by magnetic force resistance 
welding, the process regularly used on production fuel. The very restricted 
heat affected zone, coupled with the material upset and the mechanical 
work introduced into the weld zone during the butting operation, were 
found to prevent the premature tensile and burst failures in the heat 
affected zone which had previously occurred with fusion welded end plugs. 
Mechanical end fittings, although satisfactory for testing unirradiated 
specimens, were too bulky to be considered for the reactor specimens. 

The ring tension specimens were 0.25 in. wide. 

Specimen Preparation 

The tubing was cut to length an.=l air gaged at ten locations for outside 
diameter and wall thickness. End plugs were welded on and the specimens 
were pickled to remove 0.0015 in. from the diameter to simulate production 
practice. The autoclave treatment was simulated by heating in air for 24 h 
at 400 C. The end plugs were then drilled and tapped so that pressure lines 
could be attached for burst testing or for extension bars for tension testing. 

Some of the early specimens were provided with a 20 line per inch grid 
pattern using Kodak Photo Resist stabilized by flash pickling prior to the 
400 C heat treatment. This practice was later discontinued because of the 
lack of a satisfactory technique for measuring the grids after irradiation. 

Irradiation Facility 

Irradiations were conducted in the fast neutron facilities of the NRU 
reactor at Chalk River. Twelve burst or tension specimens were joined 
together with screwed connectors, and the ring test specimens, mounted 
on Zirca]oy holders, were screwed into the bottom of each specimen string. 
Each specimen string was located in an air cooled aluminum flow tube. 
The irradiation inserts consisted of six such tubes, giving a total capacity 
of 72 three-inch specimens and 72 ring test specimens. 

A surrounding ring of fuel elements provided a flux of about 2)<1013 
n/cm, 2 E > I  MeV, to the central, dry, specimen space containing the 
aluminum flow tubes. The flux was fairly constant over a length of about 
50 in. 
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HARDY ON ZIRCONIUM ALLOY FUEL CLADDING 219 

Chromel/alumel thermocouples were located at three points in each 
string. Iron wire flux monitors in small aluminum cans were attached at 
five points along one string in the first irradiation. Later exposures were 
estimated from the integrated fuel power output. 

Irradiation Conditions 

Three separate fast neutron inserts were used to irradiate the specimens 
described in this paper. Exposure durations varied from 41/~ to 5 months 
and produced the following values of integrated fast flux at the center line: 

1. Batches 1, 2, 7, 8, 9, and 11 in the as-received condition: 2.7X102~ 
n/cm 2, E >  1 MeV. 

2. Batches 16, 17, and 18 in the as-received condition: 2.9 X 1020 n/cm ~, 
E > I  MeV. 

3. Batches 1, 7, 11, and 16 in the a annealed and ~ heat-treated condi- 
tion: 2.0X10 ~~ n/cm 2, E >  1 MeV. 

The specimens were air cooled, but due to gamma heating specimen 
temperatures varied from 125 to 250 C. Control specimens were maintained 
at 250 C in furnaces for an equivalent exposure time. 

Mechanical Testing 

Mechanical testing was conducted at 20 and 300 C. Threaded extension 
bars were used to connect the specimen to the grips of the tension testing 
machine. Crosshead motion was used to record the specimen strain, and a 
constant crosshead speed of 0.050 in./min was used, giving a strain rate of 
0.017 min -1. 

Close separation, double-yoke grips were used to pull the ring tension 
specimens [-9-]. A crosshead speed of 0.010 in./min was used to give a 
strain rate of approximately 0.05 min -1. A gage length of 20 percent of the 
circumference was assumed for the ring specimens. This represented the 
average distance over which plastic deformation had been detected on 
photogridded specimens in earlier tests r9-]. 

Two different hydraulic burst test machines were used to test the speci- 
mens of this report. The Mark I machine described in Ref 3 was pres- 
surized with a hand operated pump. Later, an improved version, the Mark 
II, was built incorporating a motor-driven pump and an X-Y recorder for 
automatically plotting the pressure and volume increase of the specimen. 
A schematic diagram of the Mark II  machine is shown in Fig. 1. HB-40, a 
mixture of hydrogenated terphenyl compounds supplied by Monsanto 
(Canada) Ltd., Montreal, was used as the pressurizing fluid because of its 
stability at 300 C. 

In operation, a closed volume-of fluid (A) on the specimen side of the 
differential piston was pressurized by the pumped fluid on the other side of 
the piston (B). The increase in volume of the specimen during pressuriza- 
tion was known by measuring the displacement of the piston with a linear 
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FIG.  1--Schematic arrangement of hydraulic burst test apparatus. 

variable differential transformer (LVDT).  This output  and the output  
from the pressure transducer were fed to the X - Y  recorder. The resulting 
pressure-displacement curve was treated like a normal load-deflection 
curve to obtain the proportional limit, the 0.2 percent offset yield strength, 
the engineering ultimate hoop strength, and the uniform circumferential 
elongation. The stresses were obtained from the conventional thin-wall 
formula for hoop stress, 

where 

r = the hoop stress, 
P = the internal pressure, 
d~ = the internal diameter, and 

Gin = the minimum wall thickness. 

Pdl 

2train 

The total circumferential elongation of the unirradiated specimens was 
measured after testing by wrapping a 0.0015-in.-thick stainless steel scale 
around the specimen at the location of maximum bulge. This operation 
proved very difficult to perform on the irradiated specimens in the hot 
cells, and an estimation of the circumference was obtained by measuring 
the specimen diameter at right angles to the fracture. This measurement  
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was related to the circumference by referring to a plot of these two meas- 
urements obtained on inactive specimens, as shown in Fig. 2. Since the 
accuracy of this method was not high, a number of specimens, especially 
those whose circumferences seemed unreasonable, were sectioned at the 
maximum bulge, mounted in plastic, and examined metallographically. 
The circumferences were measured directly on photographs taken at X 7.5. 

The circumferential strain rate during the uniform elongation portion of 
the burst test deformation was approximately 0.03 min -1. 

X-ray Diffraction and Line Broadening 
The textures of the tubes were determined by X-ray diffraction and 

plotted as inverse pole figures EIO, 111. A description of the specimen 
preparation and the inverse pole figures for the first six as-received batches 
have been published by Steward and Cheadle [-3~. The pole figures for 
batches 17 and 18, the Zr-2.5Cb alloy batches, have also been published 
by Steward in Refs 9 and 12, respectively. 

Because of the varied fabrication histories of the batches, the actual 
amount of cold work in each was not known. This was estimated by meas- 
uring the half height of the { 1015 } diffraction peaks from radial specimens 
on a texture diffractometer produced by the Siemens and Halske Aktien- 
gesellschaft of West Germany. 
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F I G .  2--Total circumferential elongation measured by tape versus diameter increase 
measured at right angles to burst fracture. Based on unirradiated specimens. 
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R e s u l t s  

Mechanical  Test Results 

Specimens from all batches and heat treatments were tested in the un- 
irradiated and irradiated conditions at both 20 and 300 C. Two to four 
specimens were tested under each condition, and the average values for 
the axial tension tests, the ring tension tests, and the closed end burst 
tests are presented in Tables 2, 3, and 4, respectively. Typical load-elonga- 
tion curves obtained in these tests with the six as-received Zirealoy 2 
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FIG. 3--Typical nominal stress versus nominal strain curves for irradiated and unir- 
radiated Zircaloy 2 in the axial tension test. 
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FIG. 4--Typical nominal stress versus crosshead displacement curves obtained for ir- 
radiated and unirradiated Zircaloy 2 in the ring tension test. 

batches are shown in Figs. 3, 4, and 5. These have been redrawn from the 
original curves to present them on the same scale. 

The  appearance of some of the irradiated specimens after tension testing 
at room tempera ture  is shown in Fig. 6. I t  is remarkably  similar to the 
appearance of the unirradiated specimens shown previously [-31. Batches 
7 and 11 show considerable diameter  reduction, while batch 1 shows very  
little and batch 8 broke in a helical fracture with almost no diameter  re- 
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FIG. 5--Typical  nominal stress versus piston displacement curves obtained for irradiated 
and unirradiated Zircaloy 2 in the closed end burst tests. 

duction. For the Zr-2.5Cb alloys, a similar helical fracture occurred in 
batch 18 while some diameter reduction was observed in batch 17. 

Irradiated, as-received, ring test specimens, illustrated in Fig. 7, showed 
less necking in the direction of width than did the unirradiated specimens. 
Except for the batches with the lowest levels of initial cold work, that is 
batches 2 and i l ,  fractures occurred along a single diagonal shear line 
with very little development of a second intersecting diagonal. 
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The typical appearance of the as-received batches after burst testing at 
20 and 300 C is shown in Fig. 8. At both temperatures, batch 11 exhibited 
the most bulging, followed by batches 7, 8, and 9 in order of decreasing 
bulging. The 300 C fractures tended to be shorter and less ragged than 
those at room temperature. The 300 C batch 11 specimen failed at a pin- 
hole fracture, a characteristic which it also exhibited in the unirradiated 
condition. 

The appearance of two batches of heat-treated burst test specimens 
after irradiation is shown in Fig. 9. The alpha annealed specimens exhibited 
the greatest amount of ductility, with the development of a pronounced 
banana shape at 300 C, especially in batch 7. Almost all of these specimens 
developed pinhole fractures at 300 C. Deformation in the beta heat-treated 
specimens was restricted to the central heat affected zone, with much less 
circumferential expansion than the alpha annealed specimens. The surface 
of the heat affected zone developed an orange-peel appearance and the 
fracture faces were quite irregular. Pinhole failures occurred in ~ few of the 
specimens but most developed splits. 

FIG. 6--Typical irradiated axial tension test specimens tested at 20 C. 
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Texture and Line Broadening 

From the inverse pole figures an estimate was made of the proportion of 
grains in each batch having the idealized orientations A, AB, CB, C, and 
D shown in Table 5. 

A numerical measure of the texture was obtained by a method due to 
Cheadle E13]. This involved c~Iculating the fraction of grains that were 
oriented for twinning in the circumferential (transverse) and radi&l direc- 
tions. Ibrahim [-14-1 has provided a sample calculation of this method. The 
fraction of grains oriented for twinning, as well ~s the ratio of the propor- 
tion of grains which twin in the radial direction to the proportion which 
twin in the transverse direction, are given in Table 5. The line broadening 
data are also included in the table. 

Metallography 

The microstructures of the as-received specimens ranged from almost 
completely equiaxed to heavily cold-worked, as shown ia the longitudinal 
sections in Fig. 10. Batch 8 had a highly cold-worked structure after being 
tube reduced 62 percent and stress relieved for 21,~ h at 427 C, while that 

FIG. 7--Appearance of irradiated ring test specimens tested in the as-received condition. 
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FIG. 8--Typical appearance of irradivted as-received burst test specimens tested at (top) 
20 C and (bottom) 300 C. 

of batch 11, which was cold drawn about 10 percent, had a more equiaxed 
grain structure. 

Cross sections of the fractured surfaces of unirradiated burst specimens 
tested at room temperature in the three metallurgical conditions--as- 
received, alpha annealed, and beta heat-treated--are shown in Fig. 11 for 
batches 1, 7, and 11. The grain coarsening on annealing can be seen as well 
as the Widmanst/~tten structure resulting from the beta heat treatment. 

D i s c u s s i o n  

The effect of irradiation on these specimens shows the normal response 
of increasing the strength and decreasing the ductility (elongations) both 
at room teynperature and at 300 C. The yield strength increases to a greater 
extent than the ultimate strength, increasing the ratio of yield to ultimate 
strengths. This is also manifest by a drastic reduction in uniform elonga- 
tion, indicating a reduction in the ability of the material to strain harden 
after irradiation. The local or necking elongation decreases to a much 
smaller extent. 
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234 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 9--Typieal appearance of heat-treated burst test specimens after irradiation, tested 
at (top) 20 C and (bottom) 800 C. 

In addition to being affected by fast neutron irradiation, the results are 
also influenced by a number of other factors, such as type of alloy, level 
of cold work, texture, stress ratio, heat treatment, and grain size. In the 
following sections the results will be discussed in terms of these parameters 
in order to establish overall trends. 

Effect of Neutron Irradiation on the Strength Properties 

Irradiation hardening has generally been studied by measuring the in- 
crement of yield strength. Ells and Fidleris [15-] have used an expression 
proposed by Koppenaal and Kuhlman-Wilsdorf E16J which gives the irradi- 
ation induced increment of yield stress, ~r, as 

~ , =  E ( , '  - ~o) ~ - ( o - , -  ~-o) ~ i  "~  
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236 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. lO--Variation in grain structure of as-received specimens. Batches 8 and 11 are 
Zirealoy 2, batch 16 is Zircaloy 4, and Batch 17 is Zr-2.5Cb alloy. Longitudinal section with 
the tube axis horizontal. 

where o-i is the yield stress before irradiation, z is the final yield stress, and 
z0 is the temperature-independent component of zi. A value of 8000 psi 
was assigned to ~0 by Ells and Fidleris and the same value has been used 
in this paper. Figure 12 plots the values of zr at 300 C for the (a) axial 
tension test, (b) ring tension test, and (c) closed end burst test against the 
fast fluence. Also included are Ells and Fidleris' E15~ curve for Zr-2.5Cb 
material slow cooled from the (ad-r phase and Bement 's  E17-] Zircaloy 2 
data for material annealed prior to irradiation. Agreement between these 
curves and the present results is excellent for the axial tension test: the 
annealed Zircaloy 2 results fall directly on Bement 's  curve and the two 
Zr-2.5Cb results are slightly above the Ells and Fidleris curve, just as for 
their own cold-worked specimens. This confirms that  the increment of 
yield stress on irradiation is greater in the Zr-2.5Cb alloy than in Zircaloy 
2. There was no significant difference in the hardening of Zircaloy 2 and 
Zirealoy 4. 
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Agreement is not as good in the case of the ring tension test results. This 
may  reflect the difficulty of obtaining good yield strength values when the 
gage length is not precisely known. The increments in the closed end burst 
test show a larger spread. Some of this might be explained by specimen 
wall thickness variation, but  this would hardly account for the factor of 
two difference between batches 11 and 7, which had ~r values of 24 and 58 
ksi, respectively. On the average the increment in the biaxial tests is 
higher than in either of the two uniaxial tests, but  it is not known if the 
same ~0 should apply to the biaxial condition. 

Influence of Cold Work on Strength Properties 

The strength in the axial tension test provides a good measure of the 
relative amount of residual cold work present in the various tubing batches. 
This is explained by the fact that  all batches have an absence of basal 
poles parallel to the tube axis, tha t  is, almost all the poles are concentrated 
in the transverse plane. The grains therefore are oriented favorably for slip 
in the axial direction; cross section reduction may occur either by diameter 

FIG. 11--Transverse section through fracture of burst test specimens: top, as received; 
middle, alpha annealed; bottom, beta heat-treated. 
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F I G .  12--Irradiation induced component of yield strength at 300 C as a function of fast 
fluence (E > 1  MeV). 
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FIG. 12 (Continued) 

reduction or wall thickness reduction depending on the relative proportion 
of radial and tangential basal poles. Thus the strength in the axial direction 
is largely unaffected by the texture and is more influenced by the level of 
residual cold work. This is illustrated in Fig. 13, where the axial strengths 
are plotted against the X-ray line broadening results. Line broadening, 
which is a measure of the lattice strain or cold work, is proportional to the 
axial strength, particularly the axial ultimate tensile strength (UTS). 

Batch 9 had the highest level of residual cold work despite a stress re- 
lieving treatment. Batch 11 had the lowest level, with strength values very 
close to the annealed condition; but the line broadening data indicate that 
it had been cold worked. The !ow strength might indicate that the material 
was worked preferentially near the outer surface, an effect which could 
have been removed largely by the three pickling operations given these 
specimens. 

The relative ranking of the as-received batches on a strength basis in 
the axial tension test is the same after as before irradiation. This is in 
agreement with the observation that the irradiation induced increment of 
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yield strength E15~, and presumably of the UTS, is independent of prior 
metallurgical condition. 

Influence of Cold Work on Elongation 

To determine the combined effects of cold work and irradiation on 
ductility, the uniform and total elongations have been plotted as a function 
of the axial ultimate tensile strength, since this was shown to be directly 
proportional to the amount of residual cold work. The room temperature 
and 300 C results are presented for the axial tension, ring tension, and 
closed end burst tests in Figs. 14, 15, and 16. The beta heat-treated results 
were not included because of the pronounced grain size effect discussed 
later. The Zr-2.5Cb results were included but they were not considered in 
drawing the trend lines. They were usually lower in ductility than the 
Zircaloy specimens after irradiation, probably because of the greater 
amount of irradiation hardening in the alloy. 

Uniform Elongation--In the unirradiated condition, the uniform elonga- 
tion dropped abruptly from the annealed condition as the amount of cold 
work increased. In the axial direction a minimum appeared to occur be- 
tween about 80 and 90 ksi, then the uniform elongation increased slightly 
with increasing cold work. This agrees with the work of Bement ~17], who 
found a minimum at about 10 percent cold work (~82 ksi). Bement also 
found a minimum in the transverse direction. While his room temperature 
ring test results showed a constant decrease with increasing cold work, 
the 300 C ring tests did indicate a minimum. The uniform elongations in 
the burst test at room temperature also showed the abrupt drop with cold 
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work and continued to decrease with increasing cold work. At 300 C the 
values dropped very low, to about 1 percent, and then increased slightly 
with increasing cold work. 

Irradiation caused a large decrease in the uniform elongation, especially 
in the annealed specimens. The decrement in the uniform elongation due 
to irradiation was dependent on the level of residual cold work, with the 
magnitude decreasing with increasing cold work. In the ring test, at both 
test temperatures, values for the annealed specimens after irradiation were 
lower than for the cold-worked specimens. The batch 7 300 C value dropped 
from 22.8 percent before irradiation to 0.2 percent after irradiation. 
Bement also found this result in the transverse direction at room tempera- 
ture. In the burst tests, all uniform elongation values but one were reduced 
to 1 percent or less. None of the parameters, such as cold work, texture, 
or heat treatment, was effective in increasing the postirradiation uniform 
elongation in this test. 

Total Elo~gation--In the unirradiated condition the total elongation 
also showed a decrease with increasing cold work; but, in contrast to the 
uniform elongation, the initial drop was not as abrupt and no minima were 
found. At the higher levels of cold work the curve tended to flatten out for 
the axial specimen, as shown by Bement's results E18~, but the burst test 
curves at 300 C and the ring test curves at both temperatures developed a 
constant negative slope. 

Because of the different gage lengths, the absolute values of total elonga- 
tion obtained in the three tests cannot be compared directly. For flat 
tension specimens the shorter the gage length l or the smaller the l~ X/~ 
ratio E19~, where A is the cross-sectional area of gage length, the greater 
the proportion of local deformation in the gage length and the higher the 
total elongation. If the three types of specimens used in this investigation 
were considered to be flattened out, the ring test would have the smallest 
I~ ~/A ratio (5.9), followed by the burst test (8.5) and the axial tension 
test (17.3). The results show that on the average the burst test has the 
highest total elongations and the axial tension test the lowest. Restraint 
imposed by the edge of the grips probably reduces the local elongation 
obtained in the ring test. 

Although biaxiality and end restraint would also tend to reduce the 
elongation in the burst test, the mode of deformation in this test may 
actually increase the elongation as suggested by Swift E20~. He considered 
that the first effect of unstable strain is to cause a longitudinal region of 
local swelling. This produces a region of increased curvature connected 
to a main stable part of the tube by a transition zone of reduced curvature. 
Since the hoop stress is proportional to the radius of curvature, the hoop 
stress at the initial swelling will be decreased and increased in the transition 
zone. The consequence is that unstable straining, in other words wall 
thinning, or "necking," may develop over a considerable portion of the 
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circumference causing larger circumferential elongations than might be 
expected for this type of specimen. 

Irradiation caused a significant decrease in the total  elongation, but  not 
as large as that  produced in the uniform elongation. The decrement in the 
total  elongation due to irradiation decreased slightly with increasing cold 
work. This was mostly a reflection of the contribution of the uniform elonga- 
tion to the total elongation, ~s the local elongation component exhibited a 
relatively constant decrease with irradiation. In general, the irradiated 
specimen curves showing the totM elongation ~s a function of residual cold 
work appeared displaced below the unirradiated curves by almost a con- 
stant amount. In the case of both the axial tension and the ring tension 
tests, average elongations were generally above 5 percent after irradiation. 
For the burst test, because of the constant decrease in the total circum- 
ferentiM elongation (TCE) with increasing cold work before irradiation, 
the T C E  values ~fter irradiation at the high levels of cold work were very 
low. At 300 C, five vMues with ultimate tensile strengths above 96 ksi 
had average T C E  vMues of 1 percent or below, and individual values as 
low ~s 0.2 percent were obtained. Only two or three burst specimens were 
tested at each condition, so ~ wider spread would be expected for a larger 
sample size. Therefore, on a statistical basis, one would expect that  in a 
large lot of tubes of high tensile strength a certain fraction would have 
T C E  values very  close to zero. The use of such tubes would clearly be un- 
desirable for fuel cladding where any strain w~s possible after it had re- 
ceived fluences of 2 to 3 X 1020 n /cm 2, E >  1 MeV. 

Effect of Texture on Strength 
The effect of texture on strength is demonstrated in the mechanical 

properties of batches 7 and 8 in the as-received condition. Although batch 
8 had a higher level of cold work, as shown by the line broadening and 
axial tensile strength results, batch 7 had higher strength in the burst 
test but  lower strength in the ring test. 

These results may  be explained on the basis of the anisotropy of zirco- 
nium caused by the limited deformation systems which may operate. At 
room temperature slip may occur on the {1010} planes in the (1120} 
direction, twinning under tension mainly in the (0002> direction on the 
{1012} planes, and to some extent on the {l12x} ( x = l ,  2, 3) planes, and 
twinning under compression along the (0002> direction on the {1133} 
planes [-6]. Tensile yield strengths are lowest when the tension axis is 
parallel to the {1070} planes in the (1120> direction [-21-]. Since the critical 
resolved shear stress is a constant, the applied stress for slip to occur is 
proportional to the orientation factor cos qb cos ~, where qb is the angle 
between the tension axis and the normal to the slip plane and X is the 
angle between the tension axis and the slip direction of the slip plane. 
Deformation by  slip is favored when the tension ~xis is parallel to or 
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within 40 deg of the basal plane, and twinning is favored if the tension axis 
is parallel to or within 40 deg of the basal plane normal. 

Batch 7 had a high proportion of the grains oriented with the basal poles 
in the radial direetion, and batch 8 had a high proportion in the tangential 
direction. In the ring test batch 7 was oriented so that it could deform easily 
by slip and therefore had lower strength than bateh 8, whieh deformed 
mainly by twinning. However, deformation in the burst test was by a 
different mode: eireumferential expansion oeeurred most easily by wall 
thinning rather than speeimen shortening beeause of the axial stress. 
Batch 8 wall could thin easily by slip, whereas batch 7 could do so only by 
compression twinning and henee exhibited a higher burst strength. 

The effeet of texture on strength in the absenee of variations in the level 
of eold work is evident in the results of the alpha annealed specimens. 
Bateh 1 with a higher proportion of tangential basal poles had higher 
strength in the ring test, but batch 7 was stronger in the burst test. These 
trends hold at both test temperatures before and after irradiation. 

Considering the plasticity approach to anisotropy, Hill's theory [-21-] 
indicates that increasing anisotropy eauses the von Mises yield locus to 
become more elliptieal, requiring higher stress for yielding under biaxial 
stress than under uniaxial stress. The higher stress required to yield and 
fraeture the closed end burst specimens is illustrated in Fig. 17, where the 
ratio of the inereased strength is plotted against a numerical measure of 
the texture or anisotropy. The latter is represented by the ratio of the 
fraction of grains whieh twin in the radial direction to the fraction which 
twin in the tangential direetion. This plot shows higher strength ratios 
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with increasing texture ratios for both the yield and ultimate strengths. 
This texture effect is preserved after irradiation. 

Effect of Texture on Elongation--Texture also has an effect on the 
ductility of zirconium alloys. This has been observed in t h e  axial tube 
tension test [-8, 22], where tubes with predominantly radial basal poles 
decreased in diameter but did not decrease in wall thickness whereas tubes 
with predominantly tangential basal poles decreased in wall thickness but 
did not decrease in diameter. Figure 6 shows that this effect remains after 
irradiation. Batch 7 showed more necking and greater elongation than 
batches 1, 2, and 11, which had lower cold work but fewer radial basal 
poles. Conversely, batch 8 had the lowest elongation, lower than batch 9 
which had more cold work. This trend was also seen in the two high- 
strength Zr-2.5Cb batches where batch 17 shows more necking than batch 
18. 

Ductility in the ring tension test seemed to be much more dependent on 
cold work than on texture. This is illustrated in Fig. 7 where none of the 
rings show much edge necking, except batches 11 and 2 which have the 
lowest amounts of residual cold work. There is some indication that in the 
annealed condition texture hardening limits the ductility because batches 
1 and 11, which have a higher proportion of tangential basal poles, always 
showed lower ductility than batches 7 and 16. 

As with the rings, ductility in the closed end burst test was much more 
dependent on cold work than on texture. Batches with a high proportion 
of tangential basal poles (batch 8) generally had a low total circumferential 
elongation (TCE), especially after irradiation, but a very high proportion 
of radial basal poles (batch 7) was not noticeably better than an equal 
pole distribution. The extreme banana shape developed by batch 7 in the 
annealed condition may have reduced its TCE. This batch had a fairly 
high uniform elongation, and K~illstrSm E23~ has indicated that the TCE 
may be increased by providing an internal mandrel to keep the specimen 
straight during testing. 

Steward and Cheadle E3] had found batch 7 to have a high equivalent 
fracture strain. Although this parameter was not measured after irradia- 
tion, it probably did not change much, because Bement showed a relatively 
small decrease in reduction in area of Zircaloy 2 at this level of irradiation 
E18, 24~. The results indicate that a high effective strain does not neces- 
sarily result in a high TCE. Probably what is needed to achieve a high TCE 
is the ability of the material to spread its wall thinning around the periphery 
of the tube. A tube with the basal poles equally distributed between the 
radial and tangential directions may be best suited to do this. 

Effect of Heat Treatment 

Alpha annealing of the as-received tubing produced a decrease in 
strength and an increase in ductility in the axial tension test under all test 
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conditions. The effect of beta heat treatment compared to the alpha an- 
nealing was to increase the strength and decrease the ductility. This agrees 
with the observations of Goodwin et al [25], who found that Zircaloy 2 
slowly cooled from the beta phase showed an increase in yield strength and 
a decrease in both ductility and UTS. Increases in the UTS have been 
noted for material quenched from the beta phase [26], so perhaps it is not 
surprising that the beta heat-treated specimens of this experiment, which 
were cooled at moderate rates (about 15 to 20 C/s in the 800 to 700 C 
temperature range), showed a modest increase in the ultimate strength. 

The textural changes which occurred on beta heat treatment were not 
large. The (0002) pole texture coefficients in the D orientation were essen- 
tially zero for the alpha annealed condition and varied from 0.1 to 0.3 for 
the beta heat-treated condition, not large enough to account for the higher 
axial strength of the beta heat-treated material. 

The response of the properties in the other two tests to heat treatment 
was somewhat more complicated. In these tests, except for batch 11, alpha 
annealing produced the expected increase in ductility on annealing. Batch 
11, however, showed a large decrease in total elongation, probably due to 
the critical grain growth which occurred in this batch on alpha annealing, 
as can be seen in the fracture section of Fig. l l .  Grozier [27] determined 
the critical amount of cold work necessary for grain growth on annealing 
to be about 9 percent. Batch 11 tubing received about 10 percent, with 
perhaps the more highly cold-worked outer layers being removed by 
pickling. 

In contrast to the increase in strength produced in the axial tension test 
by beta heat treatment, little effect on the strength of the ring test and a 
decrease in strength in the burst test were noted. These effects can be 
explained by a grain size effect. When zirconium transforms from the beta 
to the alpha phase, each beta grain transforms into many small alpha 
platelets which are related in orientation to that of the original beta grain 
[28]. On plastic deformation this region deforms as though the grain size 
were that of the original beta grain. The pronounced roughening or orange- 
peel effect seen on the surface of the burst tested beta heat-treated speci- 
mens is evidence of this. 

A grain size effect in alpha zirconium was found by Coleman and Hardie 
[29], in beta heat-treated Zr-2~Cb alloy by Bell and Dicks [30], and in 
beta heat-treated Zirealoy 2 by Daniel [31]. The results of the present 
paper suggest that the effect of the prior beta grain size and alpha annealed 
grain size on the mechanical properties can be related. 

The yield strength at room temperature and the total elongation at 300 
C have been plotted as functions of the inverse grain size in Figs. 18 and 
19, respectively. The yield strength in the axial direction, where there was 
a relatively large number of grains to support the load, was influenced by 
the inherent strength of the material, hence the beta heat-treated material 
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254  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

was stronger. In the ring tension test, there were fewer grains to support 
the load, lessening somewhat the high strength of the beta heat-treated 
structure, while at 300 C this strength superiority was lost and the grain 
size effect began to dominate. In the burst test, the stress was concentrated 
in the grains across the wall thickness and the grain size effect swamped 
the inherent structural effect both before and after irradiation. The room 
temperature ultimate strength behaved in the same manner, but at 300 C 
the structural effect seemed stronger and grain size had less of an effect. 

As shown in Fig. 19, grain size had a considerable effect on the total 
elongation at 300 C, as it had at room temperature in both the unirradiated 
and irradiated conditions. Again, a larger effect was seen in the closed end 
burst test, indicating that the grain size effect must be considered in terms 
of the dimensions of the load supporting member. 

The effect of grain size can also be seen in the nature of the burst test 
fracture surfaces of Fig. 11. The fine-grained, as-received specimens showed 
a fairly smooth shear-type fracture inclined at about 45 deg to the tube 
normal. The alpha annealed specimens, with a larger grain size, showed a 
somewhat irregular fracture, while the beta heat-treated specimens had 
extremely irregular fractures. It appeared that in the beta heat-treated 
specimens fracture occurred at the prior beta grain boundaries; the ap- 
parent weakness of these grain boundaries has been observed previously 
[26, Z8]. 

Factors Affecting the Change in Properties on Irradiation 

Reference to Fig. 12 shows that there is a variation within the irradiation 
induced component of yield strength among the batches, particularly in 
the closed end burst test. The data have therefore been examined to deter- 
mine whether this variation, or the variation within any of the other 
mechanical properties, could be related to metallurgical variables. 

The effect of alloy composition has been mentioned already: the Zr-2.5 
Cb alloy showed significantly greater irradiation hardening than Zircaloy 
2; however, the irradiation induced Change in the elongation properties 
was similar to that experienced in Zircaioy 2. There was little detectable 
difference in the response to irradiation between the properties of Zircaloy 
2 and Zirc~loy 4. 

If the irradiation induced increment of yield strength were dependent 
on texture, then the increment should: be different in individual batches 
between the axial tension test and the other types of test, or between 
batches 7 and 8 in the ring and burst tests, but this is not the case. There 
is no evidence from the present tests that texture has any influence on the 
irradiation induced component of yield strength, nor does it have any 
significant effect on the irradiation induced component in any of the other 
mechanical properties. 

The level of cold work has a significant effect on the decrease in uniform 
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HARDY ON ZIRCONIUM ALLOY FUEL CLADDING 255 

elongation produced by irradiation, a weaker effect on the total  elongation, 
and no effect on the strength properties. At low levels of cold work the 
decrease in the uniform elongation was considerably larger than at high 
levels, especially at 300 C as can be seen in Figs. 14, 15, and 16. This could 
be interpreted as a grain Size effect except for t h e  fact tha t  the alpha an- 
nealed specimens show a larger decrease than the beta heat- treated speci- 
mens. For  the total elongation the only definite correlations were found in 
the axial and ring tension tests at 300 C. 

Grain size did not appear to have any effect on the irradiation induced 
changes in any of the mechanical properties. 

Summary and Conclusions 

1. Prior to irradiation the relative strengths of the Zircaloys in the axial 
tension test were determined by the level of cold work. Texture  altered 
this order slightly in the ring and burst tests. Irradiation increased the 
strength properties, with the yield strength increasing by a larger amount 
than the ultimate strength. The increment in strength due to irradiation 
was reasonably constant, independent of cold work, texture, and grain 
size. Thus the relative ranking of the batches after irradiation was the 
same as before irradiation with the original effects of cold work and texture 
being preserved. 

2. The irradiation induced increment of yield strength was larger for 
the Zr-2.5Cb alloy than for the Zirealoys. There was no significant differ- 
ence in the increment between Zircaloy 2 and Zircaloy 4. 

3. For all tests prior to irradiation the uniform elongation of the Zircaloys 
was primarily influenced by the level of cold work. In general, the uniform 
elongation decreased abruptly with increasing cold work and then leveled 
off to smM1, constant slope. 

Irradiation produced a significant decrease in the uniform elongation, 
especially in low-cold work material. The decrement in tile uniform elonga- 
tion due to irradiation decreased with increasing cold work but was little 
affected by texture or grain size. In the burst test all values but  one were 
reduced to 1 percent or less regardless of the initiM level of cold work, that  
is, the original effect of cold work was not preserved in all instances after 
irradiation. 

4. The total elongation of the Zircaloys was also primarily influenced 
by cold work prior to irradiation, although texture had some effect on the 
deformation behavior in the axial test and a slight effect on deformation in 
the ring and burst tests. Irradiation decreased the total elongation but not 
to the same extent as the uniform elongation. The decrement in total  
elongation due to irradiation decreased slightly with increasing cold work. 
Largest decrements occurred in the burst test at 300 C, resulting in in- 
dividual values as low as 0.2 percent. The cold work and texture effects 
were preserved after irradiation. 
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256 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

5. The Zr-2.5Cb alloy often showed larger decrements in the uniform 
and total  elongation due to irradiation than did Zircaloys of equivalent 
cold work, probably due to the greater amount of irradiation hardening in 
this alloy. 

6. Compared to the alpha annealed condition, beta heat t reatment  in- 
creased the strength and decreased the ductility of the Zircaloys in the 
axial tension test. Deformation of the beta heat-treated material was in- 
fluenced by the large, prior beta grains. Grain size was found to affect the 
strength, ductility, and fracture behavior in the ring and burst tests. The 
effect of grain size must be related to the dimensions of the load bearing 
member. 

7. The tests have shown many similarities between the axial tension, 
ring tension and burst tests, but there are also important differences 
relating to the effects of stress ratio, texture, and grain size. These differ- 
ences indicate the desirability of simulating as closely as possible the stress 
ratio existing in the actual fuel cladding. Of the three tests investigated, 
the closed end burst simulates this most closely. 

Acknowledgments 

I gratefully acknowledge the significant contributions made to the earlier 
phases of this program by K. P. Steward, now with Gulf General Atomics, 
and R. S. Roberts. Specimen preparation was under the direction of A. R. 
Daniel, Canadian General Electric Co., Peterborough, Ontario, and D. E. 
Allen, formerly with the Canadian Westinghouse Co., Port  Hope, Ontario. 
The insert preparation and experimental work was ably done by J. Oliver, 
W. G. Newell, and D. E. Foote. Thanks are due also to B. A. Cheadle and 
Miss S. Collins for providing the texture and line broadening results and 
to G. P. Kiely for the metallography. 

References 

[1] Notley, M. J. F., Bain, A. S., and Robertson, J. A. L., "The Longitudinal and Di- 
ametral Expansions of U02 Fuel Elements," Report AECL~2143, Atomic Energy 
of Canada Limited, Nov. 1964. 

[2] Kjaerheim, G. and Rolstad, E., Nuclear Applications and Technology, NUATA 
Vol. 7, 1969, p. 347. 

[3] Steward, K. P. and Cheadle, B. A., "The Effect of Preferred Orientation on the 
Mechanical Properties and Deformation Behaviour of Zircaloy-2 Fuel Sheathing," 
Report AECL-2627, Atomic Energy of Canada Limited, Aug. 1966. 

[4] Gittus, J. H., "Theoretical Analysis of Some Forces, Stresses, and Strains Pro- 
duced in Nuclear Fuel Element Cladding by Thermal Expansion of Cracked Fuel 
Pellets," TRG Report 1547(S), United Kingdom Atomic Energy Authority, The 
Reactor Group, Springfields, Aug. 1967. 

[5] Mehan, R. L., Journal of Basic Engineering, ASME Transactions, Series D, 
JBAEA, Vol. 83, 1961, p. 499. 

[6] Picklesimer, M. L., Electrochemical Technology, ECTCA, Vol. 4, 1966, p. 289. 
[7] Woods, C. R., "Properties of Zircaloy-4 Tubing," U.S. Atomic Energy Commission 

Report WAPD-TM-585, Westinghouse Electric COrporation, Bettis Atomic Power 
Laboratory, Dec. 1966. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



HARDY ON ZIRCONIUM ALLOY FUEL CLADDING 257  

[8] Hardy, D. G., unpublished Chalk River results. 
[9] Steward, K. P., "The Properties of Cold Worked Zirconium-2.5 wt% Niobium 

Fuel Sheathing," Report AECL-2250, Atomic Energy of Canada Limited, March 
1965. 

[10] Harris, G. B., Philosophical Magazine, PHMAA, Vol. 43, 1952, p. 113. 
[11] Sturcken, E. F. and Duke, W. G., "Measurement of Preferred Orientation of 

Thin-walled Zircaloy-2 Tubes," U.S. Atomic Energy Commission Report DP-607, 
I. E. du Pont de Nemours and Co., Savannah River Laboratory, Nov. 1961. 

[12] Steward, K. P., "The Properties of Cold Worked Zirconium-2.5 wt% Niobium 
Fuel Sheathing--Part II ," Report CR-Met-1226, Atomic Energy of Canada 
Limited, Nov. 1965. 

[13] Cheadle, B. A., unpublished Chalk River results. 
[1~] Ibrahim, E. F. in Applications Related Phenomena in Zirconium and Its Alloys, 

ASTM STP 458, American Society for Testing and Materials, 1969, p. 18. 
[15] Ells, C. E. and Fidleris, V., Electrochemical Technology, ECTCA, Vol. 4, 1966, 

p. 268. 
[16] Keppenaal, T. J. and Kuhlmann-Wilsdorf, D., Applied Physics Letters, APPLA 

Vol. 4, 1 Feb. 1964, p. 59. 
[17] Bement, A. L. in Symposium on Radiation Effects, Asheville, Sept. 1965, AIME 

Vol. 37, American Institute of Mining, Metallurgical and Petroleum Engineers, 
Gordon and Breach, 1967, p. 671. 

[18] Bement, A. L., "Effects of Cold Work and Neutron Irradiation on the Tensile 
Properties of Zircaloy-2," PhD thesis, University of Michigan, 1963. 

[19] Rudnick, A. and Carlson, R. L., "The Influence of Sheet Thickness on Tensile 
Properties of Metal Sheet," DMIC Memorandum 5, Defense Metals Information 
Center, Battelle Memorial Institute, 23 Jan. 1959. 

[20] Swift, H. W., Journal of the Mechanics and Physics of Solids, JMPSA, Vol. 1, 
1952, p. 1. 

[21] Hill, R., Proceedings of the Royal Society (London), Series A, PRSLA, Vol. 193, 
1948, p. 281. 

[22] Rittenhouse, P. L., Journal of Nuclear Materials, JNUMA, Vol. 24, 1967, p. 310. 
[23] K~llstrSm, O. K., Letter to the Editor, Journal of Nuclear Materials, JNUMA, 

Vol. 31, 1969, p. 111. 
[2~] Bement, A. L., Tobin, J. C., and Hoagland, R. G. in Symposium on Flow and Frac- 

ture of Metals in Nuclear Environments, ASTM S T P  380, American Society for 
Testing and Materials, June 1964, p. 364. 

[25] Goodwin, J. G., Rubenstein, L. S., and Shubert, F. L., in Symposium on the Newer 
Metals, A S T M  STP 272, American Society for Testing and Materials, 1959, p. 124. 

[26] Mudge, W. L. and Forscher, F., "Mechanical Properties of Zircaloy-2," U.S. 
Atomic Energy Commission Report WAPD-101, Westinghouse Electric Corp., 
Bettis Atomic Power Laboratory, 23 July 1954. 

[27] Grozier, J. D., "Critical Grain Growth in Zircaloy-2," U.S. Atomic Energy Com- 
mission Report WAPD-ZH-12, Westinghouse Electric Corp., Bettis Atomic Power 
Laboratory, Nov. 1958, p. 15. 

[28] Lustman, B. and Kerze, F., The Metallurgy of Zirconium, McGraw-Hill, 1955, 
pp. 505-508. 

[29] Coleman, C. E. and Hardie, D., Journal of the Institute of Metals, JIMEA, 
Vol. 94, 1966, p. 387. 

[30] Bell, L. G. and Dicks, T. S., Canadian Metallurgical Quarterly, CAMQA, Vol. 4, 
1965; p. 259. 

[311 Daniel, A. R., Canadian General Electric Co., work performed under contract to 
Atomic Energy of Canada Limited, June 1968. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



STP484-EB/Jan. 1970 

DISCUSSION 

A. L. Bementl--The thermal treatments giving rise to changes in grain 
size (alpha annealing and beta heat treatment) also cause texture rotation 
and the redistribution of compositional constituents. Have you eliminated 
the possible influences of these variables on your grain size correlation of 
mechanical properties? 

D. G. Hardy (author's closure)--The textural differences between the 
alpha annealed and the beta heat-treated conditions were not large enough 
to account for the differences in the mechanical properties. 

Redistribution of the intermetallic precipitates was observed on beta 
heat treatment: instead of being randomly distributed as in the alpha 
annealed structure, they tended to precipitate along the alpha platelet 
boundaries within each prior beta grain. As reported by Holt 2 and 0kvist 
and KiillstrSm, a two different Widmanstiitten morphologies have been 
observed in beta heat-treated Zircaloy depending on the concentration of 
particles insoluble in the beta phase: a "parallel plate" structure and a 
"basketweave" structure. 

A. R. Daniel of the Canadian General Electric Co., Peterborough, 
Ontario, working under contract to AECL, found that, although there was a 
difference in the general level of the total circumferential elongation in the 
burst test between the two types of structure, in both cases the ductility 
was proportional to the prior beta grain size. All the specimens reported 
in this paper developed a basketweave structure. Extrapolating Daniel's 
TCE versus grain size curve for the basketweave structure to the alpha 
annealed grain size gives a TCE of 30 percent, approximately the same as 
the TCE of the alpha annealed specimens reported in Table 4. It  therefore 
appears that the prior.beta grain size has a similar effect on the burst 
properties as the alpha annealed grain size, provided the former has the 
basketweave structure. 

1 Battelle-Northwest, Riehland, Wash. 99352. 
Holt, R. A., Journal of Nuclear Materials, JNUMA, Vol. 35, June 1970, p. 322. 

3 0kvist, G. and K~llstrSm, K., Journal of Nuclear Materials, JNUMA, Vol. 35, 
June 1970, p. 316. 
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W. J. Langford 1 

Metallurgical Properties of Cold-Worked 
Zircaloy 2 Pressure Tubes Irradiated 
Under CANDU-PHW Power Reactor 
Conditions* 

REFERENCE: Langford, W. J., "Metallurgical  Properties of Co! d- 
Worked Zirealoy 2 Pressure Tubes Irradiated Under CANDU-PHW 
Power Reactor Condit ions," Irradiation Effects on Structural Alloys for Nu- 
clear Reactor Applications, A S T M  S T P  ~8~, American Society for Testing and 
Materials, 1970, pp. 259-286. 

ABSTRACT: The performance of cold-worked Zircaloy 2 reactor pressure 
tubes has been assessed by destructive tests of tubes irradiated under CANDU- 
PHW power reactor conditions of temperature (240 to 280 C), stress (10,500 
to 17,200 psi), and neutron irradiation. Reactor service increases biaxial burst 
strength, accompanied by a change in deformation mode that leads to reduced 
ductility after irradiation. Crack tolerance of the tubing is virtually unaffected 
by reactor service, and the critical crack length exceeds 3 in. (75 mm) at 
16,000 psi (11.3 kg/mm 2) hoop stress and 300 C. 

Uniaxial tension tests indicate that operating stress reduces the transverse 
tensile strength of unirradiated tubing. Irradiation strengthening appears to 
be direction dependent, suggesting a possible influence of operating stress on 
the distribution of irradiation damage. Transmission electron microscopy shows 
the damage to be in the form of discrete dislocation loops. 

Oxidation rate in water is enhanced by neutron irradiation but is acceptably 
low, as is hydrogen/deuterium pickup. Diameter measurements support the 
evidence from in-pile creep investigations that creep rate partly depends On 
fast neutron flux. 

KEY WORDS: irradiation, neutron irradiation, radiation effects, nuclear 
reactors, moderators, nuclear reactor engineering, structural members, Zir- 
caloys, uranium, oxides, deuterium, coolants, heavy water reactors, pressurized 
water reactors, pressure vessels 

Zircaloy 2 has several propert ies which make  it  an  a t t rac t ive  s t ruc tura l  
mate r ia l  for na~cural u r a n i u m  fueled reactors. The  effects of ne u t r on  i rradia-  

1 Fuels and Materials Div., Metallurgical Engineering Branch, Chalk River Nuclear 
Laboratories, Atomic Energy of Canada Ltd., Chalk River, Ontario, Canada. 

* CANDU-PHW denotes the Canadian design of pressurized heavy water cooled 
reactor utilizing natural uranium fuel and a heavy water moderator. 
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260 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

TABLE 1--Dimensions and metallurgical condition of the Zircaloy 2 pressure tubes. 

Tube History 
Inside Wall Cold 

diameter, thickness, Work, 
in. in. % 

289 . . . .  Production Douglas Point Tube s 
10 . . . .  NPD reactor :tube 

130 . . . .  NPD reactor tube 
391 . . . .  Prototype Pickering 1, 2 tube 
425 . . . .  NRU reactor loop tube 

3.25 0.i54 18 
3.25 0.170 17 
3.25 0.170 17 
4.07 O.2OO 2O 
4.07 0.152 23 

a Rejected for power reactor use because wall thickness was 0.001 in. below specified 
minimum. 

tion on these properties have been widely studied, usually by  irradiating 
prepared test  specimens [1, 2], 2 al though some irradiated pressure tubes 
have been destructively examined [3, 4, 5]. 

Cold-worked Zircaloy 2 pressure tubes are in service in the Nuclear 
Power Demonstra t ion (NPD)  (25 MWe) 3 and Douglas Point  (200 MWe) 
C A N D U - P H W  power reactors, and are installed in Piekering reactors 1 
and 2 (500 MWe each). This paper  assesses pressure tube performance 
based on the destructive examination of two tubes removed from the N P D  
reactor after  5 years '  service, and three tubes irradiated under power re- 
actor conditions as par t  of test  loops-in Chalk River 's  N R U  reactor. 

Experimental 

Mater ia l  

The Zircaloy 2 pressure tubes were extruded and cold drawn nominally 
18 percent, followed by  autoclaving in s team for 72 h a t  400 C to provide 
a protect ive adherent  oxide film. Table  1 summarizes pert inent tube data,  
and Appendix I gives the ingot analyses. 

The crystallographic texture of tube 289 was measured using the in- 
verse pole figure technique. The pole figures are shown in Fig. 1 together 
with the texture coefficients of the idealized orientations. The alpha zir- 
conium crystals (hexagonal close packed symmetry)  were oriented pre- 
dominant ly  with their basal poles in the tangential  direction (orientation 
A, Fig. 1). Radially oriented basal poles were the next most  prevalent.  
Remaining orientations were between the radial and tangential  directions: 
there were no basal poles in or close to the axial direction. The N P D  tubes 
had a similar texture [6], which is typical  of extruded and cold-worked 
Zircaloy 2 tubes [7]. 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
3 MWe, megawatts electrical. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



LANGFORD ON ZIRCALOY 2 REACTOR PRESSURE TUBES 261 
Operating Conditions 

The pressure tubes were internally pressurized by light or heavy water 
coolant at temperatures between 240 and 280 C. Table 2 summarizes oper- 
ating conditions. Exposure times for the tubes have been normalized to 
equivalent full power days (EFPD). 'Energy costs from the CANDU re- 
actor system have been assessed [8] on the basis of the reactor being on 
line for 7000 h/year, averaged over the reactor's lifetime. A full power 
year (FPY) is therefore defined in these terms as 292 EFPD. 

Experimental Procedures 

Appendix II shows the locations of test specimens from each pressure 
tube relative to neutron dose. All neutron doses in this report are for ener- 
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FIG.  1--Inverse pole figures and texture coe~cients of the idealized orientations for 
Zircaloy 2 tube 289. 
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LANGFORD ON ZIRCALOY 2 REACTOR PRESSURE TUBES 2 6 3  

gies greater than  1 MeV, and were computed from burnup of fuel tha t  had 
been irradiated within the tubes. 

Outside Diameter Measurements--The outside diameter  of irradiated 
tube 289 was measured by  a micrometer  at  several places along i ts  length. 
At  each position, diameters were measured at  30-deg intervals around the 
tube 's  circumference. Tube 289 was of part icular  interest because its inside 
diameter  had been measured at  intervals in pile to s tudy the effects of 
neutron irradiation on creep in Zircaloy 2 pressure tubes [9]. 

Uniaxial Tension Tests--The tubes '  dimensions largely dictate the types 
of test  specimens which m a y  be used. Some fiat specimens were obtained, 
but  most  uniaxial tension tests were made on simple 0.25~in. (6.3-mm)- 
wide rings held on semicircular yokes. Miniature  cylindrical specimens 
were obtained f rom low-flux areas. For future reference these specimen 
types are labelled F (fiat), R (ring), and C (cylindrical); the specimen 
dimensions are shown in Appendix I I .  

Biaxial Burst Tests--When a tube with closed ends is internally pres- 
surized, a biaxial stress system results in which the circumferential (hoop) 
stress is twice the axial stress. In  isotropic mater ial  the ul t imate hoop 
strength of such a tube, pressurized to failure, is about  15 percent greater 
than  tha t  measured in transverse uniaxial tension tests owing to deforma- 
tion restraints imposed by  the stress system [10]. Cold drawn Zircaloy 2 
pressure tubing shows a further  5 percent increase in strength in biaxial 
tests as a result of the anisotropic deformation of the highly textured ma-  
terial [11]. Biaxial burst  tests therefore give a more realistic indication of 
reactor pressure tube properties than  do uniaxial tension tests. 

The tests were made on 11-in. (280-mm) and 18-in. (455-mm) tube 
specimens, the ends of which were sealed with heavy  end caps and trape- 
zoidal copper seals. Circumferential and longitudinal strain gages were 
a t tached to the outer surface at  the thinnest wall section. 

Crack Tolerance Tests--An internally pressurized reactor pressure tube 
operating below its yield stress is unlikely to fail catastrophically; however, 

TABLE 3--Outside diameters of tube 289 before and after irradiation. 

Measurement Original Final Diameter 
Position a Diameter, in. Diameter, in. Increase, in. 

466.5 . . . . . . . . . . . . . . . . . . . . . . .  3.5764 
465 . . . . . . . . . . . . . . . . . . . . . . . . .  3.5766 
463.5 . . . . . . . . . . . . . . . . . . . . . . .  3.5767 
461 . . . . . . . . . . . . . . . . . . . . . . . . .  3.5772 
460 . . . . . . . . . . . . . . . . . . . . . . . . .  3.5783 
457.5 . . . . . . . . . . . . . . . . . . . . . . .  3.5760 
456.5 . . . . . . . . . . . . . . . . . . . . . . .  3.5757 
455.5 . . . . . . . . . . . . . . . . . . . . . . .  3.5754 

3.5788 0.0024 
3.5797 0.0031 
3.5825 0.0058 
3.5839 0.0067 
3.5839 0.0056 
3.5792 0.0032 
3.5782 0.0025 
3.5765 0.0011 

a Elevations in NRU reactor are given in feet above sea level. 
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2 6 4  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

defects or damage incurred during service could reduce tube strength: a 
sufficiently large defect will be unstable at operating stress, and conse- 
quently the tube could fail rapidly. The length of this "sufficiently large" 
defect is the critical crack length of the tube for tha t  stress. 

The experimental approach used in this evaluation was to burst tubular 
specimens each containing a thin longitudinal slit of preselected length. 
The slits were about  0.006 in. (0.15 mm) wide, cut by spark machining, 
and were sealed with a soft aluminum liner before testing. Further  details 
of this test technique are given in Ref 12. 

Metallography and Analysis--Specimens for metallography and hydro- 
gen/deuterium analysis were cut from rings taken from various locations 
on the tubes, as shown in Appendix II. 

Results 

Diameter Measurements--The pre and postirradiation diameters of tube 
289 are given in Table 3; Fig. 2 compares the tube profiles obtained from 
measurements of in-pile creep [9] and postirradiation diameters. 

Uniaxial Tension Tests--Type R specimens were obtained from tubes 
10, 130, and 289; type F specimens from tubes 130 and 289; and type C 
specimens from tube 289. No tension test specimens were taken from ir- 
radiated tubes 391 or 425. Tension tests were carried out at 20, 280, and 

4~ 

465 

464 

�9 '~ 463 

,H J 462 

g61 

460 

"J' 459 

qs8 qs~ 
q56 

CURVE - IN-PILE MEASUREMENTS 

POINTS - POST-IRRADIATION __~~ HEASUREMENTS 

@ 

i i 

0.10 0.20 
STRAIN PERCENT 

-•FLUX 
I I I I I I 

2O 
0 2 4 6 810 12 xlO 

INTEGRATED NEUTRON 
EXPDSURE n/cm 2 > 1 MeV 

FIG. 2--Diameter profiles of irradiated Zircaloy $ tube 289. 
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110 
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~. 9o 

~ ao 

N 7o 

~ 60 

~ 50, 

�9 TUBE 289 
�9 TU8ES I0, 130 

20C 

qO 
"OUT OF FLUX" 

UNIRRADIATED 

300 C 

I I I I I I I I I J 

1020 7021 

NEUTRON EXPOSURE, n / c m ~  I MeV) 

FIG. 3--Ultimate tensile stress versus neutron exposure for cold-worked Zircaloy 9 
(transverse). 

300 C. Tables 4 and 5 present tbe test results, and in Fig. 3 ultimate tensile 
strength (UTS) is plotted as a function of fast neutron dose. 

Biax ia l  Burs t  T e s t s - - T w o  specimens from tube 289 and one from tube 
130 were burst at 300 C. One of the specimens from tube 289 contained at 
its midpoint damage caused by a fuel stop or installation tool during serv- 
ice in the experimental loop. The damage is shown in Fig. &; the maximum 
depth was 0.016 in. (0.4 mm), measured from the plastic replica. Test 
results are given in Table 6, which includes data from unirradiated tubes 
for comparison. 

The damaged specimen from tube 289 failed after local thinning of the 
damaged region. Wall thickness reduction in the remainder of the specimen 
was only 2 percent. The other two specimens failed at their thinnest wall 
section. All fractures were completely ductile. 

Crack Tolerance (Sl i t  Burs t )  Te s t s - -S l i t  burst specimens were prepared 
from all five tubes. Tests were conducted at 20 and 300 C, and Table 7 
gives the results, including data from unirradiated tubes for comparison. 
Figure 5 shows failure stress plotted as a function of slit length. 

Oxide Th ickness - -Ox ide  thicknesses on the inside and outside surfaces 
of tubes 10, 130, and 289 were measured on metallographic sections. The 
average oxide thickness on the outer tube surfaces (in contact with air 
during irradiation) was 1 to 3 t~m. Patches up to 6 #m and areas free of 
oxide were also seen. On the inside surface (in contact with pressurized 
water coolant) oxide thickness varied from 2 to 14 #m, with patches up to 
24 #m being seen in tubes 10 and 130. The oxide was frequently cracked 
and blistered. Table 8 gives the results. 
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LANGFORD ON ZIRCALOY 2 REACTOR PRESSURE TUBES 269 

FIG. 4--Defect in tube 289 at an elevation of 46~ ft 8 in.: left, viewed from inside the 
tube through a borescope and, right, epoxy replica. White scale mark is parallel with longi- 
tudinal axis of tube. 

Hydrogen~Deuterium Analyses - -Spec imens  adjacent to the oxide thick- 
ness specimens were analyzed for hydrogen and deuterium (tubes 10 and 
130 only) by vacuum fusion techniques. Results can be found in Table 8. 

D i s c u s s i o n  

Diameter Changes 

The postirradiation diameter measurements agree well with the in-pile 
measurements of Ross-Ross and Hunt [9] but are generally slightly larger. 
This is probably due to small differences in the techniques used to measure 
the initial and final diameters. Reference unirradiated tube data recorded 
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270 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

TABLE 6---Biaxial burst test results on Z@caloy 2 pressure tubes at 800 C. 

Tube 

Neutron Dose, 0.2% Yield Burs t  Wall  Circum- 
n / c m  2, Stress, Stress, Reduction,  ferential 

E > 1 MeV psi psi % Increase, 
% 

130 . . . . . . . . . . . .  9 . 0 X 1 0  ~~ 79 000 80 000 12.5 a 8 
Archive N P D  

tube . . . . . . . . . .  0 56 000 61 000 30 20 
289 . . . . . . . . . . . .  1.0X1021 77 000 77 000 17 7 
289 b . . . . . . . . . . . .  3.6X102~ 75 000 c 77 000 c 20 ~ 10 
Archive Douglas  

Point  tube . . . .  0 60 000 63 000 28 30 

a Or higher. Fracture surface damaged  during test. 
b Containing 0.016-in.-deep defect at  midpoint.  
c Based on m i n i m u m  wall thickness at  defect. 

TABLE 7--Results of slit burst tests: Zircaloy 2 pressure tubes. 

Tube 

Neut ron  Dose, Specimen Test  Slit Failure 
n / c m  2, Length,  Temperature ,  Length,  Stress, 

E > 1 MeV in. deg C in. psi 

10 . . . . . . . . .  

130 . . . . . . . . .  

Archive N P D  
tubes . . . . . .  

289 . . . . . . . . .  

391 . . . . . . . . .  

425 . . . . . . . . .  

1.2 X 1031 18 300 3 17 600 
1 .2X 1031 18 20 2 28 600 
8 . 0 X  1030 18 20 4 16 300 

1.2X1021 11 20 3 17 200 
1 .0X10  ~1 11 300 2 .5  24 000 
8.0X102~ 11 20 2 .5  21 300 
8.0X102~ 11 300 2 34 200 

0 11 300 2 24 800 
0 11 20 2 34 400 
0 11 300 3 19 000 
0 11 20 3 20 400 
0 11 300 2 .5  21 100 
0 11 20 2 .5  23 000 
0 11 300 3 18 700 

7 . 0 X  1020 18 300 3.5  16 000 ~ 
2 . 0 X 1 0  ~~ 18 300 3 16 800 
Out of flux 18 300 3 15 000 

2.6X102~ 11 300 1.5 44 000 
2.6X102~ 11 300 3 21 900 
2.6X102~ 11 300 1.5 38 600 
2 . 6 X  102~ 11 300 3 18 000 
Out of flux 11 300 1.5 39 200 
Out of flux 11 300 3 16 200 

1.6X102~ 11 300 2 .25  25 250 

a Or higher. Seal failed causing slow leakage. Slight crack extension observed. 
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F I G .  5--Failure stress versus slit length for cold-worked Zircaloy ~ pressure tubes. 

T A B L E  9--Comparison of transverse U T S  values of Zircaloy 2 pressure tube material, 

N e u t r o n  Dos e ,  T e s t  T e m p e r a t u r e ,  U T S ,  
T u b e  n / c m  ~, E > 1 M e V  d e g  C ps i  

130 . . . . . . . . . . . . . . .  0 20  87 000 
289 . . . . . . . . . . . . . . .  0 20  95 800 
363 . . . . . . . . . . . . . . .  0 20 94 000 
130 . . . . . . . . . . .  : . . .  0 300 47 500 
289 . . . . . . . . . . . . . . .  0 300 54 800 
363 . . . . . . . . . . . . . . .  0 300 50 400 

130 a . . . . . . . . . . . . . . .  5 . 5 X 1 0 2 ~  20 107 400 
289 ~ . . . . . . . . . . . . . . .  3 . 0  20 105 200 
363 b . . . . . . . . . . . . . . .  2 . 3  20  115 700 
130 ~ . . . . . . . . . . . . . . .  5 . 5  300 64 700 
289 ~ . . . . . . . . . . . . . . .  3 . 0  300 59 200 
363 b . . . . . . . . . . . . . . .  2 . 3  300  64 700 

130 a . . . . . . . . . . . . . . .  1 . 2 X 1 0  ~1 20 104 500 
1 . 2  300 69 500 

289 ~ . . . . . . . . . . . . . . .  1 . 0  20  110 000 
1 . 0  300 65 000 

a I r r a d i a t e d  a s  a p r e s s u r e  t u b e .  
b I r r a d i a t e d  a s  t e n s i o n  s p e c i m e n s  [12]. 
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LANGFORD ON ZIRCALOY 2 REACTOR PRESSURE TUBES 273 

by Ross-Ross and Hunt were based on measurements of three diameters 
60 deg apart, while their in-pile measurements used six diameters at 30-deg 
intervals. The diameters recorded after irradiation were also averaged from 
six measurements. 

The postirradiation measurements support the conclusions of Ross-Ross 
and Hunt that the in-reactor creep rate of cold-worked Zircaloy 2 in the 
temperature range 250 to 300 C depends on fast neutron flux (E > 1 MeV), 
temperature, and hoop stress according to the equation 

~t= 4 X I0-27~ tqb(T-- 160)/h 
where 

, = transverse strain rate, h -1, 

a t= transverse stress (up to 17,200 psi), and 

T = operating temperature, deg C. 

Figure 2 shows quite clearly the correspondence between integrated neu- 
tron exposure and pressure tube diameter. 

Biaxial Burst Properties 
Unirradiated Zircaloy 2 pressure tubes show high circumferential and 

radial strains to failure under burst test conditions when compared with 
isotropic materials such as steel [6]. 

Reactor service increased the biaxial burst strength of tubes 130 and 
289, with an attendant drop in ductility (Table 6). Irradiation has reduced 
the initially high circumferential and radial strains: this reduction in due- 
tility can be explained using the following model [14]. Irradiated cold 
drawn Zircaloy 2 with a texture oriented for {1012} twinning in tension 
generally shows an abrupt yield point in uniaxial tension tests at 300 C. 
This is attributed to mobile dislocations sweeping channels free of defects: 
the moving dislocations absorb defects and thus reduce the stress required 
to move following dislocations. Evidence of such sweeping of defects has 
been reported by Williams and Gilbert [15]. The situation after yield is 
unstable, since the stress to initiate plastic flow exceeds the stress required 
to maintain the flow. In the irradiated tube under biaxial stress, plastic 
flow commences if a local stress concentration (usually the thinnest wall 
section) reaches yield, after which it can continue unstably. Failure occurs 
in this region while the remainder of the tube wall has barely yielded, lead- 
ing to reduced general deformation. The specimen containing the defect 
(Fig. 4) provided a good example of highly localized deformation. 

Crack Tolerance 

In slit burst tests at 20 C, reactor service has slightly reduced failure 
stress for a given slit length. Aungst and Defferding [3] found little effect 
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2 7 4  iRRADiATiON EFFECTS ON STRUCTURAL ALLOYS 

of neutron irradiation on the room temperature failure stress of flawed 
KER Zircaloy 2 pressure tubing but did not report neutron dose. In both 
KER and CANDU tubing, pre and postirradiation critical crack lengths 
were very large in relation to tube wall thickness. 

Results at 300 C fall in a fairly well defined band (Fig. 5), but within 
the band certain trends are evident. Irradiated tubing is stronger than un- 
irradiated tubing with slits below 2.5 in. (65 mm) in length, and even with 
3-in. (75-mm) slits irradiated tube 391 is stronger than an out-of-flux speci- 
men. The 20 C results can be superimposed on the 300 C band, indicating 
that failure stresses are relatively insensitive to test temperature in this 
temperature range. 

In an unirradiated Zircaloy 2 pressure tube containing a sharp defect, 
extensive plastic deformation can occur at the stress concentration, effec- 
tively blunting the tip of the defect. During this deformation the material 
adjacent to the defect is strain hardened. Extension of the defect, that is, 
catastrophic failure, is then possible only when the stress concentration 
reaches the tensile strength of the material adjacent to the tip of the de- 
fect. Irradiated tubing on the other hand shows almost no strain hardening, 
yielding being followed almost immediately by unstable plastic collapse. 
Failure of irradiated tubes with defects thus occurs when the stress con- 
centration at the tip of the defect reaches yield stress, and the defect ex- 
tends as the material collapses plastically ahead of it. Since the yield 
stress of irradiated tubing is slightly higher than the UTS of unirradiated 
tubing, irradiated tubing fails at similar stresses to unirradiated tubing, 
accompanied by plastic work and in a high energy absorbing, ductile 
manner. 

The length of defect which will be unstable under reactor design condi- 
tions (the "critical crack length") is found by interpolation from Fig. 5. 
Thus, for Pickering reactors 1 and 2 and for the Douglas Point reactor 
(all 16,000 psi at 300 C), the critical crack length is about 3 in. (75 ram). 
Defects this large could not credibly remain undetected. Coolant is ex- 
pected to leak from a crack longer than about twice the tube wall thickness 
[16], revealing the presence of the crack before it reaches critical size. 

The credibility of "leak before break" as a safety criterion was demon- 
strated when a Zircaloy 2 pressure tube in a Chalk River reactor loop was 
damaged during experimental studies of abnormal flow conditions. A three- 
finned fuel stop came loose and fell to the bottom of the tube, where it 
fretted three marks into the 0.160-in. (4.1-mm) tube wall in an out-of-flux 
region. The worst mark was 0.135 in. (3.4 ram) deep and about 1 in. (25 
mm) long. Under the operating stress of 17,800 psi (based on original wall 
thickness) at 300 C, the remaining 0.025-in. (0.63-mm)-thick web cracked 
through, releasing coolant into the gas annulus surrounding the tube. The 
leakage was detected and the reactor shut down for inspection. Subse- 
quent examination showed the crack to be about 0.5 in. (13 mm) long at 
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the outer tube surface. The critical crack length of this tube at 17,800 psi 
and 300 C predicted from Fig. 5 is about 2.5 in. (65 mm), indicating a sub- 
stantial safety margin between the crack length at the time of detection 
and the critical length. 

The effects of precipitated hydrides on failure stresses in flawed Zircaloy 
2 pressure tubes have been reported earlier [12]: hydrogen (200 ppm by 
weight) did not affect failure stress at 300 C but reduced it at 20 C; even 
in this case the critical crack length at 16,000 psi exceeds 2 in. (25 mm). 
The hydrogen (deuterium) concentrations found in the present work indi- 
cate that concentrations in power reactor pressure tubes are unlikely to 
reach 250 ppm in a 30-year lifetime. The risk of unacceptably short critical 
crack lengths arising from hydrogen embrittlement is therefore considered 
to be very low. 

Uniaxial Tensile Strength 

The main purpose of the uniaxial tests was to show that tube strength 
continues to be consistent with reactor operating requirements. Irradiation 
conditions were those of operating pressure tubes rather than a controlled 
irradiation experiment. Mechanistic interpretation of the effects of reactor 
service is restricted because the predominant type R (ring) specimens do 
not permit measurement of yield stress, the usual index of irradiation 
damage. Within these limitations, some observations were made which 
indicate that long-term performance of pressure tubes will differ slightly 
from that predicted by small specimen irradiations, since actual service 
conditions (temperature variation, biaxial stress, irradiation) are not easily 
simulated. 

In general, the uniaxial tensile strengths of the tubes increased steadily 
with neutron dose, as shown in Fig. 3, agreeing with the results of small 
specimen irradiations. 

Effect of Temperature--Tubes 10 and 130 showed higher UTS values at 
the coolant inlet end (252 C) than at coolant outlet (273 C), particularly 
in tests at 20 C. Neutron dose is the same at each end. The back end of an 
extruded and cold drawn tube is slightly stronger than the front end [18], 
probably because the back end of the extrusion billet is cooler at the too- 
ment of extrusion, leading to more residual cold work in the back end of 
the tube. In the NPD reactor the back ends of tubes 10 and 130 were at 
the coolant outlet end. Assuming that these ends were slightly stronger at 
the time of installation, the difference in circumferential UTS between inlet 
and outlet ends of the irradiated tubes may be significant, and possibly 
suggests differential recovery of irradiation damage and cold work due to 
the temperature gradient along the pressure tube. Data are limited and 
some scatter is evident, but the trend seems consistent in the two NPD 
tubes. The effect is not observed in tube 289, possibly reflecting the con- 
siderably shorter exposure of the tube. 
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Effect of Operating Stress--Tube 289 extended above and below the zone 
of neutron flux in the N R U  reactor test  loop: the ends of this tube there- 
fore were exposed to out-of-flux conditions of temperature  and biaxial 
stress. Tension specimens from these areas showed (Table 4) tha t  trans- 
verse 0.2 percent YS (yield strength) and UTS had fallen slightly below 
the unirradiated (archive) values at  20 and 300 C; comparable longitudinal 
tests were not done. Similar effects had been observed previously in the 
examination of another  irradiated Zircaloy 2 pressure tube [17]. 

These observations m a y  indicate tha t  stress enhanced recovery of cold 
work has taken place. Such recovery has been reported for a luminum and 
iron [18], where the effect of stress is to accelerate dislocation climb, an 
essential par t  of the recovery process. 

Transverse tension test  da ta  from the irradiated portions of the pressure 
tubes are compared in Table 9 with data from tension test  specimens pre- 
pared from pressure tubes and irradiated unstressed [12]. At 20 C the ir- 
radiated pressure tubes are less strong than  the unstressed specimens, even 
though the pressure tubes received roughly four times as much neutron 
irradiation; at  300 C the strengths are similar. This tends to support  the 
suggestion tha t  some recovery is occurring under the influence of stress. 

In  the internally pressurized tube, transverse stress is twice as large as 
longitudinal stress, so, if stress influences properties, transverse strength 
might be expected to increase proport ionately less than  longitudinal 
strength during neutron irradiation. Table 5 shows this to be true. How- 
ever, the longitudinal pressure tube specimens show proport ionately much 
larger strength increases than  the longitudinal specimens irradiated un- 
stressed (Table 10), which indicates tha t  stress per se does not reduce the 
extent of irradiation strengthening and, therefore, tha t  directional proper- 
ties of the tube material  m a y  be involved. 

TABLE lO--Comparison of longitudinal strengths of Zircaloy 2 pressure tube materials. 

Test 
Temperature, 

deg C 

0.2% YS, kpsi UTS, kpsi 

Tube 130 363 ~ 130 363 ~ 

20 . . . . . . . . . . . .  

280 and 300 b . . . .  

Unirradiated 71.0 83.0 89.1 96.0 
Irradiated 100.1 109.3 117.0 112.7 
Increase 29.1 26.3 27.9 16.7 
% Increase 40 31 31 18 

Unirradiated 44.0 48.4 51.9 53.5 
Irradiated 79.9 64.6 85.2 64.8 
Increase 35.9 16.2 33.3 11.3 
% Increase 82 33 63 21 

a From Ref 12 (irradiated unstressed). 
b Tube 130 specimens tested at 280 C, tube 363 specimens at 300 C. 
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Effect of Crystallographic Texture--In cold drawn Zircaloy 2 tubes most 
basal poles lie in the circumferential direction (see Fig. 1) so that under 
longitudinal tension the material deforms primarily by {1010} <1210} slip. 
When loaded in circumferential tension, a small proportion of the grains 
will slip, but most grains are oriented for 11012} twinning. 

Under the biaxial stress system of pressure tube 130, the longitudinal 
strength increased considerably more than the transverse strength during 
irradiation (Table 5). This anisotropic irradiation strengthening suggests 
that, under the influence of the stress field, irradiation damage may be- 
come oriented sufficiently so that slip deformation is impeded more effec- 
tively than twinning. 

Electron Microscopy--Thin foils prepared from irradiated tube 289 were 
examined by transmission electron microscopy, revealing discrete dislo- 
cation loops (Fig. 6) which were not identifiable as either vacancy or in- 
terstitial types [15]. The observation may support Bement's [14] sugges- 
tion that at neutron doses greater than about 102~ n/cm ~ irradiation harden- 
ing is by interstitial loop formation. In common with other results from 
irradiated zirconium alloys [15], the foils from tube 289 showed no evidence 
of loop growth or interaction. Although the examination failed to provide 
positive evidence of an effect of stress on dislocation loop orientation, 
Williams and Gilbert [15] noted that the larger dislocation loops lay in or 
near the primary or secondary prismatic planes. This supports the sugges- 
tion that irradiation damage in a stressed tube principally impedes the 
slip system. 

Oxidation 

Oxidation of the tubes' inside surfaces increased as a result of reactor 
exposure, the oxide thickness showing some dependence on neutron dose. 
The increased corrosion in tubes 10 and 130 supports earlier observations 
from test coupons and fuel sheathing that, for part of the first five years 
of operation, coolant conditions in the NPD reactor were more oxidizing 
than was expected, owing to the low dissolved deuterium concentration 
in the coolant [19]. The maximum oxide thickness on tubes 10 and 130 
exposed to coolant at 252 to 273 C is equivalent to an out-of-pile exposure 
at 345 C for the same length of time. The combined effect of fast neutron 
flux and low deuterium concentration in the coolant during the early period 
of reactor operation are thought to have accelerated the corrosion of tubes 
10 and 130. The patchy oxide morphology on the irradiated pressure tubes 
differs from the uniform oxide which characterizes out-of-pile corrosion. 

For the coolant chemistry of tube 289's exposure, the posttransition 
corrosion rate at 280 C is estimated at 0.020 mg/dm 2 day or less, and a 
weight gain of about 9 mg/dm 2 (equivalent to 0.7 ~m oxide thickness) 
would be expected in 458 EFPD, in the absence of neutron irradiation. 
The original autoclaved film was about 1 ~m thick, so the maximum thick- 
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ness increase in tube 289 is 13 ~m, equivalent to a weight gain of 180 
rag/din ~-, or about 20 times the weight gain of unirradiated Zircaloy 2. 

A nonautoclaved Zircaloy 2 tube was irradiated earlier in the U-2 loop 
with similar coolant chemistry to tube 289. Postirradiation examination 
showed some irradiation enhancement of oxidation [17], but the maximum 
oxide thickness was only 4 #m after irradiation to 6.5 X 1020 n/era 2 in 292 
EFPD. Since neutron fluxes (E > 1 MeV) were closely similar in the irradi- 
ation of both tubes, the reduced oxidation is believed to be due to the ab- 
sence of the autoclaved oxide film. Work by Johnson [20] supports this 
interpretation: he found that prefilming Zircaloy 2 in 400 C steam increased 
its susceptibility to irradiation enhancement of oxidation in ammonia 
dosed coolant. 

Assuming linear posttransition oxidation kinetics, the maximum mean 
oxide thickness increase of 7 ~m in tube 289 extrapolates to 115 ~m in 30 
FPY. In all probability spalling and mechanical damage would prevent 
such an accumulation. The amount of zirconium metal used in forming 
this thickness of oxide is equivalent to a uniform thickness loss of 0.0025 in. 

A similar extrapolation based on the thickest (14 ~m) oxide patches on 
tube 289 predicts a maximum oxide thickness of 250 #m in 30 FPY, indi- 
cating a uniform metal loss of 0.0056 in. There is evidence that these oxide 
patches do not grow indefinitely but agglomerate prior to the onset of a 
uniform corrosion rate [21J. The prediction of 0.0056 in. of metal loss there- 
fore seems likely to be unduly pessimistic but would not in any case affect 
the safe operation of the pressure tubes. 

Hydrogen/Deuterium Pickup--The solubility of hydrogen in Zircaloy 2 
is about 80 ppm by weight at 280 C [22], decreasing to perhaps less than 
1 ppm at 20 C. Hydrogen in excess of solid solubilitY precipitates as the 
zirconium hydride ZrH1.5. Deuterium (from heavy water coolant) behaves 
identically to hydrogen, but because of the different atomic weights twice 
as much deuterium (in ppm by weight) is required to produce the same 
amount of precipitate. Since almost all research work has used hydrogen 
rather than deuterium, it is convenient for the following discussion to use 
the term "effective hydrogen concentration" for the tubes exposed in 
heavy water: this is defined as the sum of the hydrogen concentration and 
half of the deuterium concentration. 

The rate of hydrogen pickup from the hot pressurized coolant varies 
with the rate of oxidation. Initial pickup rate falls rapidly as the oxide 
thickens. After transition in oxidation kinetics at about 35 rag/din 2 (2.5 
#m of oxide), hydrogen is picked up at a rate which is roughly linear with 
time. The oxide thicknesses measured on tubes 289, 10, and 130 indicate 
that the oxidation had progressed beyond transition. Extrapolation of the 
measured hydrogen and deuterium concentrations at a linear rate therefore 
provides a reasonable guide to the probable effective hydrogen concentra- 
ition in a pressure tube at the end of a 30-FPY life. 
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Tube 130 picked up a maximum of 31 ppm D2 in 1240 EFPD, which 
extrapolates to 218 ppm D2 in 30 FPY. With the initial tube hydrogen 
concentration of 19 ppm H2, this is an effective hydrogen concentration 
of 128 ppm. Tube 289 picked up a maximum of 13 ppm H2 in 458 EFPD, 
which predicts a maximum total concentration iof 245 ppm in 30 FPY. 

These predicted maximum values of effective hydrogen concentration 
will have little effect on the tensile properties of Zircaloy 2 pressure tubes 
at operating temperatures. Sawatzky [23] found virtually no reduction in 
strength with 200 ppm H2 at temperatures up to 400 C, although Evans 
and Parry [24] found that below 150 C ductility was reduced. The com- 
bined effect of 200 ppm hydrogen and a neutron dose of 2.3 X 1020 n/cm 2 
on the strength of pressure tube material was indistinguishable from the 
effect of irradiation alone at 20 and 300 C [12]. Critical crack length was 
reduced at 20 C but unaffected at 300 C by the hydrogen. 

C o n c l u s i o n s  

Postirradiation examination of Zircaloy 2 pressure tubes irradiated 
under power reactor conditions indicates that 

1. Critical crack length of the tubing is sufficient to ensure that leakage 
should give adequate prior warning of an approaching unsafe condition. 

2. Anisotropic deformation of biaxially stressed Zircaloy 2 tubes is 
modified by neutron irradiation. 

3. Stress during irradiation reduces the extent of irradiation strengthen- 
ing, possibly indicating stress enhanced recovery of cold work and irradia- 
tion damage. 

4. Marked directionality of irradiation strengthening together with evi- 

FIG. 6--Transmission electron micrographs showing dislocation loops in irradiated 
Zircaloy 2 pressure tube 289: left, 2X 10 ~ n/cm~; right, 1 X 1021 n/cm 2. 
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dence f rom t ransmiss ion  electron microscopy  suggest  t h a t  the  p r i m a r y  

i r rad ia t ion  harden ing  mechan i sm is impedance  of {1010} <1210 > slip by  

discrete  dis locat ion loops. 

5. N e u t r o n  i r rad ia t ion  enhances  oxida t ion  in L i O H  dosed coolant  a t  

280 C. Oxidat ion  ra te  and  h y d r o g e n / d e u t e r i u m  p ickup  are accep tab ly  low. 

These  examina t ions  indicate  t h a t  the  s t rength,  duc t i l i ty ,  crack tolerance,  

and  corrosion ra te  of Zircaloy 2 pressure tubes  under  normal  reac tor  con- 

di t ions are consis tent  wi th  r equ i remen t s  for a tube  life of 30 years,  l eav ing  

creep as the  fac tor  de te rmin ing  tube  life. 
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A P P E N D I X  I 

Ingot analyses of the Zircaloy 2 pressure tube materials. All ingots supplied by Car- 
borundum Metals Co., Akron, N.Y. 

Tube 289 10 130 391 425 
Ingot No. K689 K223 K304 K792 K791 

A1 . . . . . . . . .  <30 
B . . . . . . . . . . .  <0.2  
C . . . . . . . . . . .  < 106 
Cd . . . . . . . . . .  <0.2 
Co . . . . . . . . . .  < t0 
Cr . . . . . . . . . .  1000 
Cu . . . . . . . . . .  <20 
Fe . . . . . . . . . .  1230 
Hf . . . . . . . . . .  < 100 
Mg . . . . . . . . .  < 10 
Mn . . . . . . . . .  <20 
Mo . . . . . . . . .  <20 
N~ . . . . . . . . . .  48 
Ni . . . . . . . . . .  600 
Pb . . . . . . . . . .  <25 
Si . . . . . . . . . . .  72 
Sn (%) . . . . . . .  1.51 
Ti . . . . . . . . . .  <24 
V . . . . . . . . . . .  <20 
W . . . . . . . . . .  <50 
O2 . . . . . . . . . .  1330 
H 2  . . . . . . . . . .  16 

28 31 <21 26 
0.5 <0.2 <0.2 <0.2 

130 150 127 141 
<0.5 <0.5 <0.2 <0.2 

<20 <20 < 10 < 10 
935 1088 1000 1100 

<20 21 <20 <20 
1230 1355 1200 1200 

83 83 < 100 < 100 
<20 <20 < i0 < I0 
<20 <20 <20 <20 
<20 <20 <20 <20 

39 43 45 41 
462 525 500 500 
<20 <20 <20 <20 

51 35 78 74 
1.41 1.43 1.46 1.49 

<20 <20 <20 <20 
<20 <20 <20 <20 
<20 <20 <50 <50 

a ~ 1 2 6 5  1090-1390 
a 14 6-14 

NoTE--Figures are parts per million (ppm) by weight. 
Not reported. 
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APPENDIX  II 
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FIG. lO--Tension specimens used in the investigation. 
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DISCUSSION 

A. L. Bementl--Have you observed a significant effect of notch acuity 
in your measurements of burst stress versus notch size for your worst 
cases of neutron fluence and hydride concentration? 

W. J. Langford (author's closure)--Notch acuity was not an experimental 
variable, because early in the development of the test technique the spark 
machined slit was found to be as equally severe as sharper notch configura- 
tions. In the thin wall Zircaloy 2 pressure tubes elastic restraints are almost 
nonexistent at stress concentrations, and considerable plastic deformation 
is observed at the slit tips. The observations possibly suggest a limiting 
notch acuity below which plastic flow at the tip effectively nullifies the 
effects of increasingly sharp cracks. 

1 Battelle-Northwest, Richland, Wash. 99352. 
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J .  E .  Harbot t le  1 

The Temperature and Neutron Dose 
Dependence of Irradiation Growth 
in Zircaloy 2 

REFERENCE: Harbottle, J. E., "The  Temperature and Neutron Dose 
Dependence o f  Irradiation Growth in  Zircaloy 2~ ~' Irradiation Effects on 
Structural Alloys for Nuclear Reactor Applications, A S T M  S T P  ~8~, American 
Society for Testing and Materials, 1970, pp. 287-299. 

ABSTRACT: Irradiation growth due to fast neutron bombardment has been 
measured in textured Zircaloy 2 as a function of neutron dose (r and irradi- 
ation temperature. The growth strain e obeys a relationship e ~: (r n over a 
temperature range --196 to 280 C and for doses up to 1031 n/cm 2. For irradiation 
temperatures up to 80 C, n=0.4; but at 280 C, n=0.7. The temperature de- 
pendence of irradiation growth in Zircaloy 2 is small, and in the temperature 
and dose ranges considered the growth strains do not differ by more than a 
factor of four. The growth rate G or de/d (r is initially large at low doses 
but approaches 1 at high doses (~1021 n/cm2). 

KEY WORDS: irradiation, neutron irradiation, neutron flux density, temper- 
ature, strains, strain rate, crystal lattices, grain structure, interstitials, volume, 
Zircaloys, nuclear reactor materials, pressurized water reactors, texture, elon- 
gation, pressure vessels 

A change in  shape at  cons tan t  vo lume  has been observed in  some meta ls  
following i r rad ia t ion  [-1 ]2 and  is defined as i r rad ia t ion  growth. I t  can be 
described fur ther  by  the  i n s t an t aneous  growth ra te  G, which m a y  be a 
func t ion  of dose and  tempera ture .  For  neu t r on  i r rad ia t ion  it  is defined as 
the  fract ional  change of shape of the  solid per n e u t r o n  collision with a 

lat t ice atom. If  e1.~.3 are the  pr incipal  s t ra ins  resul t ing from a n e u t r o n  dose 

1 Central Electricity Generating Board, Research and Development Department, 
Berkeley Nuclear Laboratories, Berkeley, Gloucestershire, England. 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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d(r then 

( ;= _v'_2 L E(41- ~)~+ (~2- ~3)2+ (~3- ~1)~ 1̀~ . . . . . . . . .  (1) 
3 r 

where ~ is the neutron collision cross section (see Appendix I). 
Irradiation growth occurs in noncubie metals (such as uranimu) having 

anisotropic physical properties, in particular anisotropic thermal expansion. 
It also occurs in cold-worked cubic metals, where growth is observed in 
the direction of plastic strain E2~. In a polycrystal the strain in one direc- 
tion is the sum of the strains in all the grains present and so depends on 
the degree of texture. For a random texture there is no macroscopic strain 
in any direction, though stresses do exist between the grains. For a high 
degree of texture the macroscopic strains approach those of the single 
crystal. 

Irradiation growth results from the condensation of vacancies and inter- 
stitials into loops on different crystal planes. Zircatoy 2 has a hexagonal 
structure and the anisotropy in lattice vectors causes interstitials to con- 
dense onto the close packed prism planes in order to minimize the energy 
of the defect structure. The collapse of the central multiple vacancy may 
be influenced by the directional stress produced during the short duration 
of the thermal spike due to the anisotropic thermal expansion of the ma- 
terial. As the maxinmm expansion coefficient is in the (0001) direction, this 
aids the condensation of vacancies onto the basal planes. The preferential 
clustering onto nonparallel planes produces extension in the direction of 
the interstitial loop Burgers vector and an equal contraction of the solid 
parallel to the vacancy loop vector. Zircaloy 2 has a hexagonal structure 
with maximum and minimum thermal expansion coefficients in the (0001) 
and (1120) directions, respectively, and should therefore show extension 
parallel to the basal plane. 

Growth of materials under irradiation is particularly important in the 
design and operation of reactor components. The heavy water reactors 
SGHW and CANDU both use textured Zircaloy 2 pressure tubing situated 
in regions of high neutron flux, and this may well exhibit irradiation growth. 
This would produce elongation of the pressure tube in regions of constant 
flux and cause the tubes near the core edge to bow owing to the radial flux 
gradient in this region. 

It is clearly important to be able to predict the magnitude of these 
effects over the lifetime of the reactor, and at present very few experi- 
mental data exist on which to base such predictions. The object of the 
present work is to study the temperature and neutron dose dependence of 
growth in Zircaloy 2 in order to (1) improve the accuracy of high dose 
extrapolations, (2) measure the magnitude of irradiation growth as a 
function of irradiation temperature, and (3) achieve a better understanding 
of the mechanism involved. 
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EXTRUSION 
DIRECTION 

IE 

51% 13~ 36% 
FIGo 1--The basal pole texture of a Zircaloy 2 pressure tube [4]. 

Experimental 
Specimens were cut from Zircaloy pressure tube supplied by United 

Kingdom Atomic Energy Authority, Culcheth, from their normal produc- 
tion line. These tubes are manufactured by extrusion and are strongly 
textured [3, 4~, having about 87 percent basal pole texture normal to the 
tube axis (Fig. 1). Strips cut in the longitudinal and transverse directions 
will therefore exhibit growth strains of an opposite sign, so if welded 
together at one end to make a bimetal strip they provide a means of meas- 
uring the differential growth. The differential extension at the free end is 
proportional to the specimen length. If both ends of the strips are welded 
together, irradiation growth causes the specimen to bow, and the central 
displacement, which is a measure of the growth strain, is now proportional 
to the square of the specimen length (see Appendix II). The choice of 
specimen type depends on the anticipated growth strain, the sensitivity 
required, and the need to remain well within the elastic limit of the 
material. 

Specimens were carefully prepared from Zircaloy 2 strips cut from the 
tube, heat-treated and machined to final dimensions of 190 by 6 by 1.5 mm. 
Heat treatment consisted of two stress relieving anneals of 18 h at 500 C 
between machining and a final anneal of 1 h at 700 C. This treatment had 
no detectable effect on the texture E4i-~. The ends were welded in an argon 
atmosphere, and heat flow along the specimen was minimized by a water 
bath. The free ends of the linear specimens were spark planed level to give 
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FIG. 2--The measurement of growth in a linear specimen. 

a burr-free finish before their relative positions were recorded on fine grain 
film by exposure to a collimated light beam. This produced a shadowgraph 
in good focus. A similar technique using an X-ray beam in a radioactive 
handling cell is followed for the irradiated specimens. Both fihns are meas- 
ured on an optical microdensitomcter having a magnification of 50, and 
two scans are made along the length of each strip; the relative positions 
of the free ends are thus defined on one piece of paper (Fig. 2), and the 
growth strain is then the change in relative position between the two films. 
The differential displacement can be measured to •  t~m. Maximum 
resolution is obtained from the microdensitometer by using an aperture of 
maximum length and minimum width, thus combining good grain size 
integration with high resolution during the transition across the image 
boundary. 

Measurement of the bow specimens before and after irradiation was 
achieved by focusing an optical microscope on a central fiducial mark, as 
shown in Fig. 3, and comparing it with a flat reference bar. The accuracy 
of this measurement is •  urn. All irradiations were carried out either in 
Pluto (fast flux ~-~1.2X1014 n/cm2/s) at the Atomic Energy Research 
Extablishment (AERE) ,  Harwell, or in Herald (fast flux ~-~3• ~3 
n/cm2/s) at the Atomic Weapons Research Establishment (AWRE),  
Aldermaston. 

BOW SPECIMEN. 

r ~  REICHERT 
MICROSCOPE. 

FIG. 3--The measurement of growth in a bow specimen. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



HARBOTTLE ON IRRADIATION GROWTH IN ZIRCALOY 2 291 

10-3 
E 

z 

iO ta 

I I I I ~ I I ]  I I r r p I I I [  i I I T i [ ~ [ 

o 78 (HERALD) 
e40 C (HERALD) E:oc (~ t )  n 40 

80 C (PLUTO) ~ C ~  80 C .~ 
280 C (HERALD) _~(y~1 ~ ' 78 K I ~  �9 
(HESKETH 1969 b) ~ / 0~0~ / T 

or 
i I ~ , , l , I  f , ~ , '  i , l i l t  J J , t , ~ l ,  

i0 t9 i0 zo i0 z' 
~ t  FAST NEUTRON DOSE cm -z 

FIG. 47-Differential growth strain as a function of dose at four different irradiation 
temperatures. The 280 C data are derived from instantaneous growth rate measurements 
obtained by a transducer technique. 

R e s u l t s  

F i g u r e s  4 a n d  5 s h o w  t h e  t o t a l  m e a s u r e d  g r o w t h  s t r a i n  ~ a n d  t h e  c o m -  

p u t e d  g r o w t h  r a t e  G p l o t t e d  as a f u n c t i o n  of f a s t  n e u t r o n  doses  u p  to  102~ 

n / c m  ~ a n d  a t  i r r a d i a t i o n  t e m p e r a t u r e s  b e t w e e n  78 K a n d  280 C. P o i n t s  

o n  Fig .  4 r e p r e s e n t  an  a v e r a g e  v a l u e  f r o m  m e a s u r e m e n t s  on  t h e  n u m b e r  

of  s p e c i m e n s  s h o w n  in  T a b l e  1, a n d  t h e  i n d i c a t e d  e r r o r  is t h e  s t a n d a r d  

TABLE 1--Results of irradiation growth measurements on Zircaloy 2. 

Irradiation 
Temper- 

ature 

Neutron Growth Coefficient 
Dose Number 
(E > 1 Measured Instan- of 
MeV), Differential taneous Average Speci- 
cm -2 Growth Strain Gt2-tl Gt2-t0 mens Reactor 

7 8 K  . . . .  4.9X1018 1 . 2 ~ 0 . 2 X 1 0  -4 8.0 ~ 1 . 0  1 8 . 0 ~ 4 . 0  3 
9.7 1.5 0.3 5.0 1.0 11.6 2.3 4 
1.9X1019 2.3 0.3 3.5 0.5 9.5 1.1 3 
5.0 3.5 0.5 2.0 0.3 5.2 0.7 3 
9.8 3.0 0.1 1.5 0.2 2.3 0.1 4 

4 0 C  . . . . .  8 .2X10 is 2.1 0.2 8.0 1.0 19.0 1.0 7 
2 .9X10 z9 4.0 0.2 3.6 0.3 10.2 0.4 7 
1.0X10 ~~ 5.6 0.4 1.7 0.2 4.0 0.3 7 

8 0 C  . . . . .  1 .3 •  ~~ 3.1 0.4 0.6 0.1 1.7 0.2 4 
5.4 4.7 0.4 0.30 0.03 0.7 0.1 7 
7.7 6.3 1.0 0.20 0.02 0.6 0.1 4 

280 C . . . . .  2.2X1017 . . .  9 . . .  1 
1.0X1018 . . .  5 . . .  1 
1.0• . . .  3 . . .  1 
3.0 . . .  1.5 . . .  1 

Herald 

Pluto 

Herald 
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FIG. 5--The growth rate G derived from the strain measurement of Fig. ~. 

deviation of each set of results. At 78 K the errors are typically •  
percent, for the 40 C points they are •  percent, and for the 80 C measure- 
ments, which consist of four linear and four bow specimens, they are • 12 
percent. Each bow specimen provides two strain values by measuring 
both concave and convex surfaces. The 280 C growth strain curve is de- 
rived from instantaneous growth rate data  of Hesketh, Harbottle,  Water- 
man, and Lobb [-5] shown in Fig. 5. Representing the growth strain by  

the points at 78 K, 40 C, and 80 C (Fig. 4) show a reasonable fit to a line 
of n = 0.4, whereas the 280 C line has a slope of 0.7. The specimens yielding 
the highest dose measurement at 78 K also provided the lowest dose point 
at 4.9 X 10 is n / em 2 and were then reirradiated. The specimens thus suffered 
an intermediate thermal excursion to room temperature for measurement, 
and this interruption may account for the low strain reading at 9.8 X 1019 
n /cm 2 due either to elastic relaxation or a change in the nature of the low- 
temperature damage. Curves of growth rate G as a function of dose (Fig. 
5) were calculated from the straight line data  of Fig. 4 using Eq 1 and 
extrapolated to low doses (dashed line) assuming the same functional 
dependence on dose. 

D i s c u s s i o n  

The measurements of total  growth strain plotted in Fig. 4 show a non- 
linear dose dependence at all temperatures, in agreement with Kreyns I-6] 
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results on Zircaloy 4 at 300 C and with the model proposed by Hesketb 
[7], and in contrast to the linear growth observed in uranium following 
fission fragment damage [1]. It is quite likely that diffusion is more im- 
portant in neutron irradiated Zircaloy 2, leading to less localized damage 
regions. As it has been suggested that only fission fragments produce a 
sufficiently high defect density to form nuclei for irradiation growth [8], 
the observation of growth in Zircaloy 2 by fast neutrons suggests that a 
smaller size nucleus is required for stability or that heterogeneous nuclea- 
tion at impurities is more important in this material. 

The specimens in these experiments all showed elongation of the longi- 
tudinal strips and contraction of the transverse strips, corresponding to 
the formation of interstitial loops on prism planes and vacancy loops on 
basal planes. Interstitials would be expected, from energy considerations, 
to favor the close packed prism planes, but the condensation of vacancies 
onto basal planes may be a result of their generation within the cascade 
region so that their mode of collapse is conditioned by the anisotropy of 
the transient spike stresses. Evidence for the importance of the thermal 
spike can be inferred from the work on growth in a uranium [9, 10], 
where it has been shown that the growth per Frenkel defect created is 
much greater following a spike process (with fission fragment and fast 
neutron damage) than when spikes do not occur (with proton damage). 
Further evidence for the formation of interstitial loops on prism planes, 
having b = a/3 (1120}, is provided by electron microscope observations of 
ion bombarded zirconium [11]. 

Following a damage event the clustering of point defects to form loops 
is a complex process. It involves both the adiabatic transport of atoms im- 
mediately following the event and thermally activated diffusion through 
the lattice under isothermal conditions. As irradiation growth is a special 
case of cluster behavior, it is of interest to study its temperature 
dependence. 

Comparison of the growth strains at four different temperatures in the 
range - 196 to 280 C shows an unexpected similarity in magnitude (Fig. 
4), differing by not more than a factor of four. In the same temperature 
range the growth of uranium changes by a factor of 104. The other notable 
feature is that growth strains are lower at 78 K than at 40 C in the same 
reactor environment, and this may well be due to the different loop dis- 
tributions present. Irradiation at 78 K creates a high ambient concentra- 
tion of isolated point defects, which when raised to room temperature 
probably nucleate into a fine network of small loops. By contrast, irradia- 
tion at 40 C produces mobile defects [12-] which on nucleation form a coarse 
network of larger loops. The small loops (<20/k  in diameter), whose core 
regions overlap, are unlikely to be fully collapsed 3 and will therefore be 

Private communication with M. O. Tucker, Central Electricity Generating Board, 
Research and Development Dept., Berkeley Nuclear Laboratories. 
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less effective in displacing the lattice than the larger loops produced at 
40 C. 

The reduced growth at 80 C in Pluto compared with that at 40 C in 
Herald by a factor of 2.5 can be explained by the increased removal of 
interstitials to sinks at the higher temperature. The efficiency of loop 
nucleation depends on the ambient concentration of interstitials, which is 
determined by their rates of production and removal. Balancing the rate 
of production (r r with the rate of removal [-r162 exp ( -  Em/kt)~ at the 
two temperatures and fluxes, where Em is the interstitial migration energy, 
we have 

Czexp ~ =xC~exp  . . . . . . . . . . . . . . . .  (2) 

where T1=313 K, T2=353 K, and x is the ratio of the growth strains at 
T1 and T2 after the same dose. Taking Era=0.3 eV E13] gives x=2, in 
reasonable agreement with the observed value of 2.5. 

Irradiation growth at 280 C has a dose dependence different from that 
at low temperature. At low doses the observed growth rate is less, due to 
the shorter interaction time available for the migrating defects to form 
stable nuclei and also perhaps to the larger nucleus required at this tem- 
perature. This situation leads to a small concentration of large loops which 
grow rapidly with increasing dose, in agreement with observed behavior in 
which G r162 (r -~ at 280 C compared with an exponent of -0.6 at lower 
temperatures. The growth strain, as expected, is lower due to the increased 
recombination of vacancies and interstitials, the greater probability of 
thermal dissociation of the clusters, and the annealing of vacancies and 
interstitials to sinks. If it is assumed that the interstitials are much more 
mobile than the vacancies, then using a similar approach as before (Eq 2) 
the annealing kinetics have a reaction order of about 3.5. 

Conclus ions  

1. Growth strain e obeys a relationship 

with n=0.4 at irradiation temperatures of 78 K, 40 C, and 8 0 C  and 
n=0.7 at 280 C. 

2. Dependence of irradiation growth on temperature is not strong. The 
growth strain at 40 C is greater than the growth strain at 78 K and is 
explained by the differing dislocation loop distributions following irradia- 
tion at 78 and 40 C. 

3. Lower initial growth rate at 280 C is probably due to a smaller 
density of loops and the difficulty in nucleation, but the higher dose ex- 
ponent (n=0.7) is due to the rapid growth of large loops. 
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FIG. 6~Irradiation growth produces a shape change in a textured specimen. 

4. Growth rate is large (G>5)  at low doses ( <  10 ~ n /cm 2) for irradia- 
tion temperatures up to 80 C but  approaches 1 at high doses (~-~1021 
n/cm2). 
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A P P E N D I X  I 
Growth by Fast Neutron Irradiation 

Consider the solid shown ill Fig. 6 containing n atoms, that is ni l  atoms per 
unit volume. The number of collisions made by an elemental dose d(r with cross 
section a equals no-d(r Each collision transfers G atoms from basal planes to 
prism planes, producing an extension dl in a textured polycrystal. So volume dl 
contains 

Gnzd(ckt) = dl(~/1) atoms 
that is 

nd~ Fractional extension 
G =  

nzd(r  Fraction of lattice atoms suffering neutron collision 

or 

G= ~ 1__ E(~,- ~)~+ (~ -  ~)~+ (~ -  ~,)~-1 '/~ 
3 o-e 

where e is the generalized strain and ~1,2.3 are the principal strains resulting from 
d((kt). 

A P P E N D I X  II 

Analysis of the Bow Specimens 

The equilibrium configuration of the specimen following irradiation growth 
represents a balance between (1) the external couple exerted on one strip by its 
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FIG. 7--The equilibrium configuration of a bow specimen is achieved by equating the 
opposing couples. 

partner and (2) the internal couple due to the bowing of the strip. Couple 1, shown 
in Fig. 7, is derived by allowing a bowed specimen to straighten itself by removing 
one weld, the growth strain e then being given by the differential extension of the 
two strips over their original length. To make the ends meet the force F required 
to be exerted on each strip of thickness t and unit width to respectively extend 
and contract each by an amount e/2 is given by 

eYt 
F -  

4 

where Y is the elastic modulus. The resulting couple is then 

Yt  2 
- - e  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  (3) 

16 

The specimen now is allowed to bow under the bending couple 2 (Fig. 7) pro- 
ducing a radius of curvature R. Consider the force required to produce in a fiber 
an extension dx at a distance x from the neutral axis: 

x dO 
Force = ~ Y dx 

where the specimen subtends an angle 2d0 at the center. The couple acting on two 
fibers separated by 2x across the neutral axis is then 

x 
2x --_ Y dx 

R 
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and the total bending couple acting on the specimen is then 

fo t~ 2x ~ Yt  3 - ~  Y dx--  - -  
12R . . . . . . . . . . . . . . . . . . . . .  (4) 

Equating the couples (Eqs 3 and 4) for equilibrium, 

e = 4 / 3  ( t /R)  

As 2Rh~(l /2)  2, the growth strain is given in terms of the center of bow displace- 
ment h and the length 1 of the specimen by 

16 t 
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DISCUSSION 

R. B. Adamson ' - -To date, very  little is known about the influence of 
stress on the growth phenomenon. One of your specimens, the composite 
specimen which was welded into a unit which bowed under the influence 
of differential growth, developed a stress during irradiation. Is any differ- 
ence in the results between that  specimen and those irradiated in the 
stress-free condition? Have you considered the possible effects of irradia- 
tion enhanced creep or stress influenced growth on your  experiment? 

J. E. Harbottle (author's closure)--One of the reasons for having two 
types of specimen was to examine the effect of stress on the growth strain. 
No difference was detected in the results from the stressed and the un- 
stressed specimens. The stress" developed in the bow specimens is very  
small and would be unlikely to produce mcasureable thermal creep. The 
highest temperature at which bow specimens were used was 80 C so the 
possibility of significant thermal creep is discounted. The stresses are so 
low that  the creep due to growth in a polycrystal (radiation enhanced 
creep) is only a small fraction of the stress-free growth strain. 

I have not considered the effect of stress on the growth rate of a single 
crystal of Zircaloy 2. The experiments of Buckley 2 on uranium single 
crystals indicate tha t  stress does not effect their growth rate, but as there 
are other differences in the growth behavior of the two materials, this 
observation does not apply necessarily to Zircaloy 2. 

A. L. Bement3--Both G. R. Piercy and F. A. Nichols have been critical 
of your  past interpretations of growth in Zircaloy 2. G. R. Piercy's 4 
criticism pertained to the difficulty of explaining the in-pile creep data of 
Fidleris 4 from the value of the growth coefficient, G, previously reported 
by Hesketh ~ (assumed constant with neutron fluence). F. A. Nichols '~ 
criticism pertained to your assumption that  Roberts-Cottrel l  yield creep, 
which would not be expected to exhibit a reversal in creep strain upon 
annealing, is controlling. Do the results reported in this paper reconcile 
these criticisms? 

1 Metallurgist, Knolls Atomic Power Laboratory, Schenectady, N.Y. 12301. 
2 Buckley, S. N., "Uranium and Graphite," Institute of Metals Spring Meeting, 

London, 1962. 
Battelle-Northwest, Richland, Wash. 99352. 

4 See Journal of Nuclear Materials, JNUMA, Vol. 26, 1968. 
See Journal of Nuclear Materials, JNUMA, Vol. 26, 1968. 
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J. E. Harbottle (author's closure)--In a manuscript freely commended 
by one editor of the Journal of Nuclear Materials and firmly rejected by 
another, R. V. Hesketh has replied to the criticisms of Piercy and of 
Nichols. There is no difficulty in explaining the in-pile creep data of 
Fidleris. The initially high value of G explains why steady irradiation creep 
can be distinguished after about 600 h instead of after about 8000 h, as one 
would expect if G were to be nearly unity from the beginning of irradiation 
r5~. There is a confusion in Nichols' work between steady creep and 
transient creep. The transient probably is not negligible in the relaxation 
data of the Bettis group. Nichols' criticism rests upon these data. 
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E .  R u e d l  1 

Quantitative Transmission Electron 
Microscopy of Bubbles in A1 and 
A1-AI 0  Alloys 

R E F E R E N C E :  Ruedl, E., " Q u a n t i t a t i v e  T r a n s m i s s i o n  E l e c t r o n  Micro-  
s c o p y  of  B u b b l e s  in  AI a n d  A1-AI203 Al loys , "  Irradiation Effects on Struc- 
tural Alloys for Nuclear Reactor Applications, A S T M  S T P  ~8~, American 
Society for Testing and Materials, 1970, pp. 300-316. 

A B S T R A C T :  The density and size distr ibution of small helium bubbles, 
present in thin  foils of A1 and A1-Ah03 after a lpha particle bombardment  and 
pos tbombardment  annealing, were measured by means of transmission electron 
microscopy. For making these measurements the conditions for visibility were 
first established by theoretical calculations of contrast  for void sizes similar to 
those of the observed bubbles. Micrographs were then taken in suitable contrast  
conditions and the number  and size of the bubbles measured on the micrographs. 
I t  was found tha t  the density of small bubbles, present in the matrix, can be 
measured accurately. The density of small bubbles at tached to particles, on 
the other hand,  is difficult to measure. Furthermore,  the size of very small 
bubbles is hard to determine with precision since it depends on different pa- 
rameters. The size and shape of larger bubbles can be established by  tilting and 
stereomicroscopy. 

KEY WORDS �9 irradiation, a lpha irradiation, radiation effects, electron micro- 
scopy, stereoscopy, heat  t reatment ,  deformation, computation,  bubbles, voids, 
helium, aluminum, a luminum alloys, a luminum oxides 

The contrast  behavior in transmission of emp ty  or gas filled voids in a 
solid with or without surrounding strain field has been the subject of 
several theoretical studies [-1-4~. 2 The results of these studies showed tha t  
a careful examination of the contrast is necessary to obtain detailed in- 
formation about  voids, part icularly if the voids are small. Although 
transmission electron microscopy was very  frequently used to examine 
voids in solids, most of these studies were not made under checked condi- 
tions. These investigations, therefore, do not represent suitable tests to 

1 Materials Depar tment ,  CCR-Euratom,  Ispra, Varese, Italy. 
Italic numbers in brackets refer to the list of references at  the end of this paper. 
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RUEDL ON BUBBLES IN ALUMINUM ALLOYS 301 

evaluate how far quanti tat ive measurements of voids can be made by 
means of electron microscopy. 

Background for the Experiment 

During the course of an electron microscopic s tudy of radiation damage 
effects in aluminum (A1) and aluminum alloys containing dispersed 
alumina particles (A1-A1203), thin foils of these materials were bombarded 
with a particles at 150:t:50 C (302 F) [-53. After the bombardment  finely 
distributed dots ranging in size from 10 to --~40 A were observed in the A1 
matrix of the foils; furthermore, features resembling voids were detectable 
at the interface of the particles. From the annealing behavior at tempera- 
tures above 300 C ( >  570 F) it was concluded that  the dots present in the 
matrix and the features observed at the particle interface were voids filled 
with helium [-5~. The dislocation density in the foils, on the other hand, 
was low; the contrast behavior of the voids could therefore be studied in 
detail. The voids were examined in strongly diffracting conditions where, 
according to Ingram's theoretical calculations [-4~, the strain contrast 
becomes the dominant image forming mechanism. Furthermore,  high-order 
reflections were used for the image as recommended by Brown and Mazey 
[-6~. None of these examinations revealed contrast effects at the voids due 
to a surrounding strain field. If the examined voids had been surrounded 
by  a strain field, this strain field was certainly weak2 Therefore it is as- 
sumed that  the He pressure within the voids is approximately balanced 
by the surface tension; the observed voids will be called He bubbles in 
this text. 

I t  was of interest to gain insight into the details of the formation and 
annealing behavior of the bubbles in the A1 and A1-Al~O~ foils. To obtain 
such information it is valuable to know the density, the size distribution, 
and the volume fraction of the bubbles resulting from the various treat- 
ments. An a t tempt  was made therefore to measure quanti tat ively the 
number and size of the bubbles as observed after a bombardment,  and 
after postbombardment annealing. The measurements were performed 
such that  theoretical contrast calculations were first made for void sizes 
similar to those of the observed bubbles to establish the conditions for 
their visibility. Micrographs were then taken in suitable conditions and 
the number and size of the bubbles imaged on the micrographs were 
analyzed. 

In the present paper the s tudy of the small bubbles is described in 
greater detail. I t  will be shown by theory and by  experiments that  the 
conditions for good visibility of such bubbles are restricted. In addition, 

3 As shown by Lidiard and Nelson in Ref 7, a gas filled void even in thermodynamic 
equilibrium with a solid has a surrounding strain field. This strain field, however, is 
presumably only small. 
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Variables : zo, z 2, ,u, tg,'Cg ,s 

FIG.  1--Schematic representation of voids of various shapes in wedge shaped foil. Vari- 
ables to be considered for the calculation of contrast at voids are indicated. 

some information is also given about larger bubbles which can be more 
easily examined. 

Materials,  Spec imen Preparation,  Irradiat ion Condi t ions ,  and 
Methods  of  Observation 

The details about (1) the materials used for the present study, (2) the 
preparation of the specimens, (3) the irradiation conditions, and (4) the 
methods of observation are given in Ref 5. 

Theoret ical  Considerat ions  

The situation to be considered in the present study for the theoretical 
calculations of contrast at voids is demonstrated in Fig. 1. Strain-free voids 
of varying shape and different vertical dimension z2 are present in a wedge 
shaped foil at various total foil thicknesses z0. The variables to be taken 
into account for the calculations are indicated in Fig. 1; namely, z0 and z2, 
the absorption coefficient t~ for the matrix, the extinction distance tg and 
the absorption distance r, in the matrix depending on the reflection used 
for the image, and s representing the deviation from the Bragg condition. 

For the contrast calculations the method developed in Ref 1 was used, 
which treats the diffraction contrast at voids not surrounded by a strain 
field. This method was found to be suitable for the present calculations 
since (1) the bubbles observed in the present work were not surrounded 
by any detectable strain field and (2) agreement was found previously 
between the theoretical contrast obtained by this method and experi- 
mental observations of contrast at voids in futile (Ti02) [1] and at very 
small bubbles in A1 [8]. 

In the present work detailed calculations of contrast were made only 
for the exact Bragg condition (s = 0), since the experimental observations 
described in Refs 1 and 8 have shown that at deviations (s~0)  voids 
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located at particular depths in the foil become invisible. Studies at s~O, 
therefore, are not suitable for a quanti tat ive determination of the density 
of voids. For this reason, in Fig. 1 the relative distances between the voids 
and the top and bottom surfaces are not considered as variables. 

The thickness-intensity relationships obtained by calculation and used 
to determine the contrast at voids in bright field (BF) are shown in Fig. 2. 
The corresponding intensity profiles for s = 0 in the dark field (DF) can 
be found in Ref 1. In Fig. 2, one curve corresponds to the transmit ted 
intensity IT for the case s = 0  and ~ =27r/rg (with rJtg= 12). This curve is 
suitable for the evaluation of contrast at voids in A1, imaged by a low- 
order reflection. The second curve in Fig. 2 corresponds to IT for s = 0 and 
t~ =4r/ro. This curve is suitable for the evaluation of contrast at voids in 
A1 imaged by (1) higher order reflections, due to the drop of rJtg for 
higher order reflections [-9~, or (2) systematic reflections, due to the de- 
crease of tg for systematic reflections [-lOJ. The third curve in Fig. 2 cor- 
responds to IT for the case of sto = 1 and ~ = 2~/ro. This curve demonstrates 
the decrease of to at s ~ 0 ,  leading to an effective extinction distance 
tg*= to x , / l+x  ~ with x =  sto. As mentioned before, a decrease of tg can also 
be expected when systematic reflections are used for the image. 
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FIG. 2--Intensity-thickness relationships for the bright field. Two curves correspond to 
the transmitted intensity IT for s=O and absorption coefficients p=2~'/r~ or t~=~r/rg. 
The third curve corresponds to IT for st~ = 1 and p = 2~r/r~. 
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FIG. 3--Variat ion of contrast in bright field (CT) and dark field (Cs) with increasing 
foil  thickness zo in units of extinction distance t~, for two void thicknesses z2, for s =0 and 
~=2~/r~.  

The theoretical contrast  at voids in bright field (Cr)  and dark field 
(Cz) was determined from the intensity-thickness relationships as described 
in Ref 1. The theoretical contrast  obtained will now be described separately 
for small and larger voids, the former corresponding to the bubble sizes 
observed in the as-bombarded foils and the lat ter  corresponding to the 
bubble sizes observed in the bombarded and annealed foils. 

Contrast at Small Voids 

Figure 3 shows the variat ion of Cr and Cs at increasing total  foil thick- 
ness z0 (in units of t~) for small voids, for s = 0 and t~ = 27r/T~. Two curves 
of this figure represent CT and Ca for a void of thickness z2 = 1/~tg, and the 
third curve, for comparison, represents Cr  for a void with z2 = 1/32t~. 

From Fig. 3 the following contrast  behavior  can be deduced for small 
voids: at s = 0, voids exhibit the strongest contrast  within a narrow region 
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at the front of the first dark thickness fringe in BF. To look for very small 
voids one should therefore examine this region. However, when using 
lower order reflections, which gave better  contrast  than higher order 
reflections as described later, the region exhibiting the strongest contrast 
at voids corresponds to a very small foil thickness. Therefore it may be 
more useful to look for small voids at the front and the rear of the first 
dark thickness fringe in DF or at the front of the second dark fringe in BF. 
These regions correspond to a somewhat greater foil thickness and the 
contrast at small voids within these regions should be strong enough to be 
visible. I t  furthermore can be deduced from the profiles tha t  the voids 
exhibit positive contrast at the front and negative contrast at the rear of 
the dark fringes in BF and show the opposite contrast behavior in DF. In 
the thicker part  of the foil, where absorption becomes important,  smaller 
voids become invisible because their contrast is too weak. 

When a higher order reflection is used for the image, the regions where 
voids exhibit strong contrast are shifted to greater foil thicknesses. I t  may 
then occur tha t  voids become visible at foil thicknesses at which they are 
invisible when imaged by a low-order reflection, and vice versa. One has to 
consider also the increased absorption when using a higher order reflection 
[91; hence, generally, a somewhat weaker contrast is expected at voids 
imaged by a higher order reflection. 

Contrast at Larger Voids 

Figure 4 shows the variation of CT and Cs at voids of increasing thick- 
ness z.2, for a total foil thickness z0 = 2to and s = 0. Two curves in Fig. 4 are 
for t~=27r/r~, the other two curves are for ~=47r/r~. The figure shows that  
for the smaller absorption the voids exhibit predominantly negative con- 
t rast  in BF and predominantly positive contrast in DF. For  the larger 
absorption the voids will become predominantly bright in BF  and prac- 
tically all bright in DF. 

When the total  foil thickness z0 is increased, the contrast at voids of 
various thicknesses z2 will tend to become predominantly positive for 
s =0  in BF. Furthermore,  the contrast at voids will be only positive in 
thicker foil parts at very  large deviations from the Bragg condition (con- 
t rast  mainly due to absorption). 

Visible Size of Small Voids 

Some qualitative statements about the visible size of small voids can 
be made. Let  us consider a void of small constant thickness z2 such as that  
shown in Fig. 1 to the left, located in the thin part  of a foil (small absorp- 
t ion).  Let us assume that  at this void just enough contrast arises to make 
the void visible. Such a void will then show its full size due to its constant 
thickness. Voids of the same thickness z2 but  of spherical or polygonal 
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FIG.  4 - - V a r i a t i o n  o f  contrast CT a n d  Cs wi th  increas ing  void th ickness  z2 i n  un i t s  of  
t g, f o r  a total f o i l  th ickness  Zo = 2 t  g, s = 0 a n d  t~ = 2~  / r~ or p = ~ ~ / ~ g. 

shapes such as those shown to the right of Fig. 1, on the other hand, will 
exhibit enough contrast at void thickness z2 to be visible but  not enough 
at smaller thicknesses. Therefore, one reasonably can assume that  the 
visible size of very  small voids not having a constant thickness will be 
somewhat smaller than the true size. A somewhat smaller visible size can 
also be expected for a small void when the absorption becomes larger, as 
for instance when a higher order reflection is used for the image or the void 
is located in  the thicker foil. 

E x p e r i m e n t a l  R e s u l t s  

Measurement of the Number of Bubbles 

The examination of the wedge shaped, a bombarded A1 and Al-A1203 
foils did not reveal He bubbles up to a thickness of ~ 6 0 0  .~. Only in foil 
regions of thicknesses greater than ~ 6 0 0  A, were small bubbles observed. 
Figure 5 shows a BF micrograph of an A1 foil, a bombarded for three weeks 
at 150•  C, for a [-200~ reflection at s=0 .  The second dark thickness 
fringe is seen. The bubbles are best revealed at the front and at the rear of 
this fringe at foil thicknesses predicted by theory. Their  contrast is positive 
at the front and negative at the rear of the fringe as expected. 

Figures 6 and 7 demonstrate the effect of increased absorption for a 
case in which a higher order reflection instead of a low-order reflection is 
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FIG.  5 - - B F  micrograph of wedge shaped A l  foil  after c~ bombardment. Contrast condi- 
tions: s =0, g = [200]. Second dark thickness fringe visible. 

FIG.  6 - - B F  micrograph of c~ bombarded A l  foil, imaged at s =0 using a [200] reflection. 
A region at the front of the third dark thickness fringe is shown. 
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FIG.  7- -BF  micrograph of the same region as shown in Fig. 6, .imaged at s=O by using 
a [220] reflection. The front of the second dark fringe is now seen. By comparing identical 
bt~bbles on Figs. 6 and 7 (examples are encircled and numbered) one notices a strong de- 
crease of contrast and a smaller diameter for bubbles imaged by the higher order reflection. 

used for the image. Figure 6 represents an a bombarded A1 foil imaged in 
BF at s = 0  by a F2001 reflection. A region at the front of the third dark 
thickness fringe is shown. Figure 7 represents the same region (reference 
point the visible dislocation) imaged at s = 0  by a [-2201 reflection. The 
front side of the second dark thickness fringe can now be seen. In the case 
of A1, by choosing these two reflections the extinction distances are such 
that  the centers of the third dark thickness fringe due to g = [-2001 and of 
the second dark fringe due to g = [-2201 occur at a very  similar foil thickness 
(~-d600 A). The regions at the front of these two fringes, Where bubbles 
are best visible, occur at a very similar thickness as well. The results of 
contrast calculation showed that  bubbles present at the front of the second 
dark fringe corresponding to g = [-2201 exhibit a slightly weaker contrast 
than the bubbles present at the front of the third dark fringe corresponding 
to g = [-2001. This is due to the decrease of the apparent  foil and bubble 
thickness when using the higher order reflection. Comparing the contrast 
of identical bubbles in Figs. 6 and 7 (examples are encircled and nuinbered 
on the two micrographs), a strong decrease of contrast at bubbles in Fig. 
7 is found; also a decrease of the bubble diameter is observed. This strong 
decrease of contrast cannot be explained entirely by  a decrease of the ap- 
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RUEDL ON BUBBLES IN ALUMINUM ALLOYS 3 0 9  

parent foil and bubble thickness. It is suggested that the increase of ab- 
sorption when using the higher order reflection for the image contributes 
to the observed decrease of contrast (and bubble diameter). All of these 
observations are in agreement with the theoretical predictions. 

For the measurement of the density of very small bubbles, therefore, a 
[-2001 reflection was used for the image and photographs were taken at 
s=0  at the front and rear of the first four dark thickness fringes in BF 
and DF. The number of the bubbles within these regions was measured on 
the photographs; thus the number of bubbles was obtained in different 
regions corresponding to foil thicknesses ranging from 800 to N2600 A. 
The results of these measurements are shown in Fig. 8 in the form of a 
plot of the number of bubbles per unit area against the total foil thickness 
Z 0 .  

Figure 9 shows a BF micrograph of an a bombarded Al-1A1203 foil, 
imaged by a [-200~ reflection at s=0.  Again, the second dark thickness 
fringe is shown. This micrograph demonstrates that in the thin parts of 
the foil the contrast behavior of the AI~O~ particles (indicated by arrows) 
is the same as that of the small bubbles. 

A detailed description of the contrast occurring at particles in A1 was 
presented by Guyot El1~. As a consequence of the similar contrast, the 
presence of small bubbles at the particle-matrix interface, therefore, cannot 
be detected in the thin parts of the foil. To see small bubbles ~ttached to 
particles one has to choose contrast conditions mainly due to absorption. 
The bubbles will then appear brighter and the particles darker with respect 
to the background and thus will be distinguishable from each other. This 
is demonstrated in Fig. 10, which represents a BF micrograph of an a 
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FIG. 8--The variation in number per unit area of He bubbtes with increasing distance 
from the edge of wedge shaped, a bombarded A1 foil. 
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310 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 9 - - B F  micrograph of ~ bombarded Al-lA120~ foil. Contrast conditions: s=O, 
g = [200]. Note similar contrast of bubbles and particles (arrows) at the edges of the dark 
thickness fringe. 

FIG. IO--BF micrograph of ~ bombarded Al-2.5Al~O, foil, taken at highest possible 
resolution. The small bubbles visible at the particle interface (arrows) and the particles 
themselves are imaged by absorption contrast. 
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RUEDL ON BUBBLES IN ALUMINUM ALLOYS 311 

bombarded A1-2.5AI203 foil. The contrast on this micrograph is mainly 
due to absorption. The thickness of the shown region was ~2500 A. The 
micrograph was taken at the highest possible resolution. Small bubbles 
(indicated by arrows) are now revealed at the interface of the particles. 
The very small bubbles present in the matrix, on the other hand, are no 
longer discernible, their contrast due to absorption being too weak. 

For the determination of the density of larger bubbles as observed in 
the a bombarded and annealed foils, contrast conditions mainly due to 
absorption also were chosen for the image. 

Measurement of the Size Distribution of Bubbles 

As demonstrated in Fig. 7, the visible diameter of the very small bubbles 
slightly decreased when using a higher order reflection for the image. For 
the determination of the size distribution of very small bubbles, only 
micrographs were therefore analyzed, taken in a [200] reflection. The 
results of these analyses are shown in the form of histograms of bubble 
sizes in Figs. 11, 12, and 13. Figures 11 and 12 present the size distribution 
measured within a region (a) at the front of the second dark thickness 

o 

fringe in BF, corresponding to a foil thickness ranging from 800 to 900 A, 
and (b) at the rear of the second dark fringe corresponding to a foil thick- 
ness ranging from 1150 to 1250 A. Figure 13, on the other hand, represents 
the size distribution of the bubbles measured within regions at the front 
(drawn line) and at the rear (dotted line) of the third dark thickness 
fringe in BF, corresponding to foil thicknesses ranging from 1480 to 1580/~ 
and 1850 to 1950 A, respectively. It is seen that the size distribution at the 
front and at the rear of the third fringe are similar. 
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FIG. 11--Histogram of bubble sizes in ~ bombarded A1 foil  as measured at the front of 
the second dark thickness fringe in BF (number of bubbles analyzed=160, in surface area 
of 2 X 1 0  -~ cm2). 
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FIG.  12--Histogram of bubble sizes in ot bombarded Al  foil  as measured at the rear of 
the second dark thickness fringe in BF (number of bubbles analyzed = 160, in surface area 
of 8 .8X10 -l~ cm2). 

Determination of the Shape of Larger Bubbles Present in the Matrix or at 
Particles 

For the measurement of the volume fraction of the larges bubbles formed 
in the matrix and ~t particles in the bombarded and annealed foils, the 
size and shape of these bubbles have to be known. Tilting experiments 
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FIG.  13--Histogram of bubble sizes in ~ bombarded A1 foil  as measured at the front of 
the third dark thickness fringe (drawn line) and at the rear of this fringe (dotted line) in 
BF (number of bubbles analyzed=160, in surface area of 4.8 and 4 X 1 0  -1~ cm~, respec- 
tively). 
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RUEDL ON BUBBLES IN ALUMINUM ALLOYS 313 

FIG. 14- -BF  micrograph of an Al-2.5A1203 foil  ~ bombarded and subsequently annealed. 

and stereoscopic observations were made to determine the shape and 
position of the bubbles in contact with particles. 

I t  was found that  the bubbles were attached to single faces of the 
particles and had a configuration similar to that  shown in Ref 12 for a 
bubble attached to a fiat, rigid precipitate. Figure 14 demonstrates the 
configuration of large bubbles (marked by  arrows) at particles observed 
in A1-2.5Al~O3 foil which was a bombarded and subsequently annealed 
for 1 h at 630 C (1162 F).  

Discussion 

In Fig. 8 the proportionality resulting between the number of bubbles 
and the foil thickness up to ---2600 A indicates that  no relevant overlap of 
bubbles in projection, leading to a decreased number  of bubbles, occurred 
up to this foil thickness. The interception at --~600 A on the abscissa, on 
the other hand, shows that  below ~-~600 ,~ foil thickness bubbles either 
were not formed or were too small to be resolved. 

The apparent absence of bubbles in the thinnest parts of the foil can 
be the result of various conditions. One possible reason could be a radiation 
induced loss of the injected He from regions near the surface. As shown in 
Ref 13, He is released from a bombarded A1 during postbombardment 
annealing provided the surface oxide skin is not too thick. Another possible 
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314 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

reason could be the presence of a rather thick oxide fihn on the surface of 
the examined specimens. Owing to a presumed lower mobility of the He 
within the surface oxide, bubbles may not have formed there. Since the 
dose and dose rate of the a particles, as well as the thickness of the oxide 
present on the surface of the bombarded specimens, were not precisely 
known, it is not possible, presently, to draw a conclusion about the ap- 
parent absence of bubbles in the thinnest parts of the foil. 

The histograms of bubble sizes shown in Figs. 11, 12, and 13 indicate 
that the mean diameter of the bubbles increased up to a foil thickness of 
~1500 ,~. Only above this thickness does the mean bubble diameter be- 
come constant. Overlap of bubble images leading to an apparent increase 
of the diameter in regions of greater foil thickness can be ruled out on the 
basis of the proportionality observed in Fig. 8. The theoretical considera- 
tions about the visibility of small voids, on the other hand, have shown 
that the visible size of a very small void should decrease with increasing 
foil thickness owing to the general decrease of contrast (see Fig. 3). The 
experimental results, however, indicate an increase of the bubble diameter 
with increasing foil thickness. Changes in the visible size of bubbles at 
different foil thicknesses, therefore, cannot be the reason for the observed 
increase. It is suggested that the previously proposed anomalies in regions 
near the foil surface are the reason for the observed increase of bubble 
diameter. 

Changes in the density and size distribution of voids with foil thickness 
(thin-foil effects) have to be considered in all those experiments where 
voids are produced by bombardment in prethinned specimens. On the 
other hand, when irradiated specimens containing voids are thinned to 
electron transparency, the opening of voids or the leaching out of particles 
has to be considered. Proper corrections then have to be made to obtain 
quantitative results E147. 

Conclusions 

1. The density of very small, strain-free bubbles in a solid can be ac- 
curately measured by means of transmission electron microscopy, provided 
the bubbles are all resolvable by the microscope and the chosen contrast 
conditions are such that all bubbles are revealed. 

2. The density of small bubbles attached to particles is difficult to 
measure. Micrographs have to be taken at the highest resolution, and 
contrast conditions mainly due to absorption have to be used to detect the 
bubbles near particles. 

3. The size of very small bubbles is hard to determine with precision 
since the visible size of such bubbles is smaller than the true size, depending 
on the shape and on the absorption conditions. The size and shape of larger 
bubbles, on the other hand, can be established by tilting experiments and 
stereoscopic observations. 
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RUEDL ON BUBBLES IN ALUMINUM ALLOYS 3 1 5  

4. A determinat ion  of the  number  and  size of bubbles at  different foil 
thicknesses is necessary to establish whether  thin-foil effects, overlap of 
bubble  images, or opening of bubbles  at  the  specimen surface as a eonse- 
quence of thinning influences the results of measurement .  
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DISCUSSION 

K. M.  Zwilsky 1 
1. Did you strain the foils and observe what  happens to the He bubbles? 
2. Did you correlate any mechanical properties of the a injected A1 

and A1-A1203 foils with He bubbles? 
E. Ruedl (author's closure) 
1. We have strained the a bombarded A1 and AI-A1203 foils within the 

microscope at 20 C by  means of a microtensile straining device. As a result 
of the deformation, the small bubbles showed a tendency to line up in rows 
in the direction of the maximum applied stress. Some of the larger bubbles 
contained in the rows exhibited contrast  effects due to a surrounding strain 
field. Such contrast  effects were not observed in the as-bombarded foils. 
A possible interpretat ion of the strain field observed around some of the 
bubbles after deformation would be tha t  these bubbles were formed by  
coalescence of smaller bubbles. Since the deformation experiments were 
performed at 20 C, the bubbles formed by  coalescence would not be able 
to readjust their radius R by R2=rl~-t-r2 2 to come again in an approximate  
equilibrium with the He pressure. We intend to s tudy the described phe- 
nomena in greater detail. 

2. Up to now we have not made a s tudy to correlate the mechanical 
properties of the ~ bombarded foils and the He  bubbles present in these 
foils. 

1 U. S. Atomic Energy Commission. 
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The Mechanism and Kinetics of Void 
Growth During Neutron Irradiation 

REFERENCE: Bull0ugh, R. and Perrin, R. C., "The Mechanism and 
Kinetics of Void Growth During Neutron Irradiation," Irradiation 
Effects on Structural Alloys for Nuclear Reactor Applications, ASTM STP ~8~, 
American Society for Testing and Materials, 1970, pp. 317-331. 

ABSTRACT: A theoretical model is presented that is particularly appropriate 
for a study of void growth kinetics at high neutron doses. These kinetics are 
presented for peak swelling temperatures where recombination effects can 
be neglected; their dependence on dislocation density, void density, and dose 
rate is discussed. 

KEY WORDS: irradiation, neutron irradiation, nuclear reactors, dislocations 
(materials), interstitials, voids, gases, swelling, cold working, stainless steels, 
structural members, lattices (mathematics) 

I t  is now well established that  neutron irradiation of stainless steel and 
other metals can lead to the formation and growth of extensive voidage. 
Since the consequent swelling can lead to obvious design problems in the 
structural reactor components, it is clearly desirable to have a complete 
understanding of both the mechanism of the void formation and the kinetics 
of their subsequent growth. Such a theoretical understanding is particu- 
larly important  if it provides a means for extrapolating the expected 
swelling beyond total neutron doses than can be achieved in present 
reactors. 

V o i d  F o r m a t i o n  a n d  G r o w t h  

The basic physical reasons for void formation and growth during neutron 
irradiation are now reasonably understood and have been discussed in 
previous papers by us [-1, 2, 3]  2 and by other workers [-4, 5]. Voids are 
believed to be nucleated as three-dimensional vacancy-inert gas atom 

1 Theoretical Physics Division, Atomic Energy Research Establishment, Harwell, 
Didcot, Berkshire, England. 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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clusters (small gas bubbles), the presence of gas in these nuclei being es- 
sential to ensure their three-dimensional morphology; in the absence of gas 
the vacancy clusters would adopt a two-dimensional platelet morphology, 
and this morphology, rather than the spherical void form, would be 
adopted during any subsequent growth rl-]. During this nucleation process, 
which may continue to quite high neutron doses since inert gas is con- 
tinually produced, the excess interstitials will aggregate to form numerous 
interstitial dislocation loops. These interstitial dislocation loops together 
with the usual deformation induced dislocations have a substantial drift 
interaction with existing free interstitials but only a small interaction 
with the vacancies. This means that as the irradiation proceeds the flux 
of interstitials lost at the dislocation sinks is slightly greater than the 
corresponding flux of vacancies and, in consequence, a slight excess of 
vacancies is available to ensure the continuous growth of voids [-2, 3-]. 
In a previous calculation E3-] we had demonstrated that such a prefer- 
ential drift process would indeed provide a satisfactory explanation of 
void growth. In this calculation we used a model in which the actual 
dislocation distribution was replaced by an idealized set of uniform, 
parallel straight dislocations. The model had the particular advantage 
that it enabled the actual spatial form of the interstitial-dislocation 
drift interaction to be explicitly included in the governing flow equa- 
tions. 

The excess steady state vacancy concentration in the cylindrical regions 
associated with each dislocation was then calculated and used to estimate 
the rate of growth of any voids that might be present in such regions. Un- 
fortunately, it was not possible to allow for the cylindrical flow to the dis- 
locations and to simultaneously include the spherical flow in the immediate 
neighborhood of the voids. Thus by emphasizing the cylindrical flow we 
certainly profited from accurately including the drift effects but could 
strictly discuss the void growth rates only when the net loss to the voids 
was negligible compared with the loss to the dislocations. 

This treatment successfully demonstrated that a critical temperature 
range exists in which the void growth rate 3 is a maximum. Furthermore, 
the predicted temperature ranges for stainless steel and molybdenum are 
in very good agreement with the observed peak swelling temperature 
ranges for the corresponding neutron dose rates. The reduction in void 
growth rate at low temperatures was shown to be due entirely to recom- 
bination, and the reduction at high temperatures was identified with the 
requirement to satisfy the high equilibrium vacancy concentration. A 
study was also made of the dependence of void growth rate on dislocation 
density and it was shown that increasing the dislocation density (cold 
work) leads to an immediate reduction in the growth rate. However it 

3 We refer here to the temperature dependence of the growth rate of a single void. 
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BULLOUGH AND PERRIN ON VOID GROWTH 319  

was suggested that this reduction may not be permanently beneficial, 
since when the dislocation density is high the void radii rapidly increase 
(as a linear function of dose) and thus could conceivably overtake the 
slower growing voids in the low dislocation density material. The latter 
slow growth rate was conjectured and not rigorously established in this 
previous work; the model was clearly only appropriate to the high disloca- 
tion density situation, since only in this case is the net loss to the voids 
ever relatively negligible. When the dislocation density is small and the 
loss to the voids is substantial, it clearly is necessary to include the diffu- 
sion flow in the spherical region near each void in order to discuss the void 
growth at high doses. 

In the present work we wish to extend this previous calculation into 
the high dose regime. This extension is achieved by replacing the discrete, 
idealized dislocation sinks with their associated spatial drift fields by a 
continuous distribution of point sinks. This loss of the discrete nature of 
the dislocations is unfortunate, but in view of the actual state of the dis- 
locations (a complex combination of dislocation loops and deformation 
dislocations all tangled up together) the continuous distribution may be 
argued sensibly to be a more realistic model of the actual dislocation con- 
figuration. The presence of preferred drift between the dislocations and 
the interstitials is included by giving the dislocation elements a slightly 
larger capture cross section for interstitials than for vacancies. The relative 
magnitude of the cross sections is obtained by ensuring consistency with 
the previous explicit drift calculation. The loss to the voids and hence the 
overall swelling (in the absence of sinmltaneous void nucleation) is then 
calculated by considering the point defect diffusion in the neighborhood 
of each void in the presence of the dislocation sinks. Actually, we also can 
consider recombination effects, but in the present paper we will omit such 
nonlinear considerations. This simplification is appropriate to void growth 
at the peak swelling temperatures [-3] and also will enable us to obtain 
analytic expressions for the maximum swelling variation with dose. The 
model is appropriate also for the high dislocation density situation, and 
we shall see that all our previous conjectures regarding the effects of cold 
work on the relative swelling are vindicated. Finally, we also shall use this 
model to discuss the effects of varying dose rate on the peak swelling 
temperature. 

The Model and the Governing Equations 

The body is assumed to contain a uniform density pv of spherical voids 
each of radius rv(t) and is subjected to continuous neutron irradiation. 
Each void has an associated spherical volume of radius R where 

R = 0.68pv -1/8 . . . . . . . . . . . . . . . . . . . . . . . .  (1) 
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is half the average void separation. If pa is the average dislocation density 
in the body, then the coupled steady state governing equations for the 
fractional vacancy and interstitial concentrations, C~(r) and Ci(r) ,  in the 
spherical volume around each void are 

Dv ~r2 C~-]- r-~rCv +K-o~RCvCi-DvZvpaCv=O 

and . . . . . . . . . . . . . . . . .  (2) 

Di -~r2 Ci-Jc- r ~rr Ci --~-K-olRCvCi- DiZipdCi=OJ 

where r is the spherical radius measured from the center of a void such 
that  r~<_r<_R; Dv and Di are the vacancy and interstitial diffusion con- 
stants, respectively; aR is the recombination coefficient; Zv and Zi are, 
respectively, the number of sites in an atomic plane crossing each disloca- 
tion line from which a vacancy or interstitial can be athermally captured 
by the dislocation; and K is the dose rate in displacements per atom per 
second. To allow for the preferential drift of interstitials to the dislocations 
(compared with the vacancies) we must have Zi>Z~, and we find, by  
comparison with our previous explicit spatial drift calculation [-2J, that  
Zi must be about 1 or 2 percent greater than Z~. 

Since r = R  is the radius of the spherical volume associated with each 
void, the boundary conditions on C~ and Ci at r = R  are obtained by en- 
suring that  there is zero flux of point defects across this surface; that  is, 
at r = R  

d 
dr C,,=O . . . . . . . . . . . . . . . . . . . . . . . . . .  (3) 

d 
dr C~=O . . . . . . . . . . . . . . . . . . . . . . . . .  (4) 

The diffusion controlled net flux" of vacancies entering the void must be 
equal to the kinetically defined net flux of vacancies entering the void and, 
thus, at r = rv 

d 
D,, ~ C,,=Kv[-C,~-C~ ~ exp {Fmb3/kT} ] . . . . . . . . . . . . .  (5) 

where Kv is the velocity of transfer of a vacancy across the void-matrix 
interface, Cv e is the thermal equilibrium vacancy concentration, Fm is the 
mechanical force tending to shrink the void, and b is a ~ distance on the 
order of the atomic lattice spacing. Similarly, the interstitial concentration 
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must satisfy the continuity condition: at r = rv 

d 
Di dr C i = K i C i  . . . . . . . . . . . . . . . . . . . . . . .  (6) 

where, in the case of interstitials, the probability of interstitial emission 
from the void is neglected. From the difference of the net fluxes of vacancies 
and interstitials entering the void, we find that  the rate of change of the 
void radius dr~/dt must be given by 

drv D d d 
dt - ~ ~ C~(rv) - D i ~  Ci(r~) . . . . . . . . . . . . . . .  (7) 

which from Eqs 5 and 6 can be written in the alternative form 

dr~ 

dt 
- KvCv (rv) - K iCi  (r~) - K~C~ e exp [Fmb3/kT -] . . . . . . . .  (8) 

If the activation energy for the final defect jump across the void-matrix 
interface is the same as in the bulk matrix then it can easily be shown that  

E6-1  
K v = D , / b  and K ~ = D i / b  . . . . . . . . . . . . . . . .  (9) 

Alternatively, if we adopt our previous step model to describe the void- 
matrix interface, we see that  our previous rate equation agrees with Eq 
8 if 

Kv---D~/4b and K i = D i / 4 b  . . . . . . . . . . . . . . .  (10) 

In view of our previous work [1, 37 we have a slight formal preference for 
Eq 10 over Eq 9, but  we shall see that  because of the very  small absolute 
magnitude of b the detailed growth kinetics are not sensitive to the choice. 

To obtain the void growth rate we have to solve the governing Eqs 2 
for Cv and Ci subject to the boundary conditions of Eqs 3 and 4 at r = R  
and Eqs 5 and 6 at r = rv. These concentrations then can be substi tuted in 
either Eq 7 or 8 to provide the void growth rate as a function of rv. I t  is 
necessary then to integrate this differential equation to determine the 
variation of rv with time (dose). I t  is clear that  because of the nonlinear 
recombination terms in Eq 2 this prescription cannot be followed analyt- 
ically and the general solution must be derived by  a complex numerical 
procedure. We are at present developing such a general procedure, but  in 
the present paper we will restrict the discussion to the situation when the 
recombination term is zero. Fortunately,  as we have shown previously [-31, 
recombination effects are usually small at the peak swelling temperatures 
and higher, and therefore we feel justified in presenting a detailed solution 

4 Reference 6 is a detailed discussion of the various physical factors defining such 
velocity parameters. 
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322 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

appropriate only to such important high-temperature regimes. When the 
recombination terms are omitted in Eq 2, the two governing equations de- 
couple and can be solved independently, each subject to its two boundary 
conditions. The general expression for dr~/dt  from Eq 7 or 8 then takes 
the rather complex form 

dr~ "y ( K  - DvZ~pdO)  

dt Z~pd 

X { ( R -  ( R - r v ) f l ~ c ~  sinh/3~(R-rv) l 
r ~ - r ~ R ' ) , ) ~ ,  cosh ~ ( R  - rv) + ( r ~ R ~  2 - 1 - ~,r~) sinh ~v(R - r~)J 

~,K 
Z iPd 

X 
(R ( R -  rv)~i cosh fli(R-rv) -~- ( rvR~i  ~ -  1) sinh ~ i (R-  rv) [ 

f 

- rv-~-rvR~) ~i cosh ~i ( R  - rv) -~- ( rvR~i  2 - 1 - ~rv) sinh ~i (R - rv) J 

(11) 
where 

and 

C=Cv e exp [ F m b 3 / h T ]  . . . . . . . . . . . . . . . . . . .  (12) 

~, ,= [-Z,,pd-] '/2 and ~i = [ Z i P d 3 1 / 2  . . . . . . . . . . . .  (13) 

" ~ = K v / D v = K i / D i  . . . . . . . . . . . . . . . . . . . .  (14) 

This nonlinear first-order differential equation has been successfully 
integrated and some detailed numerical results are presented and discussed 
in the section on kinetics. However, it is first useful to investigate the 
analytic form of Eq 11 and its integral in certain limiting situations. This 
discussion is presented in the next section, where we shall derive approxi- 
mate analytic criteria which define the various void growth regimes. 

Analytic Void Growth Relations 

Since we shall be primarily concerned with the kinetics of void growth 
at high total neutron doses, we may reasonably assume that the minimum 
void radii we wish to consider are greater than the lattice spacing b. It 
follows from Eq 9 or 10 that we can therefore legitimately allow ~ to 
become infinite in the rate equation, Eq 11. This limit is equivalent to 
assuming that the void is, first, an ideal sink for interstitials, since from 
Eq 6 if ~-~ r 

Ci ( rv )  =0 . . . . . . . . . . . . . . . . . . . . . . . .  (15) 

and, second, a temperature dependent sink for vacancies, since from Eq 
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BULLOUGH AND PERRIN ON VOID GROWTH 323 

5 i f  ~/-~ r 
C~ (r~) = C . . . . . . . . . . . . . . . . . . . . . . . .  (16) 

Taking this limit as ~,--~ co in Eq 11 we obtain the somewhat simpler rate 
equation 

drv ( K - D~Z~oad) 
dt r~Z~pa 

X {.(R - r~) ~. ~ e-osh ~ -  ~)  ~ ~ R - - ~ v ) e ~  r -rv)  -t- (r.R~J - 1) sinh B.(R -r~)} 

K 

- rvZipa 

{.(R - rv)/~i cosh BI(R -rv)  + (rvRCh 2-  1) sinh 0i 
R~-~ ~ o ~ - h ~  ~ s~nh}~/~-rv)  ( R - r v ) } . . .  (17) X 

When the void radius rv is very much less than R, the void growth is not 
affected by the presence of the neighbouring voids (competition or satura- 
tion effects are not then rate controlling) and the right-hand side of Eq 17 
can be replaced, when Rr R/~ >~ 1, by the much simpler expression 

dry ( K - D~Zvpad) K 
- -  -- {l+rvf~v} rvZloa {1-]-r~,} . . . . . . .  (lS) dt r~Zvpa 

There are now two useful limits both of which yield simple analytic 
expressions for the void growth; the first is 

rv~i, r~/~ < 1 . . . . . . . . . . . . . . .  : . . . . . .  (19) 

Since Z~ is only very slightly greater than Z~ and we may take, without 
loss of generality, 

Zv = 1.00 . . . . . . . . . . . . . . . . . . . . . . . . .  (20) 

the condition given by Eq 19 is equivalent to the single inequality 

parv 2 < 1 . . . . . . . . . . . . . . . . . . . . . . . . .  (21) 

Any required explicit deviation of Z~ or Zi from near unity can be easily 
accommodated by a suitable modification to pa, since Z, and Zi always 
appear in Eq 17 multiplied by pa. If the rvC~v and r,~i terms are neglected 
in Eq 18 in comparison to unity, then the resulting rate equation can be 
integrated to yield the swelling kinetics: 

AV {(Zv 1 )  1 ~}~2~,2EKt-13/2 (22) 
V -  Z oa R ~ . . . . . . . . . .  
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324 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

where the relation used, A V / V = r J / R  3, implies the change of volume is 
due entirely to the growth of the existing voids and that  the void nuclea- 
tion process has finished. The quanti ty Dv ~ is the vacancy self-diffusion 
constant 

D v ' = D v C v  e. . . . . . . . . . . . . . . . . . . . . . . . .  (23) 

and the mechanical force F~ has been neglected. Also in Eq 22 we have 
omitted the explicit contribution to the volume change from the distribu- 
tion of small voids at t=O.  The inequality, Eq 21, is best satisfied when 
pd is small, and it therefore follows that  in such circumstances we should 
expect the swelling kinetics to obey a variation like Eq 22 over a substantial 
dose regime; even when pd is small the kinetics will eventually depart from 
Eq 22 when rv approaches R or some analogous saturation condition. 

The other limit of physical interest occurs when 

rv~3i, rv~v> 1 . . . . . . . . . . . . . . . . . . . . . .  (24) 

or, equivalently, when 

pdr~ 2 > 1 . . . . . . . . . . . . . . . . . . . . . . . .  (25) 

In this case Eq 18 may again be integrated to yield the swelling kinetics: 

V - Z~/'2 Z )  / pa in K EZvpa]'/2 R ~ . . . . . . .  (26) 

where again we have omitted [he initial swelling. The inequality, Eq 25, 
can, of course, be satisfied over some of the swelling regime when the dis- 
location density is high. Thus we expect a regime of very  rapid swelling 
to occur when pd is large, in contrast to the slower swelling rate indicated 
by Eq 22 when pa is small. Both these qualitative features of the dependence 
of the swelling kinetics on dislocation density will be demonstrated in the 
next section, where we shall present some accurate numerical solutions of 
the complete rate equation, Eq 17 (numerically indistinguishable from 
the solutions of Eq 11 when the explicit ~, value is included). 

In this model complete mathematical saturation will only occur after 
100 percent swelling (when rv = R). The form of the ~pproach to saturation 
can be deduced by integrating Eq 17 in the limit of small ( R -  rv) : 

V 4R2Ktpd'(Zi - Zv) 

Thus we expect that  the lower pd is the greater will be the dose required 
to achieve saturation and that  the higher the void density pv the greater 
will be the dose required to achieve saturation. Both these trends will be 
evident in the accurate kinetics presented in the next section. 

Finally, the result of Eq 22 or 26 can be used to expose the approximate 
dependence of peak swelling temperature on dose rate K. In this section 
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it is, of course, not possible to actually follow the peak shift with K since 
we have deliberately omitted the recombination terms. However, we 
showed in our previous calculation [3] that, at the peak swelling tempera- 
ture, recombination is not important and also that the swelling is cut off 
very rapidly at high temperatures by the self-diffusion term in Eq 8: 

DvC,: Dv 8 
KvCv~= 45 - 4b . . . . . . . . . . . . . . . . . . .  (28) 

It follows that the shift in peak temperature will be very closely correlated 
to the shift of the point of vanishing A V / V .  From Eq 22 this occurs at a 
temperature T given by 

Pd 

and an almost identical temperature from Eq 26. Thus, from Eq 29 and 
the known vacancy self-diffusion constant we can estimate the shift in T 
when K is varied. 

Void Growth Kinet ics  

In the complete void growth rate equation, Eq 11, the term involving 
is negligible for temperatures at and below the peak swelling tempera- 

ture. The equation has been integrated numerically, with this term neg- 
lected, to give void growth kinetics appropriate to the peak swelling tem- 
perature. These kinetics will not depend on the numerical values of the 
dose rate K or the diffusion constant Dv and Di. As we have previously 
commented, these kinetics do not include any possibility of premature 
saturation effects and it is intended to provide a more complete discussion 
of saturation effects in a subsequent paper, when the complete numerical 
solution of the governing equation, Eq 2, should also be available. 

The kinetics are presented in Figs. 1, 2, and 3, in each of which we plot 
the percentage swelling A V / V  versus the neutron dose in total displace- 
ments per atom. The volume swelling has been deduced directly from the 
void growth by the relation 

AV rv ~ 
- . . . . . . . . . . . . . . . . . . . . . . . .  ( 3 0 )  

V R a 

which implies that the volume change is due entirely to the growth of 
existing voids and not to the continuous nucleation of new voids. It follows 
that our theoretical kinetics are particularly appropriate to swelling after 
high neutron doses. Also, if transient changes in the void density are 
taking place, our present results can be used to predict some of the conse- 
quences, as we shall discuss below. 

In Figs. 1 and 2 we display sets of kinetics for void densities of pv = 1015/ 
cma and 5• 3 and various dislocation densities and for Z i =  1.02 
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F I G .  1--The  kinetics of void swellin# when Z , = I . 0 0  and Z~=l .02 for various void and 
dislocation densities. The solid line denotes a void density p~=lO15/cm 3, the dashed line 
denotes a void density p~ =5XlOZS/cm 3, and p4 is the dislocation density in lines/cm ~. 

(Fig. 1) and Zi=l .01 (Fig. 2). All these kinetics have been obtained by 
starting the numerical integration with rv= 10 ,~. The 1 percent increase 
in Zi causes very little change in the relative form of the various curves 
but does cause an appreciable increase in the absolute swelling at a given 
dose. This shift in all the curves is simply a reflection of the essential point 
that the entire void growth phenomenon is due to the presence of the 
preferential sinks for the interstitials (the dislocations) and that its 
magnitude is very sensitive to the difference Zi-Zv,  which defines the 
relative strength of this preference forinterstitials compared with vacancies. 
This difference is the point sink representation of the spatial drift term 
discussed in our previous paper [-8] and may be estimated by comparing 
the analytic form of the right-hand side of Eq 11 for very small rv (rv<~ '-1) 
with the previous kinetics [2] based on spatial drift to the dislocations 
and negligible loss to the voids. When we do this, we find that, if the drift 
interaction between the dislocations and the interstitials has the magnitude 
L/~"~0.1 ['3] and if Zv= 1.00, then the difference 

Zi-Zv=0.016 . . . . . . . . . . . . . . . . . . . . . .  (31) 
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Thus we have considered Zi=l .01 and 1.02 to be reasonable physical 
representations of the interstitial dislocation interaction. 

There are several important features indicated by these theoretical 
kinetics: 

1. The kinetics are very sensitive to dislocation density, as we might 
have expected from the analytic results in the previous section. At low 
dislocation densities, p d  = 10 l~ lines/cm 2, the kinetics are approximately 
linear with dose (until saturation effects appear), whereas as at high dis- 
location densities, pa=5X1011 lines/cm 2, the kinetics rise very rapidly 
with (dose) 2 after an initially reduced swelling rate. This result confirms 
our previous [-31, rather speculative, predictions concerning the high dose 
effects of cold work. 

In fact when pv=5X1015/cm 3 the swelling in the higher pd materiM 
becomes equal to and then subsequently exceeds the lower Pd swelling at a 
dose of about 30 displacements per atom. The initially beneficial effect of 
cold work and its eventual unfortunate consequences are further high- 
lighted in Fig. 3, where the volume swelling is plotted on a linear scale. 

2. When the dislocation density is low, the kinetics are not very sensi- 
tive to the fivefold change in void density; but, when the dislocation density 

I 0 0  i ~ 

o S /  
,'.v // I 

,o,~ /I" / / 

o .I l /11 . /  / 

o.ol l  / I  / I I 
0" I  I I 0  I 0 0  I 0 0 0  

oosE Col spL ACeM.eNTS/.*?'pM) 

FIG. 2 - - T h e  kinetics of void swelling when Z~=I.00 and Z~ =1.01 for various void and 
dislocation densities. The solid line denotes a void density p~=1015/cm ~, the dashed line 
denotes a void density p ~ = 5 X 1015/cm 3, and Pd is the dislocation density in l ines/  cm 2. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



3 2 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

6 ,oo // 

o L ~  I t I0 IOO Iooo 

0osE (D'SPLAC_EMENTSmOM) 
FIG. 3--The kinetics of void swelling for Z~=I.O0, Z~=1.02, and pv=5X1016/crn 3. 

Curves for two values of Pd are given. 

is high, the fivefold increase in void density causes the swelling also to 
increase by approximately a factor of five over most of the dose range. 

3. At low dislocation densities the swelling is reduced by increasing the 
void density, whereas at high dislocation densities the swelling is reduced 
by decreasing the void density. 

4. No matter what the values of pd and pv, the curves all tend to bunch 
together at about 10 percent swelling. 

5. All the theoretical kinetics are independent of dose rate. 
6. If the void concentration is increasing continuously, then at high 

dislocation densities the swelling kinetics could increase even faster than 
(dose) 2. 

Finally, we have found that when the dislocation density is high the 
void growth kinetics can be very rapid (AV/V~- - (dose )  2) and that this 
rapid increase in volume can persist right up to saturation; the curves in 
Figs. 1 and 2 confrm the analytic asymptotic form of the approach to 
saturation (Eq 27), where we see that the higher the dislocation density 
the lower will be the saturation dose and therefore the more sudden must 
be the saturation effect. Similarly, Eq 27 indicates that the lower pv the 
quicker the eventual saturation--a trend which is again clear in Figs. 1 
and 2 (explicitly when pd = 101~ The basic reason for such a rapid growth 
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BULLOUGH AND PERRIN ON VOID GROWTH 329  

regime when Pd is large is simply that  a high dislocation density obscures 
the spherical geometry of the domain around each void and the effects of 
the finite curvature of the void r = rv are soon lost. The flow kinetics then 
become identical to migration to a planar sink at x = xv, which has an as- 
sociated velocity varying linearly with dose. The higher the dislocation 
density the sooner the spheroidicity of the void has a negligible effect on 
the flow process. In low dislocation density situations this effect will tend 
to happen, but, because it only occurs later, saturation will take over 
before it becomes manifest. 
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DISCUSSION 

G. L. Kulcinsk?--You stated tha t  gases are necessary for void nuclea- 
tion. Certainly we are all concerned about  neutron produced gases such 
as helium and hydrogen, but  could you say a few words about  the im- 
portance of residual gases such as oxygen and nitrogen on the nucleation 
phenomena. 

R. Bullough (authors' closure)--We believe tha t  such residual gases 
could assist in the nucleation process. Also, the vacancies clearly can ag- 
gregate as voids around small incoherent precipitate particles. 

J. W. Corbett2--Would those who spoke on theories please comment  on 
the difference between the theories? 

R. Bullough (authors' closure)--This is a rather  difficult question to 
answer at  all briefly, and from the oral presentations alone it is not really 
possible to assess all the detailed assumptions in the various theories. I t  
will, however, perhaps help if I mention an impor tan t  feature of the 
Bullough and Perrin model of the void growth process which seems to be 
absent from the other theories. 

The  special feature of our approach is tha t  we consider the actual flow 
process in the geometrically defined neighborhood of a void. Tha t  is, we 
actually solve a spatial migration problem and do not resort to a com- 
pletely "kinetic" model with all the sinks smeared out into a continuous 
distribution. The void is a well defined, large geometrical defect and can be 
defined explicitly. 

The  importance of including the geometrical shape of the void in the  
theory can be seen by  our predictions concerning the effects of cold work. 
Thus at low doses cold work will cause an immediate  reduction in the 
volume swelling but  this decrease, below the solution t reated (low dis- 
location density) material ,  is not sustained, and at high doses the volume 
swelling for the cold-worked material  can exceed tha t  of the solution 
t reated material.  This relatively rapid swelling when the dislocation density 
is high occurs because the spherical nature  of the region in the neighborhood 
of each void is essentially obscured by  the high dislocation sink density. 

1 Senior research scientist, Pacific Northwest Laboratories, Battelle Memorial In- 
stitute, Riehland, Wash. 99352. 

Professor, Physics Department, State University of New York at Albany, Albany, 
N.Y. 122O3. 

3 See also discussion by Li et al, pp. 347-361. 
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This is an important effect and can hardly be expected in models in which 
the voids are themselves smeared out. 

The possibility of premature saturation, though not explicitly discussed 
in our present paper, can also be conveniently included in the present 
model. We believe this will occur when the void concentration and the 
size of the individual voids reach a critical value and cause a sudden drop 
in the dislocation density. This can be included by simply including a 
spherical shell of varying thickness around each void, inside which there 
are no dislocations; dislocations inside such a domain would be pulled 
into the adjacent void by the image forces. Swelling will terminate when 
these dislocation free regions begin to overlap. A precise, quantitative 
estimate of this effect is under way at present. 
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Void Formation in Proton Irradiated 
Stainless Steel* 

REFERENCE: Keefer, D. W., Neely, H. H., Robinson, J. C., Pard, A. G., and 
Kramer, D., "Void F o r m a t i o n  in Proton  Irradiated Sta in les s  S tee l ,"  
Irradiation Effects on Structural Alloys for Nuclear Reactor Applications, ASTM 
STP 484, American Society for Testing and Materials, 1970, pp. 332-346. 

ABSTRACT:  Voids have been produced by 1.2-MeV proton irradiation at 
500 C in Type 316 stainless steel containing 2 appm helium. The proton 
fluence was 6 X 10 TM p/cm ~. Observations of electron microscope foils obtained 
at various positions along the proton path length have shown that the volume 
swelling increased with increasing number of atom displacements. Calculated 
volume swelling ranged from 0.2 to 5 percent. In addition to voids, irradiation 
produced dislocation loop~ and small precipitate particles on dislocations have 
been observed. 

KEY W O R D S  : irradiation, proton irradiation, radiation effects, stainless steel, 
microstructure, vacancies (crystal defects), voids, dislocations (materials), 
precipitates, helium, swelling, electron microscopes, foils (materials), nuclear 
reactors 

T h e  first  obse rva t ion ,  in an  i r r ad i a t ed  meta l ,  of wha t  are  now known  to 
be vo ids  was r epo r t ed  b y  C a w t h o r n e  and  F u l t o n  [-1]. 2 Othe r  such obse rva -  
t ions  followed, and  i t  qu i ck ly  became a p p a r e n t  t h a t  the  occurrence of 
voids  p resen ted  a s ignif icant  p rac t i ca l  p r o b l e m  re la t ing  to  the  d imens iona l  
s t a b i l i t y  of var ious  r eac to r  components ,  n o t a b l y  fuel c ladd ing  [-2]. T h e  
fo rma t ion  of voids  also p resen t s  a t an t a l i z ing  sub jec t  for basic  s tudies  of 

1 Atomies International, a division of North American Rockwell, Canoga Park, 
Calif. 91304. 

* Based on work supported by the U. S. Atomic Energy Commission under Contract 
AT(04-3)-701. 

Italic numbers in brackets refer to the list of references at the end of this paper. 
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the behavior of radiation produced point defects in metals, and some 
work~on irradiated pure metals has been reported [8]. 

Progress in achieving a detailed understanding of void formation has 
been relatively slow. The complexity of the process whereby voids nucleate 
and grow certainly accounts in part for this. Also, most studies have been 
performed on complex alloys, and control of important material properties 
has not always been possible. Perhaps most important, the majority of 
irradiations have been performed in reactors. Such irradiations necessitate 
long times, and control and monitoring of specimen temperature and 
neutron flux and fluence are difficult. Further, helium and hydrogen are 
produced in significant quantities in many metals during reactor irradia- 
tions, and the importance of the presence of these impurities on void 
formation is difficult to establish by such irradiations. 

As has already been demonstrated at Harwell [4], irradiation with heavy 
charged particles can also be used to form voids. The British have success- 
fully produced voids in stainless steel with protons as well as with iron and 
carbon ions. There are a number of advantages to studying void formation 
in this way. All experimental conditions are far more easily controlled and 
monitored than in a reactor. Furthermore, heavy charged particles, be- 
cause of their higher displacement cross sections, compress the experi- 
mental time from the several years required in a reactor to a few hours in 
an accelerator. An additional advantage to the use of charged particles 
comes about because of the inverse relationship (for Rutherford scattering) 
between the displacement cross section and particle energy. As the particles 
slow down in their traversal of a specimen, the displacement rate and total 
number of displacements increase. Thus, information on voids produced 
under effectively different irradiation conditions at the same temperature 
can be obtained from electron microscope foils taken from various positions 
within the thickness of a single specimen. 

Although the production of voids by heavy charged particle irradiation 
undoubtedly will be of great value in void studies, the precise correlation 
between void arrays created by neutrons and those produced by charged 
particles may require careful study. The difference in time scale of the 
two experimental techniques and variations in the nature of damage 
created by the different particles will have to be taken into account in 
such a correlation. 

The present proton irradiation experiments are intended to study the 
effects of atom displacement rate, total number of displacements, tempera- 
ture, helium content, and microstructure on void formation and the at- 
tendant volume swelling in Type 316 stainless steel. It, is also hoped that 
out of this program a correlation with reactor irradiations will be developed. 
Thus far, only preliminary irradiations have been made. Although voids 
have been produced, the results reported here must be viewed in the con- 
text of their preliminary nature. 
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Experimental Procedure 

Specimen Preparation 

The specimens used in this work are 0.0127-ram-thick foils having cross- 
sectional dimensions of 1.78 by 0.88 era. Following an appropriate heat 
treatment, the specimens are diffusion bonded under pressure to thick 
copper plates. These plates serve as a heat transfer medium between the 
specimens and the temperature control apparatus. The bonding time and 
temperature are chosen so that no copper is allowed to diffuse into the 
front portion of the specimen, approximately 0.008 mm thick, which is to 
be irradiated. 

Prior to irradiation, the specimens are injected with helium by means 
of a cyclotron. The procedure used here is similar to that used previously 
by members of our laboratory [-5]. The technique results in an even dis- 
tribution of helium throughout the specimen volume. This has been veri- 
fied by analysis of injected "sandwiches" of 0.0025-ram-thick foils. The 
helium content is determined by mass spectrometry [-6]. The temperature 
of specimens undergoing helium injection does not rise significantly above 
ambience. 

Following irradiation, the copper plate is removed from each specimen 
by immersion in nitric acid. Each specimen is then cut into at least six 
sections for electron microscope examination. Microscope foils are ob- 
tained from selected positions within the specimen thickness by means of 
careful eleetropolishing of a section. The polishing procedure is periodically 
interrupted so that X-ray absorption measurements can be made to monitor 
the material thickness and hence the ultimate position from which the foil 
is obtained. It is estimated that the foil position determined in this way is 
accurate within • 1000 A. This accuracy will be improved upon in future 
experiments. 

Target Assembly 

The target assembly is shown in Fig. 1. The main body of the assembly 
serves as a reservoir for cooling water. The three support posts of the 
specimen heater block are soft soldered to this reservoir. The block con- 
tains a coiled heater element. Bolting of the specimen plate to the heater 
block completes the heat transfer system. 

Temperature Control 

During irradiation, the specimen temperature is monitored by an infra- 
red detector which has previously been calibrated against a thermocouple 
attached to the heater block. The output of the detector is also used in the 
programming circuit of an electronic temperature control system. During 
an irradiation at 500 C with a 1.2-MeV beam of approximately 1.6X10 ~5 
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PROTON 
BEAM 

FIG.  1--Exploded view of proton irradiation target assembly. 

p/cmLs, the control system was able to keep the temperature typically 
within :l:10 C. Extreme beam instability led to periodic downward fluc- 
tuations of approximately 20 C. 

Proton Beam 

The proton beam is delivered by a 3-MeV Dynamitron. The beanl is 
magnetically analyzed, shaped, and steered prior to its entry into the 
target chamber. The shape and homogeneity of the beam is continuously 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



336 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

observed by means of a High Voltage Engineering Corp. beam profile 
monitor. The particles emerging from the Dynamitron source are pre- 
ponderantly mass I I  particles, that  is, two protons with a shared electron. 
In order to achieve high proton beam currents, it is these mass I I  particles 
which are made to impinge on the target. The energy required to separate 
each pair of protons from the electron is only a few electron volts, and the 
separation occurs at the specimen surface; thus, no significant error in 
proton energy occurs with this technique. In this report, proton energies 
and currents are stated directly, for example, a mass II  energy of 2.0 MeV 
and current of 1 X 10 '5 particles/cm2-s will be given as a proton energy of 
1.0 MeV and a current of 2X10 '~ p/cm2-s. 

The proton beam is defined, by  a graphite quadrant  system, to an area 
of 2.0 cm 2 (see Fig. 1). This system is attached to a water cooled support 
plate; this plate further defines the beam on the specimen to an area of 
1.3 cm 2. Each quadrant  is electrically biased with respect to the target 
chamber to minimize backscattered electrons. The proton current which 
is integrated is the sum of the currents measured on the specimen and the 
target chamber. 

Displacement Calculations 

The total number of displacements per atom, N, created by a flux of 
protons, ~b, in time t was calculated by means of the expression 

Tm t "  

N=ept  I d z ( T ) v ( T )  . . . . . . . . . . . . . . . . . . . .  (1) 
"F.  d 

where Tm is the maximum transfer energy, Ed is the threshold energy, and 

M1 ER 2 d T  
dz ( T)  = 47raB 2Z~ 2Z2 ~ . . . . . . . . . . . . . . . .  (2) 

M2 E T 2 

is the differential cross section for transferring energy T to T q - d T  in 
Rutherford collisions, aB is the Bohr radius for hydrogen, Za, Z2, and 
M~, 21//2 are the charge numbers and masses of the incident and target 
particles, respectively, E R  = 13.6 eV is the Rydberg energy, and E is the 
energy of the moving particle. In Eq 1, v(T) is the number of displace- 
ments per primary recoil of energy T. In this work, the Kinchin-Pease [-7-] 
expression v (T )  = T/2Ed,  with Ed = 25 eV, has been used. With appropriate 
values of r and t, Eq 1 has been used in calculating the number of displace- 
ments per atom and the displacement rate as a function of proton pene- 
tration into a specimen. Proton energy loss as a function of energy, in 
other words, the depth of penetration, was obtained from Ref 8. 

The calculations discussed above are admittedly approximate, particu- 
larly because of the use of the Kinchin-Pease model. More refined calcula- 
tions are to be made in the near future. 
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Determina t ion  of Vo id  N u m b e r  and S i ze  

The number  of voids and the distribution of void diameters in electron 
photomicrographs were determined by  means of a particle size analyzer. 
The  void densities were calculated with an assumed foil thickness of 
1000 A. Contributions to the swelling (increase in volume per unit volume) 
for each size interval on the analyzer were determined and summed to 
give the total  swelling. The  diameter  of a void can be determined within 
plus or minus one interval  on the analyzer. Depending on the magnifica- 

o 

t ion of the photomicrograph, this amounts  to some 4-10 A of uncer ta inty 
in the diameter  of each void. 

Experimental Results 

The data  presented here were obtained from a single specimen of Type  
316 stainless steel. Prior to bonding to its copper plate, the specimen was 
solution annealed at  980 C in vacuum for 1 h. This was followed by  an 8-h 
precipitation anneal at 760 C. This t r ea tment  resulted in the formation of 
M23C~ carbides at  the austenite grain boundaries [9] ,  with an average 

FIG. 2--Transmission electron micrograph showing voids obtained in Type 316 stainless 
steel containing 2 appm helium and irradiated at 500 C. The proton penetration depth is 
0.0025 ram. Note the presence of faulted dislocation loops and dislocations decorated with 
small precipitate particles. 
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FIG.  3--Transmission electron micrograph sbowbtg details of dislocation loops as seen 
in dark-field contrast. Proton penetration depth is 0.0025 ram. 

grain size of between 20 and 30 ~n:. After the anneMing treatment, the 
specimen was bonded to a copper plate and subsequently injected with 
helium to a level of 2 ppm (atomic). 

During irradiation, the specimen temperature was maintained at 500-4-10 
C with periodic downward fluctuations greater than 10 C. The 1.2-MeV 
proton flux was nominally 1.6X 10:5 p/em-~-s, but due to beam instability 
the average flux was approximately half this value. The average flux has 
been used in all calculations. The fluence was approximately 6• is 
p/era 2. 

The range of a 1.2-MeV proton in stainless steel is 0.0084 mm [-81. Foils 
for electron microscope analysis were taken at proton penetration distances 
of 0.0025, 0.0051, and 0.0076 mm by the technique described in a pre- 
ceding paragraph. Results from a foil produced prior to development of 
the X-ray absorption technique will also be discussed. Although the exact 
position of this foil is not known, the results clearly indicate that it was 
taken from a depth slightly beyond the 0.0076-mm level. 

At the 0.0025-mm position, the energy of a 1.2-MeV incident proton has 
been reduced to 0.93 MeV. The displacement rate at the 0.0025-mm posi- 
tion is, from Eq 1 with ~ '8X10:4  p/cm'~-s, about 1 X10 -~ atom fraction 
per second. The total number of displacements per atom is about 0.8. 

Figure 2 shows the disposition of voids obtained at the 0.0025-mm posi- 
tion. Also visible in the photograph are faulted dislocation loops and other 
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dislocation structures. Careful examination of the foil has revealed the 
presence of small precipitates on dislocations; these can be detected in the 
figure. These precipitates ~re not present in unirr~diated material: 

A more detailed photograph showing the orientation of the loops is 
given in Fig. 3. These loops were found to be extrinsic in nature. The 
nature of the loops was determined for the case of g . b ~ l .  Tunstall  [10-] 

has shown that ,  for the case of I g" b i = ~ ,  a strongly visible image occurs 
for g. b = + 2/~, whereas g. b = - ~  gives a weak, or even invisible image 
(with S > 0). 

At the 0.0025-mm position, the void density was approximately 3 X 1015 
voids/cm 3. The size distribution is shown as a histogram in Fig. 4; the 
average void size in this distribution is about 110 A. The swelling due to 
void formation is calculated to be 0.2 percent. 

At the 0.0051-mm position, the proton energy has been reduced to 0.61 
MeV. The displacement rate is approximately 1.6X10 -4 atom fraction 
per second, and the total number of displacements per atom is about 1.2. 
The voids obtained ~t the 0.0051-mm level ~re shown in Fig. 5. Faulted 
dislocation loops and dislocations decorated with small precipitates are 

FIG. 4--Histogram showing z,oid size distribution at the O.O025-mm level. The average 
~,oid size is about 110,4. 
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FIG. 5--Transmission electron micrograph showing voids obtained at a proton penetra- 
tion depth of 0.0051 mm in Type 316 stainless steel containing 2 appm helium. 

FIG. 6--Histogram showing void size distribution at the O.0051-mm level. The average 

void size is about 70 A.  
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FIG. 7--Transmission electron micrograph showing voids obtained at a proton penetra- 
tion depth of 0.0076 mm in Type 316 stainless steel containing 2 appm helium. 

FIG. 8--Histogram showing void size distribution at the O.O076-mm level. The average 

void size is about 150 A.  
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FIG. 9--Transmission electron micrograph showing voids obtained at a proton penetra- 
tion depth greater than 0.0076 ram. Note the homogeneous ~,oid distribution throughout the 
microstructure. 

also visible in the figure. The density of voids observed at this level was 
1016/cm 3. The size distribution is shown in Fig. 6; the average void diameter 

o 

in this distribution is 70 A. The calculated volume swelling is 0.2 percent. 
At the 0.0076-ram penetration distanoe, the proton energy has been 

reduced to about 0.14 MeV. The displacement rate is about 5.6X 10 -4 atom 
fraction per second, and the total number of displacements per atom is 
about 4. The voids observed at the 0.0076-ram level are shown in Fig. 7. 
The density of voids obtained from this photograph was about 4.5• 10'5/ 
cm 3. The average void diameter from the size distribution shown in Fig. 8 
is about 150 A. The volume swelling is calculated to be about 1 percent. 

As mentioned in a preceding paragraph, the exact position of the fourth 
foil is not known; therefore, the defect production rate and total number 
of displacements cannot be calculated. However, because of the large 
amount of d~mage observed in this foil (see Fig. 9), it appears that the 
foil position was beyond the 0.0076-ram depth. Note that the void density 
is homogeneous throughout the microstructure. Similar results have been 
obtained at the other specimen positions. This observation differs from 
those made following reactor irradiations, where along grain boundaries 
zones denuded of voids have frequently been observed. From Fig. 9, the 
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FIG. lO--Transmission electron micrograph showing voids to be octahedra bounded by 
{111 } planes. The proton penetration depth is greater than 0.0076 mm. 

void density is 3 • 1015/cm 3. Trace analyses of the voids at this level in 
three orientations, [-1001, [-1101, [211], have shown that the voids are octa- 
hedr~ bounded by { 1111 planes. Occasional truncation by { 1001 planes was 
observed. This is shown in Fig. 10. The void size distribution is shown in 
Fig. 11, where the average void diameter is 290 A. The volume swelling 
in this final foil is then about 5 percent. 

FIG. 11--Histogram showing void size distribution at a depth beyond 0.0076 ram. The 
average void size is about 290 A.  
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Discuss ion  

The production of voids in Type  316 stainless steel by  proton irradiation 
has been amply  demonstrated in this work. Although the results are pre- 
liminary, some interesting features have already emerged. In  addition to 
voids, faulted dislocation loops of the interstitial type were observed. 
Also formed during the irradiation were small precipitates which are evi- 
dently associated with dislocations in every case. The particles are too 
small to be identified by  means of electron diffraction. The volume swelling 
increased generally with increasing depth into the specimen. This increase 
is a t t r ibutable  to the increase in vacancy production, by  approximately a 
factor of ten, over the proton range investigated here. The absence of a 
zone denuded of voids about  grain boundaries in this work may  be due to 
a higher displacement rate than  is the case in reactor irradiations. 
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DISCUSSION 

G. L. Kulcinski'--Have you noticed a change in the degree of truncation 
as you examine areas in the foil closer to the end of path for the protons? 
Recent work at Pacific Northwest  Laboratories by Dr. Laidler has shown 
that  hydrogen can change the morphology of voids in quenched nickel, in 
general reducing the degree of t runcation in the (100) planes. 

D. W. Keefer (authors' closure)--We have observed no change in the 
degree of truncation of voids produced at different positions along the 
proton pathlength, nor have we noted changes in t runcation with increasing 
proton fluence. 

G. J. C. Carpenter2---In studies of void formation under neutron irradia- 
tion, the zones adjacent to grain boundaries are normally denuded with 
respect to voids and dislocation loops. This implies tha t  the boundaries 
act as sinks for the irradiation induced defects. Your observation that  
there is no denuded region after proton irradiation seems to suggest that  
the grain boundaries are not acting as sinks. Strictly, for there to be no 
denuded region, voids nmst be situated on the grain boundaries. If no 
voids occur on the boundaries, there is of necessity a "denuded region," 
although it may  be small. This could be due either to slow diffusion kinetics 
(a low irradiation temperature)  or to a restriction on the ability of the 
grain boundaries to absorb point defects. Is there any reason to suppose 
tha t  in your ion bombardment  experiments the denuded region was smaller 
than observed for neutron irradiation at a comparable temperature? If 
there is a large difference, perhaps account should be taken of the stresses 
tha t  must build up in the region of maximum swelling, where the ions 
stop, resulting from the constraint imposed by the surrounding material. 

D. W. Keefer (authors' closure)--I disagree with your statement that,  
in the absence of a "denuded region," voids should be found on grain 
boundaries. I feel that  the absence of such a region is defined by the aver- 
age void-boundary distance being no greater than the average void-void 
separation. As I mentioned, in our experiments no such denuded region 
was observed. I feel this observation, compared to the neutron results, 

1 Senior research scientist, Battelle Memorial Institute, Pacific Northwest Labora- 
tories, Richland, Wash. 99352. 

2 Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, 
Ontario, Canada. 
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most likely can be at t r ibuted to the higher defect production rate in our 
experiments. 

D. J. Mazey3--The concentration of hydrogen is expected to be high 
near the end of the protons range in the steel. Do you think this hydrogen 
is influencing void formation? 

D. W. Keefer (authors' closure)--In the absence of preinjected helium, 
we find that  the void concentration is lower by  several orders of magnitude. 
We infer from this tha t  hydrogen does not have a significant influence on 
void nucleation. The possible influence of hydrogen on void growth has 
yet  to be determined. 

3 Solid State Division, Atomic Energy Research Establishment, Harwell, Didcot, 
Berkshire, United Kingdom. 
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Che-Yu  L i ,  1 D. G. Frankl in ,  1 and S. D. Harkness  1 

Considerations of Metal Swelling and 
Related Phenomena Caused by Fast 
Neutron Irradiation 

REFERENCE:  Li, Che-Yu, Franklin, D. G., and Harkness, S. D., " C o n s i d e r -  
a t i o n s  o f  M e t a l  S w e l l i n g  a n d  R e l a t e d  P h e n o m e n a  C a u s e d  b y  F a s t  
N e u t r o n  I r r a d i a t i o n , "  Irradiation Effects on Structural Alloys for Nuclear 
Reactor Applications, ASTM STP 484, American Society for Testing and 
Materials, 1970, pp. 347-361. 

A B S T R A C T :  The existing analytical model that describes metal swelling under 
fast neutron irradiation is reviewed. The assumption of quasi-steady state and 
uniform point defect generation used in the present model is partially justified. 
Possible effects, due to microstructural defect interactions, that may occur at 
high fluences are discussed. The effect of stress field on point defect migration 
and its consequences on metal swelling and creep are considered. 

K E Y  W O R D S :  irradiation, neutron irradiation, ion irradiation, neutron flux, 
fluence, fast neutrons, radiation damage, swelling, bias, point defects, vacancies 
(crystal defects), voids, dislocations (materials), interstitials, creep properties, 
stresses, metals, stainless steels, fast reactors (nuclear) 

I n  recent  papers  [1-3]  2 analyt ical  models have been proposed for the 
i r radiat ion induced swelling and in-reactor  creep observed in metals.  
These models are basically quas i -s teady state  approaches  t h a t  calculate 
the  magn i tude  of point  defect supersa tura t ion  under  the assumpt ion  of 
un i fo rm point  defect generation.  Knowing  the concent ra t ion  of vacancies  
and interstitials, the  ra te  of nucleat ion and growth  of voids can be esti- 
mated .  A by -p roduc t  of these considerat ions [ 1 ]  is the  rate  of enhanced 
dislocation climb, which could be an impor t an t  mechanism for in-reactor  
creep. We [1, 3 ]  have been able to use this model  to rationalize the  existing 

1 Materials Science Division, Argonne National Laboratory, Argonne, Ill. 60439. 
2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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stainless steel swelling data. However, the existing data are obtained at 
lower flux levels and smaller fluences than those of interest to commercial 
liquid metal fast breeder reactor design. Efforts are being made experi- 
mentally in several laboratories [4, 5] to use high-flux (effective neutron 
flux > 10 is n/cm2-s) ion bombardment ~o simulate fast neutron damage 
and thus achieve high fiuences (> 10 -03 n/cm ~) in a shorter time than is 
possible with present reactors. It is not clear at this time how to extrapolate 
directly the ion bombardment results obtained at high flux levels to the 
lower flux levels pertinent to fast breeder reactor design. 

In order to make this extrapolation, a clear understanding of the effects 
of flux and fluence levels is required. The first part of this paper is intended 
to contribute to this understanding. The question of the applicability of a 
uniform point defect generation, quasi-steady state approach to high- 
temperature radiation damage will be examined, and its limitations on 
flux level noted. Possible effects that may limit void growth at high 
fiuences will also be discussed. 

In addition to the effects of high flux and high fluence, the effects of 
applied stress on metal swelling has been of current interest and will be 
discussed in the second part of the paper. The discussion will be based on 
an extension of the concept developed in the present model [-1-3] of 
stress gradient biased, point defect migration. Another consequence of 
this type of biased diffusion is a diffusional mechanism based on the Kirken- 
dall effect for in-reactor cr6ep. 

At present, the analytical work in this general area is limited, because 
many important physical parameters are poorly known and very little 
experimental data are available. It is, therefore, not the purpose of this 
paper to give a detailed analytical description of the phenomena of interest 
but, rather, to point out possible effects and areas where future research 
is required. 

Review of  t h e  Metal  Swell ing Model  

In the present swelling model [1, 2] the concentrations of point defects 
(vacancies and interstitials) are assumed to be distributed uniformly 
throughout the system. Concentration gradients exist only around various 
point defect sinks (voids, loops, grain boundaries, dislocations, etc.). The 
form of the concentration gradient is obtained by solving the steady state 
diffusion equation, with appropriate simplifying geometrical assumptions. 
The steady state is achieved through a balance between the point defect 
generation rate, the rate of migration to sinks, and the rate of recombina- 
tion, 

Gv - K v N v  - [ v i N i N o ] N v p / M  = 0 . . . . . . . . . . . . . . .  (la) 

G~ - K~N~ - E ~ , i N i N o ] N v p / M :  0 . . . . . . . . . . . . . . .  ( l b  ) 
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where 

G = the rate of point defect generation, 
K = t h e  kinetics constant for point defect migration to various sinks, 

that is, 

K~= Y~CQ"~i'k~ where q~,~i.k is defined in }{ef 3 
\ N v /  

N = the point defect concentration in atomic fraction, 
N0 = Avogadro's number, 

p = density of the metal, and 
M = t h e  effective molecular weight. 

Physically these equations imply that point defects are generated uni- 
formly throughout the system. This assumption will be discuss'ed further 
in th~ next section. As can be noted from the above equations, the point 
defect concentration depends on its generation rate G, which, in turn, 
depends on the flux level. Since the void nucleation and growth is a func- 
tion of time and point defect concentration, care should be exercised, when 
reporting experimental data, to separate the flux effect and the fluence 
effect. The fluence dependence should be different depending on whether 
the data are obtained for a given exposure time with varied flux levels or 
for a given flux level with varied exposure times E3~. 

The kinetics constant K [-1, 3, 6J includes all of the physical processes 
that govern the point defect annihilation at various sinks. Voids and 
interstitial loops are both good sinks for point defects. The importance of 
these sinks in controlling the steady state, point defect concentrations will 
depend on size and number density. The values of both these parameters 
will change with time as the nucleation and growth process proceeds and 
thus result in kinetics constants and in point defect concentrations that 
vary with time. This is the reason that the model discussed here is a quasi- 
steady state approach. An important consideration, in the calculation of 
the K's, is the effects E?'-IOJ caused by the interaction between the misfit 
strain of a point defect and the stress field around a sink. 

The misfit strain of an interstitial in a crystal lattice is greater than 
that of a vacancy. In the case of a dislocation, the migration of interstitials 
to a dislocation is favored because of its stress field; consequently, excess 
vacancies flow to the voids. It is believed, at the present time E1-3~, that 
the biased point defect migration is the reason swelling will occur in metals 
under fast neutron irradiation. 

A Consideration of  the Uniform Point  Defect Generation,  
Steady Statc Approach 

As pointed out in the previous section, the point defects are assumed to 
be generated uniformly throughout the system. In fact, displacement 
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spikes are formed in a discrete fashion. In the immediate vicinity of the 
displacement spike, the point defect concentration will be high initially 
and will decay with time. The concentration of the interstitials will decay 
at a much faster rate when compared with the vacancies. As a result, the 
concentration relaxation process is both time and position dependent. 
Therefore, the most that can be expected from a quasi-steady state ap- 
proach to point defect concentrations is a reliable estimate of the concen- 
tration averaged over time and position. To determine whether or not a 
quasi-steady state, uniform defect generation approach is appropriate for 
estimating the averaged point defect concentrations, the approximation 
must be examined in two ways. 

First, if one assumes that a uniform point defect distribution does exist, 
one must decide whether a quasi-steady state approach is applicable by 
comparing the time required to establish the steady state point defect 
concentrations with times required for significant changes in the sink 
number density and size. The approach is invalid if the times required to 
achieve steady state point defect concentrations are long compared with 
those required to significantly change the microstructure by void and loop 
formation. Sharp and Foreman [6] have discussed this problem and de- 
rived the time to achieve steady state conditions for a given point defect 
generation rate, temperature, and sink number density and size. By using 
their treatment, the time to achieve steady state for fast breeder reactor 
conditions (generation rate = 10 -7 atom fraction point defect per second, 
irradiation temperature=500 C, void number density=10'5/cm 3, loop 
number density= 10'5/cm 3) is of the order of 1 s. This time is too short 
for significant changes in microstructure and, thus, is consistent with the 
use of a steady state approach. 

The second question concerns the assumption that the point defects are 
generated uniformly throughout the system, although in reality the con- 
centration profile of point defects will fluctuate in time and position be- 
cause of the discreteness of spike formation. The situation for the inter- 
stitials is worse than that for a vacancy because of their high mobility 
[1, 3-]. The lifetime of the interstitials ri can be calculated from the ratio 
of interstitial concentration, as calculated from Eqs la and lb, and the 
interstitial generation rate. For a typical interstitial concentration of 10 -'5 
atomic fraction and a generation rate of 2 X 10 -7 atomic fraction per second, 
ri has the value of 5 X 10 -9 s. During this period, the interstitial will travel 
a distance 2( of 104 A, where X = 2 ~  with Di the diffusivity of the 
interstitial. Within a spherical volume of 10,000 A radius, there will be on 
the average 2 X 103 displacement spikes formed per second. In this calcula- 
tion the number of displacement spikes formed is equal to ~lrJ~ s (~r 
where q~ is the flux (2X1015 n/cm2-s), r is the cross section (3 barns), and 
NL is the number of atoms per cubic centimeter (8 X 1022 atoms/cm3). The 
time between spike formations rs,ike in a volume of i}~rXT 3 is, therefore, 
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much larger than a typical interstitial lifetime. This confirms the previous 
statement that the concentrations of the interstitial in Eqs la and lb 
represent only the time and position average. Furthermore, the use of 
Eqs la and lb to obtain this average must be seriously questioned, since 
the equations include a recombination term that is a function of the 
product of the interstitial and vacancy concentrations. This term will be- 
come impossible to calculate when the vacancy population is also time 
and position dependent. Thus, Eqs la and lb are useful only either when 
the vacancy concentration is nearly time and position independent or 
when the amount of recombination is small compared with the amount of 
point defect annihilation at sinks. When recombination is not an important 
mechanism of point defect annihilation, the time and position dependence 
of the vacancy population become irrelevant to the use of Eqs la and lb, 
since the migration terms are linear ~11-] with both vacancy and inter- 
stitial concentration. In Fig. 1 (for the conditions given in the figure), the 
relative amounts of point defects that are annihilated by recombination 
and migration to the sinks have been estimated as a function of fluence 
by using the program in Ref 3. As seen in the figure, the recombination 
term becomes insignificant at higher fluences and the use of Eqs la and lb  
is justified. 

In the fluence region where the recombination term is important, it is 
essential to establish the time and position dependence of the vacancy 
concentration. For the vacancy concentration to behave as a uniform sea, 
two conditions must be satisfied. First, the average vacancy lifetime rv 

~ / MIGRATION TO SINKS 

| \ / INITIAL DISLOCATION DENSITY=IOecm/cm 3 I - \ /  . . . . . .  • = 2 X 10'5 n/cruZ sac 
- T ~ 

.~ / ', 

o 
1016 i017 i0 le i019 1020 i0 zl 

NEUTRON EXPOSURE 

FIG.  J--The relative amounts of point defect annihilation by migration to sinks and 
by recombination. 
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fO INI~FIAL DISLOCATION ' ' 3 DENSITY= I0 e cm/cm 
= 2 x 1015 n/crn 2 sec 

__ T = 500~ J 
0 
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iO-a 

IO-~ _ 

rrelax 

~o-" I J I I 

TOTAL NEUTRON EXPOSURE,  n /cm 2 

FIG.  2- -The  effect of neutron exposure on decay times pertinent to the use of a quasi- 
steady state model. 

must be long with regard to the time vspike between spikes that  occur in a 
volume defined by the average migration distance of the vacancy. This 
condition ensures tha t  the vacancy sea will remain at about the same level 
at steady state. As can be seen in Fig. 2, this condition is satisfied for the 
low fluences where recombination is important.  

The second condition ensures that  the concentration peaks of vacancies 
resulting from spike formation decay quickly into a broad profile relative 
to the rate of injection of displacement spikes r,pikr The decay time 
Trela~ (to the e -1 value) for a vacancy peak can be estimated from rc2/3Dv 
E12~, where rc is the radius of a displacement spike (~2 0 0  ,~) and D~ is 
the vacancy diffusivity (~e  -3~176176176 cm~/s). For these conditions, r~ol,~ is 
of the order of 10 -4 s and, as seen in Fig. 2, much smaller than r,p~k~. I t  
can be argued, for this situation, tha t  the recombination terms will be 
linearly proportional essentially to the concentration of the interstitiais 
and the average values used are acceptable. At high fluences, Tv will be less 
than r, plk~ but  the recombination will also become unimportant .  

The interest in the use of the analytical model ~1, 3~, developed to 
interpret the ion bombardment  data, requires the examination of whether 
or not the assumption discussed in this  section can be applied at high flux 
levels. Similar calculations have been performed for the case where the 
flux is 10 TM n/cm2-s. From these results it can be concluded that  the as- 
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sumption of uniform point defect generation applies also. The discussion 
given here demonstrates the possibility of using the present analytical 
model for translating the ion bombardment data to useful design 
information. 

It should be noted that the nucleation rate of voids and interstitial 
loops is not linearly proportional to the concentration of vacancies and 
interstitials, respectively [-1, 81. The average values used will not, there- 
fore, be a good approximation. In the calculation of the nucleation rate 
given in Ref 8, the approach is essentially an empirical fit of the observed 
experimental data on void nucleation. It has been emphasized in this 
paper that experimental data on loop nucleation also are required, since 
it is just as important as void nucleation. From this viewpoint it is essen- 
tim that good experimental data on nucleation also be obtained in the 
ion bombardment experiments to avoid the difficulty in the analysis. 

High-Fluenee Effects 

As the fluences increase, the void volume and dislocation density be- 
come larger and various complicated interactions will occur among the 
microstructural defects. The present model [-1, 81 requires further modifica- 
tions to account for these interactions. It is reasonable to state that existing 
theoretical capability in the field probably will not be sufficient to analyze 
all the possible interactions. A qualitative discussion will be given on the 
possible interactions. Some of the useful experimental approaches will be 
mentioned so that necessary data can be generated to aid in the develop- 
ment of the model and to extend its predictive capabilities. 

Based oil the present model [-1, 81 calculations, as the fluences increase, 
ignoring dislocation-dislocation interactions, dislocation-void interactions, 
etc., the void growth rate actually accelerates. This is because at high 
fluences dislocation density will reach a value of 1011 and higher resulting 
from the interstitial loop growth. The dislocation is a biased sink; thus, 
when the dislocation density becomes large, the biasing effect will increase 
and cause a larger excess of vacancies to flow to the voids. Physically, from 
electron microscopy observations [-131, the dislocation structure becomes 
very complicated even at moderate fluences (5X1022 m/cm 2) and the 
identity of individual loops and the measurement of dislocation density 
become difficult in stainless steel. It  is possible that various interactions 
will occur so that the dislocation density cannot increase indefinitely, 
thereby limiting the accelerated growth at high fluences mentioned above. 
There are three possible interactions. 

1. Dislocation-Dislocation Annihilation--Interstitial loops of smaller 
sizes cannot glide because of the low stacking fault energy of stainless 
steel. If they are in the same atomic plane, they can grow into each other 
and annihilate a portion of each loop. As the loop size becomes large, the 
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prismatic form will be favored. Since prismatic loops can glide, this will 
increase the chance of mutual  loop annihilation. 

2. Dislocation-Dislocation In teract ions--When dislocation density in- 
creases, dislocation locking and the development of cell structure may  
occur. When the dislocation becomes less free to climb, the efficiency of a 
dislocation as a sink will decrease, which will reduce the biasing effect for 
point defect migration. Dislocation-precipitate and dislocation-void inter- 
actions [-14~ will also tend to decrease the efficiency of the dislocation. 

3. Dislocation-Void Annihilat ion--This possibility has been pointed 
out by several investigators [-11, 15J; however, the kinetics of this process, 
when dislocation and voids are in contact, have not been worked out in 
detail. 

As the supersaturation of point defects becomes less at high fluences, 
diffusional flow between vacancy-rich (voids) and interstitial-rich (loops) 
structures may  become as important  as the migration term given in Eqs 
la  and lb.  As previously mentioned, analytical capabilities are limited at 
present, and it will be difficult to model all the interactions of interest. 

Quanti tat ive experimental measurements of the dependence of disloca- 
tion structure on fluence, with special at tention to possible saturation 
effects, are particularly needed. This information can be used to estimate 
the effectiveness of the dislocation as a sink, as well as its effect on biased 
diffusion. This application will be in the same spirit as using experimentally 
measured voids and interstitial loop number density to calculate param- 
eters for estimating void and loop nucleation rates E3]. 

Effects of  Applied Stress on  Metal  Swel l ing 

The effect of applied stress on metal swelling due to fast neutron irradia- 
tion is a subject of engineering importance. At present, little information 
is available on this effect from well characterized experiments. An obvious 
consequence of applied stress is the creation of a stress field around a 
point defect sink where no stress field exists in the absence of an applied 
field, for example, around a void or some precipitate under unidirectional 
tension [-16-]. The existing stress field around some of the point defect 
sinks can also be altered under an applied stress, for example, piled up 
dislocation. The concept developed so far, for the excess vacancy flux over 
that  of the interstitial arriving at the void, in the unstressed system 
results from the biased diffusion caused by  the stress field around the 
dislocation. I t  is conceivable tha t  the stress field produced by  the applied 
stress around various sinks could become effective in altering the point 
defect migration, which would change the excess vacancy flux to the void 
and, therefore, the rate of void growth. 

In the present models E1-3-], the diffusion equation, including the in- 
fluence of a stress field, is the one used by  Ham [-7~. This equation is based 
on the concept that  the stress field creates an additional driving force in 
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the form of a potential gradient. There is another effect that should be 
included. This subject has been discussed in detail by Girifalco and Welch 
[8-], Koehler [9-], and Johnson EIO-]. Physically the latter effect is caused 
by the change in motion energy due to lattice distortion in a stress field. 
Johnson's formulation is phenomenlogical and will be reproduced here. 
Under the influence of an applied stress field, the diffusion flux J can be 
expressed as 

J= -D(P) VC+ ~-~ ?VP . . . . . . . . . . . . . . . . . .  (2) 

where 

D(P) =the diffusion coefficient in a stress field, 
C=the  concentration of point defects, 
P = pressure, and 

= the partial atomic volume of a point defect. 

The diffusion coefficient in the stress field is defined as D (0)e -pv'~/kr, where 
D (0) is the diffusion coefficient in the absence of a stress field and Vm is 
the activation volume. 

The partial atomic volume of an interstitial corresponds to its relaxation 
volume, which is the volume change of the crystal resulting from the relaxa- 
tion of atoms around an interstitial. For the vacancy, the partial atomic 
volume is not equal to the relaxation volume. For the purpose of Eq 2 the 
relaxation volume should be used. This is due to the fact that the motions 
of a vacancy and an atom are always coupled [17, 187. The physical 
significance of the activation volume has been discussed [-8, 9]. According 
to the reasoning given by Johnson and Brown [197 and Li et al [20-] for a 
nonhydrostatic stress field, only the gradient of the hydrostatic component 
is important in affecting the point defect migration. Therefore, in this 
case, the pressure P in Eq 2 should be replaced by the hydrostatic compo- 
nent of the stresses. The conservation equation, including the influence 
of a stress field, is 

VP ~ VPVC- VmV(-k-~) C] . . . . . .  (3) 

In Koehler's derivation [-gJ it is assumed that, under the influence of a 
stress gradient, the forward jump and the backward jump experience the 
same activation energy and, therefore, the last term on the right-hand 
side of Eq 3 is absent in his expression. It will be of interest to compare 
the results using Ham's equation E77 and those using Eq 3 for the effect 
of an edge dislocation in biasing the point defect migration. 
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The biasing effect due to the applied stress can be illustrated for the 
case of a void. When a unidirectional tension is applied, the hydrostat ic  
component  of the stress is [-16-1 

~ H  

2~ l + v  e 
3 1 - 2 v  r a ( 2 + 6  cos 20) . . . . . . . . . . . . . . .  (4) 

where 

= the modulus, 
v = Poisson's ratio, 
r =dis tance  from the center of the void, and 

T R  ~ 5 ( 1 - 2 , )  

8g 8 -  1Or 
- -  (T  = the applied stress and R = the radius of the void).  

Goodier [16-~ has also calculated the stress field around a precipitate. Of 
course, in some cases, a stress field will occur around a precipitate in the 
absence of an applied stress due to the misfit strain. As is evident from 
Eq 4, the stress field depends on the magni tude of the applied stress and 
the size of the void and the precipitate. In  general, the stress gradient 
around the void probably will be smaller than  tha t  around an edge dis- 
location E21-]. The total  effect due to the void and the precipitate will be a 
function of their number  density and size distribution. The  lat ter  param-  
eters vary  with the fluence. I t  will be difficult to predict the effect of 
applied stress, based on the concept given here, without a detailed calcula- 
tion, which will be reported in a future publication. 

A sample calculation for the interstitial migration has been performed 
to demonstrate  the biasing effect due to the applied stress field around a 

o 

void. In  this calculation, applied tension is 10,000 psi, void size is 100 A, 
tempera ture  is 700 K, Poisson's ratio is 0.3, Vm is set as zero, and l) is 
taken to be 0.1a 3, with a = 4  A. The boundary  condition is such that  at the 
void surface the concentration of the interstitial is zero, and at a distance 
ten times the void diameter  the concentration is tha t  calculated from 
Eqs la  and lb. From Eqs 3 and 4, the concentration profile can be calcu- 
lated by  a numerical method. The results of the calculation can be expressed 
in terms of an effective radius of the void such tha t  the flux arriving at the 
void is 4~rDi(Rv+2~R~)Ci [-3-1, where Rv is the radius of the void and ARv 
is the effective change in void radius due to the applied stress. In  this 
particular case, z~Rv is found to be approximately  0.3 A and causes an 
enhanced interstitial flow to the void. If  the calculation is carried out for 
the vacancy migration, care must  be taken to account for the effect of 
applied stress and capillarity on the thermal  equilibrium values of vacancy 
concentrations at the void surface. These considerations have been analyzed 
by  N01fi E187. However, boundary  conditions alone will not  account for 
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the effect of stress on swelling, and the stress biased diffusion should be 
included in the calculation. 

The stress field around the void also depends oi1 the shape of the void. 
Recently Nolfi [18-] has discussed the shape change of a void in the ab- 
sence of neutron irradiation due to the effect of capillarity and applied 
stress, and Tien and Copley E22-] observed that aging under unidirectional 
stresses produced a shape change of the precipitate that depended on the 
direction of the stress. This effect will become important when the void 
size becomes large and the supersaturation of point defects becomes small, 
that  is at high fluences. On the other hand, under fast neutron bombard- 
ment and with the applied stress field, the point defect flux arriving at the 
void surface will not be uniform, which will also lead to a shape change. 
In the detailed calculation, the shape change of voids should also be con- 
sidered. Some experimental observation of this phenomenon will be very 
useful. 

Irradiation Enhanced Diffusional  Creep 

An extension of the present metal swelling model also provides a method 
of estimating the irradiation enhanced dislocation climb rate, which could 
be an important mechanism for irradiation creep in metals. There are 
other mechanisms that can contribute to in-reactor creep. The possibility 
of irradiation enhanced diffusional creep has been discussed in the litera- 
ture [-231. The conclusion made by Hesketh that, under a uniform applied 
stress field, irradiation will not alter diffusion creep to the first order is 
reasonable. Under a nondivergent and nonuniform stress field, he concludes 
that irradiation will also not cause enhanced diffusional creep but will 
increase the transfer of matter from one surface of the specimen to the 
opposite surface, in other words, the Kirkendall effect. Actually, the latter 
effect will cause a shape change of interest to the reactor application and 
can be considered a form of diffusional creep. This type of shape change 
will be the subject of discussion of this section. 

Consider a cylinder made of a single-crystal material, which could be 
fuel element cladding or a section of ceramic fuel with a center void formed 
by bubble or cavity migration or both. If matter can be transferred from 
the inside surface to the outside surface, a change in diameter of the 
cylinder will result. This process can be caused by an applied stress gradient. 
For example, when the outer surface is in tension and the inner surface is 
in compression, atoms will move toward the outer surface and the vacancy 
will move in the opposite direction. Under neutron bombardment, follow- 
ing Hesketh's argument, it can be shown that the rate of matter transport 
will be altered. The above example will be used to illustrate this effect, 
with the further assumptions that there is no sink of point defects in the 
crystal and that the irradiation induced point defects are generated uni- 
formly throughout the specimen. The conservation equations for the one- 
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dimensional case are 

( c, ) 
Di(P)V VC~q- ~-~ ViVP ~f-Gi-yiCiCv M -  

pNo 
=0 . . . . . . .  (4a) 

Dv(P) V ~TT +Gv-viCiCvpN ~ =0 . . . . . . . .  (4b) 

where Vm-0 and Gi = Gv. Subtracting Eq 4b from Eq 4a we obtain 

0 + 
Integrating Eq 5, 

This equation represents the difference of the interstitial flux and the 
vacancy at any point in the crystal. Integrating again between the inside 
surface and the outside surface, 

Di(P) Ci -[- 

( :: ) - D , ( P )  Cv q- 1 ~-fi VvVPdr =constant (r2-r l ) . . .  (7) 

As is noted from Eq 7, the value of the constant will be different depending 
on the neutron flux because Ci and Cv in the bulk depend on irradiation. 
Consequently, from Eq 6 the difference between the interstitial flux and 
the vacancy flux will be altered by irradiation and, therefore, the rate of 
diameter change. Physically this effect is another consequence of stress 
biased diffusion, because the interaction between the interstitial and the 
stress field differs from that between the vacancy and the stress field. For 
a pressurized tube made of a single-crystal material, the hydrostatic com- 
ponent of the applied stress is constant across the thickness of the tube 
['24-]; therefore, the diffusional creep discussed here will not occur. On the 
other hand, when a temperature gradient occurs across the thickness of 
the cylinder, the hydrostatic component of the thermal stress will vary 
with thickness [-25-]. The magnitude of thermal stress could be significant 
in the ceramic fuel. This type of creep process should be considered in the 
modeling of the behavior of a fuel element. 

In the previous discussion a section of cylinder made of a single-crystal 
material without any internal sinks was considered. With the grown-in 
dislocations and grain boundaries, the conservation equation must be 
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modified to account for the effect of these point defect sinks. For poly- 
crystalline materials, the shape change of each individual grain controls 
the shape of the specimen. There are two additional effects that should be 
considered. (1) If grain boundry sliding cannot occur and the tangential 
stresses at the grain boundary are not relaxed, the stress distribution within 
each grain will be identical to the macroscopic stress distribution. How- 
ever, there will be an additional stress distribution created as a result of 
atomic motion in order to maintain compatibility at the grain boundary. 
This is similar to the problem discussed by Herring [26] concerning the 
diffusional creep under tension of a wire with bamboo structure. (2) If 
the tangential stresses at the grain boundary can be relaxed, the stress 
distribution within each grain will be different from the macroscopic 
stress distribution. This has also been discussed by Herring [26] and 
probably will be important in the high-temperature regions of the ceramic 
fuel. Further work is required to estimate the consequences of these addi- 
tional effects. Furthermore, the rate of grain boundary sliding could also 
be affected by irradiation and by the stress field. Ashby and Raj [27] have 
analyzed the diffusion controlled grain boundary sliding in the absence 
of irradiation. 

From the previous discussion, stress biased diffusion plays an important 
role in controlling irradiation induced metal swelling and creep deformation 
both by the dislocation process and by diffusional processes. At present, 
the parameters in Eq 3 are not known precisely. The capability of model 
analysis is, therefore, limited and depends on a semiempirical approach by 
fitting various parameters to. experimental data. I t  will be desirable to 
obtain some of the important parameters by independent experiments in 
order to improve the applicability of the model analysis. 

Summary 
In this paper the possible flux and fluence effects on metal swelling due 

to fast neutron irradiation and ion bombardment were discussed. These 
considerations are important in extrapolating ion bombardment data to 
generate design information on metal swelling. The effects of stress field 
in biasing point defect migration also were considered. A sample calcula- 
tion has been performed to show that the applied stress field around a 
void can produce biasing, with possible implications on the effect of stress 
on swelling. The stress biased point defect migration can also cause shape 
changes, which could be of interest in the behavior of fuel elements. 
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DISCUSSION 

J. W. Corbettl--Would those who spoke on theories please comment on 
the differences between the theories, 2 

Che-Yu Li (authors' closure)--The physical principles on which these 
models are developed are the same for all the models. They differ only in 
the mathematical approaches and in the assumptions for nucleation proc- 
cesses and for the boundary conditions for the growth processes. 

1 Professor, Physics Depar tment ,  State Universi ty of New York at  Albany, Albany, 
N.Y. 12203. 

2 See also Bullough and Perrin, pp. 317-331. 
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P. J. Barton ~ and P. R. B. Higgins~ 

Some Observations on the Structure and 
Tensile Properties of AISI Type 316 Steel 
as a Function of Fast Reactor Irradiation 
Temperature 

REFERENCE:  Barton, P. J. and Higgins, P. R. B., " S o m e  Observat ions  
on  t h e  S t r u c t u r e  a n d  Tens i l e  Propert ies  of  AISI  Type  316 Stee l  as  a 
F u n c t i o n  o f  F a s t  Reactor  Irradiat ion  T e m p e r a t u r e , "  Irradiation Effects 
on Structural Alloys for Nuclear Reactor Applications, ASTM STP ~8~, Ameri- 
can Society for Testing and Materials, 1970, pp. 362-374. 

A B S T R A C T :  Solution t reated AISI Type 316 steel strip specimens were 
irradiated in the Dounreay fast  reactor to doses of 1.0 to 1.3 X 10 ~2 n / c m  2 (total) ,  
1.7 to 2 .6X10 ~ n / c m  2 (fission) within the following measured temperature 
ranges: 420 to 440, 500 to 513, 520 to 533, 560 to 570, and 645 to 650 C. 

Transmission electron microscopy reveals the presence of voids after irradi- 
ation at  all these temperatures. Distr ibut ion is uniform after irradiation at  
420 to 440, 500 to 513, and 520 to 533 C. At  higher temperatures i t  is uneven 
and concentration is so low tha t  probably helium bubbles and not  voids are 
being observed. From the temperature  dependence of void concentration and 
average diameter it is deduced tha t  the consequent density decrease is maximal 
after irra~tiation a t  500 to 513 C. 

Dislocation loops are present for irradiation at  all bu t  the highest tempm~ 
ature. They are interstitial and lie on { 111 } planes with Burgers vectors of the 
type a /3  (111). At 420 to 440 C all loops are faulted. As irradiation temperature  
increases, loop concentration decreases, and at  520 to 533 C a few unfaulted 
loops are observed. Yield stress increases estimated from loop and void concen- 
trations are found to be in fair agreement with measured values. 

KEY W O R D S :  irradiation, neutron irradiation, radiation effects, tensile prop- 
erties, voids, dislocations (materials), yield strength,  temperature, structural  
steels, alloy steels, nuclear reactors, fast reactors (nuclear) 

Certain general conclusions have been drawn ~1, 2, 312 from the many 
published observations of voids and dislocation loops in neutron irradiated 

United Kingdom Atomic Energy Authority,  Atomic Energy Research Establ ish-  
ment,  Harwell, Didcot, Berkshire, England.  

2 Italic numbers in brackets refer to the llst of references at  the end of this paper. 

362 

Copyright �9 1970 by ASTM lntcmational www.astm.org 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



BARTON AND HIGGINS ON TYPE 316 STEEL 363 

metals and alloys. First, the Frenkel pair creation rate has to be sufficiently 
great for void growth. Intuitively one expects this to have to exceed some 
critical value dependent on the concentration of point defect sinks in the 
material. The concentration of these will depend in turn on dislocation 
density and the material purity, the importance of the latter being borne 
out by observations on void formation in nickel [-41- Secondly, it appears 
that irradiation temperature must lie very roughly between one third and 
two thirds of the absolute melting point. Below this temperature range the 
diffusion rate of vacancies is too slow and cluster formation may be pre- 
ferred instead, while above it the diffusion coefficient is large and there is a 
greater probability that a void will lose a vacancy rather than capture one. 
Thirdly, the transmutation product helium plays a part in void nucleation. 
The concept has been advanced that helium bubbles are formed by cluster- 
ing of vacancies and helium atoms and that if the Frenkel pair creation 
rate is sufficiently high the vacancy supersaturation in the structure is 
adequate for bubbles to grow by vacancy accunmlation [2, 5, G~. 

The displacement rate required for void growth during neutron irradia- 
tion of alloys of engineering use such as stainless steels is attained in fast 
reactors. The temperature dependence of the void growth process needs 
to be established for technological and fundamental reasons. This paper 
describes the results of an experiment in which the structure of AISI Type 
316 steel has been studied after fast reactor irradiation at measured tem- 
peratures in the range from 420 to 650 C. 

Experimental Details 

The composition of the steel is given in Table 1. The material was ob- 
tained as 0.028-in. (0.7-mm)-thick softened and descaled strip. This was 
cold reduced to 0.020 in. (0.5 ram). Tension specimens die stamped with 
their gage lengths parallel with the rolling direction were solution treated 
in vacuum at 1050 C for 30 rain followed by rapid cooling. The resultant 
structure consisted of equiaxed grains of 25-~m diameter. 

Specimens were irradiated in the core of the Dounreay fast reactor, 
Caithness, Scotland. Heating was by gamma ray absorption. Temperatures 
were controlled by surrounding the cylindrical specimen containers with 
accurately dimensioned annular gas gaps to regulate the rate of heat loss 
to the reactor coolant [-7~. Specimen temperatures measured during irradia- 
tion by means of chromel-alumel thermocouples varied between the follow- 

TABLE 1--Composition of AIS[  Type 316 steel (weight percent). 

Fe Cr Ni C Mo Si Mn B N Co 

Bal 1 7 . 3  1 1 . 4  0.039 2.5 0.32 1.54 0 .0018  0 . 0 2 3  0.037 
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364 iRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

ing limits: 420 to 440, 500 to 513, 520 to 533, 560 to 570, and 645 to 650 C. 
The fission and total  neutron doses received by  the specimens were 1.7 to 
2.6X1021 n / c m  2 and 1.0 to 1.3X1022 n / c m  2, respectively. The displace- 
ment  dose, calculated according to the .Kinchin and Pease model I-8-], 
is 8 to 11 per a tom and the concentration of t ransmutat ion  product helium 
in the steel is 3X 10 -6 a toms/a tom.  

The dependence of the steel s tructure upon irradiation tempera ture  has 
been established by  transmission electron microscopy. Disks of 2.3-ram 
diameter  were cut from tension specimens using a remotely operated ultra-  
sonic drill. They  were prepared for the microscope by  a two-stage electro- 
lytic process, 3 first by  jetting at  room tempera ture  with 1:3 v/v concen- 
t ra ted nitric acid:methanol  mixture at 90 V and 60 mA. When the disk 
center was approximately 0.002 in. (50 ~m) thick, polishing was continued 
until perforation in 34:56 : 10 v/v concentrated sulphuric acid :phosphoric 
ac id:methanol  mixture at a potential  of 14 V. 

Specimens were examined using a Siemens Ehniskop I microscope fitted 
with a Valdr6 double tilt stage and operated at 100 kV. Magnifications 
were checked using a diffraction grating replica, and correction was made 
for the slight variat ions in specimen height in the microscope from one 
disk to another. Postirradiation uniaxial tension tests were performed at 
various temperatures  and a strain rate  of 2X 10 -4 s -~ using shielded and 
remotely operated tension machines. 

R e s u l t s  

The void distribution in the structure is uniform after irradiation at 
420 to 440, 500 to 513, and 520 to 533 C (Figs. 1, 2, 3). After irradiation 
at 560 to 570 and 645 to 650 C the voids are nonuniformly distributed and 
are present in very  low concentration (Figs. 4 and 5). 

Faul ted dislocation loops are present after irradiation at all tempera-  
tures except 645 to 650 C. They  are interstitial in character, lie on {111} 
planes, and have Burgers vectors of the type a /3  (111). As irradiation 
tempera ture  is increased their concentration decreases and becomes very  
low after irradiation at 560 to 570 C,, when they are more regular in out- 
line than  at the lower temperatures.  Evidence of unfaulting and growth is 
defected after irradiation at 520 to 533 and 560 to 570 C (Figs. 4 and 6). 
Since no loops are seen after irradiation at 645 to 650 C, it is inferred tha t  
helimn bubbles ra ther  than voids are produced at this temperature.  

Selected area electron diffraction after  irradiation at 420 to 440 C l~as 
been claimed to reveal double diffraction and streaking effects which m a y  
be evidence for a very  early stage of carbide precipitation. 4 This tempera-  
ture is nmch lower than  tha t  at which the steel exhibits precipitation on 

3 Private communication with G. P. Wlaters, UKAEA, ttarwell. 
4 Private communication with P. R. B. Higgins, UKAEA, Harwell. 
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BARTON AND HIGGINS ON TYPE 316 STEEL 365 

FIG.  1--Variation of structure with fast  reactor irradiation temperature, b~cale length in 
photographs is equivalent to 0.1 ~m. Irradiation temperature, 420 to ~ 0  C. 

FIG.  2--Variat ion of structure with fast reactor irradiation temperature. Scale length in 
photographs is equivalent to 0.1 t~m. Irradiation temperature, 500 to 513 C. 
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366 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG.  3--Variat ion of structure with fast  reactor irradiation temperature. Scale length in 
photographs is equivalent to 0.1 t~m. Irradiation temperature, 520 to 533 C. 

FIG.  4--Variat ion of structure with fast  reactor irradiation temperature. Scale length in 
photographs is equivalent to 0.1 ~ra. Irradiation temperature~ 560 to 570 C. 
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BARTON AND HIGGINS ON TYPE 316 STEEL 367 

FIG. 5--Variat ion of structure with fast  reactor irradiation temperature. Scale length in 
photographs is equivalent to 0.1 ~m. Irradiation temperature, 645 to 650 C. 

FIG. 6--Variat ion of structure with fast  reactor irradiation temperature. Scale length in 
photographs is equivalent to 0.1 t~m. Irradiation temperature, 520 to 533 C. 
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3~8 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 7--Variat ion of str'act~tre with fast reactor irradiation temperature. Scale length in 
photographs is equiz,alent to 0.1 ttm. ]rradiation te,mperature, 645 to 650 C. 

heating out of pile. Alternatively, since these effects are not observed at 
higher temperatures, including those at which precipitate particles are 
resolved, these effects may  arise from the presence of a high concentration 
of interstitial loops. 

The precipitate particles are observed after irradiation at 520 to 533 C 
and higher temperatures. They  have a rodlike habit and appear to lie on 
{ l l l}  planes. At 560 to 570 and 645 to 650 C (Figs. 5 and 7) most of the 
voids or bubbles are of irregular shape and are associated with the particles 
which are assumed to be M23Cs. 

A sufficient number of voids was counted in materiM irradiated at 500 
to 513 and 520 to 533 C to allow plotting of size distributions (Figs. 8 and 
9). Loop concentrations have been estimated for those irradiations yielding 
a uniform distribution, a n d  an at tempt  has been made to estimate loop 
diameter by measuring the lengths of the images of those viewed edge on. 
Loop and void sizes and concentrations as a function of irradiation tem- 
perature are collated in Table 2. 

Discuss ion 

From these structural studies it. is clear tha t  the upper limit for void 
formation in this steel when subject to the above displacement rate is close 
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FIG.  8--Void size distribution after irradiation at 420 to ~ 0  C to 1.0 to 1.3X102~ n/cm 2 
(total). 

to 560 to 570 C. Reference to Fig. 4 shows that  an occasional faulted loop 
and void is present after irradiation at this temperature. This upper tem- 
perature limit for void formation agrees rather  well with that  predicted 
by Bullough and Perrin [2, 5]. Their  model allows prediction of a void 
growth rate in terms of the probability of a void capturing a vacancy, 
capturing an interstitial, and boiling off a vacancy. These three probabilities 
vary  quite differently with temperature, the last probability becoming 
dominant at high temperatures so that  the predicted growth rate drops 
rapidly to zero. To quantify the growth rate one has to assume a recom- 
bination constant for vacancies and interstitials, a disclocation density, 
and a Frenkel pair creation rate. Putt ing in what are considered to be 
realistic values, Bullough and Perrin predict all upper temperature limit 
of 540 to 580 C for fast reactor irradiated AISI 316 steel, which is in good 
agreement With experiment. A lower temperature limit for void formation 
]nay be inferred from this model by noting the temperature below which 
growth becomes negligibly slow. For stainless steel this would be about 
300 C. 
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BARTON AND HIGGINS ON TYPE 316 STEEL 371 

The volume increase due to voidage has been estimated for those irradia- 
tion temperatures yielding a uniform void distribution. Here mean void 
diameters have been used and, as will be seen by  reference to Tuble 3, the 
density decrease is a maximum at 500 to 513 C and becomes vanishingly 
small at 560 to 570 C. Est imated density decreases have been calculated 
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FIG.  9 - - V o i d  size distribution after irradiation at 500 to 513 C to 1.0 to 1 . 3 X l O  ~ n / c m  2 
(total). 
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372 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

TABLE 3--Vo lume change due to voidage as a funct ion of i r radiat ion temperature. 

Irradiation 
Temperature, 

deg C 

Volume Change, % 

for t = 100 nm for t = 150 nm 

420 to 440 . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.2 
500 to 513 . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.1 
520 to 533 . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.07 

0.13 
0.7 
0.05 

for assumed foil thicknesses of 100 and  150 nm,  which are reasonable  
values. 

Various a t t empt s  have been made  to es t imate  yield stress increases due 
to the  presence of voids in metals  and  alloys [9-1. Cou lomb quantif ies this  
increase as follows [10-1: 

Gb 
n ( 7  v - -  

2~L 

where 

G = t h e  shear modulus ,  
= approximate ly  un i ty ,  

b = the slip dislocation Burgers vector,  and  
L = t h e  mean  nearest  ne ighbor  spacing of voids on a slip plane. 

L is g iven by  
L = 0.5 (~d)-1/2 

where ~ is the concen t ra t ion  per un i t  vo lume and  d is the  void diameter .  
The  yield stress increases in shear and  in  uniaxial  t ens ion  due to the  voids 
in  the D F R  i r radia ted  steel have been calculated us ing these expressions 
and  are given in Tab le  4. 

A t t e m p t s  have been made  also to calculate the ha rden ing  due to the  
presence of loops resul t ing  from quenching  [117 or from neu t ron  i r radia-  

TABLE 4--Increase in yield stress due to loops and voids. 

I r radiat ion AO'voids AO'loops Aqshear AlYten~ile 
Temperature, 

degC ksi MN/m 2 ksi MN/m ~ ksi M N / m  2 ksi MN/m ~ 

420 to 440 . . . . .  4.8 33.1 10.5 72.4 11.5 79.9 23 160 
500 to 513 . . . . .  4.1 28.3 8.8 60.7 9.7 66.9 19 130 
520 to 533 . . . . .  2.0 13.8 6.4 44.1 6.7 46.2 13 90 

NOTE--The value of shear modulus, G, taken is 9.5X106 psi (65.5X10 ~ MN/m 2) 
at 430 C and 9.0X 106 psi (62.1 X 103 MN/m ~) at 510 C [15]. 
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BARTON AND HIGGiNS ON TYPE 316 STEEL 373 

tion E12~. Although the Fleischer model [13~ assumes tha t  the defects 
causing hardening are relatively small, it is reported tha t  it predicts quite 
well the increase in yield stress of fast quenched almninium which contains 
loops of 300 to 1000-,~ diameter  Ell~. Because the loops observed in the 
D F R  irradiated AISI  Type  316 steel are of a similar size, the model is 
applied to the present results. The yield stress increase is given by  

Gb 
AzL1 = ~ for edge dislocations 

Gb 
AaL~ = ~-~ for screw dislocations 

Yield stress increase for both types of dislocation is given by  

Gb 
i o -  L ~ - .  - -  

2.5L 

I t  is assumed tha t  half the loops have noninteracting Burgers vectors and 
tha t  the true loop diameters are two thirds of their  measured image lengths. 
Calculated shear stress increases arising from the presence of loops are 
given in Table  4, which includes the combined effect on yield stress of 
both loops and voids calculated by taking the square root of the sum of the 
squares of the two contributions [-141. The tensile yield stress is taken as 
twice tha t  in shear. 

Limit of proportionali ty values have been measured by  postirradiation 
tension testing at the irradiation temperatures.  To minimize postirradia- 
tion annealing, straining was commenced as soon as the machine furnace 
returned to thermal  equilibrium, about  half an hour after completion of 
specimen loading. Measured values are compared with est imated yield 
stress increases in the table below. 

Irradiation 
Temperature, 

deg C 

Measured, Estimated, 

ksi MN/m 2 ksi MN/cm * 

420 to 440 . . . . . . . . . . . . . . .  37 
500 to 513 . . . . . . . . . . . . . . .  17 
520 to 533 . . . . . . . . . . . . . . .  17 

255 23 160 
117 19 130 
117 13 90 

The discrepancy between est imated and measured values at  420 to 440 C 
m a y  arise because the t rea tment  of Fleischer oversimplifies the hardening 
mechanism. I t  is possible tha t  dislocation loops are thrown round obstacles 
at this temperature,  in the manner  suggested by  Orowan, while at higher 
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3 7 4  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

temperatures glissile dislocations are cutting obstacles. Experiments are in 
hand to examine this point. Apparently, relatively little hardening arises 
from the presence of the carbide precipitate observed after irradiation at 
520 to 533 C. 

Summary 

1. The upper temperature limit for void formation in solution treated 
AISI  Type 316 steel irradiated in this experiment is close to 560 to 570 C, 
which is in good agreement with the theoretical predictions of Bullough 
and Perrin. 

2. The volume increase due to voidage is a maximum after irradiation 
at 500 to 513 C. 

3. Interstitial dislocation loops are present after irradiation at tempera- 
tures up to 560 to 570 C. Their disappearance from the structure coincides 
with the disappearance of the voids. Loop unfaulting and growth is noted 
at 520 to 533 C and 560 to 570 C. 

4. Precipitation, presumably of M~3C~, is observed after irradiation at 
520 to 533 C and higher temperatures. 

5. Increased yield stresses in uniaxial tension calculated from loop and 
void concentrations are in fair agreement with measured values. 
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ABSTRACT:  The status of fast reactor dosimetry is reviewed in terms of 
the results of recent studies in fast test reactors. Fast reactor dosimetry must 
provide proper spectral, flux, and fluence information for material and fuel 
irradiation effects programs and surveillance studies. In this review consider- 
ation is given to (1) monitor materials in current use and information needed 
in the data reduction of reaction product measurements to neutron inter- 
action rates, (2) neutron flux-spectral definition from multiple foil interaction 
rates and comparison with results based on other methods of analysis, and 
(3) application of the flux-spectral data to determination of flux levels and 
fluences. These dosimetry techniques are applied to determine flux spectra 
and fluence for material irradiation programs. Such information is needed in 
the determination of damage functions, which relate the damage producing 
effectiveness of neutrons to their energy. These damage functions permit 
correlation of irradiation effects data in different thermal and fast reactor 
irradiation facilities and therefore provide a basis for setting dosimetry accuracy 
requirements. 

KEY WORDS: radiation effects, radiation damage, neutron irradiation, 
dosimetry, neutron flux, particle fluence, spectral determination fast reactors 
(nuclear), thermal reactors, fission, monitors, computers, tests, evaluation 

The technology associated with fast reactor dosimetry for materials ir- 
radiation studies has progressed significantly within the last three years. 
This is largely a result of research and development programs established 
by the Fuels and Materials Branch of the Reactor Development and 
Technology Division of the United States Atomic Energy Commission. 

1 Research associates, Metallurgy and Ceramics Department,  Pacific Northwest 
Laboratory, operated by Battelle Memorial Institute for the United States Atomic 
Energy Commission, Richland, Wash. 99352. 
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3 7 6  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

As a result of such programs, dosimetry requirements for most fuels and 
materials experiments can now be met. 

In this paper the status of fast reactor dosimetry, reviewed earlier [-1~, ~ 
is updated in terms of the results of recent studies in fast reactors, in par- 
tieular the experimental breeder reactor II (EBR-II )  [2-131, and the 
requirements of damage analysis techniques for materials irradiation ex- 
periments. Problems are encountered in the subsequent application and 
correlation of data to other test and liquid metal fast breeder reactor 
(LMFBR) environments. To cope with these problems dosimetry must 
provide for the acquisition of proper spectral, flux, and fluenee information 
for material and fuel irradiation effects programs and surveillance studies. 

This information is needed in such applications as the generation of 
semiempirical damage functions from reactor test data [14-17~. These 
damage functions, which are experimental modifications of theoretical 
forms, are used in assessing radiation conditions in design studies of 
LMFBR's. In developing damage functions it became clear that the total 
neutron fluence and the corresponding integral flux energy spectrum for all 
neutrons must be defined to an accuracy (approximately within 10 to 30 
percent) consistent with expected uncertainties in neutron induced material 
property change data. 

For proper dosimetry a combination of fission and nonfission flux/fluence 
monitors are used for materials irradiation in fast and thermal test re- 
actors. These monitors are sensitive to all neutron energy ranges, but 
their number can be varied depending on the accuracy required in the ir- 
radiation experiments. The basic reference data and information needed 
for converting from measured activities to reaction rates (saturated 
monitor activities) to flux/fluenee values have been compiled for these 
monitors. EBR- I I  flux/fluenee results from these monitors are used to 
generate damage functions for a specified material property change. The 
damage functions then permit the subsequent, engineering application of 
correlated irradiation effects data. 

Dosimetry 

Mo~itor Selection a~d Reference Data 
Monitor reactions are generated by neutrons in different energy ranges. 

Better accuracy in integral flux and fluence determinations can be achieved 
by the use of monitors that are sensitive to the energy regions comprising 
the major portion of the spectrum. While this is the primary criterion, 
selection of a set of monitors must also be based on the following additional 
criteria. 

1. The monitor materials nmst have melting points above the tempera- 
tures anticipated for the environment (up to 1000 to 1500 F) and be en- 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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MCELROY AND DAHL ON NEUTRON DOSIMETRY 377 

capsulated suitably to prevent cross contamination or loss of reaction 
products or both. 

2. The  half-life of a product isotope must  be long enough to allow ample 
t ime for removal from the reactor and counting. 

3. The activation cross sections for the materials (and fission yields for 
fission foils) must be well defined. 

4. High-puri ty materials must be used to reduce analytical problems 
caused by the interference from activation of contaminants. Flux per- 
turbation and self-shielding effects tha t  could affect the accuracy of 
dosimetry must be eliminated through proper selection of the mass and 
geometry of monitors (for example, foil thickness). 

An optimum set of ten monitor materials (up to 14 reactions) has been 
selected for future fast reactor irradiations based on experience gained in 
previous E B R - I I  dosimetry tests [2, ~-7]  using the stated criteria. For 
this set Table 1 lists the reactions, product isotopes, and suggested half- 
lives, fission yields, and target abundances that  have been found to give 
consistent results in fast and thermal reactor irradiations [-6, 7, 18, 19]. 
Because of its wide use, the 5SNi(n, p)58Co reaction, which duplicates the 
54Fe(n, p)S4Mn reaction in energy response,, is also given. For  the fission 
foils, the abundances were selected so that  a bare foil thermal reactor ir- 
radiation (with approximately equal thermal and fast components) would 
not  require more than  ~-~10 percent reaction rate correction for the im- 
puri ty isotopes. Values of fission yields for 23sPu and 237Np are still required 
and will be determined in comparative interlaboratory irradiations in 
different fast reactor environments. 

For the longer half-life products (tl/2 greater than ~-~1 month) ,  which 
can be measured after most irradiations and decay periods, the energy 
response ranges of neutrons that  produce 90 percent of the product  isotope 
activity at an E B R - I I  central core position are indicated by  the bars in 
Fig. 1. Tha t  all of the spectrum is covered is evident from the overlapping 
of the bars. The response of these same monitors is shown in Fig. 2 for the 
fast test reactor (FTR)  driver fuel spectrum, which is more typical of an 
L M F B R  core. In this ease the energy dependence of each monitor's 
response is shown. Note that  the 4~Se(n, -y)46Se reaction has a broad and 
much desired 1/v type response as compared with the other n, ~/reaetions-- 
a difference the bars in Fig. 1 do not show2 Further,  since the cross section 

(E) times the differential flux q~(E) response is plotted versus lethargy 
in Fig. 2 (only the corresponding neutron energies are shown on the 
abscissa), the relative distribution of the area under each curve indicates 
the relative fractional energy response of each monitor. Thus, except for 

3 The 45Sc(n,~/) response is very similar in shape to that of the 6Li(n,a) or l~ 
reactions, which have no significant major resonances; and this makes the 45Sc an ex- 
cellent broad spectrum detector. 
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MCELROY AND DAHL ON NEUTRON DOSIMETRY 3 7 9  

FIG. 1--Nine ty  percent response range for 2DB calculated spec t rum--EBR-I I  core 
(r=5.2 cm, z-0.O). 

~SFe (n, ~,) and 59C0 (n, y), this set of monitors provides a well spaced step 
function type of response down to energies of ~--10 -3 MeV. Below this the 
58Fe(n, ~,) and 59C0(n, ~,) reactions provide both broad spectrum- and 
resonance-type coverage down to ~10  -4 MeV. Consequently, for most 
fast reactor spectra, these monitors should provide an independent and 
reliable empirical definition of integral flux spectra and fluence. 

~o 

z L  

10 l l o * l  ]8 2 101-3 

~L 
II 

Io - lo ~ 

FIG. 2--Monitor  response in the F T R  driver spectrum. 
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3~0 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Depending on how well the spectrum has been defined by reactor physics 
calculations, and the needs and economics of a particular materials experi- 
ment, fewer monitors may be used; as a minimum, perhaps Fe, 237Np, and 
23~U. If the production of helium from n, a reactions is considered important  
in a materials experiment, then the 6~Cu (n, a) reaction should also be in- 
cluded. Use of single monitors such as Fe or Ni will generally not suffice 
unless the spectrum is already well defined [6J. 

The radioactive counting of foils and conversion from measured activity 
to reaction rates (saturated activities) is not discussed in this report. 
Kellogg and Zimmer have discussed this aspect for an E B R - I I  dosimetry 
test, and their results indicate an estimated accuracy of approximately 
:1:7 percent (1 standard deviation) or better  for most measurements of a 
single-foil reaction rate in E B R - I I  [-5, '71. Repeated measurements for a 
single reaction give estimated accuracies as low as :t:1 to 2 percent (1 
standard error). These results are consistent with previous experience 
gained in other fast and thermal test reactors [-18, 19, 23-25J. 

High-puri ty vanadium ( <  10 ppm of impurities) is now being used for 
the encapsulation of fission and other foils tha t  might be adversely affected 
by the extreme environmental conditions in fast reactors. Milligram and 
lesser quantities of fission and nonfission foils are sealed by welding 
in 50-rail-outside diameter by 30-rail-inside diameter by ~-in.-long 
vanadium capsules. 4 The va~mdium permits the direct counting of these 
foils with a minimum of interference. The encapsulation of fission and 
other foils in stainless steel and assembly of a typical foil set for a short 
irradiation in E B R - I I  are described in Ref 6. 

An optimum foil set has been selected for fast reactor dosimetry, but  
experimental requirements and economic considerations may dictate use 
of a smaller set. To achieve a proper balance between dosimetry require- 
ments and costs, all factors must be carefully considered in relation to the 
intended needs and anticipated use of irradiation effects data obtained 
from materials irradiation experiments. This balance has not, in general, 
been achieved in the past. 

Monitor Cross Sections 

Determination of flux and fluence from the measured reaction rates of 
the eleven monitors requires the use of a consistent set of evaluated energy- 
dependent cross sections, z (E ) .  Reported indications [19, 26, 27-] of in- 
consistencies in energy-dependent cross sections motivated the revision of 
the S AND-I I  reference cross section library [28], which is used to translate 
reaction rates to flux and fluence with the S A N D - I I  code [18, 29-]. 

4 These encapsulated foils can be obtained from the Isotope Target Center, Oak 
Ridge National Laboratory [22]. 
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MCELROY AND DAHL ON NEUTRON DOSIMETRY 381 

Twelve  cross sect ion revis ions (or  add i t i ons )  came  from l i t e r a tu r e  
review and  eleven more  were r e a d j u s t e d  b y  an i t e r a t i v e  unfo ld ing  pro-  
cedure  [80J. Five  reference  spec t ra  were  used  t o g e t h e r  wi th  th ree  reference 
fission and  one reference ac t i va t i on  r eac t ion  to  r e a d j u s t  t he  cross sect ions  
b y  the  unfold ing  technique .  (The  five spec t r a  were the  F I S S I O N  [19, 27~, 
A P F A - I I I - G o d i v a  [19~, E B R - I I  core cen te r  [-61, and  E C E L  Cores 14 
and  16 ~18~. T h e  four  reference r eac t ions  were 2~sU(n,f) ,  2asU(fi, f ) ,  
237Np(n, f ) ,  and  27Al(n, c~).) Resu l t s  of t he  unfo ld ing  for  the  54Fe(n, p)  
~4Mn react ion ,  which has  been of p r i m e  in te res t  in fas t  r e a c to r  dos ime t ry ,  
are  p resen ted  in Ref  6. A d d i t i o n a l  resu l t s  for th is  and  the  22 r ema in ing  
reac t ions  are  given in Ref  28. 

T h e  basic  r equ i r emen t  p laced  on the  accep tance  of the  cu r ren t  S A N D - I I  
r  was t h a t  ca l cu la t ed  va lues  of t h e r m a l  a v e r a g e d  cross sect ions,  
resonance  in tegra ls ,  and  fission a v e r a g e d  cross sect ions  (Tab le  2) should  
agree wi th  measu red  values .  ~ Whi le  mos t  ca l cu la t ed  and  m e a s u r e d  va lues  
agree  well wi th in  10 percen t ,  not  all  agree wi th in  th is  r ange  because  of 
l imi t a t ions  in expe r imen t a l  da ta .  F o r  example ,  for t he  th re sho ld  react ions ,  
a single form of the  fission spec t rum has  no t  been defined t h a t  is cons is ten t  
wi th  pho to  p l a t e / t ime -o f - f i i gh t  and  mul t ip le - fo i l  measu remen t s .  I n  pre-  
sent ing  the  s t a tus  of fas t  r eac to r  dos ime t ry ,  therefore ,  th is  p rob lem canno t  
be ignored.  T h e  degree  of th is  incons is tency ,  as i n d i c a t e d  in T a b l e  2, is 

TABLE 2--Monitor reaction cross section data (barns). 

Fission Averaged a 

Thermal Resonance Watt SAND-II Ratio 
Reaction Averaged a Integral a Form Form (SAND-II/Watt) 

:~sPu(n,f)F.P . . . . . . .  14.6 19.5 2.50 2.56 1.02 
~gPu(n,f)F.P . . . . . . . .  757 345 1.76 1.77 1.01 
~asU(n,f)F.P . . . . . . . .  563 290 1.23 1.22 0.99 
2~TNp(n,f)F.P . . . . . . .  0.0187 6.12 1.29 1.34 1.04 
23sU(n,f)F.P . . . . . . . . . . .  0.287 0.314 1.09 
45Sc(n,3,)46Sc . . . . . . . .  25.3 1011 0.00624 0.00565 0.91 
69Co(n,3,) 8~ . . . . . . .  37.1 70.0 0.00532 0.00473 0.89 
~SFe(n,3,) 59Fe . . . . . . .  1.19 1.38 0.00286 0.00267 0.93 
b4Fe(n,p)54Mn . . . . . . . . .  0.0763 0.0874 1.15 
6aCu(n,3,) ~'Cu . . . . . . .  4.53 "4164 0.0109 0.0103 0.95 
~aCu(n,a)6~ . . . . . . . . . . . . .  0.000356 0.000384 1.08 
~SNi(n,p) 5sCo . . . . . . . . . . . . .  0.102 0.117 1.15 
46Ti(n,p)48Sc . . . . . . . . . . . . . .  0.0113 0.0130 1.15 
4~Ti(n,p)47Sc . . . . . . . . . . . . . .  0.0172 0. 0195 1.13 
4STi(n,p)4sSc . . . . . . . . . . . . . .  0.000236 0.000260 1.10 

a Calculated values, see Appendix. 

5 These quantities are defined in the Appendix, and suggested measured values are 
given in Refs 28 and 31. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



382 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

seen to be larger than  10 percent by  considering the ratio of tile fission 
averaged cross sections based on multiple foils ( S A N D - I I  form) and on 
photo plate/ t ime-of-fl ight (Wat t  form) measurements.  6 The Wat t  and 
S A N D - I I  forms of the fission spectrum are compared in Table 4 in the 
Appendix. 

I t  is concluded tha t  on an integral averaged basis, the current measured 
and calculated detector cross sections are accurate to within 4-10 percent 
(1~) .7 

Flux-Spectral Determination 

In  developing damage functions and in correlating irradiation effects 
da ta  for the L M F B R  program, it is necessary to define the neutron spec- 
t rum and total  values of integral flux and fluenee to an accuracy such tha t  
their contribution to the total  error is not larger than  the contribution 
from the measurement  of irradiation induced proper ty  changes. In terms 
of total  values of integral flux and fluenee, the current accuracy require- 
ment  is between 10 and 30 percent. 

Prior to the E B R - I I  Run 31F dosimetry test  [-6~, this accuracy was not 
being achieved. As an example, for in-core irradiations the high-power flux 
measured with iron and nickel was ~ 6 0  percent of the flux value based on 
reactor physics, power level, and burnup analyses. This discrepancy was 
reduced to within 10 and 15 percent as a result of inter laboratory coopera- 
t ive studies of multiple- and single-foil response in E B R - I I  and other fast  
reactor spectra as well as the fission spectrum. 

The most  impor tan t  results of these lat ter  studies were (1) the change 
of energy-dependent cross sections of nonfission reactions to produce con- 
sistency with fission reactions [287, (2) the selection of a consistent set of 
fission yields for the fission reactions [--7', 19, 21~, (3) the realization tha t  
iron- and nickel-measured fluxes and fluenees based on the new cross see- 
tions were still subject to large uncertainties in fast reactors because of 
local flux perturbat ions between fuel and structural  subassemblies [-6, 11, 
12~, and (4) experimental  verification tha t  reactor physics calculations 
intended to describe core conditions cannot be used for out-of-core and 
boundary  regions [-6~. 

The results of analytical studies illustrate the var ie ty  of spectra en- 
countered in the cores of reactors. Figure 3 includes lethargy plots of the 
spectrum at the core center of the FTR,  ETR,  and E B R - I I .  As is evident, 
there is substantial  difference between thermal  and fast reactors. In  addi- 
tion, the figure includes the fission spectrum to illustrate the modification 

6 If the Cranberg instead of the Watt form had been used, the differences would be 
even larger [19, 27]. 

Requests for additional energy-dependent cross section measurements for a number 
of reactions of interest for fast reactor dosimetry are listed in the current WASH docu- 
ment [32]. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



MCELROY A N D  DAHL O N  NEUTRON DOSIMETRY 383 

r l  ~% ...... FTR ..I L 

I "~l  " "I .............. EBR-11 8 L...~ ! ETR 
i ! . . . . . .  F ,SS,o ,  SP~CT~U. 

• ~'"I' ~ l 

~ ,I ! iI i 

[i r L7 4 

" "n 
"" i . . . .  L .  

2 i , 
| \ i , 

- |...j ~, ,. -I 
r_r ~-. L L - -a" "~  L 

2 4 6 8 I0 12 

LETHARGY, 

I I I i I I 

10 7 10 6 10 5 10 4 10 3 10 2 

ENERGY lev i  

FIG. 3--Comparison of core spectra in FTR, ETR, and EBR-II  to the Watt fission 
spectrum. 

which occurs even in the core of a fast  reactor. Both the shape and the posi- 
tion of the max imum of the distribution change from one reactor to an- 
other. Substantial  spectrum changes are encountered even in a single 
reactor. In  thermal  reactors the spectrum becomes more moderated by 
water  away from the core. Spectral changes of a different nature are just 
as pronounced in a fast reactor. 

Among the experimental  methods, the multiple-foil activation method 
lends itself to the determination of spectra in operating high-power re- 
actors [6].  In  this method a set of activation monitors of varying energy 
response are irradiated. The  activities are considered as coefficients of the 
functional expansion of the spectrum in terms of the response curves. The 
mathemat ica l  problem is tha t  of unfolding the spectrum from the co- 
efficients. 

The S A N D - I I  computer  code, one of several available, performs tha t  
unfolding [29, 33-35].  The code accepts as input the activities and a trial 
solution for the spectrum. While the trial solution m a y  be a calculated 
spectrum, it m a y  even be a constant.  The code then uses the energy- 
dependent activation cross sections and the trial spectrum to calculate the 
expected activations for the materials  comprising the moni tor  set. These 
numbers  are compared with the actual activations and the spectrmn is 
readjusted by an i terative process. When the calculated and experimental 
activities agree within specified limits, the process ends and yields the 
solution spectrum. 
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F I G .  4--Activation foil versus calculation and spectrometry integral flux comparison. 

Experiments have been performed to compare this method with spec- 
trometer measurements and analytieai methods [6, 18, 19, 26, 27]. The 
comparison of differential flux results is considered elsewhere [1, I8, 27-1; 
here the results of comparing the energy-dependent integral fluxes (in- 
tegrals of the area under the differential flux curves, such as those shown 
in Fig. 3) for a number of spectra will be considered. 

In Fig. 4, taken from Ref 36, the results of multiple-foil measurements 
(based on the use of up to 15 to 20 foil reactions) are compared with re- 
actor physics eMeulations or T - O - F  and proton recoil measurements or 
both for five fast and two thermal reactor spectra, as well as for the fission 
spectrum. X'alues of integral flux versus neutron energy from multiple-foil 
activation measurements are compared with similar results from other 
methods of analysis. The degree of disagreement at any energy between 
the results is indicated by the value of the ra t io - -a  ratio of uni ty  indicating 
exact agreement for the integral flux above that  energy. 

The results presented in Fig. 4 and ttefs 6, 18, 19, 26, and 27 indicate, 
with current technology and for the energy range from 10 -1~ to 18 MeV, 
that  

1. The foil activation method is capable of yielding integral flux values 
as a function of neutron energy that  are accurate to within about 10 to 
30 percent, depending on the number of foils used and their energy response 
ranges. 

2. The foil activation method provides more accurate results than re- 
actor physics calculations, which may  be uncertain by large factors (about 
2 to 6 for the spectra shown in Fig. 4) at out-of-core positions. This is to 
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be expected, since the reactor physics calculations were not designed to 
give accurate results at such positions. 

3. For the fission spectrum and the bare 23~U sphere leakage spectrum, 
differences of up to ~-~30 percent exist between the results of the three 
methods of analysis. For instance, for the bare U 235 sphere core center posi- 
tion, the multiple-foil and T-O-F results (circles) agree within ~ 5  per- 
cent, but both disagree with calculations (dots) by up to ~-~25 percent at 
4 to 5 MeV. 

The reason or reasons for the up to ~30  percent differences for the fission 
and bare 235U sphere spectra must be found if further improvements in the 
accuracy of activation foil spectrometry (and other methods) are to be 
achieved. 

Fluence Determination 
The spectrum defined either analytically or experimentally and the 

energy-dependent activation cross section are used to define the effective 
cross section for individual flux/fluence monitor materials. The effective 
cross section is defined empirically by the formula 

5.,f(EL) =A/cb(EL) . . . . . . . . . . . . . . . . . . . . .  (1) 

or calculated by the formula 

~e.(EL)-- f0 ~ 

where 

(r(E)r dE O(E) dE . . . . . . . . .  (2) 
L 

A = a  measured reaction rate (saturated activity), 
(EL) = a measured value of integral flux, 
z(E) =the energy-dependent activation cross section, 
q~(E) =the differential flux distribution, and 

EL = the lower limit for the reported flux. 

The effective cross section will change with the spectrum, as indicated 
previously [-11. Hence, an effective cross section value must be defined 
not only for different reactors but also for different reactor positions. 
Further, it has been determined that calculated values, Eq 2, are subject 
to considerably more error than measured values, Eq 1 [-61. 

Having defined a value of zeff(EL), the fluence is determined by ob- 
taining a suitable approximate solution to an activation integral equation 
of the form [291 

n= {mo exp [ - hnt- fot Sn(t')eo(t') dt']} 

X {f0t ~eff(t ')~(t ')X exp [ X J ' +  f0 t' {~n(t")-&~(t')}~(t')dt"]dt'}..(3) 
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386 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

where 

n =  the number of reaction product ~toms at time t, 
m0 = the initial number of target atoms, 
X, = the reaction product atom decay constant, 

5o~f(t) = the effective cross section at time t, 
e,(t) = the effective cross section for the burnout of product atoms n 

at time t, 
&~(t) = the effective cross section for the burnout of target atoms m0 at 

time t, and 
/ .  t 

c~(E~) Xt=-- Jo co(t) dt . . . . . . . . . . . . . . . . . . . .  (4) 

is the required value of fluenee, s 
Most E B R - I I  irradiations have not exceeded fluences of ~ 5  X 10 22 n/era 2 

and burnout of target atoms has not, been a problem. Values of &~(t) and 
a,(t) are generally less than ~-~2X 10 -24 cm 2 for the E B R - I I  central core 
region for most monitor materiMs. Therefore, values of the target and 
product atom burnout integrals 

t t 

fo ~m(t')(b(t') dt' and fo &(t')~(t') dt' 

in Eq 3 have generally been less than 0.1 at the end of exposure for past 
E B R - I I  irradiations. A value of 0.1 is approximately equivalent to a 10 
percent burnout of target atoms. 

In the future, however, fluences of 10 -~'~ n /cm 2 or greater will be encount- 
ered in E B R - I I  and in FTR.  These higher fluences, coupled with larger 
values of 5~(t) and ~,(t) for F T R  because of the softer LMFBR- type  
spectra, wilt make these burnout corrections more significant. Thus, ap- 
proximate solutions for equations such as 3 will have to be provided and 
must include burnout corrections for individual flux/fluence monitors to 
maintain the accuracy requirements of about 10 to 30 percent. 9 

For present E B R - I I  dosimetry, burnout of target and product atoms 
can be neglected and it is assumed that  r (E) does not change significantly. 
Equation 3 then reduces to the form 

/ -  t 

5~ff(EL)m~ Jo c~(t')eX~t' dt' . . . . . . . . . . . .  (5) 

Assuming that  ~(t ' )  is constant over each day of operation and that  the 

8 The argument EL, Eq 1, has been dropped in the integrals of Eqs 3 and 4 as a matter 
of convenience. Inclusion of a time dependence for a ~ accounts for changes in the 
spectrum Ca(E) during irradiation, which may be significant for some high-flux test 
reactor irradiations. 

9 For fission foils, both burnout and burnin of reaction products must be considered. 
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core configuration is reasonably constant, Eq 5 has been approximated 
by a summation of one-day constant flux (or power level) runs. The rela- 
tive flux or power level for each day, which is obtained from E B R - I I  
operations, together with measured values of n and 5off(EL) are used to 
obtain flux and fluence values using the equations 

and 

where 

i = 1  

q 

�9 (EL) X t = r  ~ P~(t~+~-t~) . . . . . . . . . . . . . . .  (7) 
i=1 

t = the total time of irradiation, including shutdowns; 
t~ and ti+l = the total  times of irradiation, including shutdowns, through 

the i th and ithq-1 days of irradiation; 
P~= the relative reactor power level for the ith day of irradiation 

or shutdown; 
q = the total number of days of irradiation; and 

q~(EL) = the maximum flux level achieved during any of the q days 
of operation. 

A computer program, T I M H  E37~, has been written to perform the 
computations represented by Eqs 6 and 7. '~ This program contains the 
necessary values of P~ (dating back to the s tar tup of E B R - I I )  and re- 
quires as input only the calendar dates of the insertion and removal of a 
monitor material and the values of the time of removal activity (nXn) and 
~e~f(EL) to obtain flux and fluencc values. For  fission foils, nXn nmst be 
divided by the fission yield before insertion into the program. 

If the reaction product has a very long half-life (1arCs for fission foils) 
or is stable (14SNd for fission foils and helium for n, a reactions), and again 
burnout  of target  and product atoms and changes in 4 (E) can be neglected, 
Eq 3 reduces to the simple form 

f t 

?~----~/~0(Teff(EL) J0 ~(t ' )  dt' . . . . . . . . . . . . . . . . . .  (8) 

In this case the fluence is obtained directly from the relationship 

/ -  t 

�9 (EL) X t =  / r  d t ' = ~ / m o s , f f ( E L )  . . . . . . . . . . . . .  (9) 
J0 

10 A similar computer program (EBR-II history program) has been prepared by the 
EBR-II Project, Argonne, Ill. [66]. 
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3 8 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

TABLE 3--Spedral averaged cross sections of materials irradiated in E B R - I I  raw 4 center. 

Reaction 

Helium Concentration 
and Estimated 2~ 

Standard Deviation, 
atom fraction 

Measured Values of 
~ f  (EL), ~ mbarn 
(EL = 10 -1~ MeV) 

B (n,a) . . . . . . . . . .  2204-10• 10 -6 171 
Ti (n,a) . . . . . . . . . .  <0.077 <0.060 
Cr (n,a) . . . . . . . . .  0.10-t-0.03 0.076 
Mn (n,a) . . . . . . . .  0.114-0.01 0.085 
Fe (n,a) . . . . . . . . .  0.1004-0.004 b 0.077 
Ni (n,a) . . . . . . . . .  1.35-4-0.06 b . . . . . . . . . .  1.05 
N (n,a) . . . . . . . . . .  23 ~ 
304 SS (n,~) ~ . . . . .  0.324-0.01 0.25 

a Calculated from column 2 using Eq 8 and 

o ~ ~,(t')dff= 1.29X 1021 n/em ~. 

An estimated 10 percent (la) absolute uncertainty is assigned to these measured cross 
sections, which is due mainly to the uncertainty in the absolute value of fluenee. 

b The measured nitrogen content of the nickel before and the iron after the irradiation 
in EBR-II were <14 ppma and ~22 ppma, respectively; consequently, nitrogen ap- 
pears to contribute less than 0.001 ppma to the total helium content of these iron and 
nickel specimens. 

Calculated value~ using Eq 2 [40]. 
a The atom fractions.of the main constituents of the 304 stainless steel specimen were 

Fe 0.72, Cr 0.20, Ni 0.085, B2.6•  10 -6, and N 5.5X 10 -3. 

i ndependen t  of the t ime var ia t ion  of the flux q~ (t). For  fission foils n m u s t  

be divided by  the fission yield. 
Thus ,  using Eqs 6 and  7, the shorter  half-life react ion products  give a 

measu remen t  of the  flux level and  fluenee only if the  t ime  history of ir- 

rad ia t ion  is known.  For  very  long or s table  products ,  however,  Eq  9 pro- 

vides a direct  measu remen t  of fluenee. 
Values of #eff(EL) for most  of the moni to r  react ions listed in Tab le  1 

for E B R - I I  in- and  out-of-core posi t ions for reactor  r un  31F are avai lable  
from the  Fas t  Reac tor  Mater ia l s  Dos ime t ry  Center .  11 Values for n, a 
react ions for a n u m b e r  of materials ,  inc lud ing  stainless steel, for E B R - I I  

central  core-posit ions have  been reported E 3 8 - 4 0 ]  a nd  selected values  
t aken  from Ref 40 are presented in  Tab le  3. The  me a su r e me n t  of the  
a m o u n t  of stable he l ium react ion product  is ob ta ined  by  using a high-  
sens i t iv i ty  gas mass spect rometer  sys tem designed and  cal ibrated for this  

purpose by  Fa r r a r  and  Knox  E41, 42]. He l ium levels as low as 10 -1~ a tom 
fract ion can be measured  in specimens no larger t h a n  10 mg. Assuming  no 
significant  loss of he l ium by  diffusion, 12 the  he l ium c on t e n t  of an i r rad ia ted  

11 At WADCO Corp., Richland, Wash. 
1~ Available experimental results support this assumption [40]. 
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piece of stainless steel, iron, nickel, or chromium could be used to obtain 
an approximate value of fluence. If  the nitrogen content (or certain other 
impurities with high n, a cross sections) of any of these materials is very 
high, however, a correction m a y  be required. The measured approximate 
5.5 • 10 -3 a tom fraction of nitrogen is est imated to have caused an increase 
of up to ~ 3 8  percent in the total  helium content and the value of ~off(EL) 
for the stainless steel specimen, see Table 3, irradiated in run 31F. 

Damage Analysis 
Damage 13 is caused by  complex interaction of the thermal,  nuclear en- 

vironment,  the state of stress during irradiation, and the initial state of 
the material.  These are defined as follows: the thermal conditions of interest 
are the tempera ture  and tempera ture  gradients within the material;  the 
nuclear environment is the flux and spectra of neutrons bombarding the 
material  and the fluence (which is simply the flux integrated over the t ime 
of irradiation) ; and the parameters  which define the initial state of the ma- 
terial include the concentration and type  of impurities, grain size distribu- 
tion, and dislocation density. 

An apparent  axiom of irradiation testing is tha t  the nuclear environ- 
ment  in one reactor or irradiation facility is not duplicated in another 
because of variations between designs and modes of operation. Thus, 
detailed analyses must  be performed to relate and compare effects ob- 
served in one test  to those observed in another  and to use all available 
test  data  in the design of reactors. Such analyses must  include considera- 
tion of all of the variables described in the preceding paragraph. An accurate 
determination of the nuclear environment and a clear definition of its 
effects upon proper ty  changes of interest is required. Damage  analyses 
consist primarily of determining a function tha t  describes the relative 
effectiveness of neutrons producing damage as a function of their energy. 
Two types of approaches have been used to derive these functions. These 
are the analytical approach, based on theoretical physics considerations 
~1, 43-55], and the experimental or empirical approach, which utilizes 
radiation effects results [14-17]. 

Analytical Approach 

The theoretical or analytical approach, which has been used exclusively 
until quite recently, has been described El, 50, 55], so only a brief review 
is appropriate  here. A number  of damage functions have been derived 
from calculations tha t  estimate the number  of displaced atoms caused by  

1~ As used here the term "damage" describes any mechanical or physical property 
change induced in a material by neutron irradiation. The term "damage analysis" 
relates to the determination of the effectiveness of neutrons in causing damage as a 
function of their energy. 
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neutrons of particular energies in various materials. The dissipation of 
the energy of an atom struck by a neutron--either through ionization or 
transfer of kinetic energy to other atoms with the formation of a displace- 
ment spike--has been calculated with varying degrees of sophistication. 
In most eases, the number of atom displacements as a function of neutron 
energy is estimated. This function, u(E), is calculated on the basis of the 
physics of atomic interactions. From this function the total displacement 
production rate Nd is calculated by tlle equation 

f; N d = N  ~r,(E)~,(E)cp(E) dE . . . . . . . . . . . . . . .  (10) 

where 

N = the nuclear density of the matrix atoms, 
z,(E) = the neutron scattering cross section of these atoms, and 
O(E) = the differential flux. 

The product ~ . (E) , (E)  represents an energy-dependent damage cross 
section [51-55-]. Jenkins [562 has recently developed a computerized 
method for calculating this damage cross section using a Kinehin and 
Pease secondary displacement model and E N D F / B  data file. The function 

(E) gives an estimate of the number of displacements caused by secondary 
collisions (that is, atom-atom) during the formation of a spike. The 
mechanism is simply the transfer of kinetic energy through hard sphere, 
or Rutherford, collisions. Effects such as stability of defects and nucleation 
of complexes have not been included in the damage cross sections but have 
been studied by Doran [57-] and Beeler [46-48]. 

The damage function (or cross section) which is developed from theo- 
retical considerations is, then, 

G(E) =z~(E)p(E) . . . . . . . . . . . . . . . . . . . .  (11) 

These functions have been used to correlate irradiation effects data in a 
variety of neutron spectra [51-55-], and they provide a good reference for 
assessing "what is physically reasonable"; however, there are fundamental 
limitations that must be recognized in the use of damage functions based 
only on theory to develop engineering design criteria. These are 

1. For a specified material the , (E) functions are based upon only one 
mechanism (the transfer of kinetic energy of a neutron to lattice atoms in 
a perfect crystal). Yet other nuclear processes such as transmutations 
and gas formation [50, 58-61-] can affect the physical and mechanical 
properties of metals. For a model which is based upon theory alone it is 
virtually impossible to quantitatively relate the effects of different mecha- 
nisms with sufficient accuracy to satisfy the requirements of the materials 
scientist or the reactor designer. 

2. The fundamental assumption has been made that damage, whatever 
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property change it may  be, will be proportional to the number of displace- 
ments produced during the irradiation. Thus, having chosen a displace- 
ment model (Kinchin and Pease or other),  only one function could be 
used to describe damage in a material (such as steel, carbon, zirconium) 
for all temperatures and at all levels of fluence. Although reasonable data 
correlation has been achieved in spectra which were not too dissimilar by 
this method, its use for obtaining reliable estimates of damage and for 
correlating radiation effects data from fast and thermal  reactors is ques- 
tionable. 

3. The strictly theoretical approach to damage correlation provides no 
direct way for refinement or modification of the damage functions using 
experimental observations. 

Empirical Damage Function 

The correlation and engineering application of irradiation effects data 
can be improved if all experience, both experimental and theoretical, is 
used. The empiricM approach for determining damage functions was de- 
veloped to help satisfy this need. The empirical approach is used to derive 
a damage function, G (E),  through the solution of a set of integral equations 
of the form E14~ 

Sj=t G(E)~j(E) dE ( j = l , . . . , m )  . . . . . . . . .  (12) 

where the right-hand side of Eq 12 is a calculated integral property change 
for a specified material, irradiated for a time t in the j th  neutron environ- 
ment at. constant temperature, and 4j (E)  is the corresponding j th  neutron 
differential flux spectrum; the left-hand side of Eq 12 is the measured 
value. The SAND-I I  method of obtaining a solution, G(E), for Eq 12 is 
explained in Ref 14; the unfolding procedure is essentially the same as 
explained in an earlier section of this paper for q~(E). 

In this method the "best"  theoretical damage function for a selected 
property change can be used as a starting point ( that  is, as an initial 
input, G~ where the superscript zero represents the initial index in an 
iterative procedure). I t  is then adjusted by the unfolding procedure to 
minimize the difference between measured and ealeulated fluenees re- 
quired to cause the same change in property in each of a number of differ- 
ent spectra. The G (E) function so derived, now representing other damage 
mechanisms as well as displacements, can be used to determine the fluence 
required to cause this property change for any reactor spectrum of interest 
for design or testing purposes. Using a reactor physics group structure, 
Eq 12 may be rewritten in the form ]1 

(I,t= S ~iGi . . . . . . . . . . . . . . . . . . . .  (13) 
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392 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

where S is a designated property change, the subscript i refers to the 
neutron energy group for a particular reactor physics group representation 
of r (E) and G (E), and q~i is normalized such that 

~ q , i  = 1 . . . . . . . . . . . . . . . . . . . . . . . . .  (14) 
i = l  

Spectral data ~i are available from nlultigroup reactor physics calcula- 
tions or dosimetry measurements or both. The fluenee, q~t, will be in ab- 
solute units, since Gi is defined in absolute units and is therefore directly 
applicable for reactor design and irradiation test planning. 

The demands upon materials and the limitation of time and money 
impose the requirement that all pertinent data be used in developing 
materials for fast reactors. Much of the experience and data on the irradia- 
tion behavior of materials has been obtained in thermal reactors. These 
data can be extremely valuable and should be used in fast reactor develop- 
ment. However, in order to do so, the nuclear environment and the energy 
dependence of damage must be well defined and understood. This type of 
application of irradiation effects data has necessitated the measurement 
and consideration of the damaging effect of the total flux, that is, neutrons 
of all energies. As yet this is not a widely used concept, since most data 
correlation studies are still based on the use of a damaging "fast flux," 
such as the flux greater than 0.1 or 1 MeV. 

D a m a g e  Analysis  Appl icat ions  

Semiempirical damage functions have been defined for several property 
changes to allow correlation and prediction of neutron induced property 
changes. A damage function for a 200 F increase in ductile-brittle transition 
temperature (~TT) for pressure vessel steels (irradiated at temperatures 
<450 F) has been defined [14, 15]. It was used to calculate the range of 
damaging neutrons and fluence required to produce a 200 F ATT change 
in fast and thermal reactor environments. The energy bounds of neutrons 
responsible for 90 percent of the damage for the metal fueled EBR-II  
central core and out-of-core blanket regions proved to be between about 
0.1 and 5 MeV and between about 0.1 and 1 MeV, respectively. The range 
for locations within light and heavy water-moderated thermal reactors 
with high thermal to fast neutron ratios was between about 10 -s and 5 
MeV. These results indicate that lower energy neutrons (less than ~ 1  
MeV) can contribute significantly to damage in ferritic steels. 

The relative importance of low- and high-energy neutrons in causing 
damage to austenitic steels is being studied [16, 17]. A damage function, 
G(E), for a change in yield strength to a level of S=60 ksi for an irradia- 
tion and test temperature of 450 C (842 F) for 304 stainless steel has been 
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FIG. 5--Absolute damage function for a change in yield strength to 60 ksi for 304 stain- 
less steel for a 450 C irradiation and test temperature. 

generated, the solid line in Fig. 514 [-17-~. In  both the high- and low-energy 
regions the departure of its shape from tha t  of an input model developed 
by  Russcher [-49] for stainless steel (for the production rate  of clusters 
containing more than  seven vacancies) is also shown. Damage  from low- 
energy thermal  neutrons appears  to be more impor tan t  than  indicated by  
Russcher 's  input  model. The derived damage function for a 200 F A T T  

shift for ferritic steel also showed this effect- - re la t ive  to a gross defect 
production rate based on eight displacements per n, ~, reaction in iron. 

The G ( E )  presented in Fig. 5 was used in conjunction with Eq 13 to 
est imate the total  fiuence 15 required to cause a change in yield strength to 
the 60-ksi level for 304 stainless steel irradiated at 450 C in different re- 
actor spectra, as well as in the fission spectrum. In  Fig. 6 the energy limits 
of neutrons responsible for 90 percent of the change in yield strength are 
indicated by  the ends of the bars. The  spectra are listed from top to bo t tom 
in order of decreasing fluence. For instance, it takes ten times as much 
fluence to cause the same damage in the F T R  grid plate spectrum as in 
the F T R  driver fuel spectrum. Similarly, it takes about three times as 

14 The property change data at the Si=60 ksi level were obtained from the study of 
yield strength measurements at the 0.2 percent yield point for 304 stainless steel ir- 
radiated in EBR-II and ETR. The multiple-foil method, coupled with reactor physics 
calculations, provided absolute values of differential flux, ~i(E), and fluence, 

t 4~1(E) dE, 

for defining the G(E) with Eq 12. 
15 For neutrons of all energies, including thermal, intermediate, and fast. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



3 9 4  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FLUENCE 

~TR G R,O ~ T ~ V ~ / / / / / / / / / / / / / / / / / / / / / / / / / / / A  12.o ,o22,/r 

E OR-I, ,LANKET ~ ' / / / / / / / / / / / A  2 . ,  
ETR CORE REGION 

~ / / / / / / / / / / / / / / / / / ~ / A  1.5 

FTR ORIVER FNE~ ~ / / / / / / / / / / / A  1.2 

EBR-II CORE REGION ~ 0,70 

FISSION SPECTRUM ~ ' / ' ~ , 3 6  

, , , , , , , , I  , ,,L,,,,I , , , , , , , , I  , , , , , , , , I  , , , , , , , , I  , , , I , , , , I  , , , , , , , , I  , , ,  I,,,,I , , , , , , , , I  

i0-8 i0-7 10-6 I0-5 I0-4 lo-S i0-2 I0-I I0 0 I0 l 

NEUTRON ENERGY (MeV) 

1022n/cm 2 

1022n/cm 2 

i022n/cm ~ 

1022n/cm 2 

1022n/cm 2 

FIG. 6--Prediction of fluence and energy response necessary to produce a change in 
yield strength to 60 ksi for 304 stainless steel for an irradiation and test temperature of 
450 C. 

much exposure in the FTR driver fuel spectrum as ill the fission spectrum 
to create the same damage. 

In addition to differences in fluence, Fig. 6 shows that neutrons of 
different energies cause damage in different spectra. For the fast reactor 
cases the upper and lower energy limits for 90 percent of the damage move 
down in energy when going from the fission spectrum to the FTR grid 
plate spectrum. Whereas 90 percent of the damage results from neutrons 
with energies greater than 0.7 MeV in the fission spectrum, about 90 
percent of the damage results from neutrons below this energy in the FTR 
grid plate spectrum. 

The form of the semiempirically derived damage function, Fig. 5, be- 
tween 10 -s and 10 -2 MeV is not well established because of limitations in 
Russcher's input model for G(E) and a lack of experimental data from 
irradiations that produce damage from neutrons with these energies. 
Nevertheless, the derived G(E) does effect a correlation of all available 
thermal and fast reactor experimental data, reveals inconsistencies in the 
data, and extracts a maximum of information from test reactor data. The 
derived information on the damaging effectiveness of different energy 
neutrons also helps to provide an improved understanding of radiation 
damage mechanisms. 

Damage functions for other property.changes in austenitic steels, such 
as creep strain [-16], have been developed. Comparisons of similarities 
and differences in these damage functions will help establish the validity 
of individual damage functions, pinpoint areas of excessive uncertainty in 
the experimental measured property change and flux-spectral/fluence 
data, and select irradiation facilities for subsequent experimental programs. 
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It is concluded that the correlation of irradiation effects data obtained 
in thermal reactors and present hard spectrum, metal fueled fast test 
reactor enviromnents, and the application of such data to estimate damage 
in softer spectrum LMFBR's, will require careful assessment of the dam- 
aging potential of neutrons of all energies. 

Conclus ions  

The current status and requirements of fast reactor dosimetry as applied 
to materiMs damage analysis programs sponsored by the Division of Re- 
actor Development and Technology of the U. S. Atomic Energy Commis- 
sion is reviewed. The methods and data recommended for fast reactor ap- 
plications are presented. The most significant developments are given 
below: 

1. The neutron fluence and integral spectrum can be determined within 
:t:10 to 30 percent in most fast and thermal reactors using the monitors 
and analyticM methods presented. 

2. An optimum set of fission and nonfission monitors has been selected 
to achieve the accuracy described in 1. The need for accuracy and minimal 
cost and requirements of long-term materials irradiation tests were con- 
sidered in selecting this set. Reduced dosimetry efforts are defined for ex- 
periments in which the nuclear environment is known or where cost 
prohibits more completely definitive dosimetry. 

3. A dosimetry center has been established to interpret, store, and pro- 
vide detailed information on neutron flux, fluence, and spectra in fast test 
reactors. The availability of suitable suppliers of monitor materials and 
necessary interlaboratory calibration of radioactivity counting facilities 
will be mMntMned through the activities of the dosimetry center. 

4. Theoretically based damage functions are expected to be inadequate 
in themselves for meeting the requirements of materiMs technology for 
advanced fast breeder reactors. 

5. EmpiricM damage functions are expected to include the effects of all 
damaging mechanisms and can be used to help identify these processes. 
The empirical damage function method should, therefore, help to satisfy 
some of the immediate requirements of designers of fast reactors. 

6. The applications of empirical damage functions have been demon- 
strated in the correlation of irradiation data on yield strength and creep 
for austenitie stainless steels and for loss of ductility data for ferritie steels. 

APPENDIX 

The SAND-II code [-292 was used to obtain the calculated values of thermal 
averaged, fission averaged, and resonance integrals. Except for 2'~SPu(n, f), the 
current SAND-II energy-dependent cross sections, z(E), were used ['287. The 
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23SPu(n, f) c ros s  s e c t i o n  w a s  o b t a i n e d  f r o m  t h e  B a t t e l l e  m a s t e r  l i b r a r y  t a p e  [-62-1 
a n d  w a s  a d d e d  to  t h e  S A N D - I I  l i b r a r y  t ape .  

T h e r m a l  a v e r a g e d  c ross  s e c t i o n  is  de f ined  b y  t h e  r e l a t i o n  

2 fls MeV 
z2200-~ ~ ~1o-lo Mev z (E) 4~ i (E) dE 

w h e r e  dpi(E) is de f ined  as  

r ( E) = Ee-- E/KT / ( K T)  2 

a n d  KT = 2.52 • 10 - s  M e V ,  c o r r e s p o n d i n g  to a M a x w e l l  t e m p e r a t u r e  of  20 C. 
T h e  f i s s ion  a v e r a g e d  c ross  s e c t i o n  is de f ined  b y  t h e  r e l a t i o n  

5]---- / i s  MeV f f ( E ) ~ f ( S ) d E  / f118 MeV ~f(S)dE 
" t0--10 MeV 0-1o MeV 

u s i n g  two  f o r m s  of t h e  f iss ion s p e c t r u m  dpf(E). T h e  two  f o r m s  are  t h e  W a t t  ~63~ 
a n d  S A N D  I I  ['197 f o rms ,  a n d  on  a n  i n t e g r a l  f lux  b a s i s  t h e y  are  c o m p a r e d  in T a b l e  

T A B L E  4--Watt and SAND-II fission spectrum representations. 

In t eg ra l  F lux  Above  
Specified N e u t r o n  Energ ies  a 

N e u t r o n  Ene rgy ,  Ra t io  
M e V  W a t t  [63] S A N D - I I  ( S A N D - I I / W a t t )  

1NlO  -2 . . . . . . . . . . . . . . . . .  9 . 9 9 5 X 1 0  -1 9 . 9 9 6 X 1 0  -1 1 .00  
2 . . . . . . . . . . . . . . . . .  9. 987 9. 989 1 .00  
4 . . . . . . . . . . . . . . . . .  9.  964 9. 970 1. O0 
7 9 .917  9 .932  1 .00  
1 X 10 -1 . . . . . . . . . . . . . . . . .  9 . 86  9 .89  1 .00  
2 . . . . . . . . . . . . . . . . .  9 .62  9 .69  1.01 
4 . . . . . . . . . . . . . . . . .  9 .02  9 .20  1 .02  
7 . . . . . . . . . . . . . . . . .  7 . 97  8 .30  1 .04  
1 X 100 . . . . . . . . . . . . . . . . .  6 . 92  7 .36  1 .06  
1 .5  . . . . . . . . . . . . . . . . .  5 .31  5 .82  1 .10  
2 . . . . . . . . . . . . . . . . .  3 . 98  4 . 4 8  1 .13  
3 . . . . . . . . . . . . . . . . .  2 . 12  2 . 4 7  1 .17  
4 . . . . . . . . . . . . . . . . .  1 .09  1 .26  1.16 
5 . . . . . . . .  . . . . . . . . .  5 . 3 8 X 1 0  -2 6 . 0 6 X 1 0  -2 1 .13  
6 . . . . . . . . . . . . . . . . .  2 . 60  2 . 7 8  1 .07  
7 . . . . . . . . . . . . . . . . .  1 .24  1 .30  1 .05  
8 . . . . . . . . . . . . . . . . .  5 . 7 8 X 1 0  -3 6 . 2 4 X 1 0  -3 1 .08  
9 . . . . . . . . . . . . . . . . .  2 . 6 7  3 .03  1.13 

10 . . . . . . . . . . . . . . . . .  1 .22  1 .45  1 .19  

M e a n  energy,  M e V  . . . . . . . .  2 . 00  2 .16  

Norma l i zed  to 1 n / c m  ~ be tween  10 -l~ and  18 MeV.  
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4.16 The two forms are required because there is some uncertainty associated with 
the true form of the 235U fission spectrum [-19, 26, 27, 65-]. 

The resonance integral is defined by the relation [-28, 29, 31-] 

RI= flS ~ov z(E) 
10--10 ~ e V  E 

- -  e -  ~ o ( E ) x  d E  

where the exponential term accounts for the neutron absorption of a 40-mil cad- 
mium cover. 

References 

[1] Yoshikawa, H. It.  and McElroy, W. N. in Irradiation Effects in Structural Alloys 
for Thermal and Fast Reactors, A S T M  S T P  457, American Society for Testing 
and Materials, 1969, pp. 342-351. 

[2] Jackson, J. L. and Ulseth, J. A., Nuclear Applications, NUAPA, Vol. 5, 1968, 
p. 275. 

[3] Dudey, N. D. et al, Nuclear Applications, NUAPA, Vol. 7, 1969, p. 35. 
[4] McElroy, W. N., Jackson, J. L., and Ulscth, J. A., Transactions of the American 

Nuclear Society, TANSA, Vol. 12, 1969, p. 937. 
[5] Kellogg, L. S., Zimmer, W. H., and Ulseth, J. A., Transactions of the American 

Nuclear Society, TANSA, Vol. 12, 1969, p. 938. 
[6] McElroy, W. N., Jackson, J. L., Ulseth, J. A., and Simons, R. L., "EBR-II Dosi- 

metry Test Data Analysis," BNWL-1402, Battelle-Northwest, Richland, Wash., 
1970. 

[7] Kellogg, L. S. and Zimmer, W. H., "EBR-II Dosimetry Test Reaction Rate Meas- 
urements," BNWL-1403, Battelle-Northwest, Richland, Wash., 1970. 

[8] Kamphouse, J. L., Stuart, R. L., and Moteff, J., Transactions of the American 
Nuclear Society, TANSA, Vol. 12, 1969, p. 223. 

[9] Kamphouse, J. L., Stuart, R. L., and Moteff, J., "Theoretical Spectrum-Threshold 
Detector Data Correlation in EBR-II ,"  GEMP-720, General Electric, NSP, 1969. 

[10] Withop, A., Hutchins, B. A., and Martin, G. C., "Analytical Procedures and Ap- 
plications of Fluence Determinations from EBR-II  Flux Wires," GEAP-5744, 
General Electric Co., San Jose, Calif., 1969. 

[11] Dudey, N. D. and Heinrich, R. R., "Flux Characterization and Neutron Cross 
Section Studies in EBR-II ,"  ANL-7629, Argonne National Laboratory, Argonne, 
Ill., 1969. 

[12] Miller, L. B. and Jarka, R. E., Transactions of the American Nuclear Society, 
TANSA, Vol. 12, 1969, p. 772. 

[13] Kirn, F. S., Nuclear News, NUNWA, Vol. 13, 1970, pp. 62-68. 
[1~] MeElroy, W. N., Dahl, R. E., Jr., and Serpan, C. Z., Jr., Nuclear Applications, 

NUAPA, Vol. 7, No. 6, Dec. 1969, pp. 561-571. 
[15] Serpan, C. Z., Jr., and McElroy, W. N., "Damage-Function Analysis of Neutron- 

Energy and Spectrum Effects Upon the Radiation Embrittlement of Steels," 
NRL Report 6925 (1969), presented at IAEA Symposium, Vienna, Austria, June 
1969. 

[16] McElroy, W. N., Dahl, R. E., Jr., and Gilbert, E. R., "Neutron-Energy-Dependent 
Damage Function for Analysis of Austenitic Steel Creep Data," BNWL-SA-3186, 
Battelle-Northwest, Richland, Wash., 1970. 

16 If the Cranberg [64] form had been used instead of the Watt form, there would be 
a larger difference between it and the SAND-II form. The mean energies for the SAND- 
II, Watt, and Cranberg forms are 2.16, 2.00, and 1.95 MeV, respectively. The Grundl 
multiple-foil form has a mean energy of 2.20 MeV [26]. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



3~8 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

[17] McElroy, W. N., Simons, R. L., and Blackburn, L. D., Transactions of the American 
Nuclear Society, TANSA, Vol. 13, 1970, p. 144. 

[18] McElroy, W. N. et al, Nuclear Science and Engineering, NSENA, Vol. 36, 1969, 
p. 15. 

[19] McElroy, W. N., Armani, R. J., and Tochilin, E., Transactions of the American 
Nuclear Society, TANSA, Vol. 12, 1969, pp. 757 759. 

[20] Meek, M. E. and Rider, B. F., "Summary of Fission Product Yields for U 235, U ~38, 
Pu 23~, and Pu 2~1 at Thermal, Fission Spectrum and 14 MeV Neutron Energies," 
APED-5398-A, CLass 1, Revised, General Electric, Cincimlati, Ohio, Oct. 1968. 

[21] McElroy, W. N., Kellogg, L. S., Armani, R. J., Tochilin, E., and Zimmer, W. H., 
"Selection of Fission Yields," to be presented at Winter Meeting, American Nuclear 
Society, Washington, D.C., Nov. 1970, WADCO, Westinghouse, Richland, Wash. 

[22] Private communications with E. Kobisk and D. Box, Oak Ridge National Labora- 
tory, Oak Ridge, Tenn., 1970. 

[23] Yoshikawa, H. H. and Zimmer, W. H., "Fast Neutron Dosimetry: Intercalibration 
of Counting Facilities," USAEC Report HW-81871, General Electric Company, 
Richland, Wash., April 1964. 

[24[] Ulseth, J. A., "Intercalibration of Counting Laboratories," BNWL-1096, Battelle- 
Northwest, Richland, Wash., June 1969. 

[25] Personal communication with M. S. Wechslcr, ASTM-ORNL Intercomparison 
Program on Neptunium-237 Fission Threshold Neutron Dosimetry, 1969. 

[26] Grundl, J. A., Nuclear Science and Engineering, NSENA, Vol. 31, 1968, pp. 191-206. 
[27] MeElroy, W. N., Nuclear Science and Engineering, NSENA, Vol. 36, 1969, p.~ 109. 
[28] Simons, R. L. and McElroy, W. N., "Evaluated Reference Cross Section Library," 

BNWL-1312, Battelle-Northwest, Richland, Wash., 1970. 
[29] McElroy, W. N. et al, "A Computer Automated Iterative Method for Neutron 

Flux Spectra Determination by Foil Activation," Vols. I-IV, AFWL-TR-67-41, 
Air Force Weapons Laboratory, Albuquerque, N.M., 1967. 

[30] McElroy, W. N. et al, "Neutron Differential Cross Section Evaluation by a Mul- 
tiple Foil Activation Iterative Method," NBS 299, Vol. 1, National Bureau of 
Standards, Special Publications, 1968, p. 235. 

[31] Barrall, R. C. and McElroy, W. N., "Experimental and Evaluated Cross Section 
Library of Selected Reactions," AFWL-TR-65-34, Vol. II,  Air Force Weapons 
Laboratory, Albuquerque, N.M., 1965. 

[32] Stewart, L., Motz, It. T., and Moore, M. S., "Compilation of Requests for Nuclear 
Cross Section Measurements," WASH-1144, Los Alamos Scientific Laboratory, 
Los Alamos, N.M., 1970. 

[33] Greer, C. R., Halbleib, J. A., and Walker, J. V., "A Technique for Unfolding Neu- 
tron Spectra from Activation Measurements," SC-RR-67-746, Sandia, Albu- 
querque, N.M., 1967. 

[34[] DiCola, G. and Rota, A., "RDMM--A Code for Fast Neutron Spectra Determina- 
tion by Activation Analysis," EUR-2985.e, Joint Nuclear Research Center, Ispria 
Establishment, Italy, 1966. 

[35] A S T M  Discussion of Camputer Codes for Determining Neutron Fluz Spectra by 
Multiple Foil Measurements, Tentative Computer Code Information DocuiImnt, 
to be published, American Society for Testing and Materials, 1970. 

[36] McElroy, W. N., Transactions of the American Nuclear Society, TANSA, Vol. 13, 
1970, p. 422. 

[37] Bourquin, R. D., "TIMH--A Computer Program for the Determination of Flu- 
ence with a Time-Varying Flux," BNWL-1492, Battelle-Northwest, Richland, 
Wash., 1970. 

[38] Hutchins, B. A., Turner, J. E., Busboom, H., and Comprelli, F. A., Transactions 
of the American Nuclear Society, TANSA, Vol. 12, 1969, p. 587. 

[39] Scherrcr, J. F. and Moteff, J., "The Use of Spectrum Averaged Cross Sections in 
the Calculation of Helium Generated in Stainless Steel During Reactor Irradia- 
tions," GEMP-721, General Electric, NSP, 1969. 

[4[0] McElroy, W. N., Farrar, H., IV, and Knox, C. H., Transactions of the American 
Nuclear Society, TANSA, Vol. 13, 1970, p. 314. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



MCELROY AND DAHL ON NEUTRON DOSIMETRY 3 9 9  

[41] Farrar, H., IV, and Knox, C. H., Transactions of the American Nuclear Society, 
TANSA, Vol. 11, 1968, p. 503. 

[421 Private communication with H. Farrar, IV, Atomics International, Canoga Park, 
Calif., 1970. 

[43] Dienes, G. J. and Vineyard, G. H., Radiation Effects in Solids, Vol. II,  Interscience 
Publishers, New York, 1957. 

[44] Chadderton, L. T., Radiation Damage in Crystals, John Wiley and Sons, New 
York, 1965. 

[45] Kinchin, G. H. and Pease, R. S., Reports of Progress in Physics, RPPHA, Vol. 
18, No. 1, 1955. 

[46] Beelcr, J. R., Jr., Journal of Applied Physics, JAPIA, Vol. 37, 1966, pp. 3000-3009. 
[471 Beeler, J. R., Jr., Physical Review, PHRVA, Vol. 150, 1966, pp. 470-487. 
[48] Beeler, J. R., Jr., in Lattice Defects and Their Interactions, R. R. Hasiguti, Ed., 

Gordon and Breach Science Publishers, New York, 1967. 
[49] Russcher, G. E., "Calculated Damage Functions for Determining Irradiation 

Effectiveness," BNWL-1093, Battelle-Northwest, Richland, Wash., Sept. 1969. 
[50] Wechsler, M. S. in Symposium on Radiation Effects on Metals and Neutron Dosi- 

metry, ASTM STP 341, American Society for Testing and Materials, 1963, p. 86. 
[51] Harries, D. R., Barton, P. J., and Wright, S. B. in Symposium on Radiation Effects 

on Metals and Neutron Dosimetry, A S T M  STP 341, American Society for Testing 
and Materials, 1963, p. 276. 

[52] Rossin, A. D., Nuclear Structural Engineering, NSTEA, Vol. 1, 1965, p. 76. 
[53] Dahl, R. E., Jr., and Yoshikawa, H. H., Nuclear Science and Engineering, NSENA, 

Vol. 21, 1965, pp. 312-318. 
[54] Sheely, W. F., Nuclear Science and Engineering, NSENA, Vol. 29, 1967, p. 165. 
[55] Shure, K., Nuclear Applications, NUAPA, Vol. 2, 1966, p. 106. 
f56] Jenkins, J. D., Transactions of the American Nuclear Society, TANSA, VoL 12, 

1969, p. 139. 
[57] Doran, D. G., Radiation Effects, Vol. 2, 1970, p. 249. 
[581 Harries, D. R., Journal of the British Nuclear Energy Society, JBNSA, Vol. 5, 1966, 

p. 74. 
[59] Lindhagen, P., "Observations on Helium Bubbles in an Irradiated 18Cr-27Ni 

Austenitic Stainless Steel," to be published as part of the Symposium on Radiation 
Damage in Reactor Materials, Vienna, 1969. 

[60] Kramer, D., Brager, H. R., Rhodes, C. G., and Pard, A. G., Journal of Nuclear 
Materials, JNUMA, Vol. 25, 1968, p. 121. 

[61] Kangilaski, M., Perrin, J. S., and Wullaert, R. A. in Irradiation Effects in Structural 
Alloys for Thermal and Fast Reactors, A S T M  STP 457, American Society for Test- 
ing and Materials, 1969, p. 67. 

[62] Private communication with J. Carter, Battelle-Northwest, Richland, Wash., 
1970. 

[63] Watt, B. E., Physical Review, PHRVA, Vol. 83, 1952, p. 1037. 
[64] Cranberg, L. et al, Physical Review, PHRVA, Vol. 103, 1956, p. 662. 
[65] Fabry, A., Nukleonik, NUKKA, Vol. 10, 1967, p. 280. 
[66] Private communication with A. D. Rossin, Argonne National Laboratory, Argonne, 

Ill., 1969. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



AGENDA DISCUSSION SESSION 

How Do We Solve the Void Problem? 

T. T. Claudsonl--The effect of metal swelling on the design, operation, 
and safety of fast reactors has only recently become apparent through the 
design efforts associated with the Fast Flux Test Facility (FFTF) and 
LMFBR demonstration plants. Extrapolation of current swelling data to 
high burnup indicates that swelling of cladding and structural materials 
will limit the reactor core performance. Core performance limitations due to 
materials behavior during the early stages of the development of a new re- 
actor concept is not new. In the past metallurgical solutions to these prob- 
lems have been possible, such as the development of corrosion-resistant 
zirconimn alloys for water reactor systems. There are data at present which 
indicate again that there may be metallurgical solutions to the problems 
associated with metal swelling. 

Swelling has been observed in several metals including aluminum, 
molybdenum, nickel, as well as in stainless steel. Through the comparison 
of the response of different metals and alloys, it is possible to gain some in- 
dication of several approaches to the solution of the problem. In the case 
of nickel it has been determined that impurity content and cold work are 
important. Figure 1 shows the change in volume as a function of fluenee 
for nickel 200 and nickel 270 irradiated in the EBR-II. The response to 
swelling of Inconel 600 is also shown for comparison. One can see that an- 
nealed nickel 200 swells less than annealed nickel 270. Furthermore 50 
percent cold-worked nickel 200 swells less than the same material in the 
annealed material. Ineonel 600, a high nickel content alloy, did not swell 
although irradiated under the same conditions. Tile major difference be- 
tween nickel 270 and nickel 200 was impurity content, the nickel 200 having 
about 1600 ppm of silicon. 

Further indication of the effect of alloy content on swelling response is 
shown in Fig. 2. Specimens of AISI 316 and 348 were irradiated under 
identical conditions in the EBR-II. As temperature and fluence were in- 
creased the swelling response of the two alloys varied. Whereas the 348 

1 WADCO Corp., Richland, Wash. 99352. 
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FIG. 1--Swelling in nickel irradiated in the EBR-II at ~80 C. 
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FIG. 3--Effect of cold work on the swelling response of austenitic stainless steel. 

alloy had superior properties (lower swelling) at lower temperature and 
fluences, the 316 alloy was better  as temperature and fluenee were increased. 

Metallurgical structure appears to have a significant effect on the swelling 
of metals. I t  has already been mentioned that  cold-worked nickel swells 
less than the same material in the annealed condition. Figure 3 shows the 
effect of cold-working AISI 316 on swelling, at low temperatures the effect 
is marked. As irradiation temperatures increase the benefit of cold work 
becomes less apparent  because of recovery. 

From the above discussion it appears that  swelling in engineering 
alloys may be affected by several metallurgical variables including struc- 
ture and composition. This indicates tha t  the solution to the problem 
may involve alloy composition modifications, heat treatment,  mechanical 
working, or a combination of them, all of which are within present com- 
mercial capability. 

The role of the designer and other related metallurgical phenomena 
must not be forgotten. While swelling will promote high bending stresses 
in core components such as ducts, it is anticipated that  irradiation in- 
duced creep will aid in the relaxation of these stresses. Also, as designers 
become more acquainted with the problem and better means of predict- 
ing the actual swelling values as a function of stress, temperature, and 
fluence become available, improved designs can be effeeted. No doubt 
the true solution will involve a combination of these factors. 

H. W.  Wiedersich"---With regard to the differences in the various theo- 
ries on void formation, I would like to make some comments. The theories 
are still in a state of flux. Even though the basic models used are similar 
and the gross features of swelling emerge from any one of the theories, 
their quanti tat ive predictions do vary significantly. Swelling is a very 
complicated phenomenon, and, therefore, approximations which simplify 
the complexity must be made. The differences in theories and, hence, in 

Member of technical staff, Science Center, North American Rockwell Corp., Thou- 
sand Oaks, Calif. 91360. 
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results lie mainly in the differences between the approximations used. 
With improvements in the understanding of the subtleties of the phe- 
nomenon, a more realistic assessment of the consequences of the various 
simplifying assumptions will be possible and appropriate modifications 
will be made. On the request of Dr. Bullough, I give just one example of 
the differences. 

The assumptions that voids grow during the early stages in a point 
defect environment essentially determined by dislocation sinks and re- 
combination and that there exists no concentration gradient of defects 
in the vicinity of a void yield a void volume growth proportional to the 
cube of time, t 3, as suggested by Bullough and co-workers. If, however, 
the concentration gradient resulting from the defect loss to the void is 
assumed not to be negligible, one obtains a 3/2 power dependence in time 
for otherwise unchanged conditions. The latter assumption is contained 
in the treatment of Harkness and Li. Of course, their result on the time 
dependence is more complicated, because they allow the point defect 
environment to change as nucleation and growth proceeds. 

Gases which dissolve in metals and have reasonably high diffusion 
coefficients at temperatures of void formation, such as hydrogen and 
nitrogen, may ease the nucleation of voids by virtue of lowering of the 
surface energy by absorption. However, they will not reduce the barrier 
to nucleation to any significant extent by the internal pressure in the 
nuclei in equilibrium with the dissolved gas. The internal pressure may 
build up to a sufficiently large magnitude only when gases with very low 
solubilities and, hence, very high equilibrium pressures are trapped and 
low diffusion coefficients prevent their escape to surfaces in the tempera- 
ture range of interest. Aside from noble gases, notably helium, so-called 
"residual hydrogen" could be of importance to void nucleation. As H. 
H. Podgurski [1] 3 has shown, hydrogen can be trapped in steel in the form 
of CH4, which is rather insoluble and immobile. 

A fine dispersion of precipitates may reduce the swelling by providing 
additional sinks for point defects. Precipitates in the matrix are expected 
to act as self-compensating sinks for interstitials and vacancies, because 
any excess annihilation of interstitials will produce a compressive strain 
field around the precipitate which attracts vacancies and repels interstitials. 
Excess vacancy annihilation will reverse the situation. Grain boundaries, 
precipitates in boundaries, and dislocation networks are not self-com- 
pensating sinks. The precipitates have to be highly dispersed to be effec- 
tive; their number density should be higher than typical observed void 
densities, that is, greater than 10 ~5 cm -'~. 

J. D. Elen4--Concerning the regime for void formation in body centered 
cubic metals, I would like to show the influence of chemical interstitial 

3 Italic numbers in brackets refer to the list of references at the end of this paper. 
4 PETTEN,  Reactor Ccntrum Nederland, Netherlands. 
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impuri ty on the damage structure in vanadium. A series of three purities 
of recrystallized vanadium was irradiated in the high flux reactor at 
Pet ten to a fast neutron dose of 1.6 X 10-~~ 2 in a flux of 1.1 • 10 ~4 
n/era%s, E > 0 . 1  MeV. The carbon, oxygen, and nitrogen contamination 
is given below. 

Chemical Impurity, Interstitial Damage, 
ppm tim Voids 

N C 0 l d N, cm -~ a, .~ V, deg/O0 

310 355 255 0.2 0.4 9.4• 68 0.3 
610 330 2030 0.4 0.8 5.0X1014 110 0.9 
340 385 700 0.6 1.1 3.5X1013 283 1.4 

The as-irradiated damage structure is essentially different from the 
small cluster type observed by Elen [2] and Rau et al [3] in pure vanadium 
after similar irradiations. The irradiation capsule here, not being instru- 
mented, might have been different in temperature. From postirra~diation 
annealing the irradiation temperature was estimated to be about 200 C. 
A uniform distribution is observed of large dislocation tangles (Fig. 1), 
centered at second-phase particles. The original impuri ty determined 
structure is swept out. The tangles consist of large interstitial 1111} 1/2a 
(111 } dislocation loops. 

The vacancy damage shows up in multiple-beam condition as a popu- 
lation of perfect cubic voids (Fig. 2). Considering the various purities, 
there seems to be a relation between the number N, the average size d, 

FIG. 4--Specimen chamber for ion bombardment studies. 
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FIG. 5--Voids in 20 percent cold-worked 316 stainless steel after irradiation with 5-MeV 
Ni ++ at 565 C to 3• ions/cm 2. 

and the total volume fraction V of the voids and the size l and interspac- 
ing d of the interstitial loop tangles. There is no systematic change with 
purity. The observations are tabulated for brevity. They might be consid- 
ered in terms of the influence of the interstitial damage nucleation, which 
seems to be determined by impurity, on the supersaturation of vacancies. 

G. L. Kulcinski ,  H. R. Brager, and J .  J .  Laidler~--The use of charged 
particle irradiation to produce voids in stainless steel was first demon- 
strafed by Nelson and Mazey [4] in 1969. These authors initially used 
100-keV protons and carbon ions, but later 22-MeV carbon and 100-keV 
nickel ions were used [5, 6]. High-temperature bor~bardment with these 
ions resulted in a microstructure very similar to the voids and faulted 
loops observed after high-temperature neutron irradiation. More recently, 

5 Pacific Northwest Laboratories, Battelle Memorial Institute, Richland, Wash. 
99352. 
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4 0 6  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 6 - - V o i d s  in solution treated 316 stainless steel irradiated with 5 - M e V  N i  ++ at 
585 C to 3 X 1 0  IG ions/c'm 2. 

Keefer et al [7] have used 1.2-MeV protons and Kulcinski et al [8] have 
used 5-MeV Cu ions to produce voids in Type 316 stainless steel. 

Ideally, one would like to use bombarding ions which will not substan- 
tially alter the chemistry of the metal or alloy bombarded. This require- 
ment in stainless steels would dictate the use of iron, chromium, or nickel 
and in some special cases molybdenum, columbium, or titanium. Further-  
more, to make meaningful correlations between ion and neutron fluences 
and to eliminate surface effects, the incident ion should penetrate at least 
a few thousand angstroms. The latter requirement means that  heavy 
ion energies ~ 1 MeV must be achieved. 

This note describes an experiment designed to fulfill the above require- 
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ments by using 5-MeV Ni ++ ions to produce voids in 316 stainless steel 
at  565 to 585 C. The void size and density in the ion bombarded material 
is consistent with that  which would be observed after an equivalent 
neutron fluence of 4><1022 n /cm 2, E > 0 . 1  MeV, at the temperature. 

Experimentally, the specimens were irradiated at temperatures from 
565 to 585 C while in intimate contact with a resistance heated stainless 
steel furnace (Fig. 4). Beam currents of up to 9 t~A/cm 2 (5.4X10 '3 ions/ 
cm2/s) were used in this study. 

The specimen material was certified Type 316 stainless steel which was 
solution treated for 10 rain in hydrogen at 1040 C. Some of this material 
underwent a 20 percent reduction in area after this treatment.  The actual 
specimens were 3-mm-diameter disks 0.2 to 0.22 min thick. The prepara- 
tion of the specimens for microscopy is described elsewhere [9]. 

Typical microstructures of the solution treated and 20 percent cold- 
worked material after irradiation with 5-MeV Ni ++ to a fluence of 3 >< 10 '6 
ions/cm 2 are shown in Figs. 5 and 6. In both materials voids and faulted 
loops were present. The void density is somewhat lower in the solution 
treated specimens (3><10 '3 cm -3 versus 6X10 '3 cm -3) and the void size 
is somewhat larger (400 A versus 250 A) than the cold-worked specimens. 
The calculated volume increase is approximately 0.1 percent for the 
solution treated specimen and approximately 0.05 percent for the cold- 
worked steel. 

Calculations of the equivalent neutron fluence to be expected as a result 
of irradiation with 3 >< 1016 ions/cm 2 were made from the theory of Lind- 
hard et al [10] in a manner described elsewhere [8]. The results of the cal- 
culations indicate that  the equivalent neutron fluence should be in the 
range of 2 to 5 X 1022 n /cm 2. For the specific specimens of this study, 
4>< 1022 n /cm 2 is a reasonable estimate. 

o <  nvt ~ 5 -+0.5 x 1022 nlcm 2 

~ 300 - 

200 - 

o NEUTRON 
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F I G .  7--Effect of irradiation temperature on the void size in austenitic stainless steel. 
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1019 (AFTER flARKN~S et. al) 
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FIG-. 8--Effect of irradiation temperature on void number density in austenilic stainless steel. 

Figures  7 and  8, t aken  f rom the da ta  of Harkness  et al [11], show how 
the void size and densi ty  (open circles) v a r y  wi th  t e m p e r a t u r e  a t  a con- 
s tan t  neu t ron  fluence of app rox ima te ly  5X1022n/cm 2. The  closed circles 
are the da ta  f rom this s t udy  and one d a t u m  point  f rom a previous experi-  
m e n t  [8] using 5-MeV copper  ions. I t  is obvious  t h a t  the  ag reemen t  be tween 
the neu t ron  i r radia ted and  ion b o m b a r d e d  specimens is quite good, a t  
least  in this t e m p e r a t u r e  and  fluence range.  These  resul ts  also point  out  
the  insensi t iv i ty  of the  resul t ing micros t ruc tu re  to the ra te  a t  which the  
a toms  are displaced. For  a typica l  neu t ron  i r radia t ion in E B R - I I  the  
d isp lacement  ra te  is 2X10-6s  -1, whereas  in the present  exper iments  
it  is in the  ne ighborhood of 10-~s -1. 
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R. A. Moen, 1 J. C. Tobin/ and K. C. Thomas~ 

Neutron Fluence Limit Determinations 
for Some Fast Flux Test Facility 
Components* 

REFERENCE:  Moen, R. A., Tobin, J. C., and Thomas, K. C., " N e u t r o n  
F l u e n c e  L i m i t  D e t e r m i n a t i o n s  for S o m e  F a s t  F lux  T e s t  F a c i l i t y  C o m -  
p o n e n t s , "  Irradiation Effects on Structural Alloys for Nuclear Reactor Appli- 
cations, A S T M  S T P  484, American Society for Testing and Materials, 1970, 
pp. 409-418. 

A B S T R A C T :  This paper describes the analytical procedures that have been 
developed at Battelle-Northwest Laboratory (BNWL) and Westinghouse 
Advanced Reactors Division (ARD) to determine neutron fluence limits for 
certain components of the Fast Flux Test Facili ty (FFTF),  namely the core 
barrel, core support structure, and the reactor vessel. 

K E Y  W O R D S :  irradiation, neutron flux, radiation effects, fast reactors 
(nuclear), degradation, mechanical properties, crystal lattices, helium, grain 
boundaries, deformation, ductility, nuclear reactor materials, stainless steels, 
temperature, tests 

The degradation of the mechanical properties of materials by neutron 
irradiation is of major concern to the reactor designer because of its effect 
in reducing component life and jeopardizing the safety of a reactor system. 
There are three main types of neutron induced damage which deleteriously 
affect materials: 

1. Displacement-type damage [1]s in which interstitial atoms and vacant 
lattice sites are created. 

1 Research engineer and manager, respectively, Materials and Codes, Pacific North- 
west Laboratory, Battelle Memorial Institute, Richland, Wash. 99352. 

2 Manager, Materials Engineering, Advanced Reactors Division, Westinghouse Elec- 
tric Corp., Madison, Pa. 15663. 

* Study carried out under U. S. Atomic Energy Commission Prime Contract 
AT(45-1)-1830 and W A R D / B N W L  Contract BDR-362. Note - -many  of the decisions 
made in the F F T F  design and many of the data used in the evaluation are contained in 
internal memoranda that cannot be referenced. 

3 Italic numbers in brackets refer to the list of references at the end of this paper. 
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~-10 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG.  1- -FFTF reactor separated function: I V H M  fized length arm, rotating plug; 
instrument tree fixed plug. 

2. Helium bubble generation [2] in which a particles, formed by nuclear 
transmutation, agglomerate into bubbles at grain boundaries and within 
the grains themselves. 

3. Void formation [3] in which vacancies condense into three-dimensional 
defects within the grains. 

These three types of lattice damage present different degrees of severity 
depending on factors such as the irradiation temperature, irradiation 
dosage, incident neutron energy, testing temperature, and material compo- 
sition. It is, therefore, of paramount importance to assess the effects of 
these damage processes on materials subjected to typical reactor environ- 

'merits. This is achieved by testing specimens which have been irradiated 
in test reactors under conditions which simulate, as closely as possible, 
anticipated conditions in the reactor being designed. When the effects of 
neutron irradiation have been ascertained to a sufficient degree of confi- 
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dence, it becomes possible to design for optimum reactor performance, 
economy, and safety. 

When completed in mid 1974, the Fast Flux Test Facility (FFTF) will 
be a 400-MWt 4 sodium cooled fast breeder reactor. It will utilize a fuel of 
uranium and plutonium oxides and will have a design flux level of 7 X 1015 
n/cm ~, E>0.1 MeV. The cladding material will be AISI Type 316 stain- 
less steel, and most of the structural components will be of AISI Type 304 
stainless steel. Figure 1 gives a general description of the FFTF. The 
anticipated neutron spectrum at the vessel wall is given in Fig. 2. Note 
that it peaks at approximately 0.1 KeV, compared to the EBR-II and 
ETR spectra which peak between 0.1 and 0.5 MeV. 

Development of  Fluence Limit  Criteria 

During the conceptual design of the FFTF it became obvious that 
efficient component design depended on defining realistic limits beyond 
which materials in nuclear environments could not be subjected without 
seriously compromising the safety and efficiency of the reactor. Prior to 
1968 the only known reference to fluence limits for fact reactor com- 
ponents was that found in the design criteria for the Fermi reactor vessel 
[4]. This was simply described as a fluence of 1 X 1052 n/cm 2, E>0.1 MeV, 
over the 20-year plant life at an operating power level of 430 MWt. It 

FIG. 2--Speclrum at inner surface of ETR  vessel wall. 

MWT =megawatts (thermal). 
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412 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

was an overall limit which did not consider the degradation of individual 
mechanical properties. At. the inception of FFTF,  B N W L  adopted a 
criterion which specified that  the maximum permissible fluenee level would 
be governed by the time it took a reactor component to at tain a "signifi- 
cant" ( >  10 percent) deterioration at 400 to 1200 F 5 in any critical me- 
chanical property such as ductility or creep rupture strength. I t  soon 
became clear tha t  this was overly cautious and would lead to restrictive 
amounts of shielding to protect  vital structural components; therefore, 
revised fluence limits based on more liberal values of 30 and 50 percent 
degradation in mechanical properties were defined. However, with a per- 
missible degradation of 50 percent, concern develope~t that  certain critical 
properties such as the ductili ty could fall below acceptable safety margins. 
I t  was decided by the B N W L / A R D  that  a more reasonable approach 
would be to define a limit based upon the residual mechanical properties 
at the end of life of a component. 

Since all mechanical properties are not equally susceptible to neutron 
induced degradation it is unnecessary from a design standpoint to assign 
specific reliability limits to each property. The approach presently used 
jointly by B N W L  and ARD is to determine the one critical mechanical 
property which is most sensitive to neutron exposure and use it as a guide 
to define the maximum permissible fluence level. The data in Table 1 
show typical effects of neutron irradiation on the main mechanical prop- 
erties of 304 stainless steel. I t  can be seen that  the ductility generally is 
affected most severely, and this parameter has, therefore, been adopted by 
B NW L and ARD in determining fluenee limits. A limit based on ductility 
degradation would ensure that  all other deteriorations in mechanical 
properties would fall within the overall safety envelope. At the present 
time B NW L and ARD have defined an arbi t rary fluenee limit for the core 
barrel, core support structure, and reactor vessel based on a 10 percent 
residual ductili ty at end of life. 

Selection of Representative Elongation Data 

Before fluence limits based on the ductili ty criteria can be ascertained, 
available data have to be ~creened so that  only the most representative 
are used. Such a procedure is important  since it increases the level of 
confidence in the projected life of a component. Listed below are the most 
important  guidelines which have been used here in the selection of ap- 
propriate ductility data. 

1. Specimens irradiated in different reactors may  yield data which are 
functions of the neutron spectrum. Frequently, cutoff energies of 0.1 and 
1 MeV have been used to correlate data from different sources, that  is, 
irradiation damage caused by neutrons with energies below O. 1 and 1 MeV 

5 At that time the vessel design temperature was 1200 F. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



T
A

B
L

E
 1

 
E

ff
ec

ts
 o

f 
ne

ut
ro

n 
ir

ra
di

at
io

n 
on

 t
he

 m
ec

ha
ni

ca
l 

pr
op

er
ti

es
 

o
f 

A
IS

I 
T

yp
e 

3
0

4
 s

ta
in

le
ss

 s
te

el
. 

P
ro

pe
rt

y 

T
es

t 
T

em
pe

ra
tu

re
, 

Ir
ra

di
at

io
n 

Ir
ra

d
ia

te
d

 
U

ni
rr

ad
ia

te
d 

de
g 

F 
C

on
di

ti
on

s 
S

pe
ci

m
en

 
S

pe
ci

m
en

 
%

 C
ha

ng
e 

R
ef

er
en

ce
 

0.
2%

 O
ff

se
t 

Y
ie

ld
 

S
tr

es
s 

U
lt

im
at

e 
T

en
si

le
 

S
tr

en
gt

h 

T
ot

al
 E

lo
ng

at
io

n 

R
u

p
tu

re
 T

im
e 

fo
r 

30
-k

si
 S

tr
es

s 

M
in

im
u

m
 C

re
ep

 
R

at
e 

fo
r 

30
-k

si
 

S
tr

es
s 

11
00

 
1.

4 
X

 1
02

~ n
/e

m
 ~,

 
36

 k
si

 
15

 k
si

 
+

1
4

0
 

E
>

0
.1

 
M

eV
, 

10
04

 F
 

11
00

 
46

 k
si

 
47

 k
si

 
--

2 

11
00

 
8

%
 

55
%

 
--

85
 

11
00

 
1 

)<
 1

02
~ n

/c
n

l ~
 

72
 h

 
11

0 
h 

--
35

 

11
00

 
1.

6>
(1

02
~ 

n
/c

m
 ~,

 
1

X
1

0
 -4

 h
 -1

 
4

.8
X

1
0

 -4
 h

 -1
 

-7
2

 
E

>
0

 
M

eV
, 

11
00

 F
 

10
 

10
 

Ir
ra

di
at

ed
 s

pe
ci

m
en

s,
 1

0 
U

ni
rr

ad
ia

te
d 

co
nt

ro
l,

 1
1 

12
 

13
 

r 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



414 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

has been ignored. However, recent work has shown that low-energy neu- 
trons (E<0.1 MeV) contribute significantly to the overall damage level 
in ferritie steels [5]. Since this could also be true for Type 304 stainless 
steel, it was decided, where possible, to quote total fluences with respect 
to irradiation damage. 

2. Data from specimens irradiated in fast reactors should be given 
priority over those from thermal reactors, since fast fluxes more closely 
simulate anticipated FFTF service conditions. 

3. Fluence levels assigned to each datum point should, where possible, 
be measured values obtained from flux monitors placed in close proximity 
to the specimen undergoing irradiation. This would eliminate errors which 
might occur in calculated fluences which depend, for example, on specimen 
geometry and the precision with which the specimen can be positioned 
within the reactor. Calculated fluence data should only be used when 
measured fluence data are scarce. In this case they should be used on an 
interim basis until more accurate data become available. 

4. Fluence limits for a particular component should be determined, where 
possible, from specimens made from the same material as the component. 
If the data are limited, and meaningful property trends cannot be estab- 
lished, it is permissible to use data from materials belonging to the same 
family. In the case of Type 304 stainless steel estimates of property trends 
may be made using data for 304L, 316, 316L, 347, and 348 stainless steels. 
In this work no distinction has been made between 304 and 304L stainless 
steels, since within commercial limits the chemical compositions of the 
two alloys may overlap. 

5. The fluence limit for a particular component should be governed by 
that section of the structure which exhibits the greatest susceptibility to 
neutron induced degradation of properties. Since weldments usually have 
the lowest starting ductility [6], they will undoubtedly exhibit very low 
end-of-life fracture strains and, therefore, control the lifetime of the 
component. 

6. In cases where the 10 percent residual ductility values lie in a scatter- 
band, the ductility trend line should be drawn through minimum value 
points. This ensures that at end of life the material will not violate the 
criterion of I0 percent residual ductility. 

7. All data should be obtained from specimens which have been tested 
at temperatures within 5=50 F of the irradiation temperature. This limi- 
tation is imposed because testing at temperatures substantially different 
from the irradiation temperature may not yield data representative of 
actual service conditions. This is clear from experiments which show that 
different processes may control deformation in different ranges of temper- 
ature [7]; hence, if care is not taken the incorrect selection of a test temper- 
ature may mask the true state of damage. However, when few data falling 
within the 5=50 F specification are obtainable, it is permissible to extend 
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FIG. 3--Typical  plot of irradiation effects data for Type 304 base metal at 700 F. 

this range to 4-200 F so that a general idea of property trends may be 
obtained. 

F luenee  Limit  Evaluat ions  

Once representative data have been selected by the above guidelines, 
the fluence limits for the core barrel, core support structure, and reactor 
vessel may be evaluated. Since this paper was primarily intended to 
describe the general procedure for obtaining these limits, no attempt has 
been made to include plots of all of the data used. Below is a list of the 
procedures being used at BNWL and ARD to determine neutron fluence 

limits. 
1. Data from irradiated specimens are matched against those for un- 

irradiated control specimens to obtain percentage changes in ductility as a 
function of test temperature and total neutron fluence. 
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4 1 6  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

2. Master plots are constructed, for a given temperature, of the per- 
centage change in the total elongation versus the neutron fluence. The use 
of percentage changes in elongation values compensates for differences in 
unirradiated elongation values for the various specimens. Figure 3 shows 
a typical master plot for specimens tested at 700 F. Other plots, not given 
here, have been made for 600, 800, 900, 1000, 1100, and 1200 F. The line 
in Fig. 3 has been drawn through points of minimum ductility as specified 
in the last section. 

3. In order to determine the permissible change in elongation at 700 F 
necessary to leave a residual ductility of 10 percent, an average value for 
the ductility of Type 304 stainless steel has been obtained from the compre- 
hensive data compiled in the Report on Elevated-Temperature Properties of 
Stainless Steels, A S T M  D S  5 $1 (1965). From this report the ductility of 
average Type 304 stainless steel plate at 700 F in the unirradiated con- 
dition is 38 percent. For a residual elongation of 10 percent, therefore, 
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FIG. 4--Determination of the fluence limit for average Type 304 base metal at 700 F. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



MOEN ET AL ON NEUTRON FLUENCE LIMIT 417 

% 
F-- 

~z 
uJ 

140O 

1200 

I000 

800 

600 

400 

200 

0 

1021 

IRRADIATION LEVEL 
PERMITTING 10% 
DUCTILITY AT 
ND OF LIFE 

? 

lO 22 

FLUENCE, n/cm 2 (TOTAL) 

1023 

FIG. 5--Fluence limit for Type 305 stainless steel base metal. 

the percentage change is 28+38 percent, or 74 percent. This value when 
plotted in Fig. 4 gives a fluence limit of approximately 1.1X102~ n/cm 2 
(total). The results of this and other test temperatures are given in Fig. 5. 
A similar study for Type 304 stainless steel weldments has also been con- 
ducted at BNWL but, at present, this information is restricted. 

C o n c l u s i o n s  

The form of the temperature-neutron fluence limit curve in Fig. 5 
suggests that two deformation processes limit ductility in irradiated speci- 
mens for T<900 F and T>900 F. In the lower temperature range it is 
possible that displacement-type damage is responsible for the restricted 
ductility [8]. At elevated temperatures the agglomeration of helium at the 
grain boundaries possibly is responsible [9]. The relatively low fluence 
limit below 700 F is particularly significant with respect to the core barrel, 
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4 1 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

core support structure, and reactor vessel since all three were exposed to 
liquid sodium at a temperature of 600 F. This problem is being minimized 
by the use of designs which effectively shield these components from 
excessive neutron doses. 

I t  should be emphasized that  the data presented in Fig. 5 are tentative 
and are likely to change as more data become available. The results are 
considered to be conservative primarily because of the assumption that  
neutrons of all energy levels are equally damaging and because of the use 
of minimum values in the master plots. I t  seems possible that, with the 
advent of more comprehensive ~nd more representative data, the neutron 
fiuence limits will approach average values rather than the minimum 
values reported here. 
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J .  M .  Bees ton  1 and  C. R .  B r i n k m a n  1 

Axial Fatigue of Irradiated 
Steels Tested at Elevated 
Temperatures* 

Stainless 

REFERENCE:  Beeston, J. M. and Brinkman, C. R., "Axia l  F a t i g u e  of  
I r r ad i a t ed  Sta in less  Steels  Tes ted  a t  E leva ted  T e m p e r a t u r e s , "  Irradi- 
ation Effects on Structural Allogs for Nuclear Reactor Applications, A S T M  S T P  
~84, American Society for Testing and Materials, 1970, pp. 419-450. 

A B S T R A C T :  Uniaxial fatigue properties from tests at 400, 500, 600, and 
700 C on Type 304, 304L (Ti modified), and 316 stainless steel specimens 
irradiated at 450 C in sodium and 750 C in argon at fluences of 0.03 to 9.3 •  ~ 
n /cm 2, E>0 .1  MeV, are given and compared with control specimens. Material 
was tested in the annealed, cold-worked, and chilled-swaged-tempered con- 
dition, while primary controls received a pretest anneal of 1500 h at 750 C. 
The data at 400, 500, and 600 C are compared with proposed design curves for 
18-8 steels. Some data on microstructural changes due to irradiation are given. 
A reduction in the fatigue life by a factor of less than 2.5 was found in the 
annealed materiM, which was attributed to irradiation damage. A beneficial 
effect on fatigue life of pretreatment by swaging was found after irradiation at 
450 and 750 C for 2550 h. 

K E Y  W O R D S :  neutron irradiation, radiation effects, liquid metal cooled 
reactors, fast reactors (nuclear), stainless steels, helium, carbides, voids, 
mierostructure, ductility, embrittlement, fatigue (materials), cold working, 
axial strains, mechanical properties, fatigue tests, high-temperature tests 

Low-cycle high-strain fatigue is important to liquid metal fast breeder 
reactor (LMFBR) vessels and components operating at local temperatures 
of 300 to 650 C, since nozzle angles and other discontinuities can result 
in stress, concentrations requiring local plastic flow to allow for redistri- 
bution of stresses. During operation, irradiation may reduce the ductility 
of the materials, enhancing the possibility of localized failure. The fast 

1 Materials Research Section, Idaho Nuclear Corp., Idaho Falls, Idaho 83401. 
* The work described in this paper was performed under the auspices of the United 

States Atomic Energy Commission under Contract AT(10-1)-1230. 
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420 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

test reactor (FTR) has components, for example, vessel, instrument tree, 
and in-vessel fuel handling machine, for which the design irradiation 
fluences are less than 10 "~2 n/em 2, E>0.1 MeV, and the temperatures are 
between 320 and 600 C [1]. 2 Although postirradiation testing is less relevant 
to reactor stress conditions than in-reactor testing, many more tests are 
conducted in this manner because of difficulties and costs involved with the 
latter, and only limited fatigue tests on irradiated materials [2, 8, 4, 5] have 
been conducted. 

The interplay of the irradiated strength and ductility of stainless steels 
upon the fatigue properties is a question of major interest. Whether the 
source of the high-temperature embrittlement resides in the behavior of 
voids, carbides, helium, or other complex defects has not been established, 
nor has the action of alternating stresses on these defects in the nucleation 
and growth of cracks. At temperatures above one half the melting point 
(> 580 C) the void density is predicted to be greatly reduced, and at these 
temperatures the diffusivity is high enough that carbide or second-phase 
precipitates and helium behavior could be important. At fluenees of about 
1021 n/em 2, E >  1 MeV, Martin and Weir [6] showed that strength prop- 
erties were unaffected by irradiation at temperatures above 600 C. Holmes 
et al [7] point out that the subject is controversial at this fluenee level, 
but that at higher fluenee levels strengthening (yield increase) occurs at 
temperatures approaching 750 C. Agreement appears to exist that high- 
temperature ductility losses are due to embrittlement processes apart from 
strengthening processes, although the ductility above Tm/2 is strain rate 
sensitive. 

I t  was also noted by Martin and Weir that 10 percent cold work in an 
irradiated austenitic steel appeared to have a beneficial effect. Plastic 
deformation below the martensite induced deformation temperature in 
low-carbon metastable austenitic steels has been shown [8] to result in an 
improved combination of strength and ductility. The apparent relationship 
between tensile and fatigue properties and the presence of some eold work 
in fabricated vessel components point to the need for an examination of 
the effect on high strain fatigue in stainless steels. No studies of micro- 
structural effects on irradiated stainless steel fatigue properties are known, 
although some work on effects of microstrueture in pressure vessel steels 
has been accomplished [9]. 

In the present paper, uniaxial fatigue properties from tests at 400, 500, 
600, and 700 C on Type 304, 304L (Ti modified), and 316 stainless steel 
specimens irradiated at 450 and 750 C (maximum temperatures) at 
fluences of 0.03 to 9.3X10 ~-1 n/era ~', E>0.1 MeV, are given and compared 
with control specimens. Some tests on cold-worked and pretreatment 
(chill-swaged-tempered) specimens are also presented. A summary of the 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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BEESTON AND BRINKMAN ON AXIAL FATIGUE 421 

FIG. 1--Fatigue hourglass shaped specimen details. 

data at 400, 500, and 600 C for the stainless steels is compared with pro- 
posed design curves. The identification of important  factors affecting the 
irradiated fatigue life is at tempted. 

Procedure 

Fatigue tests were conducted using electrohydraulic test frames in an 
argon enclosure (atmosphere checked at less than 3 ppm oxygen) by con- 

FIG. 2--Typical specimen surface at failure defined as a 10 to 20 percent decrease in 
steady state stress amplitude (X10). 
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422 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 3--Cross section of failed specimen shmeing typical mulitple cracks emanating 
from specimen surface (X50). 

stant strain range and frequency control. Strain ranges were varied from 
approximately 0.7 to 3.5 percent, and the testing strain rate was either 
4 or 8 •  10 -4 in./in./s.  The loading was axial (push-pull) completely re- 
versed, tha t  is zero mean strain, on specimens of hourglass shape as shown 
in Fig. 1. The mass of the specimens was kept low to reduce radioactivity 
from irradiation. Specimens were polished longitudinally to an 8-t~in. 
finish. After irradiation the specimens were ultrasonically cleaned and the 
specimen surface generally had no film or only a thin film on it. Tests 
were run to failure, defined as a 10 to 20 percent drop in tensile load 
carrying capacity, and verified by the presence of a Crack, Fig. 2. Multiple 
crack nucleation and growth were common, as seen in Fig. 3. Thermo- 
couple controlled induction heating with temperature verification from a 
second thermoeouple in the gage region was used. Both thermoeouples 
were attached in the same region for each test. Calibration of the extensom- 
eter and load cell was made by comparison with NBS standards at room 
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BEESTON AND BRINKMAN ON AXIAL FATIGUE $,23 

temperature with adjustment at elevated temperature. Continuous moni- 
toring of strain, load, and temperature with periodic recording of hysteresis 
loops was accomplished. Irradiation was conducted in reactor grid position 
7C3 in two subassemblies, X037 and X060, in E B R - I I  in flowing or static 
sodium at 450 C (max) or in argon at 750 C (max). The total time at 
power for X037 and X060 was about 1500 and 2550 h, respectively. The 
temperatures were determined from encapsulated melt wire and SiC 
monitors placed in the hollow ends of the specimens [10]. Flux wire monitors 
of iron, nickel, aluminum-cobalt, and ti tanium were attached alongside 
the gage length from which the fluence, E > 1 MeV, was determined for the 
fission averaged cross section. The reported total [11] fluence was obtained 
from the values ( E >  1 MeV) by multiplying them by correction factors 
of 1.58, to convert to the cross section obtained from the integral equations, 
and 8.4, for position 7C3 in EBR-I I .  The fluence greater than 0.1 MeV 
was then obtained by correcting for the specimen vertical distance from 
the core midplane. 

Materials 
Specimens were fabricated from ~-in.-diameter  Type 304 and 3 1 6  

stainless steel rods obtained from the AEC standard heats stockpile at 
Pacific Northwest Laboratory [12] and from Type 304L (Ti modified) 
rods obtained from Oak Ridge National Laboratory and were of the 
following compositions and heat treatment. 

304 Stainless 304L Stainless 316 Stainless 
Composition, Steel Steel Steel 

% Heat 55697 Heat 3756 Heat 65808 
(Ti modified)~ 

Total 

C 0.053 0.019 0.06 
Mn 0.87 1.05 1.72 
P 0.018 0.012 
S 0.012 0:017 0.009 
Si 0.49 0.40 
Cr 18.41 19123 17.30 
Ni 9.71 11.22 13.30 
Mo 0.18 ...  2.33 
Cu 0.21 . �9 0.065 
A1 0.012 
Ti <0[01 0:22 0.003 
Pb <0.001 ...  0.0014 
Sn 0.008 ... 0.013 
Co . . . . . .  0.030 
B ...  0.0005 
Fe bailnce 

0:032 27 ppm o:o 8 
rare earths <0.001 ...  0.001 

a Special heat made at Oak Ridge National Laboratory. Titanium, a carbide and com- 
plex boride former, was added to produce a more uniform distribution of boron and to 
improve the elevated-temperature ductility of the irradiated material. 
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424 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Irradiation Pretreatment 

Type 304L (Ti Modified)--Four-inch-diameter billet was extruded to 
rod and rolled with two intermediate 16-h anneals in argon at 1200 C. 
Final rod anneal for 1 h in argon at 929 C. Hardness HRB 66. 

Type 304--Hot  rolled at 1175 C to ~-in.-diameter rod and coiled. 
The coils were annealed at 1070 C for 1 h, WQ. Cut to 5-ft-length rods; 

7~ h, to eliminate straightening effects the rods were annealed at 1010 C for ~ ~ 
WQ. Hardness HRB 77. 

CW--Some cold-worked specimens were prepared from annealed rods 
after swaging 11 percent reduction in area at room temperature. Hardness 
HRB 92. 

CST--Some specimens were prepared from chilled-swaged-tempered 
rods (27 percent reduction) in two steps: (1) chill in liquid nitrogen, 
swage 11 percent reduction in area, anneal 16 h at 700 C; (2) chill in 
liquid nitrogen, swage 16 percent reduction, anneal 16 h at 760 C. Hardness 
HRB 88. 

Type 816--Hot  rolled at 1200 C, final roll to coil for 0.650-in. rod stock. 
Coils annealed at 1065 C 1 h, WQ, pickled and straightened, cut to 5-ft 
lengths. Hardness HRB 84. 

CW--Some cold-worked specimens were prepared from annealed rods 
after swaging 11 percent reduction in area at room temperature. Hardness 
HRB 98. 

CST--Some specimens were prepared from chilled-swaged-tempered 
rods (27 percent reduction) in two steps as with the Type 304. Hardness 
HRB 98. 

FIG. 4--Photomicrographs of unirradiated Type 316 stainless showing modified micro~ 
structure (X270): left, chilled-swaged-tempered 27 percent; right, cold-worked 11 percent. 
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I.O 

I I I J I I I I I I I I ) I ) ~ ,  I I 

Type 304 L StainLess Steel Heol No. 3756 
(Ti Modif ied) 

�9 Irradiated in Argon (750~ 
2.6-4.6 x 1021n/cmt > 0.1MeV 

�9 ~ ' ~ ' ~ ' ~  l ~  0 Control; Helium Environment (750~ 

( 6 6 )  ~ = 8 x I O-'sec'q,Tested in Argon at 500 ~ 

( 4 41 ~ ( ) : Totnt n/cm 2 in Units of I0 zl 

I 3 901"~. ~ 

0 0 
(6.5) 

I I o., I , i I i I l l l  I i I I I I l l l  I 
~o z io s io 4 

Cyc~es-to- FoHure (N f) 

F I G .  51Effect of irradiation on the fatigue life of Type 304L stainless steel, tested at 500 C. 

Microstructures of the chilled-swaged-tempered treatment and the cold 
work for Type 316 are shown in Fig. 4; those for Type 304 are similar to 
these treatments. 

R e s u l t s  

The effects of irradiation at 750 C on the fatigue lives of these materials 
appear to be slightly less than the effects after 450 C irradiation as indicated 
by tests conducted at similar temperatures. The 750 C irradiations will be 
considered first. 

A slight reduction in the fatigue life of Type 304L (Ti modified), 304, 
and 316 stainless steel irradiated at 750 C is indicated in Figs. 5, 6, and 7. 
At test temperatures of 500 C for Type 304L, Fig. 5, the reduction is a 
factor of about 1.5 from the controls heated at 750 C for 1500 h after 
fabrication. This treatment was given to the controls used for comparison 
in Figs. 5-10, 13. In Fig. 6 for Type 304, the reduction from the Type 304 
controls amounts to a factor of about 1.8. An interesting point in Fig. 6 is 
indicated by the addition of the line for the 304L controls, whereby it is 
shown that the fatigue life for the Type 304L is slightly greater than for 
Type 304 for equivalent conditions (unirradiated and irradiated). At test 
temperatures of 600 C for Type 316, Fig. 7, the reduction in irradiated 
fatigue life is about 1.4. The rise in test temperature toward the irradiation 
temperature of 750 C has, thus, not enhanced the effect of irradiation on 
the fatigue life. 
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4 2 6  I R R A D I A T I O N  EFFECTS O N  S T R U C T U R A L  A L L O Y S  

<3 

C~ 1,0 

O, 
10 2 

q r r I ~ I i I -  i r , r , i ]  m 

Type 304  Stainless Steel Heat No. 55697  

I ] 

�9 Irradiated in Argon 1750~ 
3 . 6 - 5 . 1  x IOZ'n/cmZ>O,I  MeV 

0 Control :  Hel ium Environment ( 7 5 0 ~  

: 4 x I0 ~4 sac 'Tested in Argon ot 500aC 

( ): To,el n/cmZin Umtsof I02t 

. 0 0 Position Line for 504  L Controls 

(68  ~ (5r5) 

(8.0 (5.5) 

I 
I I I I i l l  I I I 

i 03  
Cycles to- Failure (N f ) 

I I l I J  
104 

F I G .  6--Effect of irradiation on the fatigue life of Type 30~ stainless steel, tested at 500 C. 

, o  I I r , , I I F [  I I I I I r I I [ 

Type 316 Stainless Steel Heat No. 6 5 8 0 8  

�9 Irradiated in Argon (750~ 
1 .8 -6 .2  x I02~ n/cm z > O.I MeV 

0 Control Helium Environment {75006) 

: 4  x /O "4 sec~'TestedinArgon e l600~  

( ) : Total n/cmZln Units of I0 z' 

(44) "~.�9 

g. ,,o i3ol ~ ~ 

18.81 16.71 

J I i J i i l l l  I r , J I I I I J  0,1 
102 ro 5 i 04  

Cycles to-Poi lure(N ) 

F I G .  7--Effect of irradiation on the fatigue life of Type 316 stainless steel, tested at 600 C. 
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T i L i i i i i I I t i I i i I I I 

Type 304 Stoinless Steel,  Heat NO. 55697 

�9 I r rad ia led in Sodium ol 4 5 0 ~  (mox}  
O .OS- I . 7x  I0 ~l n/cm z E > 0.1 MeV 

0 Control : H e l i u m  T 5 0 ~  

( I To to l  n/cm z in Units of I0 z' 

E'= 4x lO -4sec  -', Tested in Argon 

e ~ ' ~  I2.71 ~ . o  o~ 5 o o o c  

5 0 0 ~  Overlaps ( o .  o 8 ) ~ , , . ~  

(0 .~7~)  

o . ~  I I I I I I I I I i L I L I I I I I 
~o 2 ~o ~ i o  4 

C y c l e s - t o -  Fa ! l u re  ( N f l ,  

FIG. 8--Effect of irradiation at 450 C on the fatigue life of Type 304 stainless steel, 
tested at 500 C. 

The data from the tests are given in Tables 1 through 6 for the various 
steels and test temperatures. 

Type 304 stainless steel specimens irradiated in sodium at a temperature 
of 450 C and tested at 500 C have about the same reduction in fatigue life, 
Fig. 8, from the controls as those irradiated at 750 C. Type 316 specimens 
irradiated at 450 C in sodium and tested at  600 C, however, have a larger 
reduction in fatigue life than those irradiated at  750 C, as indicated in 
Fig. 9 by redrawing the line for the irradiated specimens from Fig. 6, and 
a 2.5 reduction from the controls. The increase in test temperature from 
500 to 600 C thus enhances the irradiation effect on the fatigue life in 
specimens irradiated at lower temperatures than the test temperature. 

The total strain range, Act, is the sum of a plastic, Aep, and an elastic, 
Ace, component. In the low-cycle region, log-log plots of plastic strain 
range versus cycles to failure are linear and can be approximated by the 
relation Ae~NF = D / 2 ,  where D is the fracture ductility and a is a material- 
and temperature-dependent constant. In Fig. 10 it is seen that  for a given 
Aet and AEp irradiation has effected a decrease in the fatigue life; whence, 
for a given plastic strain range, Aep, and from equations for the unirradiated 
(u) and irradiated (i) data, a relationship exists between cycles to failure 
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FIG. 9--Effect of irradiation at ~50 C on the fatigue life of Type 316 stainless steel, 
tested at 600 C. 
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FIG. lO~Compar~son of strain range components for Type 304L stainless steel, tested 
at 500 C. 
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FIG.  11--Summary of the irradiation effects on the fatigue life of Type 304 stainless 
steel, tested at ~00 C. 

and h'acture ductility in the form (NI)i= (N/)u(Di/Du) 1/~. Thus, changes 
in fracture ductility are indicated to be a dominant factor in the decrease 
in fatigue life after irradiation. Coffin [13] examined the relationship be- 
tween fatigue ductility and tensile ductility and found that  surface oxi- 
dation and cyclic specimen shape changes, in addition to the strong 
ductility effects, influenced the fatigue life. The fatigue ductility is an 
equivalent ductility defined by the equation when a = ]/22. Further, Fig. 10 
shows a shift in the transition point (intersection of the A% and Aee curves) 
to the left for the irradiated material. At the left of the transition point, 
A% is the major component of the total strain range which affects the 
fatigue life. 

I t  is noted that  in the figures a straight line fit is used to represent the 
data when the plastic strain range is the principal or dominant strain 
variable, for example, the A% curve in Fig. 10, but that  a curve is used to 
fit the data when the sum of the plastic and elastic components are repre- 
sentative, for example, the upper curve in Fig. 10, and the curves in Figs. 
11, 12, and 14. 

Fatigue tests were conducted at  400 C (approximately reactor nozzle 
inlet temperatures) on Type 304 and 316 specimens that  had been irradiated 
at 450 C in flowing or static sodium. The material had received the cold 
work (CW) or the chilled-swaged-tempered (CST) treatment prior to 
irradiation. A few tests on annealed-irradiated specimens were also con- 
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FIG. 121Summary of the irradiation effects on the fatigue life of Type 316 stainless 
steel, tested at ~00 C. 
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FIG. 13--Effect of pretreatment on the fatigue life of irradiated Type 316 stainless steel, 
tested at 600 C. 
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FIG.  14--Effect of cold work and pretreatment on the irradiated fatigue life of Type 316 
stainless steel, tested at 700 C. 

ducted. No difference in the fatigue behavior of specimens irradiated in 
flowing or static sodium could be discerned. The data are compared with 
a proposed design curve for 18-8 stainless steel in Figs. 11 and 12. The 
proposed design curves in Figs. 11, 12, 16, and 17 were prepared by the 
American Society of Mechanical Engineers (ASME) Committee-Subgroup 
on Elevated Temperature Design and are referred to as ASME Code 
Case 1331-5. 

The CW or CST treatment appeared to improve the irradiated fatigue 
life, and the effect seemed to increase with increase in test temperature 
from 400 to 600 and 700 C, Figs. 11, 12, 13, and 14. This tendency to 
improve with temperature is contrary to what is usually found in unirradi- 
ated material where cold work at elevated temperature tends to strain 
soften, with resultant little or no effect on overall fatigue life. At 400 C 
CW or CST treatments appear to be beneficial to the fatigue behavior of 
irradiated Type 304 (limited data), Fig. 11; however, no effect was found 
for Type 316, Fig. 12. At 600 C (Fig. 13) and 700 C (Fig. 14) there is a 
factor of two improvement in the fatigue life of the CW-irradiated and 
the CST-irradiated specimens when compared with the annealed-irradiated 
specimens at the same temperatures. The line for the Type 316 controls is 
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BEESTON AND BRINKMAN ON AXIAL FATIGUE 4 3 9  

drawn in Fig. 13, which indicates that at 600 C the fatigue life of the 
pretreatment (CST) specimens is not as great as that of the controls. 

Hardness values taken from the shoulders of several irradiated specimens 
of Type 316 stainless in the various pretreatment conditions are given in 
Table 7. I t  can be concluded that (1) all the values decreased from the un- 
irradiated hardness, (2) the hardness of the cold-worked and the chilled- 
swaged-tempered irradiated specimens is greater than that of the annealed- 
irradiated specimens, and (3) the hardness of the chilled-swaged-tempered 
is slightly greater than the cold-worked and irradiated material, although 
the initial hardness was the same. 

It  is seen that the hardness values of the specimens subjected to the 
750 C irradiations are about the same as those subjected to the 450 C 
irradiations even though the irradiation time in both cases was 2550 h but 
the fluences were not the same. The irradiation, and not the test temper- 
ature, controls hardness, since the shoulder was always colder. It might 
be argued that the beneficial effect of pretreatment was due to compressive 
surface strains introduced by swaging. However, while no diametral hard- 
ness measurements were made, specimen machining reduced the gage 
section by 86 percent; therefore, the increase in fatigue life of the worked 
material is mostly due to bulk rather than to a surface property. 

Boron monitors were strategically placed in the ends of specimens after 
the irradiations were analyzed for I~ burnup and lithium production, 
from which it was determined that the transmutation of the boron in the 
steel should be a small fraction (0.1 to 0.2 percent) of the original boron. 
Any helium production should thus come principally from fast nuclear 
reactions with constituents of the stainless steel. Table 8 gives helium 
determinations from sections of several Type 304 specimens after fatigue 
testing. Helium contents obtained after 750 C irradiations were similar to 
those obtained after 450 C irradiation to lower fluence. No evidence of 
helium bubbles was found in electron microscopy investigations. 

In order to evaluate further the nature of changes in the cold-worked 
and pretreatment specimens after irradiation, the plastic and elastic com- 
ponents are replotted in Fig. 15 from Fig. 13 for Type 316 irradiated at 
450 C and tested at 600 C. Similar plots were obtained for the data in 
Figs. 11 and 14, which are not presented. Although there is some scatter 
in the data, especially at strain ranges in the region of the transition from 
plastic to elastic dominated fatigue behavior, it is seen for a given number 
of cycles to failure that the amount of plastic strain that can be tolerated 
by the CST treatment is greater than that tolerated by the annealed 
condition, again illustrating the beneficial effect of the pretreatment. The 
scatter in the data, inherent in fatigue testing, increases with decreasing 
strain [14] and can be due to a number of factors, including a variation in 
surface finish resulting from irradiation. 

A summary of the data for Types 304 and 304L at the 500 C test temper- 
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BEESTON AND BRINKMAN ON AXIAL FATIGUE 441 

TABLE 8--Helium determinations for Type 304 stainless steel. 

Helium Content 
Fluence, Irradiation Ratio of 

Specimen n/cm 2, Tempera- Atomic Determined to 
No. E > l M e v  ture, deg C ppm wt" Fraction Calculated ~ 

I-D-7-69 . . . . . . . .  2.72X102~ 750 0.03 4.1X10 -7 1.9 
I-D-2-70 . . . . . . . .  6.07 750 0.03 4.1 0.8 
III-C-1-9 . . . . . . .  0.21 450 0.03 4.1 24 
III-C-3-7 . . . . . . .  0.22 450 0.02 2.8 19 

b . . . . . . . . . . .  6X1021 290 17 2.37X10 -4 45 

a Alter, H. and Weber, C. E., Journal of Nuclear Materials, JNUMA, Vol. 161, 1965, 
p. 68. 

b Robbins, R. E., Journal of Nuclear Materials, JNUMA, Vol. 33, 1969, pp. 101-102. 

a t u r e  is p re sen ted  in Fig.  16 and  for T y p e  316 a t  600 C t e s t  t e m p e r a t u r e  in 
Fig .  17. A p roposed  des ign curve for 18-8 s ta inless  steel  ( A S M E  Code Case 
1331-5) also has  been  d r a w n  on the  figures, f rom which  i t  is seen t h a t  a t  
fluences less t h a n  1022 n / c m  2, E > 0 . 1  MeV,  the  p roposed  des ign curves  are  
conserva t ive .  

The  cyclic h a r d e n i n g  (or softening)  behav io r  for these  mate r i~ l s  in the  
annea l ed  condi t ion  is typ i f i ed  b y  the  d a t a  p resen ted  in Fig.  18 for T y p e  

c 
o 

- 
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FIG. 15--Comparison of strain range components for Type 316 stainless steel, tested at 
600 C. Total strain range is given in Fig. 13. 
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4 . 4 2  I R R A D I A T I O N  E F F E C T S  O N  S T R U C T U R A L  A L L O Y S  
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FIG.  16--Summary of fatigue data compared with proposed design curve for 18-8 stain- 
less steel for 500 C. 
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F I G .  17--Summary of fatigue data compared with proposed design curve for 18-8 stain- 
less steel for 600 C. 
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FIG. 18--Comparison of cyclic hardening (softening) behavior for Type 30~L stainless 
steel in the pre and postirradiated conditions. 

304L. Generally, it was found that the stress range required to produce a 
given strain range in irradiated material was slightly greater than that 
required to produce the same in the unirradiated material, which is indi- 
cative of a small yield increase. 

A change from a primarily transgranular crack propagation to mixed 
mode crack propagation between 500 and 600 C (Fig. 19) occurred for the 
irradiated specimens. Electron transmission micrographs are presented in 
Fig. 20 from which the following can be seen: (1) Fatigue induced plastic 

FIG. 19--Photomicrographs showing modes of crack propagation in irradiated stainless 
steels, tested at 500 and 600 C (X135). On the left, primarily transgranular crack propaga- 
tion in Type 304 stainless steel tested at 500 C (specimen 7-69); on the right, mixed mode 
crack propagation in Type 316 stainless steel tested at 600 C (specimen 1-73). 
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444 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG.  20--Comparison of fatigue induced substructure in Type 304 stainless steel, tested 
at 500 C at various strain ranges: left, unirradiated control; right, irradiated 2 to 5X1021 
n/em ~, E ~ 1 MeV, 750 C. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



BEESTON AND BRINKMAN ON AXIAL FATIGUE 445 

deformation results in the formation of many dislocations which arrange 
themselves into clusters and cell walls or subboundaries as the amount of 
plastic deformation is increased. The effect is a function of strain and 
temperature and would perhaps be more pronounced if the strains occurred 
during equal time at temperature. A longer ~bime is required to produce 
failure at lower strain ranges. (2) Differences exist in fatigue induced 
dislocation cell substructure between the irradiated specimens and the 
controls at equivalent strain ranges, temperatures, and time. The cell 
structure in the former is less closed, with dislocations in a more open or 
pinned arrangement. 

D i s c u s s i o n  

Although the irradiation induced reductions in fatigue life are small, 
the trends are believed to be significant. Ductility is believed to be the 
property which controls the high-strain fatigue life of irradiated as well as 
unirradiated stainless steels. Factors which affect the ductility in these 
tests should, therefore, be the cause of the reported reductions in fatigue 
lives of the irradiated specimens. Three chief elements influencing ductility 
[15] in austenitic steels are (1) metallurgical:grain size, crystal orientation, 
solutes, second phases including voids and helium; (2) environmental: 
temperature and strain rate; and (3) external geometry: specimen size and 
shape, stress state, and surface conditions. In tension tests of irradiated 
steels at temperatures above 500 C the major metallurgical factor is 
believed to be changes in second-phase content and morphology. 

Reasons for changes in fatigue life from the 750 and 450 C irradiations 
are of principal concern. In consideration of the fatigue properties of 
specimens irradiated at 750 C, it was noted previously that above 600 C 
ductility was independent of irradiation temperature and dependent upon 
deformation temperature. The grain size (43 to 61 ~m) did not change 
measurably during irradiation at 750 C for 1500 h. The environmental and 
external geometry were fixed by the test conditions and voids were not 
seen; hence, carbide precipitates or helium are thought to be influencing 
any changes that occur in the irradiated fatigue lives. 

The greater high-strain fatigue life of the Type 30~IL (Ti modified) 
irradiated and control specimens as compared with the Type 304 is con- 
sistent with the lower strength and higher ductility associated with this 
low-carbon stainless steel. The addition of titanium--a complex boride 
and carbide former--which nucleates precipitation throughout the grains 
may contribute to a greater ductility and, hence, high-strain fatigue life 
by reduction of the carbon in solution. 

Austenitic stainless steels when heated at 430 to 800 C are known to 
become sensitized by the precipitation of chromium carbides at the grain 
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boundaries. This sensitization generally has a negligible effect [16] on 
mechanical properties but has been shown to decrease the high-cycle 
fatigue life [17]. At the low-temperature end of the region, the precipitates 
are fine and closely spaced, and chromium depleted regions at the grain 
boundaries occur. At the high-temperature end the precipitates are rela- 
tively coarse, and dispersed chromium diffuses into depleted areas and 
sensitization does not occur. Upon prolonged heating at temperatures of 
750 C, it has been reported [18] that measurable changes in the mechanical 
properties occur. For instance, heating of Type 316 stainless steel at 750 C 
for 1300 h resulted in a decrease in ductility, reported as reduction in area, 
of 29 percent; little further change occurred up to 3000 h. At 650 C or 
lower, however, longer times were required to effect a small change in the 
resultant properties; for example, at 650 C, 3000 h were required for 
measurable change. In an electron microprobe analysis of a Type 304 
control specimen heated at 750 C for 1500 h, the grain boundary appeared 
rich in chromium with little evidence of a depleted zone. Measurements 
by electron microscopy of the carbide precipitate size in the controls and 
irradiated material indicated that compared with the controls at 750 C 
the precipitate decreased in density and increased in size as a function of 
irradiation fluence. 

The similar reductions in irradiated fatigue life of the three stainless 
grades irradiated at 750 C suggest the possibility of a single responsible 
mechanism. As was pointed out above, carbide behavior can be important; 
however, the low carbon content of 304L indicates that an irradiation 
induced defect rather than carbide behavior is responsible for decreased 
fatigue life. Further, the similar fatigue life of Type 304 irradiated at 750 
or 450 C, with resultant differences in carbide content and distribution 
but with a near identical helium content, indicates again an irradiation 
effect. The greater fatigue life of the pretreated material is indicative of a 
beneficial microstructure effect at elevated test temperatures, since as was 
previously pointed out residual stresses tend to relax out in cyclic tests. 
The differences in fatigue induced substructure shown in Fig. 20 suggest 
the presence of an irradiation induced defect which effectively impedes 
cell formation. Pretreatment which introduces a complex substructure 
prior to irradiation evidently helps to negate the irradiation effect by 
substructure-defect interaction. However, the possibility of other factors 
such as cold work induced sigma phase [18, 20] precipitation with possible 
grain boundary strengthening at elevated temperatures cannot be dis- 
counted. 

Although the fatigue behavior at those fluences is believed to be defined 
by the irradiation temperatures, at fluences where voids are abundant an 
intermediate irradiation temperature may produce a greater loss in ductility 
and fatigue life. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



BEESTON AND BRINKMAN ON AXIAL FATIGUE 4~-7 

Conclus ions  

From the results of the low-cycle fatigue tests conducted on Types 304, 
304L, and 316 stainless steel, the following conclusions were drawn: 

1. Irradiations at temperatures of 450 or 750 C to fluences less than 
10 s2 n / cm 2, E > 0 . 1  MeV, resulted in a reduction in fatigue life by at most 
a factor of 2.5, which was attributed to an irradiation produced defect. 

2. Material pretreatment consisting of either cold work by swaging or a 
chill-swage-temper treatment was found to be beneficial when the post- 
irradiation fatigue tests were conducted at 600 and 700 C. 

3. Generally, a given strain range required the stress range to be greater 
in the irradiated material, indicative of a small yield increase. 

4. Changes in fracture ductility are indicated to be a dominant factor in 
the decrease in fatigue life after irradiation. 
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DISCUSSION 

A. L. BementL-The development of alpha and epsilon phases in austenitie 
stainless steel is of interest as a possible metallurgical approach for reducing 
radiation induced swelling. The volume percent of alpha phase formed per 
unit cold work should increase with decreasing temperature and with 
decreasing carbon content in order of 316, 304, and 304L stainless steels. 
Is it possible that the favorable fatigue resistance of 304L and chilled- 
swaged material can be attributed to either the presence of alpha phase 
prior to fatigue testing or the formation of alpha phase at the fatigue 
crack root during fatigue testing? 

J. M. Beeston (authors' closure)--Phase transformations that can occur 
in the metastable austenitic steels of the 18-8 variety due to deformation 
and aging temperatures are of importance to the structure and properties 
of these steels. Although the question as to whether the a phase in 18-8 
steels can be produced by quenching may be controversial, 2,~ its increased 
formation with percent cold work as some function of temperature appears 
to be established? Mangonon and Thomas conclude that further thermal 
nucleation of a phase is achieved by aging up to 400 C but that softening 
occurs by aging at 500 C and above due to a decrease in percent a phase. 
The e phase could not be detected above 400 C. 

By X-ray diffraction of a specimen, cold-worked and irradiated at 450 C 
and fatigue tested at 400 C, we could see evidence of the a phase. X-ray 
line broadening of the (111)~, peak due to irradiation obscured the ( l l0)a  
peak so that the evidence is based on the (211)a and the (200)a peaks which 
have the next highest intensity. X-ray diffraction of a chill-swage-temper 
specimen at the same irradiation and test temperature yielded negative 
indications of a phase. It  is noted that the CST specimens were given a 
final temper at 760 C before irradiation and testing to stabilize the structure 
which would remove the a phase. We showed that the beneficial effect of 
cold work and the chill-swage-temper treatment were about the same at 
700 C and present in the 600 C tests. The cyclic hardening behavior at 

1 Battelle-Northwest, Riehland, Wash. 99352. 
e Mangonon, P. L., Jr., and Thomas, Gareth, Metallurgical Transactions, MTGTB, 

Vol. 1, June 1970, pp. 1577-1588. 
a Gullberg, R. and Lagneborg, R., Transactions, AIME, TAIMA, Vol. 236, Oct. 

1966, pp. 1482-1485. 
Mangonon, P. L., Jr., and Thomas, Gareth, Metallurgical Transactions, MTGTB, 

Vol. 1, June 1970, pp. 1587-1594. 
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test temperatures of 500 C and above did not indicate significant strain 
hardening behavior, which could be attributed to the production of the 
higher strength ~ phase (see Fig. 18). 

These observations appear to rule out the presence of a phase prior to 
fatigue testing or its formation at the crack root during fatigue testing as 
the principal agent producing the beneficial effect. This is an interesting 
subject and needs further attention to determine the nature of the defect- 
substructure interaction which produces the higher fatigue life. 
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E. E.  Bloom ~ and J.  O. Stiegler ~ 

Effect of Fast Neutron Irradiation on the 
Creep Rupture Properties of Type 304 
Stainless Steel at 600 C* 

REFERENCE: Bloom, E. E. and Stiegler, J. O., "Effect  of  F a s t  N e u t r o n  
Irradiat ion  on  t h e  Creep R u p t u r e  Propert ies  of  Type  304 Sta in le s s  
Steel  a t  600 C , "  Irradiation Effects on Structural Alloys for Nuclear Reactor 
Applications, ASTM STP 484, American Society for Testing and Materials, 
1970, pp. 451-467. 

A B S T R A C T :  The creep rupture properties of Type 304 stainless steel have been 
determined at  600 C after irradiation at  temperatures in the range from 370 
to 600 C to fast neutron fluences of 1 X1021 to 6.7X1022 n / c m  2, E > 0 . 1  MeV. 
The microstructures were characterized by  electron microscopy. Irradiat ion 
at  370 to 470 C caused a decrease in ductility and rupture life which became 
larger with increasing fast neutron fluence. The irradiated specimens fractured 
along the grain boundaries with no evidence of deformation within the matrix. 
A specimen irradiated at  410 C to 6.7)<102-0 n / c m  ~ ruptured in 0.5 h with 0.1 
percent elongation, as compared to a rupture life of 185 h and elongation of 
19.7 percent for the unirradiated material  tested at  the same stress. Specimens 
irradiated at  600 C to fluences from 2.5 to 3.5 X 1022 n / c m  2 exhibited decreased 
ductilities and creep rates and essentially the same rupture lives as unirradiated 
specimens. 

The increased tendency for grain boundary fracture, and thus reduced 
ductili ty and rupture life, appears to result from the effects of the irradiation 
produced voids and dislocations upon deformation processes, which effects 
would be inoperative in an unirradiated specimen. The voids and dislocations 
prevent  dislocation motion within the matrix.  Regions along grain boundaries 
are denuded of these defects and grain boundary  sliding occurs, leading to 
stress concentrations and the initiation of grain boundary cracks. The presence 
of helium at  the boundaries may increase the rate of crack propagation. 

KEY W O R D S :  neutron irradiation, neutron flux, fast neutrons, radiation 
effects, cracking (fracturing), crack propagation, deformation, ductility, 
microstructure, crystal lattices, crystal dislocations, voids, grain boundaries, 
creep rupture strength, creep rupture tests, austenitic stainless steels, fast 
reactors (nuclear), nuclear fuel cladding 

1 Metals and Ceramics Division, Oak Ridge Nat ional  Laboratory, Oak Ridge, Tenn. 
37830. 

* Research sponsored by the United States Atomic Energy Commission under con- 
t rac t  with the Union Carbide Corp. 
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Austenitic stainless steels have several properties which make them 
at tract ive for use as fuel cladding and structural components in liquid 
metal fast breeder reactors (LMFBR).  These alloys possess adequate high- 
temperature strength, are resistant to corrosion by liquid sodium (the 
reactor coolant), and are compatible with uranium-plutonium oxides (the 
proposed reactor fuel) at the projected operating temperatures of 350 to 
650 C. Changes in mechanical and physical properties do occur, however, 
as a result of neutron irradiation. I t  is important  that  these changes do not 
endanger the safe or economical operation of the reactor system. 

Changes in properties are a sensitive function of the irradiation temper- 
ature, the neutron fluence, and energy spectrum as well as the post- 
irradiation test variables. I t  now appears that  the irradiation damage as 
characterized by electron microscopy can be classified into three forms, 
depending on the irradiation temperature [1].2 At low temperatures 
(<0 .37T  .... 350 C, where T,,~ is the absolute melting temperature),  the 
visible damage has the form of small defect clusters, a few tens of angstroms 
in diameter. Such damage is observed at fast neutron fluences as low as 
1 X1020 n//em 2 a11d does not change in form at least for fluences up to 
3 X 102-~ n//cm 2 [2, 3]. At intermediate temperatures (0.37 to 0.55Tin, that  is 
350 to 650 C) the damage structure consists of voids (ranging up to a few 
hundred angstroms in diameter) and interstitial dislocation loops. The 
changes in this structure with increasing fast neutron fluence and irradiation 
temperature have been discussed in detail elsewhere [2-7]. At high temper- 
atures, above approximately 650 C, the primary form of damage is helium 
bubbles formed by precipitation of helium produced by n,a transmutations. 
For L M F B R  applications, irradiation damage at temperatures above ap- 
proximately 350 C is of concern. For specimens irradiated and tested at 
intermediate temperatures, where the damage structure consists of voids 
and dislocation loops, the tensile yield strength is increased and the 
uniform elongation is reduced [8-10]. Holmes et al [8, 9] have investigated 
the postirradiation tensile properties of Type 304 stainless steel irradiated 
at 540•  C to 1.1 X 1022 n//cm "~ E > 0 . 1  MeV. At test temperatures below 
0.5Tin, the ductility loss was caused by the onset of the plastic instability 
(local necking) induced by the increased flow stress and reduced work 
hardening rates. Above 0.5T,~, helium embrit t lement was thought to con- 
trol ductility. Carlander et al [10] have investigated the change in tensile 
properties as a function of fast neutron fluence and postirradiation test 
temperature. For specimens irradiated at temperatures in the range from 
370 to 470 C and tension tested at 450 C, the changes in yield strength and 
uniform elongation were found to saturate at about 2 • 10 e2 n /cm 2, E >  0.1 
MeV. 

Previous investigations in which specimens were irradiated in thermal 

Italic numbers in brackets refer to the list of references at the end of this paper. 
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reactors have shown that  at test temperatures above about 550 C the 
transmutat ion produced helium caused a significant reduction in the 
ductility, particularly at the low strain rates encountered in creep rupture 
tests [11, 12]. This loss of ductility results from the increased rate of grain 
boundary crack initiation and propagation due to helium at the grain 
boundaries. The effect of irradiation to high fast neutron fluenees on the 
creep rupture properties has not been investigated. Of particular interest 
are the changes in properties which occur when the specimen contains the 
void and dislocation loop structure formed at irradiation temperatures 
below about. 650 C and when the test is conducted at a temperature where 
helium embrit t lement is an important  factor (above 550 C). The objective 
of this work was to study the postirradiation creep rupture properties in 
specimens which were irradiated under different conditions in order to 
relate the changes in creep rupture properties to the irradiation produced 
microstructure. 

Experimental Procedure 

Sheet specimens of Type 304 stainless steel, having the dimensions shown 
in Fig. 1, were machined from a safety rod thimble irradiated in the experi- 
mental breeder reactor I I  (EBR-II) .  The thimble, which was a hexagonal 
tube measuring about, 3.2 cm across each flat, 0.10 cm in thickness, and 
116.6 cm in length, was placed in the reactor in the annealed condition and 
had an average grain diameter of 0.045 mm. I t  was irradiated in a row 3 
position of the reactor to a peak fluence of 6.7X10 ~2 n /cm 2, E > 0 . 1  MeV. 
There was a gradient in both neutron fluence and irradiation temperature 
along the length of the thimble, shown in Fig. 2. Because of the small 
dimensions, only two specimens at  a given irradiation temperature and 
fluence condition were obtained. By removing specimens from those seg- 
ments of the thimble which were located below and above the reactor core, 
the effect of varying fast neutron fluence at constant irradiation temper- 
atures of 370 or 462 C was investigated. 

4.5cm 

k~0.47 cm RADIUS ~ 0.47~r 

I.Icm 

FIG. 1--Sheet specimen used for postirradiation creep rupture testing of EBR-II safety 
rod thimble. 
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FIG. 2--Fast neutron fluence and irradiation temperature for EBR-II saftey rod thimble. 

The microstructure of the material in the as-irradiated condition was 
characterized by transmission electron microscopy of specimens removed 
from various positions along the length of the thimble. The details of this 
portion of the experimental procedure have been discussed elsewhere [7]. 

In order to expand the range of irradiation temperature beyond that 
available through an examination of the safety rod thimble, specimens of 
Type 304 stainless steel were irradiated in an experimental subassembly 
located in row 2 of the reactor. The specimens were irradiated in specimen 
holders such as the one shown schematically in Fig. 3. A gas gap between 
the holder surface and the inside surface of the tube element provided a 
barrier to radial heat flow and allowed temperatures above the reactor 
coolant temperature to be obtained. The experiment was designed and 
calibrated on the basis of nuclear heating rates as a function of position 
within the reactor, as determined in a previous experiment. The calculated 
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irradiation temperature was 600 C for a peak gamma heating rate of 
3.5 W/g. Gamma heating rates of 3.0 and 4.0 W / g  would give irradiation 
temperatures of 570 and 630 C, respectively. 

Postirradiation creep rupture tests were performed in air at  6 0 0 i 5  C in 
lever arm creep machines located in hot cells. Specimen elongation as a 
function of time was determined by a linear differential transformer which 
measured the relative movement  of the upper and lower specimen grips. 
Creep rupture tests on specimens machined from an unirradiated EBR-I I  
safety rod thimble were run to determine the change in properties due to 
irradiation. Posttest  examination of specimens included optical metal- 
lography, transmission microscopy, and scanning electron microscopy. 

R e s u l t s  

As-Irradiated M icrostructures 

Specimens irradiated to fast neutron fluences in the range 2• to 
6.7 • n / cm 2 at  temperatures between 370 and 470 C contained voids 
and faulted interstitial dislocation loops. The details of the microstructures 
have been reported elsewhere [7]. At low fast neutron fluences (below 
1022 n /cm 2) the damage was distributed heterogeneously. Dislocation loops 
were clustered around grown-in dislocation lines, and voids were often 
located on dislocation lines. For  specimens irradiated to a constant fast 
neutron fluence, the void and dislocation loop concentrations decreased 
and the size of these defects increased with increasing temperature. Ex- 
amples of the dislocation loop structure and void structure for specimens 
irradiated at 370 to 380 and 460 to 470 C are shown in Figs. 4 and 5. 
Regions on the order of 1000 A wide adjacent to grain boundaries were 
denuded of these defects. At fluences in excess of about 1 • n /cm 2 

2.05cm~ 

G 
SECTION A-A ~k 

. . - -  5 . 7 2 c m  - - - - ~ P , ~  

V/ I I  I I  I I  I I  I I  I I  ( (  I I  I I  I I I I / I I I  , l l l / l  I I I  

A ~  ,it 'T < [ ,, "LB SECT,ON ~-~ 

i ! ~ LCENTERING PIN 

i i i TENSILE SPECIMEN 

L ~  SPECIMEN SUSCEPTER 

L__ MARK B-T TUBE 

L--AXIAL SPACER 

FIG. 3--Schematic drawing of specimen holder used in EBR-II  materials irradiation 
experiments. 
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456 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 4--Dislocation loops in Type 304 stainless steel irradiated at (top) 370 C to 0 .8X  
1022 n / cm 2 and (bottom) 460 C to 0.9)<10 ~ n / cm 2. 

the  loop concen t ra t ion  was so h igh  t h a t  q u a n t i t a t i v e  mic roscopy  measu re -  
m e n t s  were impossible .  The  void  concen t r a t i on  increased  mono ton i ca l l y  as 
a func t ion  of fluence, as shown in Fig.  6. 3 Af te r  i r r a d i a t i o n  a t  a b o u t  600 C 

3 See Ref 7 for a discussion of the errors involved in determining the void concentration. 
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to fluences of 2.5 to 3.5 X 102~- n /cm 2, the damage structure consisted of a 
dislocation network, a few unfaulted dislocation loops, and voids ranging 
up to about 600 A in diameter. A typical microstructure is shown in Fig. 7. 
The dark, rectangular particle is a thin sheet precipitate. 

FIG. 5 - - V o i d s  in Type  304 stainless steel irradiated at (top) 370 C to 1 . 2 X 1 0  ~2 n / c m  ~ 
and (bottam) 460 C to 2.1 X I O 22 n / cm 2. 
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FIG. 6--Variation of void concentration with fast neutron fluence in Type 304 stainless 
steel irradiated at 370 to 380 and 460 to 470 C. 

Creep Rupture Properties 
The creep rupture properties at 600 C of sheet specimens removed from 

an unirradiated safety rod thimble (SRT) and of rod specimens of the same 
heat as was irradiated in the experimental subassembly (heat BO) are shown 
in Fig. 8. The strength properties of these two heats of Type 304 stainless 
steel are typical for this alloy, and the variation in properties between 
these two heats is well within the heat-to-heat variation as discussed by 
Smith [13]. Ductility, as measured by total elongation, ranged from 16 to 
40 percent for the SRT specimens and from 9 to 25 percent for specimens 
from heat BO. 
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BLOOM AND STIEGLER ON TYPE 304 STAINLESS STEEL 459 

FIG. 7--Dislocation network and voids in Type 304 stainless steel irradiated at 600 C 
to 3 . 5 ) 1 0  ~ n /cm ~. 

The effect of fast neutron fluence on the rupture life of SRT specimens 
which were irradiated at temperatures in the range from 370 to 470 C 
and tested at 600 C and 27,500 psi is shown in Fig. 9. The rupture life of 
the unirradiated SRT at this temperature and stress was 185 h. Specimens 
irradiated at 370 C exhibited shorter rupture lives than did specimens 

MINIMUM CREEP RATE (%/hr )  
10-3 ,0-2 10-I 10 0 

(x 103) ' . , ~ . ~  

40 - -  �9 

i ) 
~ 2o 

IO o * HEAT go 

z~ �9 SAFETY ROD THIMBLE (SRT) 
O I I [ JlFI] J I I ] [Ji l l  

10 0 10 4 tO 2 tO 3 
RUPTURE LIFE (hr) 

FIG. 8--Creep rupture properties of two heats of Type 304 stainless steel at 600 C. 
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FIG. 9--Postirradiation rupture life of Type 804 stainless steel at 600 C and 27,500 
psi. The rupture life of an unirradiated specimen tested at this temperature and stress was 
185 h. 

irradiated at 470 C. For each irradiation temperature, the rupture life 
decreased sharply with increasing fast neutron fluence. A specimen irradi- 
ated at 410 C to about 6.5 X 1022 n / cm 2 had a rupture life of 0.55 h, a factor 
of 330 less than the unirradiated material. The total elongation as a function 
of fluence for these specimens is shown in Fig. 10. The total elongation was 
reduced from values in the range of 15 to 25 percent for unirradiated speci- 
mens tested at these conditions to values in the range of 2 to 3 percent 
for specimens irradiated to fluences of 4X1021 n / c m  2. The ductility de- 
creased eontimlously with increasing fast neutron fluenee and was essenti- 
ally independent of irradiation temperature over the range from 370 to 
470 C. 

Typical strain-time curves for specimens irradiated at 370 C are shown 
in Fig. 11. Irradiated specimens exhibited a very short primary creep 
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BLOOM AND STIEGLER ON TYPE 304 STAINLESS STEEL 4 6 1  

stage, usually less than 1 h, as compared to 12 h for an unirradiated speci- 
men. Secondary creep rates were reduced by the irradiation, but  for speci- 
mens irradiated to fluences greater than about 1• n / cm 2 fracture 
occurred in such short times that  the creep rates have little significance. 
None of the irradiated specimens exhibited tert iary creep. 

Creep rupture properties of specimens irradiated at  600 C to fast neutron 
fluences of from 2.5 to 3.5X1022 n /cm 2 are shown in Fig. 12. For these 
irradiation conditions, little or no change in the rupture life was observed; 
however, the ductility was significantly reduced. For example, an annealed 
specimen tested at 27,500 psi exhibited about  5 percent elongation at the 
onset of ter t iary creep and about 9 percent total elongation at  fracture as 
compared to an irradiated specimen tested at the same stress, which ex- 
hibited 2.1 percent total elongation with no tert iary creep. Minimum creep 
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FIG. lO---Postirradiation ductility of Type 304 stainless steel tested at 600 C and 27,500 psi. 
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properties of Type 304 stainless steel at 600 C. 
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BLOOM AND STIEGLER ON TYPE 304 STAINLESS STEEL 463 

rates of irradiated specimens were about  a factor of 4 less than the unirradi- 
ated material. The net result of the reduced minimum creep rates and 
reduced ductilities was that  irradiation did not change the rupture life. 

Metallography of Test Specimens 

The fractures of all irradiated specimens were intergranular. Figure 13 
is a scanning electron micrograph of a specimen irradiated at  410 C to 
6.7 X 1022 n /cm 2 and tested at 600 C and 27,500 psi stress. The intergranular 
fracture was initiated on the left-hand side of the specimen and propagated 
to the right. The right-hand portion failed last in a shear mode, presumably 
at a very high stress level and high strain rate. Optical metallography 
confirmed that  even in those specimens irradiated to relatively low fluences 
the fractures were intergranular, with no evidence of deformation within 
the matrix and little or no grain boundary cracking in the region adjacent 
to the fracture. I t  thus appears tha t  a grain boundary crack, once initiated, 
propagates rapidly to cause failure. 

For those specimens which were removed from the EBR-I I  safety rod 
thimble, the irradiation temperature was lower than the test temperature. 
I t  was thus important  to determine the changes in microstructure which 
occurred during the test. Figure 14 shows a transmission micrograph of the 
area near the fracture of the same specimen as shown in Fig. 13. The 
specimen had been at 600 C for approximately 4 h before failure occurred. 
Prior to testing, the structure consisted of voids and faulted dislocation 
loops. During the test, the dislocation loops unfaulted to produce the dis- 
location structure shown in Fig. 14. Previous results [6] have shown that  
unfaulting of the dislocation loops can occur during annealing 1 h at 
600 C. I t  thus is probable that  the dislocation loops had unfaulted during 
the 3-h hold time at 600 C prior to application of the stress. The dislocation 
density and configurations were very similar to those observed in a specimen 
irradiated under the same conditions and then annealed for 2 h at  600 C. 
The lack of dislocation tangles and the similarity of microstructures be- 
tween stressed and unstressed specimens are evidence that  little defor- 
mation occurred within the matrix. The void concentration and size distri- 

FIG. 13--Fracture of Type 304 stainless steel irradiated at 410 C to 6.7X10 ~ n/cm 2 
and tested at 600 C and 27,500 psi. 
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FIG. 14--Dislocation slruclure of Type 304 stainless steel irradiated at 410 C to 6.7X 10 2= 
n/cm 2 and tested at 600 C and 27,500 psi. 

bution in the tested specimen were approximately the same as in the as- 
irradiated condition. 

S u m m a r y  of  Results  and  Discuss ion 

Specimens of Type 304 stainless steel were irradiated at temperatures 
in the range from 370 to 600 C to fast neutron fluences in the range from 
2X1021 to 6.7X102-~ n /cm -~, E > 0 . 1  MeV, and then creep rupture tested at 
600 C. For irradiation at temperatures from 370 to 470 C, the as-irradiated 
microstructure consisted of voids and faulted interstitial dislocation loops. 
The void concentration increased with increasing fluence at constant 
irradiation temperature and decreased with increasing irradiation temper- 
ature at constant fluence. 

Characterization of the dislocation loop structure in a quantitat ive 
manner was impossible owing to the complexity and density of the s t ruc-  
ture. I t  was apparent, nonetheless, that  the loop concentration decreased 
and the loop size increased with increasing irradiation temperature. Speci- 
mens irradiated at 600 C contained a dislocation network, a few unfaulted 
dislocation loops, and voids which were nearly always associated with 
either dislocations or precipitate particles. 

The rupture life, ductility, and creep rate were all affected by the irradi- 
ation. For a given fast neutron fluence, the reduction in rupture life was 
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larger for specimens irradiated at 370 C than for specimens irradiated at 
470 C. For these irradiation conditions the reduction in rupture life is a 
result of the increased tendency of the material to fracture along the grain 
boundaries. Scanning electron microscopy of the fracture surfaces and 
optical metallography of the gage section of tested specimens indicated 
that  the fractures were intergranular and that  there were essentially no 
grain boundary cracks along the gage section. I t  thus appears tha t  a crack, 
once initiated, propagates very rapidly to cause failure. I t  is well docu- 
mented [11, 12, 14] that  the helium produced during the irradiation causes 
a reduction in ductility and rupture life due to its effects on grain boundary 
fracture processes. The specimen which was irradiated at  410 C to 6.7 X 1022 
n /cm 2 contained about 12 atomic ppm. 4 This specimen exhibited about 
0.1 percent total elongation and ruptured in 0.5 h, a factor of 330 less than 
the unirradiated material. King [14] has shown that  a uniform concen- 
tration of 20 atomic ppm helium reduced the rupture life of annealed Type 
304 stainless steel from 900 to 40 h at 600 C and 30,000 psi. The reduction 
in rupture life and ductility of the fast neutron irradiated specimens may 
not be entirely due to the irradiation produced helium. The intergranular 
fracture which is observed at elevated temperatures is initiated by grain 
boundary sliding [15]. In the irradiated specimens the regions adjacent to 
the grain boundaries are denuded of the damage structure. Deformation 
along the boundaries probably occurs in a similar fashion in unirradiated 
and irradiated specimens. When this deformation occurs, stresses are 
concentrated at constraints such as jogs and grain boundary junctions. 
In an unirradiated specimen, these stresses can be reduced by deformation 
within the matrix. For irradiated specimens, deformation in the matrix is 
impeded by the defect structure, and cracks are thus nucleated in high- 
stress regions. The propagation of these cracks along grain boundaries is 
likely to be enhanced by the presence of helium. 

In specimens irradiated at 600 C to 2 to 3 X 10 -"2 n /cm 2 the concentration 
of irradiation produced voids and dislocations was much lower than in the 
specimens irradiated at lower temperatures; thus, some deformation within 
the matrix (and relaxation of stresses) could occur. The observation of no 
effect of irradiation on the rupture life in these specimens was a consequence 
of the reduced creep rate and reduced ductility. If the damage mechanism 
does depend upon the concentration of defects present in the matrix, the 
rupture life of specimens irradiated at 600 C and tested at 600 C would be 
expected to exhibit a fluence dependence similar to that  for specimens 
irradiated at lower temperatures. This curve would be displaced to higher 
fluences because of the higher fluences required to establish a given defect 
concentration. 

4 Helium analysis was conducted by H. Farrar, Atomics International, Canoga Park, 
Calif. 
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DISCUSSION 

A. L. Bement'--Your last figure demonstrates a strong interaction of 
dislocations with voids, which is a subject requiring more fundamental 
study. In particular, the following aspects should be pursued: 

1. Do dislocations always end at the void surface normal to the surface? 
2. What types of void interactions occur with prior dislocations as 

compared with dislocations resulting from loop defaulting, especially with 
regard to network formation during elevated-temperature deformation? 

3. What effects do dislocation pileups at voids have on the stress field 
around a void? How does this stress field affect void growth and dislocation 
bypassing of the void? 

4. What effect does a polyhedral geometry as compared with a spherical 
geometry have on the interaction force (Orowan force) involved in a 
planar barrier model for void strengthening? 

E. E. Bloom (authors' closure)--We agree that the interaction of the 
dislocations with radiation produced voids and dislocations is an area in 
which additional fundamental study is needed. 

1 Battelle-Northwest, Richland, Wash. 99352. 
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A.  J .  Lovell I and R.  W.  Barker  I 

Uniaxial and Biaxial Creep Rupture 
Type 316 Stainless Steel After Fast 
Reactor Irradiation* 

of 

REFERENCE:  Lovell, A. J. and Barker, R. W., " U n i a x i a l  a n d  Biaxia l  
Creep R u p t u r e  o f  T y p e  316 S t a i n l e s s  S tee l  Af ter  Fas t  R e a c t o r  Irradi-  
a t i o n , "  Irradiation Effects on Structural Alloys for Nuclear Reactor Applications, 
A S T M  S T P  ~8~, American Society for Testing and Materials, 1970, pp. 468- 
483. 

A B S T R A C T :  The degradation in creep rupture properties of Type 316 stainless 
steel after fast reactor irradiation has been determined for bo th  uniaxial and 
biaxial loading conditions. Uniaxial specimens (rod type) and biaxial speci- 
mens (tube type) were irradiated in the 7C4 position of the EBR-I I  to a 
total  fluence of 1.2X102e n / c m  2 (1X1022 n / c m  2, E > 0 . 1  MeV) a t ~  480 C. 
Postirradiation tests were performed over a temperature  range of 538 to 760 C. 

The results from both  uniaxial and biaxial tests a t  538 C show significant 
losses in rupture life relative to unirradiated specimens when compared on the 
basis of initial true stress. Rupture  life was reduced by factors down to 1/20 
for uniaxial and 1/40 for biaxial tests. The substant ial  loss in rupture life at  
538 C was primarily a result of high creep rates, and the contribution from 
ductili ty loss was relatively small. Uniaxial test  results a t  593 C show reduc- 
tions in rupture life to a factor of ~ at high stresses and only small reductions 
at  low stresses. The rupture life for both  uniaxial and biaxial tests at  649 C 
show only a decrease of ~ after irradiation. The decrease becomes more 
substantial  again at  760 C, with a reduction in life to 1/10 to 1/7. The rupture 
life reductions at  593, 649, and 760 C were the results of reduced ductility, 
with no significant contributions from creep rate differences. The underlying 
cause of the low ductility at  these higher temperatures is associated with 
helium embri t t lement  and defect structure. 

K E Y  W O R D S :  irradiation, neutron irradiation, degradation, fast neutrons, 
axial stress, bursting, creep properties, creep rate, creep rupture strength, 
creep tests, ductility, embri t t lement,  structural  steels, austenitic stainless steels, 
fast reactors (nuclear), liquid metal cooled reactors 

1 Senior research engineer, Metallurgy and Ceramics Dept., and engineer, F F T F  
Fuels Dept.,  Pacific Northwest  Laboratory,  Battel le Memorial Inst i tute,  Richland, 
Wash. 99352. 

* This paper is based on work performed under  U. S. Atomic Energy Commission 
Contract  AT(45-1)-1830. 
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LOVEL AND BARKER ON TYPE 316 STAINLESS STEEL 4 6 9  

The selection of AIS I  Type  316 stainless steel as a prime alloy for appli- 
cation in liquid metal  fast breeder reactor  systems has prompted  a need 
to know how this alloy is affected by  fast neutron i r radia t ion at  elevated 
temperatures .  Only l imited da ta  on the post i r radiat ion mechanical prop- 
erties obtained from fast reactor  experiments are available for this alloy. 
This l imitat ion is par t icular ly  acute for the t ime-dependent  creep and 
creep rupture  properties. To obtain such information, creep tests have been 
made on Type 316 stainless steel after fast reactor  i r radia t ion in the 
experimental  breeder reactor  I I  (EBR-I I ) .  These tests were designed to 
determine empirical ly the stress dependence of minimum creep rate  and 
rupture  life and the duct i l i ty  of this  i r rad ia ted  alloy over the tempera ture  
range of 538 to 760 C. Both a uniaxial  loading condition on conventional 
tension specimens and a biaxial loading condition on pressurized tube 
specimens were included in this investigation. The s tudy shows tha t  creep 
and creep rupture  propert ies were changed significantly as a result of 
i r radia t ion and discusses possible explanations for the observed proper ty  
changes. 

E x p e r i m e n t a l  P r o c e d u r e  

Materials 

The chemical compositions of the two AISI  Type  316 stainless steels 
used for the uniaxial and biaxial specimens are shown in Table 1. The 

TABLE 1--Chemical composition of A I S I  Type 316 stainless steels used in 
uniaxial and biaxial creep rupture studies. 

Composition, wt% 
Specimen Type 

Uniaxial 

Element V I Biaxial 

C . . . . . . . . . . . . . . . . . . . . .  0.057 
Mn . . . . . . . . . . . . . . . . . . .  1.80 
P . . . . . . . . . . . . . . . . . . . . .  0.024 
S . . . . . . . . . . . . . . . . . . . . .  0.014 
Si . . . . . . . . . . . . . . . . . . . . .  0.36 
Ni . . . . . . . . . . . . . . . . . . . .  13.39 
Cr . . . . . . . . . . . . . . . . . . . .  17.71 
Mo . . . . . . . . . . . . . . . . . . .  2.26 
Cu . . . . . . . . . . . . . . . . . . . .  0.18 
Co . . . . . . . . . . . . . . . . . . . .  0.13 
~ 2  . . . . . . . . . . . . . . . . . . . . . . .  

V . . . . . . . . . . . . . . . . . . . . . . . .  

Wi . . . . . . . . . . . . . . . . . . . . . . .  
A1 . . . . . . . . . . . . . . . . . . . . . . .  
B . . . . . . . . . . . . . . . . . . . . . . . .  

0 2  . . . . . . . . . . . . . . . . . . . . . . .  

0.052 0.081 
1.72 1.51 
0.012 0.016 
0.020 0.023 
0.38 0.50 

13.55 13.25 
17.80 17.84 
2.33 2.32 
0.20 0.05 
0.14 0.071 
0.041 0.039 
0.04 <0.005 
0.003 <0.005 
0.026 <0.005 

< 0.005 0.0006 
0.0178 N.A. 

NOTE--V = vendor analysis; I = independent analysis. 
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4 7 0  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

only significant differences in chemical composition between the two 
materials were in the carbon and manganese contents. 

The material for uniaxial specimens was received as 15.9-mm rod; this 
rod was reduced to a diameter of 7.75 mm by cold swaging with inter- 
mediate anneals at 1065 C. In the final cold swaging, the diameter was 
reduced from 7.75 mm to 6.86 ram. The rod was given a final anneal at 
1065 C for 1 h followed by a rapid air cool. The grain size of this material 
was ASTM 5-6. Tension specimens with a gage section diameter of 3.18 mm 
and a gage section length of 26.5 mm were then machined from the rod. 

The test material for biaxial specimens was 5.3-mm-diameter by 0.2-mm- 
wall AISI Type 316 stainless steel tubing in the as-received condition. 
The as-received condition contains a small amount of cold work, which is 
shown by the following room temperature yield strength values for as- 
received and annealed (1065 C, 1 h) tube specimens: 

Material Condition 
0.2% Offset 

Yield Strength, psi 

As-received 38 000 
39 000 

Annealed 33 400 
33 800 

The grain size of the as-received material is about ASTM 7-8. Biaxial 
stress rupture specimens were composed of a section of the tubing to which 
appropriate fittings had been attached, resulting in a test specimen having 
a length diameter ratio of about 6. 

Irradiation 

The uniaxial and biaxia] test specimens were sealed in Type 316 stainless 
steel capsules in an environment of pure sodium containing 12 to 15 ppm 
02, 29 ppm carbon, 25 ppm silicon, 110 ppm potassium, and 10 ppm 
calcium. Boron, magnesium, manganese, and other elements were identified 
as being present in trace quantities. These capsules were placed in Mk B-7 
type tubes normally used for structural materials irradiation in EBR-II. 
An annular gas gap filled with a 30 percent helium-70 percent argon mix- 
ture was used in conjunction with nuclear heating to achieve an irradiation 
temperature estimated to be ~-~482 C. This estimate was based on heat 
transfer calculations using the best available information on reactor sodium 
temperature for the assembly, experiment geometry, and reactor gamma 
heat (~0.84 W/g). However, the observed mierostrueture and the post- 
irradiation tensile properties of the rod specimens, when compared with 
other irradiated materials, would indicate that the irradiation temperature 
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LOVELL AND BARKER ON TYi~E 316 STAINLESS STEEL 471 

could have been 540 C or higher. Irradiations were conducted in position 
7C4 of EBR-II within the core region. Both sets of specimens were irradi- 
ated to a fluence of 1.2 X10224 - 15 percent (total) (1.0X 1022 n/cm 2, E >  0.1 
MeV). The irradiation period was equivalent to 127 full power days 
(3045 h). After irradiation the sodium environment was removed by 
dissolving and rinsing with water, followed by rinsing with ethyl alcohol 
for drying purposes. 

Test Methods 

The basic test procedure was the ASTM Tentative Recommended 
Practice for Conducting Creep and Time-for-Rupture Tension Tests of 
Materials (ASTM E 139 - 66 T (1966)). Uniaxial and biaxial stress tests 
were conducted within these recommended ASTM specifications for tem- 
perature and stress, and uniaxia] tests were conducted within these ASTM 
recommendations for alignment. 

All uniaxial tests were conducted in an inert gas (helium or argon) 
environment. The test procedure allowed 20 h for heatup and thermal 
stabilization prior to applying the creep load. Specimen extension was 
monitored during the test by measuring pull-rod motion with a dial indi- 
cator. Total elongations were obtained in two ways. One value was ob- 
tained by posttest measurement of specimen length and a second value 
was estimated from the strain-time curves. 

Biaxial stress rupture tests were conducted in an argon atmosphere by 
internally pressurizing unrestrained thin wall tubes with argon gas and 
holding pressure constant until rupture occurred. Under these conditions, 
the initial hoop stress to axial stress ratio is 2. Maximum engineering 
hoop stress was determined using the formula for thin wall cylinders: 

P D  

2t 

where 

P=internal  gas pressure, 
D = original inside diameter of tube, and 

t = original minimum wall thickness of tube. 

Tests were conducted by attaching the tubular cladding specimen to a 
test rig through the use of standard tube fittings, placing the assembled 
specimen-test rig in a heated furnace, and applying the desired pressure 
after the specimen had stabilized (~-~4 h) at the desired test temperature. 

Diametral strain for biaxial stress rupture tests was not measured a t  
the point of maximum strain on fragmented test pieces to avoid confusing 
uniform strain with strain which is related to sudden gas expulsion at the 
time of failure. It was determined empirically that a diameter measurement 
taken halfway between the ruptured area and the end fitting, using the 
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FIG. 1--Hoop stress-strain curve for 5.3-ram-diameter by 0.2-ram-wall Type 316 stain- 
less steel subjected to internal pressure. 

longest part  of the fragmented specimen, gave a reasonably good value of 
uniform strain. 

The uniaxial and biaxial tests were conducted at constant load and 
pressure, respectively. At particular test temperatures  and stresses, sub- 
stantial plastic straining occurred during initial application of load (pres- 
sure). The increased flow stress of irradiated material reduced the initial 
strain on loading with respect to the strain obtained on loading an unirradi- 
ated specimen. This difference in initial strain resulted in a lower true 
stress in irradiated specimens than in unirradiated specimens with identical 
loads (pressure). All comparisons were therefore based on true initial stress. 

True initial stress values for uniaxial tests were calculated as ~0(l+eL), 
where ~0 is the engineering creep stress and eL is the engineering strain in a 
fully loaded creep specimen. Values of eL were determined from tension 
tests at each temperature on both irradiated and unirradiated specimens. 

The relationship of strain in the biaxially loaded specimen to the internal 
gas pressure during loading was determined by  subjecting a specimen to 
an ascending series of test pressures, holding for a 1-min period, and 
measuring the strain produced. A stress-strain curve was constructed, as 
shown in Fig. 1. Curve A is the engineering stress, a0, based on original 
dimensions, and curve B is the true stress, calculated as z0(l+e) 2, where 
e is the engineering diametral strain. In each test the instantaneous strain 
is obtained from line A and the true stress is obtained from line B for 
that  strain. 

Attempts to establish curves A and B at 538 C on irradiated tubes which 
show low initial strain indicated there was very little difference between 
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LOVELL AND BARKER ON TYPE 316 STAINLESS STEEL 4 7 3  

true and engineering hoop stress, thus engineering initial hoop stress was 
used for all biaxial tests on irradiated tubes. 

The average creep rate of biaxial test  specimens was evaluated by  
separating the strain caused by creep and the strains associated with 
initial loadup and with the geometric changes during creep. The creep 
component of the total  strain was obtained by first determining the final 
true hoop stress, a0(ld-er) 2, from the rupture strain, st, and using this 
stress in conjunction with line B of Fig. 1 to determine the tensile strain, 
st. Then et was subtracted from er to obtain so, the creep strain. For the 
low strain obtained in the irradiated tubes, sc was assumed to be equal 
to st. Average creep rate values were then calculated by dividing the creep 
strain, ec, by the rupture time. 

R e s u l t s  

Rupture Life 

The uniaxial creep and creep rupture results for tests determined at 
538, 593, 649, and 760 C are given in Table 2. The stress dependence of 
rupture life is shown on a conventional log stress-log rupture time plot 
in Fig. 2. In general, the curve plotted for the irradiated specimens is 
parallel, or nearly parallel, to the curve for unirradiated specimens, except 
at 593 C where the rupture life of irradiated specimens exhibits a somewhat 
higher stress dependence than does the rupture life of unirradiated speci- 

"7., 

oJ 

iO0 

lO 

- - A N N E A L E D  CONTROLS 

. . . .  IRRADIATED 1.2X1022 n/cm 2 {TOTAL) 

1100~176 0 ~o~...~ ~..~ ~ --~ 1000~176 

1400~176 

10 i00 IOO0 iO,OOO 

RUPTURE TIME, HRS 

FIG. 2--Effect of EBR-II  irradiation on the rupture life of AISI  Type 316 stainless 
steel determined in uniaxial tests. 
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LOVELL AND BARKER ON TYPE 316 STAINLESS STEEL 4 7 5  

TABLE 3--Biaxial stress rupture data for A I S I  Type 316 stainless steel. 

Hoop Stress, ksi 
Test Average 

Temperature, True Rupture Ductility Creep Rate, 
deg C Engineering Initial Time, h ( A D / D ) ,  % in./in./h 

538 . . . . . . . . . .  52.0 71.0 0.1 N.A. N.A. 
51.0 62.0 6.0 17.0 117X105 
49.0 58.7 79 21.0 46.8 
48.0 56.7 55 14.0 54.6 
42.0 46.7 545 13.0 10.1 
38.0 44.8 1681 8.7 2.56 

649 . . . . . . . . . .  38.5 44.0 0.5 16.5 1120 
31.5 33.0 5.8 6.2 450 
30.0 31.4 12 5.8 225 
29.0 30.0 15 8.6 370 
25.5 26.0 70 4.8 46 
23.5 24.0 875 13.0 127 
20.0 20.0 385 1.9 3.6 
18.0 18.0 3470 6.7 1.93 
17.0 17.0 1230 14.3 115 

760 . . . . . . . . . .  26.0 27.0 0.4 24.0 4350 
19.8 20.0 6.8 19.2 2000 
18.0 18.0 10.0 15.0 1400 
17.0 17.0 16 13.9 800 
13.9 13.9 42 21.5 512 
9.6 9.6 300 9.1 31 
6.5 6.5 1981 9.6 4.8 

mens.  The  r u p t u r e  life of all i r r a d i a t e d  spec imens  was r educed  when  com- 
p a r e d  to  u n i r r a d i a t e d  con t ro l  mate r ia l .  The  r educ t i on  a t  538 C was to  a fac- 
to r  of abou t  }~0. Losses in r u p t u r e  life a t  593 and  649 C were less severe ,  w i th  
r educ t ions  to  1~ to  1/2 and  ~,.;, r espec t ive ly .  A t  760 C, the  r educ t i on  in 
r u p t u r e  life was to  a b o u t  }~. 

Biax ia l  s t ress  r u p t u r e  resul t s  on the  as - rece ived  m a t e r i a l  d e t e r m i n e d  a t  
538, 649, and  760 C are  g iven  in T a b l e  3. These  resul t s  are  in r easonab le  
ag reemen t  wi th  s t ress  r u p t u r e  d a t a  pub l i shed  b y  o the r  expe r imen te r s  
[1, 2]? The  resu l t s  d e t e r m i n e d  a t  the  same t e m p e r a t u r e s  for i r r a d i a t e d  
m a t e r i a l  are g iven  in Tab le  4. 

The  b iax ia l  s t ress  r u p t u r e  d a t a  are p l o t t e d  as log stress  aga ins t  log 
r u p t u r e  t ime  in Fig.  3. I t  was found  t h a t  i r r a d i a t i o n  r educed  the  r u p t u r e  
life of the  316 s ta in less  steel ,  when  t e s ted  u n d e r  b iax ia l  s t ress  condi t ions ,  
a t  each of the  t e s t  t e m p e r a t u r e s .  A t  538 C the  r educ t ion  in r u p t u r e  life is 
to  abou t  }~0. The  decrease  in r u p t u r e  life a t  649 C was only  1~, while a t  
760 C the  r educ t i on  in r u p t u r e  life was to a b o u t  1/~o. 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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476 IRRADIATION EFFECTS ON STRUCTURAL A L L O Y S  

TABLE 4--Biaxial stress rupture data for A I S I  Type 316 stainless steel irradiated in 
E B R - I I  to 1 .2X10 ~ n/cm ~ (total) at ,-,~900 F (482 C). 

Test Engineering Average 
Temperature Hoop Stress, = Rupture Ductility Creep Rate, 

deg C ksi Time, h ( A D / D ) ,  % in . / in . /h  

538 . . . . . . . . . . . . .  5 8 . 3  0 . 1  3 . 3  
5 4 . 0  2 . 2  N . A .  N . A .  
50.0 4.1 4.3 1000X 10 D 
50.0 9.6 3.8 397 
49.0 29 N.A. N.A. 
46.0 22 2.9 132 
40.0 140 1.0 10 

649 . . . . . . . . . . . . .  36.0 0.6 9.7 9744 
36.0 2.1 1.9 905 
30.0 32 2.4 75 
25.2 20 0.5 25 
23.5 70 1.9 27 
18.0 739 5.7 7.7 
16.0 820 0.9 1.0 

760 . . . . . . . . . . . . .  23.5 0.3 N.A. N.A. 
17.5 1.4 N.A. N.A. 
12.0 8.2 5.3 646 

7.8 330 5.3 16 

Engineering and true stress assumed to be the same for irradiated tubes. 

1000 

lOO 

g 

< 

i0  

1.0 
0.1 

~ U N I R R A D I A T E D  DATA 

IRRADIATED * I . 2 X  lD22(TOTAL] 

�9 10000F(538~ 

�9 1200~176 
�9 14DO~ 

, , i . . . .  I , , = . . . .  / , , i . . . .  I , , ,  . . . .  I 

1.0 l 0  100 100O 

RUPTURE TIME, HRS 

FIG. 3--Effect of E B R - I I  irradiation on the rupture life of A I S I  Type 316 stainless 
steel determined in biaxial tests. 
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FIG.  4--Effect of E B R - I I  irradiation on the thela correlation of uniaxial test results 
for A I S I  Type 316 stainless steel. 

Temperature-Compensated Rupture Life 
The uniaxial data and the biaxial data are presented in Figs. 4 and 5 on 

log stress-Jog 0 plots, where 0 is defined as 

O  rOX ( 
where 

tr= rupture life, 
Q = activation energy, eal/mole, 
T = absolute temperature, deg K, and 
R = gas constant, cal/mole-deg. 

Results from preirradiation and postirradiation tests correlate well with 
a Q value of 95,000 cal/mole in both the uniaxial and biaxial tests. Since 
only two of the 538 C uniaxial tests (at engineering stresses of 45 and 40 
ksi) on irradiated specimens fall short of the curve, even within the 538 C 
test series, it appears that these specimens failed prematurely. The temper- 
ature-compensated rupture life plots in Figs. 4 and 5 clearly show the 
large reduction in rupture life at 538 C, the lesser reductions at 593 and 
649 C, and the larger losses again at 760 C. 
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4 7 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Creep Rates 

The minimum creep rates determined in uniaxial tests on both irradiated 
and unirradiated material are given in Table 2. The results are plotted 
as log creep rate against log stress in Fig. 6. The creep rate was found to 
increase significantly ( that  is, by up to a factor of 10) after irradiation for 
tests at 538 C. The stress dependence of minimum creep rate appeared to 
be higher for irradiated material at this temperature.  The magnitude 
and stress dependence of minimum creep rate do not appear to be changed 
significantly at test temperatures of 593, 649, and 760 C. 

Average creep rates determined from biaxial tests are presented graphi- 
cally in Fig. 7. These results also showed higher creep rates in irradiated 
material at a test temperature of 538 C. The creep rates of irradiated speci- 
mens at 649 C were virtually the same as the unirradiated values. Although 
the data at 760 C were quite limited, it appeared that  irradiated creep 
rate values were again higher than unirradiated values. 

Duct i l i ty  

Strain at rupture in both uniaxial tests (see Table 2) and biaxial tests 
(see Tables 3 and 4) was reduced by irradiation. The lowest strains observed 

^.,. 

I ' I ~ I i I i i i r ~ - , , . .  

tRRAOIATED UN~RRADIAT[O 
]OOO~176 

�9 o 1200~176 
1400~176 

, , , h , , , l  , , Lh , , , i  , L , t , , , , r  , , , i , , , , l  , , , t , , , , l  
Lo lo leo loae zo. ooo 

lzooOp(649oc) RUPTURE TIME, HRS 

ez  LO to zoo ]000 ]0.001 

1400~176 RUPTURE TI'dE, HRS 

Q : 9~ooo CAL~MOL~ 

zo -zz 1o -26 2o-25 io  .24 z~-z~ lo  22 1o ~1 1o zo  1o -~9 ze 18  ~o ~i 1o-16 

'r EXP ['QiR~ 

FIG 5--Effect of EBR-II  irradiation on the theta correlation of biaxial test results for 
AIS I  Type 316 stainless steel. 
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FIG.  6--Effect  of E B R - I I  irradiation on the minimum creep rate of A I S I  Typ~ 316 
stainless steel determined in uniazial tests. 

were about 5 percent for uniaxial tests and about 1 percent for biaxial 
tests. Comparison of the uniaxial strain-time curves revealed that  both 
second- and third-stage creep strain are reduced in irradiated material at 
temperatures of 593 C and above. Although the creep strains may be some- 
what lower in irradiated material tested at 538 C, the m~jor factor affecting 
ductili ty at this temperature was reduced plastic strain on loading. 

D i s c u s s i o n  

The results of this investigation show that  fast reactor irradiation pro- 
duces nearly the same changes in rupture life in both uniaxial and biaxial 
tests. This agreement between the two sets of test results shows that  the 
basic material behavior is similar in b o t h  types of tests. However, it is 
important  to emphasize that  this conclusion is based oil the use of initial 
tru~ stress in comparing results from unirradiated specimens with results 
from irradiated specimens. If comparisons are based on engineering stress, 
then uniaxial tests and biaxial tests do not show the same losses in rupture 
life at high stresses. For example, it was found that  the reduction in rupture 
life at 538 C, based on initial true stress, was to about 1/~o in biaxial tests. 
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FIG.  T--Ef fec t  of E B R - I I  irradiation on average creep rate of A I S I  Type  316 stainless 
steel tube determined in biazial tests. 

If results for tests are compared on the basis of engineering stress, it is 
found tha t  there is essentially no difference in rupture life at 538 C. On 
the other hand, the reduction in rupture life in 538 C uniaxial tests changes 
from a value of 1/~0 to a value of 1/~0 when the basis of comparison changes 
from initial true stress to engineering stress. Thus the differences in initial 
plastic strain between irradiated and unirradiated specimens are significant 
in evaluating rupture life losses, particularly in the case of high-stress 
biaxial tests. The use of engineering stress results in a significant 
apparent difference between uniaxial and biaxial test results; however, 
the use of initial true stress provides a precise correlation for the data. 

Fast  reactor irradiation can also affect the creep properties of Type 316 
stainless steel, as evidenced by the increased creep rates measured in 
irradiated specimens at 538 C. Both the minimum creep rate values de- 
termined in uniaxial tests and the average creep rate values determined in 
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LOVELL AND BARKER ON TYPE 316 STAINLESS STEEL 481  

biaxial tests show the increased creep rate. At a temperature of 538 C 
there was very little primary or tertiary creep strain, so the average creep 
rate in biaxial tests should be a good approximation of the actual minimum 
creep rate. ~,Iinimum creep rates at 593, 649, and 760 C were apparently 
not significantly affected by irradiation; the average creep rate values 
indicate that irradiation does not affect creep rates in 649 C tests but does 
lead to increased creep rates in 760 C tests. The apparent discrepancy 
between the uniaxial test and the biaxia] test in reflecting creep rate 
changes at 760 C probably is due to the fact that the average creep rate is 
no longer a good approximation of the actual minimum creep rate. Uniaxial 
tests oil the unirradiated tubular material at 760 C indicated there was 
substantial primary creep strain; however, this primary creep strain is 
included as linear creep strain in computing average creep rates from the 
diametral strains. When primary creep becomes significant, it is quite 
possible to obtain higher average creep rate values for irradiated specimens, 
even though the actual minimum creep rate is the same in both irradiated 
specimens and unirradiated specimens. 

Standring et al [1] have reported results oil tubes irradiated in DFR 
and tested in a biaxial stress mode. They observed decreased rupture life 
for a given effective initial hoop stress, decreased ductility, and no change 
in average creep rate for tests at 650 C. The results observed in biaxial 
tests in the present study at 649 C are in qualitative agreement with these 
results. Creep rupture tests on uniaxial specimens after fast reactor irradi- 
ation in DFR have been reported by Weisz et al [3]. These observations 
indicated testing at 700 C after irradiation at 600 C to a total fluence of 
1.6X1022 n/cm 2 resulted in increased minimum creep rates. The results 
in the present study for uniaxial tests at 649 and 760 C indicated little if 
any change in the minimum creep rate. The exact cause of the variance 
between the two sets of data is not clear, but quite possibly was related to 
differences in the irradiation temperature, alloy composition, fluence, or 
any combination of them. 

A clear picture of the mechanism responsible for the increased creep 
rates at 538 C has not yet emerged, but several possible explanations are 
being evaluated currently. One consideration is that the increased creep 
rate is a result of irradiation induced precipitation that has been observed 
in the as-irradiated uniaxial material [4]. A current investigation [5] of 
unirradiated, thermally aged specimens of the uniaxial test material does 
indeed indicate that for aging temperatures above 600 C extensive precipi- 
tation can lead to increased creep rates similar to those observed in irradi- 
ated specimens. Although the relationship between the structure and the 
creep rate in material which has undergone extensive second-phase pre- 
cipitation is not yet established, the present evidence identifies irradiation 
induced precipitation as one explanation of the increased creep rates. 
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482 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Another possible explanation for the creep behavior centers on the 
irradiation induced defect structure. Transmission electron microscopy 
observations showed a low density of voids and dislocations in the as- 
irradiated uniaxial test material. Increased creep rates could result if this 
substructure somehow leads to an increased density or increased velocity 
of mobile dislocations during creep. At higher test temperatures, increased 
creep rates may not be observed if the substructure annealed out prior to 
beginning the creep test. At the present time there is no direct evidence 
or detailed theory to support these hypotheses. However, several irradiated 
specimens have been annealed for 50 h at 649 C prior to creep testing at 
538 C. These specimens still exhibited higher creep rates than unirradiated 
specimens, so a simple picture of radiation damage annealing is apparently 
an inadequate explanation of the observed effects. Also, current studies 
by A. J. Lovell and L. D. Blackburn of this same alloy continue to show 
increased creep rates at 538 C over a wide range of irradiation temperatures 
and fluences. Therefore, if the observed creep behavior is directly related 
to the irradiation induced defect structure, the relationship is apparently 
a complex one. 

The magnitude of rupture life loss after irradiation depends on test 
temperature and is related to the changes in creep rates and to reduced 
ductility. At 538 C the substantial loss in rupture life was primarily a result 
of the high creep rates, and the contribution from any ductility loss was 
relatively small. However, at temperatures of 593, 649, and 760 C, the 
losses in rupture life resulted from reduced ductility (reduced second- and 
third-stage creep strains), with no significant contribution from creep rate 
differences. The ductility loss was most severe at 760 C, and, correspond- 
ingly, a larger reduction in rupture life was observed at this temperature. 
The underlying cause of the low ducti!ity at these higher temperatures 
was undoubtedly associated with a helium embrittlement mechanism, 
perhaps operating in conjunction with effects produced by the defect 
structure and second-phase precipitations. 

S u m m a r y  

Fast reactor irradiation to a total fluence of 1 X 1022 n/cm ~ at a temper- 
ature of 482 C resulted in a significant degradation of the creep rupture 
properties of Type 316 stainless steel. High creep rates, possibly resulting 
from irradiation induced precipitation, led to a substantial loss in rupture 
life at a test temperature of 538 C. Low ductility, probably attributable to 
helium embrittlement, was responsible for reduced rupture life in the 
temperature range from 593 to 760 C. 

Results from both uniaxial and biaxial tests showed similar changes in 
rupture life when comparisons were based on initial true stress. Changes 
in rupture life measured in high-stress biaxial tests were substantially 
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LOVELL AND BARKER ON TYPE 316 STAINLESS STEEL 4 8 3  

smaller when the  comparison was made  on the basis of engineering stress 
because of substant ia l  differences in initial plastic s t ra in  between unirradi-  
a ted and i r radiated specimens. 
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A. L. Lowe, Jr.,~ and C. J. Baroch 1 

Effect of Irradiation on the Mechanical 
Properties of 19-9DL Alloy 

REFERENCE:  Lowe, A. L., Jr., and Baroch, C. J., "Ef fec t  o f  I r r a d i a t i o n  
on  t h e  Mechan ica l  P r o p e r t i e s  o f  19-9DL Al loy ,"  Irradiation Effects on 
Structural Alloys for Nuclear Reactor Applications, ASTM STP 584, American 
Society for Tcsting and Materia]s, 1970, pp. 484-494. 

A B S T R A C T :  Austenitic stainless steels, which are used extensively in water 
cooled nuclear reactors, are presently being considered for use in fast reactors; 
however, these steels are susceptible to irradiation embrittlement and irradi- 
ation induced swelling. The modified austenitic stainless steel 19-9DL alloy, 
on the other hand, exhibits good creep strength at high temperatures. Babcock 
& Wilcox conducted an exploratory program to determine the effects of irradi- 
ation on 19-9DL alloy at temperatures of 55 C (130 F),  343 C (650 F), and 
413 C (775 F). The maximum fluence in this program (9.2)<10 ~~ n /cm 2, E > I  
MeV) was too low to prove the suitability of the alley's potential for fast 
reactor applications but did show that additional evaluation of the alloy for 
fast reactors was warranted. The results indicate that the alloy is suitable for 
use in thermal reactors, since the ductility at 413 C was greater than 10 percent 
at a fluence approaching 1 X 10 ~1 n/era 2, E >  1 MeV. 

K E Y  W O R D S :  irradiation, neutron irradiation, water cooled reactors, fast 
reactors (nuclear), thermal reactors, nuclear fuel cladding, creep properties, 
mechanical properties, yield strength, ultimate strength, ductility, elongation, 
annealing, solid solutions, austenitic stainless steels 

The U.S. Atomic Energy Commission and reactor manufacturers are 
conducting extensive programs to select a suitable cladding material for 
use in fast reactors. The requirements are stringent because the cladding 
must have a relatively low neutron capture cross section and resist attack 
by sodium. In addition, it must have a high creep strength at 700 C (1300 F) 
to contain the fission gases, must withstand plastic deformation caused by 
swelling of the fuel, and must not swell excessively because of fast neutron 
irradiation damage. 

1 Senior materials engineer, Nuclear Power Generation Dept., Power Generation Div., 
and chief, Ceramics and Metallurgy Section, Research and Development Div., respec- 
tively, Babcock & Wilcox Co., Lynchburg, Va. 24.505. 
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LOWE AND BAROCH ON 19-9DL ALLOY 4 8 5  

19-9DL alloy has been considered for use in fast reactors because its 
creep strength at temperatures  from 649 C (1200 F) to 760 C (1400 F) 
may  be as much as 2.5 times tha t  of Type 316 stainless steel, the current 
reference cladding [1, 2]. 2 This modified 18-8 austenitic stainless steel 
contains small additions of molybdenum, tungsten, and carbon which 
serve as solid solution strengtheners. The long-term corrosion behavior 
of 19-9DL in sodium and water  and its behavior  under irradiation are 
relatively unknown. 

In  1965 Babcock & Wilcox (B&W) initiated a program to determine the 
effects of irradiation on the mechanical properties of core materials [3]. 
Since there was unused space in the irradiation capsules, positions in five 
capsules were filled with 19-9DL alloy specimens. A total  of 210 tension 
specimens were irradiated at 55 C (130 F), 343 C (650 F), or 413 C (775 F) 
to fast fluences ranging from about  2 X 1017 to 9.2 X 1020 n / c m  2, E > 1 MeV. 
Ir radiated and unirradiated specimens were tested at 20 C (70 F), 413 C 
(775 F), and 700 C (1300 F). This paper  describes the results of these 
tests and their significance. 

Program and Materials 

Progran~ Description 

The capsules were irradiated in the Babcock & Wilcox test  reactor 
(BAWTR) for periods ranging from 60 h to 300 effective full power days. 
Fluences ranged from about  2X 1017 to 9.2X 102~ n / c m  2, E >  1 5~[eV. Each 
capsule was divided into three sections, one operating at  55 C (130 F), 
one at 343 C (650 F), and one at  413 C (775 F), each of which contained 
12 specimens of 19-9DL. The variables for the irradiation program are 
shown in Table 1. Unirradiated specimens were aged for 60 h and 45 days 
at 343 and 400 C and for 340 days at 343 C. The aged specimens were 

TABLE 1--Irradiation program variables. 

Variable Limits 

Fast fux, n/cm:-s, E > 1 MeV . . . . . . . . . .  
Peak fast fluence, n/cm 2, E > 1 MeV . . . . . .  

Exposure time, days . . . . . . . . . . . . . . . . . . . . .  
Irradiation temperature, 

deg C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
deg F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Tension test temperature, 
deg C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
deg F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 • 1012 and 3 X 1013 
1.5X 10 is, 2.7X 1019, 

1.2X 102~ 1.8X 102~ 
8X1020 

2, 45, 300 

55, 343, 413 
130, 650, 775 

20, 413, 700 
70, 775, 1300 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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4 8 6  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

t e s t ed  a t  20 and  413 C. The  as-received,  aged,  and  i r r ad i a t ed  specimens  
were t e s ted  a t  20, 413, and  700 C (1300 F) .  

The  tens ion  specimens  were p r e p a r e d  f rom t u b i n g  hav ing  an  outs ide  
d i a m e t e r  of 1.27 em (0.500 in.) and  a wall  th ickness  of 0.051 em (0.020 in.). 
The  t ub ing  was annea led  a t  982 C (1800 F)  a f te r  the  final r educ t ion  and 
thus  did  no t  possess necessar i ly  the  h ighest  creep s t rength .  T u b i n g  was 
f l a t t ened  in a hyd rau l i c  press  and  cut  in to  s t r ips  0.762 em (0.300 in.) 
wide and  6.98 em (2.75 in.) long. A Tensi le  K u t  mach ine  was used to  pre-  
pa re  the  r educed  gage section, which was 2.54 em long wi th  a cross sect ion 
of 0 .0508•  em b y  0.5085=0.05 em. The  specified and  ac tua l  compo-  
s i t ions of the  t u b i n g  are shown in Tab le  2. 

The  as-received,  aged,  and  i r r a d i a t e d  spec imens  were t e s ted  a t  20, 
413, and  700 C (1300 F).  Some specimens  t e s t ed  a t  700 C were annea led  
for 1 h a t  1000 C (1832 F)  before  t e s t ing  to  r emove  r ad i a t i on  induced  
damage .  I r r a d i a t i o n  p rog rams  on aus ten i t i e  s ta in less  steels have  shown 
t h a t  a t  t e s t  t e m p e r a t u r e s  be low 538 C (1000 F) ,  i r r ad ia t ion  p roduces  
d i sp l acemen t  defec ts  t h a t  ha rden  the  la t t ice ,  increase  the  s t reng th ,  and  
reduce  the  duc t i l i ty .  A t  t es t  t e m p e r a t u r e s  above  538 C, d i sp l acemen t  
defects  are  r e m o v e d  ve ry  r a p i d l y ;  as a resul t ,  s t r e n g t h  is not  affected, bu t  
duc t i l i t y  is cons ide rab ly  reduced.  The  loss of d u c t i l i t y  a t  the  h igher  t e mpe r -  
a tu res  canno t  be r e s to red  even b y  so lu t ion  anneal ing .  The  19-9DL annea led  

TABLE 2--19-19DL composition. 

Percentage 

Specification a 

Element Range Nominal Mill Test Report 

Nickel . . . . . . . . . . . . . . . . .  8.0 to 11.0 9.0 
Iron . . . . . . . . . . . . . . . . . . .  Balance Balance 
Chromium . . . . . . . . . . . . .  18.0 to 20.0 18.5 
Molybdenum . . . . . . . . . . .  1.0 to 1.75 1.4 
Columbium . . . . . . . . . . . .  0.25 to 0.60 0.40 
Tungsten . . . . . . . . . . . . . . .  1.0 to 1.75 1.35 
Titanium . . . . . . . . . . . . . .  0.1 to 0.35 0.25 
Carbon . . . . . . . . . . . . . . . .  0.28 to 0.35 0.32 
Manganese . . . . . . . .  . . . . . .  0.75 to 1.50 1.15 
Silicon . . . . . . . . . . . . . . . . .  0.30 to 0.80 0.55 
Phosphorus . . . . . . . . . . . .  0.040 max 0.025 
Sulfur . . . . . . . . . . . . . . . . .  0.030 max 0.01 
Copper . . . . . . . . . . . . . . . .  0.5 max 0.15 
Boron . . . . . . . . . . . . . . . . .  b b 
Nitrogen . . . . . . . . . . . . . . .  b b 
Rare earths . . . . . . . . . . . .  ~ 

8.79 
Balance 

18.85 
1.44 
0.38 
1.12 
0.32 
0.32 
1.20 
0.70 
0.027 
0.004 
0.12 

c 

c 

r 

a Aeronautical Material Specification 5526. 
b Not applicable. 

Not available. 
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LOWE AND BAROCH ON 19-9DL ALLOY 487 

specimens were used to determine whether similar behavior was observed 
in this program. 

Irradiation Capsule 

Each irradiation capsule had three sections: one maintained at 775 F, 
one at 650 F, and one at ambient reactor temperature, about 130 F. A 
helium or helium-argon atmosphere in the capsule prevents contamination 
of the specimens during irradiation and provides the desired insulating 
properties. The elevated temperatures are maintained in the capsule with 
electric heaters spirally wrapped around the specimen housing unit. Iron 
and nickel flux wires are placed in the capsule at various locations to 
determine the integrated fast neutron flux. 

The assembled capsules, approximately 30 in. long and 1.75 in. in 
diameter, are irradiated in a reflector or a center position of the BAWTR. 
The peak instantaneous fast fluxes (E> 1 MeV) in the reflector and center 
positions are approximately 7 • 10 ~2 and 3 • 10 ~3 n/cm2-s, respectively. The 
thermal flux is 4 • 101~ n/cm2-s in the reflector and 1 • 1014 n/cm2-s in the 
center positions. 

T e s t  P r o c e d u r e  

A specially designed compensating extensometer that could be used at 
all test temperatures was attached to the specimens using a special fixture 
suitable for remote operation. The specimens were tested at a crosshead 
speed of 0.02/min. The elevated temperature specimens were allowed to 
reach the desired temperature and then soaked an additional 10 min 
before testing. In all elevated-temperature tests, a thermocouple to monitor 
temperature was attached to the specimen's grips. The temperature meas- 
ured by the thermocouple was compared with that measured by thermo- 
couples in a dummy specimen used in the daily calibration of the equip- 
ment. Based on this calibration, it was possible to maintain the temperature 
of the grips so that the specimens were also at the desired temperature. 
The test procedures and the temperatures of the specimen were within the 
allowable limits of ASTM recommended practices. 

Standard tension test procedures are used to determine yield strength 
and ultimate tensile strength. The uniform elongation and total elongation 
are obtained directly from the load-elongation plot obtained from the 
extensometer. Tests have shown that the total plastic strain recorded on 
the chart is very similar to that obtained by measuring the gage length 
before and after fracture. 

R e s u l t s  

Properties at 20 C (70 F) 

The results of tests conducted at 20 C are plotted in Figs. 1 and 2. 
Irradiation at 55 C (130 F) significantly increases the yield and ultimate 
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FIG. 1--Effect of irradiation on strength of 19-9DL at 20 C (70 F). 

strengths and decreases uniform and total elongations; the changes are 
more pronounced at the higher fluences. Irradiation at 343 C (650 F) and 
413 C (775 F) did not affect the ultimate strength but did cause a minor 
increase in the yield strength and a minor decrease in elongation. Appar- 
ently there were no significant differences in the properties of the 19-9DL 
irradiated at 343 C and of that irradiated at 413 C. Aging the specimens at 
343 and 413 C had essentially no effect on the properties of 19-9DL at 70 F. 

Properties at 413 C (775 F) 

The results of the tests conducted at 413 C are shown in Figs. 3 and 4. 
These results are similar to those observed at 20 C. The only differences 
are in the absolute values for strength and elongation, both of which are 
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FIG. 2--Effect of irradiation on elopation of 19-9DL at 20 C (70 F). 
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FIG.  3--Effect of irradiation on strength of 19-9DL at 413 C (775 F). 

lower at 413 C than at 20 C. At 20 C there is some difference in the uniform 
and total elongations, whereas at 413 C the uniform and total elongations 
are essentially identical. The elongations after irradiation at 343 and 413 C 
exceed 10 percent even after receiving fluences up to 9.2X 102o n/cm 2. 

Properties at 700 C (1300 F) 

The 700 C properties of the irradiated and unirradiated 19-9DL are 
graphed in Figs. 5, 6, and 7. The ultimate and yield strengths at 700 C 
are unaffected by irradiation regardless of the fluence or irradiation temper- 
ature. However, the ductility decreases with increasing fluence as shown 
in Figs. 6 and 7. The irradiation temperature has a minor effect on the 
total elongation: the higher the irradiation temperature, the lower the total 
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FIG.  4--Effect of irradiation on elongation of 19-9DL at M3 C (775 F). 
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FIG.  5--Effect of irradiation of strength of 19-9DL at 700 C (1300 F). 
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FIG.  6--Effect of irradiation on total elongation of 19-9DL at 700 C (1300 F). 
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FIG.  7--Effect of irradiation on uniform elongation of 19-9DL at 700 C (1800 F). 
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F I G .  8--Strength of irradiated 19-9DL at 700 C (1300 F) after annealing for 1 h at 
1000 C (1832 F). 

elongation. The uniform elongation did not seem to be related to the 
irradiation temperature. At 700 C the uniform and tota] elongations were 
not identical, as they were at 413 C; in fact, the uniform and total elon- 
gations at 700 C were significantly different. 

Properties at 700 C (1300 F) After Annealing at 1000 C (1832 F) 

Some of the irradiated and unirradiated 19-9DL specimens were annealed 
at 1000 C for 1 h before testing to determine the contribution of radiation 
induced damage to the changes in properties at elevated temperatures. 
The results are presented in Figs. 8 and 9. These data indicate that some 
of the effects of irradiation remain after annealing. 
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F I G .  9--Total elongation of irradiated 19-9DL at 700 C (1200 F) after annealing for 
1 h at 1000 C (1832 F). 
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492 iRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

The effectiveness of the annealing operation can be assessed better by 
comparing Figs. 5, 6, and 7 with Figs. 8 and 9. Irradiation does not affect 
the ultimate strength, and annealing does not affect the ultimate strength 
of the unirradiated or the irradiated material. Annealing does not reduce 
the yield strength of both the irradiated and the unirradiated material 
because the annealing operation is less effective at fluences exceeding 1020 
n/cm 2. At fluences of about 102t n/cm 2, the yield strength is essentially 
unaffected by annealing. 

Annealing has only a minor effect on total elongation. However, anneal- 
ing does eliminate any difference in total elongation because of differences 
in the irradiation temperature. At fluences of less than 102o n/cm 2, the 
uniform elongation is increased by annealing; at fluences of more than 
10 20 n/cm 2, the annealing operation becomes Jess effective; and, at fluences 
of about 10 21 n/em 2, annealing has no effect on uniform elongation. 

E v a l u a t i o n  o f  D a t a  

Many data are available on the effects of irradiation on the properties 
of ferrous metals. It is difficult to compare the various data precisely 
because many factors determine the behavior of the materials during 
irradiation. It has been shown that irradiation temperature, test temper- 
ature, strain rate, alloy composition, crystallographic structure, grain size, 
heat treatment, fluence, and flux spectrum are important variables. 

The fluence received by the 19-9DL specimens in this program was too 
low to permit assessment of the potential of the material for use in fast 
reactors. However, the data at 1300 F indicate that the material is not 
extremely sensitive to irradiation embrittlement because the uniform 
elongation does not appear to be sensitive to fluence. These results, coupled 
with the work of Kramer [4] showing that 19-9DL was still ductile after 
being injected with helium particles, indicate that the material may indeed 
be suitable for fast reactor application. However, the properties at higher 
fluences and higher irradiation temperatures must be determined before 
the full potential of the material is known. 

At the test temperature of 413 C (775 F), the 19-9DL was very ductile 
after receiving fluences as high as 10 ~1 n/cm 2. Extrapolation of these data 
indicate that the elongation will be about 10 percent at a fluence of 1022 
n/cm 2. This is in contrast to the Irvin and Bement [5] data on annealed 
Type 304 stainless steel, which indicated that the elongation of Type 304 
stainless steel at all test temperatures is less than 3 percent at a fluence 
of 6 X 102I n/cm 2. 

C o n c l u s i o n s  

Several conclusions can be made based on the results of this program. 
1. The tensile properties of 19-9DL were affected by irradiation regard- 

less of irradiation and test temperatures. In some instances there was an 
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increase in strength accompanied by  a decrease in ductility, and in other 
instances there was only a decrease in ductility. The effects were most 
pronounced at a test  tempera ture  of 20 C (70 F) and an irradiation temper-  
ature of 55 C. Although the alloy is susceptible to the e levated-temperature  
(700 C) embri t t lement ,  it is less susceptible to embri t t lement  than  is Type  
304 stainless steel irradiated under similar conditions. 

2. At the test  tempera ture  of 413 C (775 F), only minor changes in the 
tensile properties were observed after irradiation at 343 and 413 C. The 
uniform elongations exceeded 10 percent at a fluence of 1021, and extrapo- 
lation of the data to 1022 indicated tha t  the elongations would range from 
about  8 to 10 percent. Because of this resistance to embri t t lement ,  19-9DL 
appears to be more suitable for thermal  reactors than  Type  304 stainless 
steel. 

3. Thermal  aging at 343 and 413 C has essentially no effect on the tensile 
properties at 20 and 413 C. 
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DISCUSSION 

P h . B .  van Asbroecl~l - - Irradia t ion  experiments carried out at C .E .N . /  
S.C.K., Mol, Belgium, under higher fast  fluences than  those reported by  
A. L. Lowe, Jr., and C. J. Baroch show tha t  19-9DL is still less susceptible 
to elevated-temperature  embri t t lement  than  austenitie stainless steel. 

19-9DL solution annealed 15 rain at  1050 C and aged 1 h at 760 C, 
AISI  316 solution annealed 15 rain at  1050 C, and Ineoloy-800 annealed 
15 rain at 980 C in the form of tension plate specimens (0.5 mm thick) 
have been neutron irradiated at 60 C in BR2 up to a fast fluence of 2.65 
n / c m  2, E > 0 . 1  MeV, 1.30 n / c m  2, E > I  MeV, and a thermal  fluenee of 
2.4 n / c m  2. Total  elongation at 700 C (Table 1 of the discussion) has been 
measured by postirradiation tension testing at a strain rate of 5X10 -a 
rain -1. The analysis of the table indicates a levelling of the total  elongation 
decrease between a fast fluence of 1.2 and 1.9X1021 n / e m  ~, E > 0 . 1  MeV 
Tension tests on specimens irradiated at  a fast fluence greater than 10 '~ 
n/em" are under way and will cheek this levelling. 

Furthermore if the ratio of the total  elongation before irradiation to the 
total  elongation after irradiation is taken as a measure of the susceptibi]ity 
to high-temperature embri t t lement ,  statistical testing leads to the con- 
clusion tha t  this susceptibility is different for the three alloys at a 5 percent 
level of significance. The value of this susceptibility to high-temperature 
(700 C) embri t t lement  is about  2.6 for 19-9DL, 4.3 for AISI  316, and 
9.0 for Ineoloy-800. 

TABLE 1--Total elongation at 700 C (strain rate=5XlO -3 rain-'; 
irradiation temperature= 60 C). 

Fast F.luence, Total Elongation, % 
E > 0.1 MeV, 

n/cm 2 19-9DL AISI 316 Incoloy-800 

0 . . . . . . . . . . . . . . .  58.5, 63.5, 68.0 
1.20X10 ~1 . . . . . . .  26.7, 28.6, 35.5 
1.90 . . . . . . . . . . . .  22.4 
2.30 . . . . . . . . . . . .  23.4 
2.50 . . . . . . . . . . . .  20.0, 24.8 
2.65 . . . . . . . . . . . .  19.6, 24.9, 26.3, 

27.7 

68.0, 70.0, 72.5 71.0, 72.5, 77.6 
19.0, 19.1, 22.0 10.0, 11.4, 11.4 
20.5 7.1 
16.9 7.6 
15.3, 22.9 8.1, 9.1 
10.5, 11.9, 11.9, 7.2, 9.3, 10.2 

17.6 

1 Ing6nieur civil, U.I.Lv., section head, C.E.N.-S.C.K., B-2400 Mol, Belgium. 
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K .  Ehr l i ch ,  1 H .  B S h m ,  1 a n d  C. W a s s i l e w  ~ 

Influence of Neutron Irradiation 
Creep Rupture Properties of a 
16Cr-13Ni Steel 

on the 

REFERENCES:  Ehrlich, K., B6hm, H., and Wassilew, C., " Inf luence  of 
N e u t r o n  Irrad ia t ion  on  t h e  Creep R u p t u r e  P r o p e r t i e s  of a 16Cr-13Ni 
Steel ,"  Irradiation Effects on Structural Alloys for Nuclear Reactor Appli- 
cations, ASTM STP ~8~, American Society for Testing and Materials, 1970, 
pp. 495-508. 

A B S T R A C T :  The influence of neutron irradiation (up to 1.1X10 ~2 n/cm 2, 
E>0.1 MeV) on the creep rupture properties of a Cb stabilized 16Cr-13Ni 
steel was studied in this paper. Different heat treatments and cold work con- 
ditions and several irradiation temperatures were investigated. 

Low-temperature irradiation causes an increase in time to rupture at 650 and 
750 C, whereas creep rate is reduced by more than a factor of ten. The creep 
ductility decreased to less than 1 percent. High-temperature irradiation does 
not cause a substantial change in rupture time at 650 C for the aged condition 
and the 50 percent cold work and 50 percent cold work+ 1 h 850 C conditions. 

The rupture life of specimens which were cold-worked 10 percent is strongly 
decreased by irradiation. Only slight changes in creep rate could be observed 
after high-temperature irradiation. Electron microscopy investigations indicate 
that the increase in rupture life and reduction in creep rate after low-temper- 
ature irradiation is due to a large number of dislocation loops. In the specimens 
irradiated at 650 C and above only He bubbles could be detected. 

K E Y  W O R D S :  irradiation, neutron irradiation, radiation effects, bursting, 
creep rate, creep rupture strength, creep tests, ductility, embrittlement, dis- 
locations, cold working, hardening (materials), heat treatment, austenitic 
stainless steels, precipitation hardening steels, nickel-chromium steels 

The  influence of neu t ron  i r rad ia t ion  upon the creep rup tu re  proper t ies  of 

aus teni t ic  stainless steel is one of the  most  i m p o r t a n t  factors  which governs  

the  behav ior  of fuel e lement  c ladding for fast  breeder  reactors.  A large 

n u m b e r  of papers  have  been publ ished abou t  the  creep rup tu re  behav ior  of 

aus ten i t ie  steels dur ing and af te r  i r rad ia t ion  [1-812 Mos t  of these invest i -  

gat ions  have  been carried out  on A I S I  T y p e  316 and  304 stainless steels. 

1 Institut ft'tr Material- und Festkorperforsehung, Kernforschungszentrum Karlsruhe, 
Germany. 

2 Italic numbers in brackets refer to the list of references at the end of this paper. 
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496 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

All results show that  neutron irradiation leads to a remarkable reduction 
in rupture life and ductility, when tested above TM/2, independent of 
irradiation temperature. In contrast to the change of rupture life by  irradi- 
ation the creep rate is influenced in a nonuniform manner. The effect of 
irradiation has been found to cause faster creep rates [5], slower creep rates 
[1], and no change in creep rate [1, 2, 3, 5]. A comparison of the in-reactor 
and postirradiation creep rupture properties of 304 stainless steel shows no 
difference in rupture life and creep rate [2]. This result, as well as other 
in-pile creep experiments [1, 3] which show no change in creep rate, indi- 
cates that  neutron irradiation, at least at low fluxes ( <  1014 n/cm-%s), does 
not change the mechanism of the deformation process by irradiation in- 
duced point defects. Further  in-pile creep tests must show whether this is 
also true in high, fast neutron fluxes. 

The formation of stable dislocation loops and voids, which appear in 
austenitie stainless steel at high fluences (>  1022 n/cm~), can reduce the 
creep rate at temperatures at about  TM/2, as A. J. Lovell [7] has shown. 
The observed changes in creep rate at lower neutron fluxes and fluences 
may be at t r ibuted to irradiation induced precipitation processes [5] or 
perhaps to pinning of dislocations by helium bubbles [9]. The published 
results indicate that  the reduction in rupture life after irradiation at  low 
ftnences is mainly due to high-temperature embrit t lement induced by  n,a 
reactions and only in some cases influenced by  a change in creep rate. I t  is 
to be expected that  the influence of irradiation induced defects upon creep 
rate and rupture life is increasing with higher fast neutron fluxes and 
fluences. 

Because high-temperature embrit t lement and changes in creep rate due 
to irradiation influenced precipitation processes should be dependent on the 
structure of the steel, it seemed important  to s tudy the postirradiation 
behavior of a 16Cr-13Ni steel (steel number 1.4988) in different conditions 
and after different neutron irradiations. 

Experimental Procedure 

The chemical composition by weight percent of the commercial 
chromium-nickel steel used in this investigation was 0.08 C, 0.27 Si, 
1.1 Mn, 0.019 P, 0.009 S, 16.1 Cr, 13.6 Ni, 1.28 NIo, 0.7 V, 0.87 Nb, 0.0002 
B, and balance Fe. Sheet specimens (thickness 0.5 mm, gage length 25 ram) 
of this steel in the normal heat-treated condition (1 h 1050 C + 3  h 750 C) 
were irradiated in the BR 2 reactor Mol and in the DIDO reactor at 
Jiilich. Other specimens were irradiated in four different heat-treated and 
cold-worked conditions in the BR 2. The data of irradiation and the con- 
ditions of the material are compiled in Table 1. 

Postirradiation creep rupture tests were performed at  650 C and in some 
cases at 750 C in lever arm machines. The accuracy of the strain measure- 
ment is about 5 X 10 -3 percent strain. 
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EHRLICH ET AL ON CREEP RUPTURE OF STEEL 4 9 7  

TABLE 1-- Irradia t ion  conditions and thermamechanical treatments of a 16Cr-13Ni  steel. 

~ast 
Thermal Neutron 

Irradiation Neutron Dose, 
Temperature, Dose, n /cm e, Heat  Treatment and 

Reactor deg C n /cm 2 E >0.1 MeV Cold Working 

BR 2 . . . . . . . . . . . .  50 
DIDO . . . . . . . . . . .  650 
BR 2 . . . . . . . . . . . .  650 to 750 

0 .6XlO 22 0 .8XlO 22 
1.0)41021 4.5X102o 
0.7)<1022 1.1XIO 22 

1 h 1050 C + 3  h 750 C 
1 h 1050 C + 3  h 750 C 
Solution annea l+10% 

cold work; solution 
annea l+10% cold 
w o r k + l  h 850C; solu- 
tion annea l+50% cold 
work; solution an- 
nea l+50% cold work 
+1  h 850 C 

The nature of the substructure was revealed by thin film electron micro- 
scopy with the use of a Siemens Elmiskop I A. Sheet specimens were pre- 
thinned to about  0.2 to 0.3-mm thickness by  electropolishing in a solution 
of 90 percent nitric acid, 5 percent hydrofluoric acid, and 5 percent water  
at  10 to 15 V and 0.9 A / c m  2. Afterwards small disks of 3-mm diameter 
were punched from the unstrained heads of the creep specimens or from 
the gage lengths. The final electropolishing was done in an automatic  jet 
polishing cell with a solution of 80 percent methanol  and 20 percent 
sulfuric acid at  12 V and 0.6 A /cm 2. 

Results 

The results of the creep rupture tests of the specimens irradiated at 50 C 
and up to 0.8 • 1022 n / c m  ~ are summarized in Figs. 1 and 2. As can be seen 
from these figures, the low-temperature irradiation causes a strong increase 
in rupture life at  650 and even 750 C and a reduction in minimum creep 
rate by a factor of more than  ten. The creep ductility is reduced by  irradi- 
ation to less than 1 percent compared with about  10 percent for the un- 
irradiated specimens. Tension tests of the irradiated specimens have shown 
an increase in yield strength of about  15 k g / m m  2 at  650 C and of about  
8 k g / m m  2 a t  750 C, whereas the ul t imate tensile strength remains nearly 
unchanged at  both test  temperatures.  

I t  seemed to be of interest to s tudy the influence of postirradiation heat  
t rea tment  on the creep rupture properties. Because annealing above 750 C 
would cause a change not only of the irradiation induced defects but  also 
of the prior carbide distribution, a postirradiation heat  t rea tment  (1050 C + 
3 h 750 C) which led to prior structure was carried out. The rupture life 
and ductility of the specimens, treated in this manner,  is slightly reduced 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



498 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

- ~ "  u n i r r a d i a t e d  

- e -  i r r a d i a t e d  0 ,8  x 1022 nlcm2jE>O] N4eV 

�9 post  i r r a d i a t i o n  h e a t - t r e a t m e n t  

1050oC-2h + 750oC-3h 
t.0 

650~ . . ,~ 
30 ~ ~ " ~ ~  "i"- ~ ~ " ~ - . ; .  . . . . .  " 

-o-.V.e.,,. ~ . . . . .  } 2r ~ " ' - .  

~ T s o ~  "".A.. 
t 

6 -~  . . . .  
i 
l 

I00  z ,; ~ 8 I01 z ~ ~ e lO 2 2 ,~ ~ e 103 z ~ ~ 810 i' 

t i m e  to  r u p t u r e ,  h o u r s  

F I G .  1--Effect of neutron irradiation on the rupture life of 16Cr-13Ni steel at 650 and 
750 C. Irradiation temperature 50 C; preirradiation heat treatment 1050 C/1 h+750 C/3 h. 

compared with the unirradiated materials, whereas the creep rate has the 
same value as in the unirradiated condition (Figs. 1 and 2). Compared with 
the properties of the as-irradiated specimens, strain at fracture is strongly 
increased (to about 8 percent) by the postirradiation treatment. 

The rupture life, creep rate, and total elongation at 650 C of the normally 
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F I G .  2--Minimum creep rate of irradiated and unirradiated 16Cr-13Ni steel at 650 
and 750 C. Irradiation temperature 50 C. 
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FIG.  3--Effect  of neutron irradiation on the rupture life of 16Cr-13Ni steel at 650 C. 
Irradiation temperature 650 C; preirradiation heat treatment 1050 C/1 h ~- 7 50 C/1 h. 

heat-treated specimens after irradiation at 650 C to a fast neutron fluence 
of 4.5 • 1020 n /cm 2 are given in Figs. 3, 4, and 5. In order to get comparable 
results the unirradiated specimens were aged at 650 C for the irradiation 
time, so differences between the irradiated and unirradiated condition are 
due only to irradiation influence and not to annealing affects. As indicated 
by the figures, stress rupture strength remains nearly unaffected by this 
irradiation, while creep rate and ductility are reduced. 

The influence of different thermomeehanieal treatments upon the post- 
irradiation creep rupture properties can be seen from Figs. 6-11. As 

30 i r rad ia ted  4.5xlO2On/crn2,E>O.I MeV  
E 
"~ 20 

~ u n i r r a d i a t e d  
iO . . . . . . . . . . . .  

I I , I ; I I I , i I I I i I i q I 

100 2 ~ 6 el01 z 4 ~ s l02  2 ~ 6 8 l03 ~ ~ s 10 h 
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FIG.  4 - - M i n i m u m  creep rate of irradiated and unirradiated 16Cr-13Ni steel at 650 C. 
Irradiation temperature 650 C. 
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FIG.  5--Total  elongation versus rupture time for unirradiated and irradiated 16Cr- 
13Ni steel tested at 650 C. Irradiation temperature 650 C. 
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FIG. 7--Minimum creep rate versus stress for 16Cr-13Ni steel in different conditions. 
Irradiation temperature 650 to 750 C. 

pointed out earlier, the unirradiated conditions have been aged at about 
the irradiation temperature for the corresponding time. Figures 6, 7, and 8 
show that the rupture life and strain at fracture of the 10 percent cold 
work and 10 percent cold work+ l  h 850 C anneal conditions are severely 
reduced by the high-temperature irradiation, while the creep rate remains 
nearly unchanged. This result is in agreement with earlier investigations 
[6] on in-pile stress rupture properties of this steel, where thin walled tubes 
in the as-received condition (which is similar to 10 percent cold working) 
exhibit a substantial decrease in time to rupture due to irradiation. The 
metallographic investigation shows that no recrystallization occurred dur- 
ing irradiation. 

As can be seen from Figs. 9, 10, and 11 the 50 percent cold work and 
50 percent cold work+ 1 h at 850 C anneal conditions are much less affected 
by irradiation than the 10 percent cold work condition. It should be men- 
tioned that the l-h anneal at 850 C led to recrystallization, while the 
specimens which were cold-worked to only 50 percent recrystallized at the 
irradiation temperature after several hours. The grain size after irradiation 
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50~ iRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 12--Transmission electron micrographs of 16Cr-13Ni steel: top, unirradiated; 
bottom, irradiated at 50 C to 0.8X10 ~2 n/cm 2. 

of both conditions is very small (<  10 t~m). This explains the low stress 
rupture strength of the steel in the 50 percent cold work and 50 percent 
cold work+ l  h 850 C heat treat conditions. Rupture life at 650 C does not 
show a marked change due to irradiation (Fig. 9), while the creep rate 
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seems to be slightly reduced (Fig. 10). The creep ductil i ty is reduced, 
though a strain at  fracture greater than 10 percent after a neutron irradi- 
ation of up to 1.1 X 1022 n/cm2 is higher than in other conditions. 

To achieve a bet ter  understanding of the above mentioned results a 
number of specimens were investigated by transmission electron micro- 
scopy. The substructure of the material after an irradiation at about 50 C 
of up to 0.8 • 1022 n / c m  ~, E >  0.1 MeV, consists of a very high concentration 
of unresolvable black dots as well as of small dislocation loops, the concen- 
tration of which is about 2 X 1015 cm -3. The average diameter of these loops 
is about 100 A. Because of the high number of defects an analysis could 
not be done. No denudation of defects could be observed near grain 
boundaries or precipitation. Figure 12 shows a comparison of the micro- 
structure between the unirradiated and irradiated material. 

After annealing at  650 C for 1 h the black dots disappeared (Fig. 13). 
The concentration of loops is about 2 X 10 '6 cm -3. Their average diameter 
was determined to be 200~100 .~. Less than 10 percent of the loops are 
larger than 300 .~. They  lie mainly on (111) planes. The loop density is 
reduced to 7.5X1014 cm -3 or 1X 1014 cm -~ after heat t reatment  at  750 C 

o 

for 1 or 264 h, respectively. The average diameter increases to ~-~300 A. 
This annealing also leads to the precipitation of very fine particles which 
seem to be carbides (Fig. 14). A large number of loops are still to be found 

FIG. 13--Transmission electron micrograph of irradiated 16Cr-13Ni steel after 1-h 
anneal at 650 C. 
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FIG. 14--Transmission electron micrograph of irradiated 16Cr-13Ni steel after 1-h 
anneal at 750 C. 

FIG. 15--Helium bubbles in irradiated 16Cr-13Ni steel after annealing at 1050 C. 
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after creep testing at 650 C. Annealing at 900 C leads to a complete recovery 
of the irradiation induced dislocation loops. 

At annealing temperatures up to 750 C no helium bubbles were observed, 
whereas at heat treatments in the region of 900 to 1050 C bubbles could be 
detected in the grain boundaries as well as in the grains (Fig. 15). The 
transmission electron microscope (TEM) investigation of specimens which 
were irradiated at 650 C in the DIDO reactor to a neutron fluence of 
4.5 X 102~ n/cm 2, E >  0.1 MeV, indicated no evidence of irradiation damage. 
This is in agreement with earlier observations by Rowcliffe [10], who could 
not find any displacement damage after a neutron exposure (1•176 
n/cm ~) at 650 C. High neutron exposure (1.1 X 10 ~, E>0.1 MeV) at tem- 
peratures between 650 and 750 C did not produce observable displacement 
damage. Neither dislocation loops nor black dots were observed in the 
undeformed heads of specimens, which were creep tested at 650 C, bu t  a 
high concentration of helium bubbles with a mean size of ~250 A was 
detected. The number of the bubbles corresponds to the helium generated 
by n,a reactions in the same order of magnitude. 

D i s c u s s i o n  

The results of the electron microscopic investigations indicate that the 
reduction in creep rate and increase in rupture life after low-temperature 
irradiation are due to irradiation induced dislocation loops. The increase 
in yield strength at 650 and 750 C after irradiation can be explained semi- 
quantitatively by dislocation loop hardening. The remarkable result is that 
these loops are still stable at 750 C for a long time; J. J. Holmes and co- 
workers [11] have found that dislocation loops, produced in Type 304 
stainless steel by irradiation at 532 C to 1.4• n/cm ~, disappeared 
entirely after annealing at 650 C. It  is possible that the stability of the 
loops at high temperatures is due to very fine carbide precipitation on the 
dislocation loops. 

Irradiation at up to 1.1 X1022 n/cm 2 at temperatures between 650 and 
750 C does not cause the formation of dislocation loops or voids, so the 
observed changes in creep rupture properties are only based on high- 
temperature embrittlement (due to helium formation) and possibly on 
changes in precipitation processes. Specifically, the small changes in creep 
rate may be contributed to irradiation influenced precipitations. 

The results clearly indicate that the irradiation induced embrittlement as 
characterized by reduction in time to rupture and strain at fracture is 
strongly dependent upon the pretreatment of the steel. In agreement with 
earlier results, cold-worked conditions of a material, which do not recrystal- 
lize during irradiation or testing, exhibit the highest reduction in rupture 
life. One reason for this behavior may be that in the cold-worked condition 
the dislocation hardening within the grain favors grain boundary sliding, 
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5 0 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

which m a y  promote  embri t t lement .  As the results have shown, the 50 
percent  cold work conditions are less affected b y  neut ron  irradiation. This 
can be a t t r ibu ted  to the ve ry  small grain size, which is known to reduce 
irradiat ion induced embr i t t l ement  [12]. 
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The Effects of Helium on the High- 
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12R72HV and Inco IN-744X* 
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ABSTRACT: Small tension specimens of Sandvik 12R72HV and Inco IN-744X 
were injected with helium by means of ~ particle irradiation from a cyclotron 
to produce approximately uniform concentrations of from 1 X 10 -8 to 2.5 X 10 -5 
atom fraction. The specimens subsequently were tension tested in vacuum 
between 500 and 800 C. Sandvik 12R72HV is significantly more resistant to 
helium embrittlement than Type 304 or 316 stainless steel. Helium in Inco 
IN-744X has little effect on the superplastic behavior of this alloy. 

KEY WORDS: irradiation, alpha irradiation, radiation effects, helium, duc- 
tility, elongation, mierostructure, embrittlement, grain boundaries, grain size, 
cracking (fracturing), failure, carbides, precipitates, creep tests, tension tests, 
alloys, stainless steels 

Helium causes a loss of ductility in many alloys during high-temperature 
tension or creep testing, because it accumulates at grain boundaries where 
it has a strong positive influence on intergranular cracking. This has been 
observed in reactor irradiated specimens [1, 2] 8 and in specimens that have 
been injected with helium by cyclotron irradiation [3-5]. 

Premature intergranular failure may be due either to the joining of 
grain boundary helium bubbles that have grown with the assistance of 

1 Physical Metallurgy, Atomics International Division, North American Rockwell 
Corp., Canoga Park, Calif. 91304. 

2 Physical Metallurgy, Science Center, North America Rockwell Corp., Thousand 
Oaks, Calif. 91360. 

* This work was performed under the auspices of the U. S. Atomic Energy Commis- 
sion under Contract AT(04-3)-701. 

3 Italic numbers in brackets refer to the list of references at the end of this paper. 
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510 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

TABLE 1--Compositions of alloys in weight percent. 

Alloy C N Ni Cr Mo Ti Mn Si Fe 

12R72HV . . . . . . . . . . . . . . . . . .  0.1 . . .  15 15 1.2 0.5 1.8 0.5 balance 
IN-744X . . . . . . . . . . . . . . . . . .  0.06 0.03 6.6 27 . . .  0.2 0.4 0.5 balance 

stress [6] or to the formation of grain boundary  cracks by  grain boundary  
sliding, as promoted by  helium bubbles in the grain boundary [7]. Test  
temperature,  strain rate, and the degree of grain boundary  sliding will 
determine which mechanism is favored during testing. The alloys tha t  are 
the subject of this paper, Sandvik 12R72HV and Inco IN-744X, are of 
interest because of the nature  of their mierostruetures. Finely dispersed 
precipitates in the grain boundaries may  be developed in 12R72HV, 
whereas the superplastic IN-744X has an extraordinarily high amount  of 
grain boundary  area per unit  vo lume- - the  alloy has a grain size of only a 
few micrometers [8, 9]. Both of these features may  be expected to mitigate 
the effects of helium, and some confirmatory evidence has been reported in 
the ease of IN-744X [10]. 

Experimental Procedure 

The compositions of 12R72HV and IN-744X are given in Table 1. Small 
sheet tension specimens with a cross section of 0.20 by  1.02 m m  and a gage 
length of 12.7 m m  were punched from strip and annealed as shown in 
Table 2. The anneal of 12R72HV was used to produce fine carbides whereas 
the anneal of IN-744X merely removed cold work without grain growth. 
The specimens then were injected with helium by  means of alpha particle 
irradiation from a cyclotron [6], and the resulting helium contents were 
determined analytically [3]. 

Tension tests were performed in vacuum at a strain rate of 0.02/rain; 
yield strengths were measured at 0.2 percent elongation; and specimens 
were held at the test tempera ture  for 1 h before the load was applied. 

Results 

12R72H V 

Tension test results are presented in Tab]e 3, where the values shown 
are the averages of two specimens. The yield strengths of the specimens 

TABLE 2--Alloy anneals before testing. 

Alloy Anneal 

12R72HV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 h at 1100 C+8 h at 825 C 
INo744X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 rain at 870 C 
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KRAMER ET AL ON EFFECTS OF HELIUM ON DUCTILITY 511  

TABLE 3--Tension test results for 12R72HV. 

Test Atom Yield Tensile 
Temperature, Fraction Strength, Strength, 

deg C Helium kg/mm 2 kg/mm 2 

Elongation, % 

Uniform Total 

500 . . . . . . . . . . . . . .  0 13.1 43.1 26 27 
1X10 -8 13.1 41.8 25 26 
5X10 -5 15.0 43.1 25 27 

600 . . . . . . . . . . . . . .  0 12.0 37.7 28 29 
1X10 -8 11.7 38.5 28 30 
5X10 -~ 14.1 38.4 27 29 

700 . . . . . . . . . . . . . .  0 11.8 25.7 22 41 
1X10 -~ 11.2 25.0 21 37 
2.5X10 -5 11.7 24.9 20 34 

800 . . . . . . . . . . . . . .  0 9.9 15.2 13 57 
1X10 -~ 10.1 15.4 14 46 
5X10 -5 10.0 15.5 13 27 

tha t  have received the higher helium dose showed an increase at 500 and 
600 C, which is probably  due to the displacement damage caused by the 
irradiation. The principal effect of helium was to reduce the total  elongation 
at 700 C and 800 C; the uniform elongation remained essentially unchanged 
at all test temperatures.  

The microstructure of this alloy prior to testing consisted of austenite 
grains, with an average size of 35 ~m, with both fine and coarse M2sC8 
precipitates (as determined by  electron diffraction) in the grain boundaries. 
The fine precipitates ranged between 100 and 200 A in size whereas the 
coarser ones were about  1 ~in. 

Figure 1 shows these fine precipitates in a specimen tested at 700 C. At 
this temperature,  specimens without helium failed transgranularly,  those 
with the lower helium content failed in a predominant ly  transgranular  
mode, and those with the higher helium content experienced a mixed 
transgranular-intergranular  failure. A few small helium bubbles, 20 A in 
diameter, were found at tached to some of the coarse grain boundary 
carbides. 

At 800 C the presence of 5 • 10 .5 a tom fraction helium caused the failure 
mode t 9 change from transgranular  to intergranular. Voids were observed 
in grain boundaries in the high helium content specimens, but  they were 
not adjacent to the coarse carbide particles as shown in Fig. 2. Very large 
helium bubbles, up to 1500 A in size, were observed in grain boundaries 
(Fig. 3a) and occasionally in the matrix. These large bubbles were not 
generally at tached to carbide particles. Smaller bubbles were found 
throughout  the matrix averaging about  50 ~- in size (Fig. 3b). 
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IN-744X 
The total elongation of this superplastic alloy rises rapidly with increasing 

temperature, with a concomitant fall in strength. The presence of helium 
causes the rise in total elongation to be less steep but has no effect on 
strength. The small increases in yield and tensile strength at 500 C are 
probably the residual effect of displacement damage. The uniform elon- 
gations appear merely as a formality in Table 4, since necking, in the usual 
sense, was absent; rather, the entire gage length may be considered as the 
neck. 

The mierostructure of this alloy prior to testing was a mixture of austenite 
and ferrite grains whose size averaged between 1 and 2 ~m (Fig. 4). Testing 
at 700 C resulted in intergranular failures for all specimens with no increase 
in grain size. Voids and cracks were observed in grain boundaries and they 
were more numerous in specimens with helium. Figure 5a shows the 
appearance of voids and cracks in the region close to the failure surface. 

o 

Helium bubbles, 50 to 150 A, were seen on ferrite-ferrite grain boundaries 
and within the ferrite grains (Fig. 5b). These grains had a very low dis- 

FIG.  1--Transmission electron micrograph of Sandvik 12R72HV, with 2.5• -5 atom 
fraction helium, tested at 700 C. Fine precipitates of M2~C6 are present in the grain boundary. 
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FIG.  2--Replica electron micrograph of Sandvik 12R72HV, with 5 X 1 0  -5 atom fraction 
helium, tested at 800 C. Voids in the grain boundary are not adjacent to the coarse carbide 
particles. 

T A B L E  4--Tension test results for Inco IN-744X.  

Test  Atom Yield Tensile 
Tempera tu re ,  Frac t ion  Strength,  Strength,  

deg C Hel ium k g / m m  2 k g / m m  2 

Elongation,  % 

Uniform Tota l  

500 . . . . . . . . . . . . . .  0 52.8 56.0 2 .1  18 
1X10 -~ 57.7 57.7 2 .0  15 
2 X 10 -5 55.1 57.9 2 .0  16 

600 . . . . . . . . . . . . . .  0 26.9  28.3 2 .0  53 
1X10 -6 26.3 28.3 1.8 44 
2 X  10 -5 27.1 28.4 2 .0  32 

700 . . . . . . . . . . . . . .  0 11.5 14.5 3 .4  205 
1X10 -6 10.6 13.1 3 .5  114 
2 X 1 0  -5 11.5 13.8 3 .2  94 

800 . . . . . . . . . . . . . .  0 3 .8  4 .4  3 .9  ~300 
2X10  -5 3 .5  4 .2  3 .5  ~300  
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514 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 3--Transmission electron micrographs of Sand~,ik 12R72HV, ~eith 5•10 -5 atom 
fraction helium~ tested at 800 C. Large helium bubbles are seen in (~) the grain boundary 
and (b) in the grain boundary, ~vith smaller bubbles in the matrix. 
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KRAMER ET AL ON EFFECTS OF HELIUM ON DUCTILITY 515 

FIG. ~--Mierostr~ecture of I N - % 4 X  prior to le,~Ling: (~) replica electro~ microgr~ph, 
(b) trans~aission electron micrograph. 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



516 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 5--Microstructure of IN-74~X, with 2X10  -5 atom fraction helium, tested at 
700 C: (a) replica electron micrograph showing intergranular voids and cracks near failure 
surface; (b) transmission electron micrograph showing helium bubbles in the ferrile phase. 
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KRAMER ET AL ON EFFECTS OF HELIUM ON DUCTILITY 5 1 7  

FIG. 6--Replica electron micrograph of IN-744X, containing no helium, elongated 300 
percent without failure at 800 C. Cracks are seen at ferrite-ferrite boundaries. 

location density, as contrasted with the austenite grains in which no bubbles 
were detected. 

Specimens tested at 800 C did not fail after 300 percent elongation, the 
limit of the apparatus. The average grain size increased to between 2 and 
4 t~m, and intergranular cracks were present mostly at ferrite-ferrite 
boundaries in specimens with or without helium, as shown in Fig. 6. 
Helium bubbles ranged from 50 to 450 A in size and, again, were predomi- 
nantly associated with the ferrite phase. 

Discuss ion  

The reduction of total elongation by helium in 12R72HV is significantly 
less than in Type 316 or 304 stainless steel [5, 6]. The presence of titanium 
in 12R72HV makes it possible to produce a fine dispersion of M23C6 
carbides in the grain boundaries. These precipitates would be expected to 
impede grain boundary sliding, an essential part of the intergranular 
failure mechanism in 316 and 304. In these alloys, intergranular failure 
was initiated by the formation of voids at grain boundary carbide particles 
through the action of grain boundary sliding; this process is aided by the 
presence of helium bubbles on the particles. The voids observed in 12R72HV 
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5 1 8  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

were isolated in the grain boundaries, not usually associated with the 
coarse carbide particles (Fig. 2). I t  is therefore likely that  grain boundary 
sliding was inconsequential and that  these voids grew from helium bubbles 
under the influence of the applied stress [7]. Additional evidence for the 
reduced grain boundary sliding in 12R72HV as compared to 316 is given 
in the Appendix. 

The extremely title grain size and the superplastie nature of IN-744X 
put this alloy in a class by itself. Since the mechanism of deformation is 
uncertain, one is unable to explain the effect of helium in detail; neverthe- 
less, the extraordinarily high amount of grain boundary area per unit 
volume will severely limit locally high concentrations of helium. This is 
evidenced by the relative scarcity of bubbles seen after testing as compared 
to 12R72HV. 

Summary 
1. Sandvik 12R72HV is significantly more resistant to helium embrittle- 

ment than Type 316 or 304 stainless steel. 
2. The improved resistance is due to a fine dispersion of M~3C6 grain 

boundary carbide particles. 
3. The presence of helium in IN-744X merely moderates the rapid rise 

of total elongation with increasing temperature that  occurs above 500 C. 
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APPENDIX 

The expression we have used for elongation due to grain boundary sliding, 
egb, relating the various parameters which can be measured experimentally, as 
taken from Stevens [11], is 

egb = (1-ke~)[1- (1-kNr~T) -2] 
where 

et = total elongation, 
ArT= number of grain boundaries per unit length, transverse to the stress axis, 

after elongation, and 
~T = average value of grain displacement perpendicular to the stress axis, normal 

to the surface, transverse traverse. 

The equation is valid providing 01= 02, where 01 is the angle between the stress 
axis and the grain boundary trace on the surface of the specimen and 02 is the angle 
between the stress axis and the grain boundary trace on a section perpendicular to 
the surface. 
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KRAMER ET AL ON EFFECTS OF HELIUM ON DUCTILITY .519 

TABLE 5--Grain boundary sliding data for Sandvik 12R72HV and 316 SS. 

Elongation due 
Test Total to Grain 

Temperature, Elongation, Boundary Sliding, % 
Alloy deg C % % % 

12R72HV . . . . . . . .  800 15 0.62• 4 .1 •  
316 . . . . . . . . . . . . .  800 9.1 0.89• 9 .78•  

Prior to tension testing, 0.025 mm was electropolished from each surface of the 
specimen. This provided a polished surface for displacement measurements and 
also assured that  01= 02 prior to test (determined experimentally). The grain 
displacements were measured by means of a Zeiss two-beam interference micro- 
scope, Carl Zeiss, Inc., Burbank, Calif., with approximately 200 measurements 
made to determine ~T. The specimens were then sectioned and examined to assure 
that  01 = 02 after testing. 

The results for 12R72HV and 316 without helium are presented in Table 5. 
The specimens were tested to their maximum uniform elongations. The parameter 
-~ is (E~b/et) (100), which is a measure of the relative contribution of grain boundary 
sliding to the total  elongation. The error limits are the 95 percent confidence 
intervals based on the 95 percent confidence intervals for the ~T of each specimen. 
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DISCUSSION 

G. J. C. Carpenterl--From your results there seems to be no doubt tha t  
there is less grain boundary sliding in the 12R72HV alloy than in 304 
stainless steel and that this is related to the cardides at the grain boundaries. 
However, the inference of a direct correlation between reduced grain 
boundary sliding and improved postirradiation ductility seems less well 
founded. An alternative explanation could be advanced on the basis of 
the small size of the helium bubbles which probably nucleate on the fine 
carbide particles and would require a larger stress in order to grow. Is 
there any reason to reject this possibility? 

C. G. Rhodes (authors' eIosure)--While it is probably true that the 
presence of fine carbides on the grain boundaries of 12R72HV will keep the 
accumulated helium dispersed as small bubb]es, thereby inhibiting their 
stress induced growth, the comment presumes that this mechanism of 
helium embrittlement is also operating in Types 304 and 316 stainless 
steel, which is not the case. It is proper to point out that the fine carbides 
can mitigate helium embrittlement by inhibiting bubble growth as well as 
by restricting grain boundary sliding. 

1 Associate research officer, Atomic Energy of Canada Limited, Chalk River, Ontario, 
Canada.  
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V. M .  Stefanovi~ 1 and N .  Lj .  MilaSin ~ 

Correlation Between the Mechanical 
Properties and Microstructure of 
Irradiated Iron and Low-Carbon Steel 

REFERENCE: Stefanovid, V. M. and Milagin, N. Lj., "Correlat ion B e t w e e n  
t h e  M e c h a n i c a l  Propert ies  a n d  Micros truc ture  of  Irradiated Iron a n d  
Low-Carbon  S t e e l , "  Irradiation Effects on Structural Alloys for Nuclear 
Reactor Applications, A S T M  S T P  484, American Society for Testing and 
Materials, 1970, pp. 521-536. 

A B S T R A C T :  The radiation hardening of iron and low-carbon steel was 
studied on the basis of transmission electron microscopy and tension test  data. 
No visible defects were observed in the iron specimens after irradiation to 
3.5 X 1019 n / e m  ~, E > 1 MeV, at 35 C, as well as after postirradiation annealing 
at  150 C. Marked mierostruetural  changes occurred in steel irradiated to 
2.5X10 Is n / e m  2 both  at  32O C and 450 C. In  the former ease a 5.1X109 em -~ 
increase in dislocation density was found, whi le  in the lat ter  the presence of 
small dislocation loops of average diameter 200 A and density 2.4X10 I4 em -a 
was observed~ 

The approximative theoretical values of yield stress increment were calcu- 
lated using the models for hardening by small dislocation loops and by  a 
dislocation forest and were compared with the experimental values of the 
yield stress increment. A satisfactory agreement was obtained. 

KEY WORDS:  Neutron irradiation, radiation effects, mechanical properties, 
yield stress, mierostrueture, crystal defects, crystal structure, dislocations 
(materials),  lattices (mathematics) ,  tension tests, electron microscopy, hard- 
ening, iron, carbon steels, metal  foils 

Studies of the relationship between lattice defects and metal strength 
have revealed that the yield stress is determined by the nature of the inter- 
action between free dislocations and crystal lattice atoms, defects, and 
impurities. This has led to attempts to formulate quantitative relations 
between a given mechanical property (mostly yield stress) and some of 
the measurable characteristics of defects, such as diameter and density 
(distance) [-1, 2, 31. 2 However, very few experimental data exist allowing 

1 Associate research metallurgists, Boris Kidrie Ins t i tu te  of Nuclear Sciences, Vinea, 
Yugoslavia. Mr. Milasin was formerly with CEN Saelay, France. 

2 Italic numbers  in brackets refer to the  list of references at  the end of this paper. 
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522 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

f 

SS _1 

Af~ 

(ram) 

FIG. 1--Tension specimen. 

the comparison of the calculated and measured values, particularly for 
metals with body centered cubic lattices. 

In this work we shall report direct observations of irradiated iron and 
steel obtained using the electron microscope, together with tension test 
results before and after irradiation. Data on the diameter and density of 
the defects provided by electron microscopy and existing theoretical rela- 
tions were used to estimate the corresponding yield stress increments, 
which were then compared with our experimental results. The concentra- 
tion of invisible defects was calculated approximately on the basis of the 
integrated neutron exposure. 

E x p e r i m e n t a l  M e t h o d s  

Materials and Irradiation Conditions 

Details of the chemical analysis, thermal treatment, and irradiation 
conditions of the materials used in this study are given in Table 1. 

The iron specimens were irradiated in the reactor OSIRIS-CEN 
Saclay, in hermetic aluminium capsules filled with helium. Plate speci- 
mens 10 by 6 by 0 9 mm were used for transmission electron microscopy 
(TEM),  and wires 0.6 mm in diameter and 80 mm in length were irradiated 
in the tension tests. The steel specimens, Fig. 1, were irradiated in a TVRF 
reactor at Vinca, in hermetic aluminium and stainless steel capsules filled 
with argon. The TEN[ specimens were 3 mm in diameter and 0.7 mm thick. 

Preparation of Thin Foils 

The iron foils were prepared by grinding to 0.1 mm and chemical thinning 
to a final thickness suitable for electron microscopic observation. The 
chemical thinning was carried out by a 2.5 percent solution of hydro- 
fluoric acid in hydrogen peroxide with intensive stirring. This method has 
proved extremely suitable for work in hot cells. 
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524 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

The thin foils of steel were also prepared by grinding to 0.2 ram, pre- 
l iminary electropolishing to 0.1 mm, and final electropolishing to perfora- 
tion, according to the P T F E  holder method ~4]. The polishing was done 
with a solution of 133 cm 3 acetic acid + 2 5  g chromic acid + 2 0  cm 3 water, 
at 20 V and 0.1 A / c m  ~ current density. 

Estimate of Defect Density 

Invisible Defects--According to the calculation of Beeler [-51, the prob- 
ability of the formation of "zones" containing more than  ten vacancies 3 
amounts to 0.5 for neutrons of energy E >  1 MeV. Thus,  the number  of 
effective zones, N~, is 

N ~ -  np _ q~5olnF~ . . . . . . . . . . . . . . . . . . . . .  (1) 
2 2 

where 

q~=integrated neutron exposure, n /e ra  2, 
n~o=number  of iron a toms per cm 3, and 
~e~ = average elastic scattering cross section of iron causing displacement, 

cm2, 

Dislocations--The density of Frank network dislocations was estimated 
according to the formula [-TJ 

p--  
st 

where 

n = number  of intersections along s, 

27t 
- - - .  . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 2 )  

s = total  length of the set of parallel lines, cm, and 
t= foil thickness (approximately 2000 A, as est imated by  counting the 

number  of thickness fringes from the edge of the foil, Ref 7, p. 496). 

Visibl~ Loops--The density of visible loops, NF (Frank- type loops), 
was est imated from 

N F  = no  . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 3 )  

At 

where 

no = number  of loops on the surface A and 
A = surface area, cm2, 

3 By analyzing data for face centered cubic metals, Thomas and Washburn [6] con- 
cluded that only aggregates containing more than ten vacancies are effective in the 
hardening. 
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STEFANOVIC AND MEASIN ON IRRADIATED iRON AND STEEL 525 

The determination of dislocation density was based on the examination of 
nine micrographs. 

Measurements of Mechanical Properties 

The measurements of the tensile properties of iron were made on an 
Instron hard tension testing machine, at a strain rate of 2.8X 10 -4 s -1. The 
tensile properties of steel were measured on the remotely controlled 
Amsler machine at a strain rate of 1.5• -4 s-k Test temperature was 
20 C. 

R e s u l t s  a n d  D i s c u s s i o n  

Typical microstructures of iron obtained by electron microscopy are 
presented in Fig. 2 for (a) an as-irradiated specimen and (b) a specimen 
annealed after irradiation at 150 C. As seen from the micrographs, irradia- 
tion at 3.47 X 10 ~9 n/era 2 did not result in the appearance of visible defects, 
in agreement with Bryner's results [-81 for 0.003 wt % iron and a similar 
neutron dose. Tim bowed-out form of slip dislocations in b indicates the 
existence of invisible obstacles interacting with mobile dislocations. (These 
dislocations are probably produced by the deformation of the foil during 
manipulation. The heating of the foil in the electron beam caused many 
of the dislocations to move.) A similar effect was observed by Tucker [-91 
in irradiated colmnbium after annealing at 600 C and 1.1 percent 
deformation. 

Micrographs in Fig. 3 show the microstructure of steel specimens: (a) 
and (b) before irradiation (for coarse and fine grain size, respectively), 
(c) after irradiation at 320 C, and (d) after irradiation at 450 C. 

The increase of dislocation density did occur in the coarse-grained speci- 
mens irradiated at 320 C, while in the ease of fine-grained material it was 
not observed. Analogously, the component a2 of the yield stress increment 
(obtained by the method described in the Ref 10) has a much higher value 
for the coarse-grained than for fine-grained specimens (Fig. 4), suggesting 
a close connection between the two phenomena. One can try to under- 
stand this by comparing the mierostruetures of nonirradiated coarse- and 
fine-grained specimens, Figs. 3a and 3b, respectively. In the first ease, the 
grain boundaries, having a continuous layer of eementite, are expected to 
repel dislocations by virtue of the image force, as the "free surface" is 
small; while in the second, showing the isolated lenslike carbides at the 
grain boundaries, the dislocations will migrate to the grain boundaries 
and annihilate there owing to the greater free surface which may attract 
them. 

The specimen irradiated at 450 C contains a number of small dislocation 
loops with an average diameter of 200 A. Since the radiation damage in 
steel is completely annealed out at 450 C, these loops are probably the 
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526 IRRADIATION EFFECTS O N  STRUCTURAL ALLOYS 

FIG. 2- -Pure  iron after irradiation to 3.5X1019 n /cm ~, E >1 MeV:  (a) as irradiated 
at 35 C; (b) irradiated and annealed 1 h at 150 C, slip dislocations are bowed out between 
invisible obstacles. 
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STEFANOVIC AND MILASIN ON IRRADIATED IRON AND STEEL 5 2 7  

FIG. 3--Low-carbon steel before irradiation and after irradiation to 2.5X1018 n/cm~, 
E ~1 MeV: (a) unirradiated (coarse grain, 170 ~m); (b) unirradiated (fine grain, 30 ~m). 
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528 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 3--Continued: (c) irradiated at 320 C, tangled dislocations are observed; (d) ir- 
radiated at 450 C, disappearance of long dislocations and formation of small loops. 
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FIG. 4--Effect of irradiation temperature on the yield stress incremenls, o-~(T,1) and 
o-1(T), for different grain sizes of a low-carbon steel. 

consequence of the breakup of remaining long dislocation loops by one of 
the cross-slip mechanisms [11]. The arrows in Fig. 3d indicate the area. 
in which the formation of a small dislocation loop can be seen. 

The absence of dislocations after 450 C irradiation is in agreement with 
the Birkle and Roll [12] experiments with A212B steel: after annealing of 
irradiated specimens in the 340 to 450 C temperature range, radiation 
induced dislocation density increase disappeared. At the same time, the 
cold-worked specimens did not noticeably decrease in dislocation density 
after annealing at 450 C. The interpretation of these findings will remain 
difficult until more detailed studies of the subject have been made. 

That the defect responsible for the radiation hardening of iron cannot 
be observed by electron microscopy suggests that its size must be _< 20 A. 
In his theory Seeger [13] proposed the notion that the hardening was 
caused by "depleted zones." According to Nichols [5], in ferritic steels 
irradiated at normal reactor temperatures the Seeger zones become small 
spherical or spheroidal voids. Bullough and Perrin [1~] concluded that 
platelike voids containing more than 21 vacancies will collapse into stable 
vacancy loops. Since we, in our estimate of the number of defects effective 
in hardening, took into account only those aggregates containing more 
than ten vacancies, it will be assumed that the main part of these is in the 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



530 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

form of vacancy loops ~ 2 0  A in diameter. The literature on steel [-12, 
15-18] and iron [19] indicates that these defects are stable up to around 
300 C. Our results on the effect of irradiation temperature are in agree- 
ment with the above data (Fig. 5). 

The estimate of hardening defect concentrations has been done on the 
basis of Eq 1 for iron and for steel irradiated at 320 C, and the results are 
given in Table 2. The increase in the dislocation density of steel irradiated 
at 320 C (Eq 2) and the density of small dislocation loops in steel irradi- 
ated at 450 C (Eq 3) are also given in TaMe 2. 

Yield stress increments were calculated on the basis of our experimental 
data for defect diameters and densities according to following relations: 

1. For small loop hardening: 
The relation proposed by Kimura and Maddin [-8], 

where 

G=shear modulus, kg/mm 2, 
b =Burger's vector, em, 
d=loop diameter, cm, and 

N=loop  density, em -3. 

GbdN2/3 
. . . . . . . . . . . . . . . . . . . . . . . .  (4) 

8 

30 

28 

26 

:E 24 

22 

N 2o 
q 
ua 

14 

200 300 400 500 
I RRADIATON TEMPERATURE, C 

FIG. 5---Effect of irradiation temperature on the yield stress of a low-carbon steel. 
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532 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

2. For dislocation network hardening: 

a. By long-range interaction due to the Frank network [~], 

Gb 
T~= ~ X p  '/~ . . . . . . . . . . . . . . . . . . . . . . . .  (5) 

where p is the mean density of dislocation in the Frank network, cm -2. 
b. By elastic interactions with "trees," 

Gb 
~-~= -4 -  x p  ~/" . . . . . . . . . . . . . . . . . . . . . . . .  (6) 

where ~ is a numerical constant on the order of 3 to 4. 
These relations assume an athermal hardening mechanism. 4 In view of 

the recent analysis of the effect of radiation damage on thermally activated 
flow by Smidt and Bement [20], one has to keep in mind that the in- 
cluded processes are more complex and may be added by the thermal 
activation. The results obtained using Eqs 4, 5, and 6 are quoted in Table 
3, together with the experimental values of the yield stress obtained by 
tension tests. 

The correlation of calculated values with experimental ones indicates 
that radiation hardening in a iron for exposures on tile order of 10 ~ n/cm 2 
might be explained as due to small dislocation loops approximately 20/k 
in diameter. As yet the exact nature of these loops is not known. In addi- 
tion to considering vacancy aggregates responsible for hardening, we 
found experimental evidence provided by Eyre and Bartlett [21-] in favor 
of interstitial loops in irradiated a iron. 

A rough comparison of the calculated and experimental values of the 
yield stress increment for low-carbon steel (Table 3) tentatively suggests 
the existence of two different hardening components: (1) the hardening 
due to increased dislocation density (amounting to about one half of the 
total value) and (2) the hardening due to invisible loops according to 
Eq 4. The sum of these two values comes close to the experimentally found 
hardening, the agreement being better if the dislocation contribution is 
determined according to Eq 6 for the interaction with trees. One analysis 
based on the stress-strain curves [-10] also indicated two hardening compo- 
nents in steel, and the values obtained were in good agreement with the 
data in the present work. Of course, the results of the simple addition of 
two types of barrier contribution to the shear stress must be taken with 
precaution, particularly in view of the more recent considerations of Diehl 
and Seidel E22] concerning the additivity of barriers. Birkle and Rall [12] 

4 Except crossing of trees, which may be thermally activated. 
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534 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

also found a dislocation density increase amounting to 3 • 101~ cm -2 in a 
steel irradiated at 93 C to 5X10 I9 n/cm 2. The corresponding yield stress 
increments, according to Eqs 5 and 6, would be 5.3 and 8.3 kg/mm -~, respec- 
tively, while the value of hardening due to invisible defects (Eq 5) would 
be 13.7 kg/mm 2. Since the experimental value (from the hardness measure- 
ments) is 17.6 kg/mm 2, in this case the sum of the hardening due to long- 
range interaction (Eq 5) and to invisible defects yields a value closer to 
the experimental data. I t  should be pointed out that in the Birkle and 
Rall experiments the irradiation temperature was considerably lower than 
in the present investigation, which could have affected the configuration 
of dislocations. 

The calculated value of the hardening of steel irradiated at 450 C due to 
the presence of dislocation loops with an average diameter of 200 A (Eq 4) 
amounts to 0.2 kg/mm 2, while the value obtained by experiment was 0.5 
kg/mm 2. As seen, both values are of the same order of magnitude; the 
difference might be explained by the presence of carbon, which redissolves 
to a considerable amount at this temperature 5 [-22-]. 

A good agreement between the calculated and experimental values ob- 
tainect in the present investigation could be fortuitous, in view of the ap- 
proximate nature of defect density calculations and certain simplifications 
in the use of theoretical relations. Nevertheless, these results tentatively 
suggest a possible approach in the study of the correlation between the 
size and the number of defects responsible for radiation hardening and the 
magnitude of that hardening. 

Summary 

1. Radiation hardening due to invisible defects in iron and low-carbon 
steel in the conditions of the present experiment may be expressed as 
hardening by small dislocation loops ~ 2 0  A in diameter. 

2. For iron irradiated at 35 C to 1.1• n/cm ~, the total amount of 
hardening seems to be due to invisible defects. 

3. For coarse-grained steel irradiated at 320 C to 2.5• is n/cm 2, 
part of the hardening is caused by an increase in dislocation density. 
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C. L .  Y o u n g e r  I a n d  F .  A .  H a l e y  I 

Irradiation Effects at Cryogenic Temperature 
on Tensile Properties of Titanium and 
Titanium-Base Alloys 

REFERENCE: Younger, C. L. and Haley, F. A., "Irradiat ion  Effects a t  
Cryogenic  T e m p e r a t u r e  on  Tens i l e  Propert ies  o f  T i t a n i u m  a n d  Ti-  
t a n i u m - B a s e  AHoys," Irradiation Effects on Structural Alloys for Nuclear 
Reactor Applications, ASTM STP 484, American Society for Testing and 
Materials, 1970, pp. 537-563. 

ABSTRACT. Significant increases in tensile strength and slight decreases in 
ductility occur when titanium and titanium-base alloys are irradiated at 17 K 
to 1 to 10 X 1017 fast neutrons per square centimeter. The magnitude of the 
irradiation effect appears to depend on total alloy content and, over the 
fluence range investigated, does not reveal a significant dependence on im- 
purity content or initial heat treat condition. These results were obtained using 
commercially pure titanium, Ti-SA1-2.5Sn (normal impurity and extralow 
impurity contents), Ti-6A1-4V (annealed and age hardened conditions), and 
Ti-8AI-IMo-IV alloys. Test specimens were exposed to irradiations at 17 K 
and then tension tested at 17 K without interevning warmup using test loops 
specially designed and fabricated for cryogenic irradiation testing. Additional 
results, using commercially pure titanium, show recovery of about 50 percent 
of the irradiation induced increase in yield strength following heat treatment 
at 178 K. For the ultimate strength, 50 percent recovery occurred following 
heat treatment at 78 K. 

K E Y  WORDS:  irradiation, neutron irradiation, radiation damage, radiation 
effects, cryogenics, titanium, titanium alloys, tensile properties, yield strength, 
brittleness, nuclear propelled rockets 

The  t i t a n i u m - b a s e  a l loys  are  f inding wide accep tance  for  use a t  l iquid  
h y d r o g e n  t e m p e r a t u r e  (20 K) .  These  a l loys  are  also c a n d i d a t e  ma te r i a l s  
for  nuc lear  rocke t  app l i ca t ions  where  the  nuc lea r  e n v i r o n m e n t  is imposed  
on a s t r uc tu r a l  m a t e r i a l  which  is a t  the  cryogenic  t e m p e r a t u r e .  

The  tensi le  behav io r  of the  va r ious  t i t a n i u m - b a s e  a l loys  as  a func t ion  
of cryogenic  t e m p e r a t u r e  is now fa i r ly  well  e s t ab l i shed  [1]. 2 I n  general ,  
mos t  t i t a n i u m - b a s e  a l loys  exper ience  a m a r k e d  decrease  in e longa t ion  and  

1 Nuclear engineers, Reactor Irradiation Branch, Nuclear Systems Die., Lewis Re- 
search Center, National Aeronautics and Space Administration, Cleveland, Ohio 44135. 

Italic numbers in brackets refer to the list of references at the end of this paper. 
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538 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

reduction of area as the temperature is reduced to 20 K. At temperatures 
below about 78 K only a few alloys experience plastic deformation prior 
to failure. The tensile behavior of titanium alloys as a function of irradiation 
[2-12], however, has received only minor attention. There is some evidence 
[2, 8-11] that cryogenic temperatures accelerate the onset of brittle be- 
havior for irradiated commercially pure titanium and the Ti-5A1-2.5Sn 
alloy. 

To further investigate the effect of nuclear irradiation on embrittlement 
of titanium and titanium alloys at cryogenic temperature, an experimental 
program was undertaken at NASA's Plum Brook reactor facility, Sandusky, 
Ohio. Test materials included in the program were selected to be repre- 
sentative of the various titanium-base alloys suitable for use at cryogenic 
temperatures. Tests were conducted using specially designed test equip- 
ment capable of maintaining the test specimen at 17 K throughout irradi- 
ation exposure and postirradiation tension testing. The objectives of this 
test program were to determine the radiation damage threshold, that is, 
the fiuence at which changes in tensile properties became significant for 
each alloy, and to investigate the effects of impurities and heat treatment 
on this threshold. 

Experimental Procedures 

Tension test data for various titanium alloys were obtained using 
miniature round tension test specimens and specially designed test equip- 
ment installed at the Plum Brook reactor facility. The program was con- 
ducted in accordance with the provisions of ASTM Tentative Method for 
Measuring Neutron Flux by Radioactivation Techniques (E 261 - 65 T), 
Standard Methods for Tension Testing of Metallic Materials (E 8 - 68), 
and Recommended Practice for Effects of High-Energy Radiation on the 
Mechanical Properties of Metallic Materials (E 184-  62(1968)). Unir- 
radiated control tests were conducted in a test loop under the same test 
conditions as their irradiated counterparts. For each of the test materials 
in the program at least three specimens were tested for each exposure 
condition. 

Test Materials 

Test materials were commercially pure titanium (CP Ti) ; Ti-5A1-2.5Sn, 
NI (normal impurity content); Ti-5A1-2.5Sn, ELI (extralow impurity 
content); Ti-6A1-4V, annealed; Ti-6A1-4V, aged; and Ti-8AI-IMo-IV. 
All test materials were obtained as 0.5-in. (1.27-cm)-diameter round bar 
stock. Stock materials were prepared by consumable electrode vacuum arc 
melting, forging to 1.5-in. (3.81-cm)-square bar at 1200 to 1422 K, rolling 
to 0.5-in. (1.27-cm)-diameter round bar at 978 to 1256 K, and then heat 
treating. Material compositions and heat treat conditions are given in 
Table 1. 
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.$40 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

FIG. 1--Miniature, round tension test specimen. 

Test Specimens 

The tension test specimen (Fig. 1) was a geometrically similar miniaturi- 
zation of the standard 0.5-in. (1.27-cm) round tension specimen of ASTM 
E 8. This specimen had a gage uniform section of 0.125-in. (0.3175-em) 
diameter by 0.875-in. (2.2225-cm) length. Gage marks were inscribed by 
light sandblasting to delineate a 0.5-in. (1.27-em) gage length. Ratios of 
significant dimensions were the same as for the standard ASTM specimen. 

FIG. 2--Cryogenic irradiation test equipment. 
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542 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

Test Equipment 
The major components of the test equipment are shown in Fig. 2 and 

include a helium refrigeration system, test loops, and transfer tables. The 
test loop body (Fig. 3) contained a horizontally placed 5000-1b (22,241-N)- 
capacity test machine together with the necessary load actuation com- 
ponents, stress-strain monitoring instrumentation, and vacuum insulated 
refrigerant transfer lines. The forward section, or head assembly, served 
as both a fixed crosshead of the test machine and a cryostat for temperature 
control. The head assembly was removable by remote handling methods 
to allow specimen change. Detailed discussions of the test equipment and 
its operation are given elsewhere [13-16]. 

Test Procedure 

The typical testing sequence can readily be followed by reference to 
Fig. 2. A test loop was inserted into the hot cave for specimen installation. 
After specimen installation, the loop was withdrawn from the hot cave to 
the north table in quadrant D. Refrigerant flow was started and the table 
holding the loop was rotated 180 deg. The loop was then transferred to 
the south table and positioned in line with HB-2 and, after stabilization 
of specimen temperature at 17 K, inserted into HB-2. The loop was held 
in this position with the specimen maintained at 17 K until the required 
fast neutron fluence was attained. The test loop was then retracted ap- 
proximately 4 ft (1.2 m) and an axial tensile load was applied to the speci- 
men. After specimen failure the loop was returned to the hot cave for 
specimen replacement. 

Specimen Temperature Control--Direct measurement of the specimen 
temperature was not feasible. Platinum resistance thermometers positioned 
in inlet and return gas streams at the refrigerator manifold were calibrated 
to provide specimen temperature control within • K. 

Measurement of Neutron Fluence--The fast neutron spectrum in the test 
location in HB-2 was determined using foil measurement techniques. Sets 
of foils, as shown in Table 2, were irradiated and then counted and evalu- 
ated by standard techniques. From these data and the reactor operating 
conditions" at the time of foil exposure, the fast neutron fluence, with 
energy greater than 0.5 MeV (E>0.5 MeV (80 fJ)), was determined. 
Periodic measurements throughout the life of a reactor power cycle were 
performed to establish the neutron flux as a function of control rod position. 
During test program performance, the exposure rate for test specimens 
varied from about 2.0 X 101~ to 2.5 X 10 ~2 n/cm2/s. (The ratio of the fluence 
with neutron energy greater than E to the fluences with energies greater 
than 0.5 MeV (80 fJ) is given in Fig. 4. This figure is based on 27 sets of 
foils irradiated during the test program.) 

Stress-Strain Recording--The load applied to the test specimen was 
monitored by a proving ring type dynamometer using a linear variable 
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YOUNGER AND HALEY ON CRYOGENIC-TEMPERATURE IRRADIATION 543 

TABLE 2--Foils used for spectral measurements of fast neutron fluence in HB-2. 

Type of Foil Nuclear Reaction 

Threshold Energy, Cross 
Section, 

MeV fJ cm 2 

Indium . . . . . . . .  n~In (neutron, neutron) ~'sn'In 0.45 72 0.20 X 10 .24 
Neptunium . . . .  ~TNp (neutron, fission) ~4~ 0.75 120 1.52 
Uranium . . . . . . .  2~8U (neutron, fission) 140Ba 1.45 232 0.54 
Thorium . . . . . . .  232Th (neutron, fission) 14~ 1.75 280 0.10 ~ 
Sulfur . . . . . . . . .  ~2S (neutron, proton) 32p 2.9 464 0.284 
Nickel . . . . . . . . .  58Ni (neutron, proton) 58Co 5.0 800 1.67 
Magnesium . . . .  24Mg (neutron, proton) ~tNa 6.3 1008 0.0715 
Aluminum b 27A1 (neutron, alpha) 24Na 8.1 1296 0.110 
Aluminum . . . . .  ~TA1 (neutron, alpha) ~4Na 8.6 1376 0.23 

a Cross section for thorium is not considered reliable. 
b 27A1 (neutron, proton) 27Mg reaction with a threshold energy of 5.3 MeV (848 fJ) 

is not included because of short (9.8 min) half-life of product. 

differential transformer (LVDT) to measure the ring deflection resulting 
from loading. Dynamometers  in each test loop were calibrated to within 
2 percent of a National Bureau of Standards certified reed-type proving 
ring. Strain was measured using an extensometer which measured the 
increase of the separation between two knife edges initially 0.5 in. (1.27 cm) 
apart. The measurement was accomplished through the use of a LVDT 
specially constructed to be resistant to radiation effects. This extensometer 
had a range of reliable accuracy of approximately 0.01 in. (0.025 cm), 
which was sufficient to record strains to well beyond the yield strength 
(0.2 percent offset method). The extensometer was verified in accordance 
with ASTM Tentative Method for Verification and Classification of 
Extensometers (E 83 - 57 T), and the error in indicated strain was less 
than 0.0001. Installation of the extensometer by remote means, however, 
introduces the possibility for increased error in the indicated strain. An 
X-Y recorder was employed to automatically plot the load-strain curve to 
approximately 0.02 total strain. The x axis was then switched to time 
travel and a load-time curve through fracture was obtained. 

Ductility Measurement s - -A f t e r  removal from the test loop the fractured 
gage length and minimum diameter were measured. The broken halves 
of the test specimens were fit together and measurements were obtained by 
means of a micrometer stage and hairline apparatus accurate to • 
in. (0.00025 cm). 

Data Reduction and A n a l y s i s - - T h e  load-strain/load-time curve developed 
by the X-Y recorder during testing and the initial specimen dimensions 
provided data for the determination of the ultimate tensile strength and 
the tensile yield strength (0.2 percent  offset method). The modulus of 
elasticity was also approximated from these curves. Elongation and re- 
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FIG. 4--Ratio of fluence greater than E to fluence greater than 0.5 MeV (80 f J). 

duction of area values were calculated from the original specimen dimen- 
sions and the dimensions following fracture. The test data were compiled 
and subjected to statistical analysis in accordance with various methods 
given by Natrella [17]. These analyses included determination of (1) average 
values and estimated standard deviations for each material and test 
condition, (2) the differences between values for irradiated and unirradiated 
test conditions, and (3) the 95 percent confidence interval associated with 
these differences and estimation of the following irradiation. 

T e s t  R e s u l t s  

Tension test data obtained during performance of the data acquisition 
phase of the test program are compiled in Tables 3-10 of the Appendix. 
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YOUNGER AND HALEY ON CRYOGENIC-TEMPERATURE IRRADIATION 5 4 5  

Summaries of the statistical analyses performed in connection with data 
analyses are also included in the tables. 

Commercially Pure T i tan ium 

Some CP Ti was used as test material for investigating the synergistic 
effect of reactor irradiation and cryogenic temperature on the tensile 
properties. The objective of this investigation was to determine the radi- 
ation damage threshold, that  is, the fluence level at  which significant 
changes in tensile properties occurred, and to study the reduction of this 
damage during postirradiation annealing. 

Radiation Damage Threshold--The radiation damage threshold was de- 
termined from tests conducted at  17 K following reactor irradiation at  
17 K to fluence levels of 1 X 1017, 6 X 1017, and 10 X 1017 n /cm 2, E > 0.5 MeV 
(80 fJ). Tests conducted at 17 K on unirradiated material were used as 
base line control data. Results of the data analyses are shown in Fig. 5, 
where it can be seen that  the irradiation increased strength parameters, 
decreased ductility parameters, but did not alter the tensile modulus of 
elasticity. The increases in yield and ultimate strengths are approximately 

60xi03 95-PERCENT .,. 6Oxl03 
30xlo7~ / CONF,DENCE .-I ~,  ~,07 ~ ~ 

1 
g ,o g,o ~2oV / - 

-ZOL- ~= - 2 0 - - 1  I I I I ~=-ZO =_2OTYI  I I I I 
(A) YIELD STRENGTH. (B) ULTIMATE STRENGTH. 

--r cO 0 

2Ox1@ 

-.21 1 I I I I ~ -z~  ~_2o 
(C) YIELD- TO ULTIMATE- (D) TENSILE MODULUS 

STRENGTH RATIO. OF ELASTICITY. 

-2O l I I 

Z ~ , , Z  

a. 

2O 

_2Or I i i i ~,,z7 
0 2 4 6 8 10,,,,.u 0 2 4 6 8 10xlO 17 

FLUENCE, NEUTRONSICM 2 

(E) TOTAL ELONGATION. (F) REDUCTION OF AREA. 
FIG. 5---Effect of reactor irradiation at 17 K on 17 K tensile properties of commercially 

pure titanium. Neutron energy >0.5 MeV (80f J). 
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546 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

linear with increasing fluence, with the yield strength increasing more 
rapidly than the ultimate strength, as may be observed from the plot of 
yield to ultimate strength ratio. The changes in total elongation and 
reduction of area are small and in most cases are not statistically significant 
at the 0.05 level of significance. (In order for the difference to be statistically 
significant at the 0.05 level of significance, the 95 percent confidence 
interval must not include zero.) Only the increase in the reduction of area 
following 1X1017-n/cm 2 exposure and the decrease in total elongation 
following 6 X 1017-n/cm 2 exposure are statistically significant. 

The general data trend for irradiations to 10X 1017 n/cm 2 at 17 K indi- 
cates that the radiation damage threshold occurs in the region between 
1X1017 and 6X1017 n/cm ~. This threshold is defined by a significant 
increase in both yield strength and ultimate strength and possibly a small 
decrease in ductility. The increase in reduction of area following irradiation 
to 1 X 1017 n/cm 2 appears to be anomolous. 

Reduction of Radiation Damage--The reduction of radiation damage was 
investigated using heat treatments following irradiation at 17 K to 6 X 10 '7 
n/cm 2. Unirradiated specimens were subiected to the same heat treatment 
conditions except for the time of initial 17 K exposure. The unirradiated 
specimens were held for 1 h at 17 K prior to heat treatment, whereas the 
irradiated specimens were held approximately 40 h (irradiation time) at 
17 K prior to heat treatment. 

Two cases are considered to be pertinent to the reduction of radiation 
damage. The first case consists of simply warming the specimen from 17 K 
to a higher temperature and then testing at this higher temperature. This 
provides information relative to the reduction of the irradiation induced 
defects influence on the metal lattice, but does not separate the annihilation 
of defects from the reduction in lattice friction due to higher thermal 
oscillation of lattice ions. The second case, defined as annealing, duplicated 
the previous warming condition, but specimen temperatures were subse- 
quently reduced to 17 K and held for 1 h prior to testing at 17 K. The 
combination of these two cases permits a separation of defect annihilation 
from defect resistance. Results of data analyses are shown in Fig. 6. 

As can be seen from the dashed curves of the figure, warming the speci- 
mens from 17 to 178 K resulted in a recovery of approximately one half 
of the radiation damage for the yield strength and three fourths for the 
ultimate strength. The greater portion of this recovery occurred between 
17 and 78 K. The reduction of area and tensile modulus of elasticity are 
not significantly different at 178 K than at 17 K, although the trend for 
the reduction of area does indicate some damage at 17 K which has fully 
recovered at 178 K. The total elongation indicates further damage at 78 K; 
however, the 95 percent confidence intervals for this property overlap at all 
temperatures, suggesting an equal probability that the indicated trend is 
within material variability limits. 

Annealing the test materi~l resulted in essentially the same recovery 
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54~ IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

as observed for the warming case, as may be noted from the solid curves 
of Fig. 6. The ultimate strength following 178 K annealing appears some- 
what higher than the corresponding 178 K warming case; however, the 
95 percent confidence interval is also greater and includes the confidence 
interval for the warming case. Such a condition suggests that there is no 
difference between the two thermally cycled conditions. This conclusion is 
somewhat shadowed, however, by the distinct separation of the confidence 
intervals for the yield to ultimate strength ratio following thermal treat~ 
ment at 178 K. The results for total elongation following the 78 K treatment 
and the reduction of area following the 78 and 178 K treatments show some 
deviations; however, for each case there is an overlap of the 95 percent 
confidence intervals, which indicates no significant differences. 

The data compared in Fig. 6 lead to the conclusion that thermally 
cycling CP Ti to 178 K following irradiation at 17 K to 6XI017 n/cm ~ 
reduces the irradiation damage by annihilation of irradiation induced 
defects. As a result of this annihilation the irradiation damage to the yield 
and ultimate strengths is reduced by about 50 percent. Furthermore, for 
the ultimate strength, there is an indication that additional recovery, 
attributable to reduced lattice resistance, occurs between 78 and 178 K. 

Titanium-5 Aluminum-2.5 Tin Alloy 

The titanium alloy containing 5 weight percent aluminum and 2.5 weight 
percent tin (Ti-5A1-2.5Sn) was used as test material for investigating the 
influence of impurity elements on radiation damage at cryogenic temper- 
ature. Two heats of the alloy (Table 1), one having the normal level of 
impurity content and one having an extralow level of impurity content, 
were used. 

Tests using each material were conducted at 17 K following reactor 
irradiation at 17 K to 1X1017 and 10X1017 n/cm 2. Tests conducted at 
17 K on unirradiated materials were used as base line control data. Results 
of the data analyses are shown in Fig. 7. 

Radiation Damage Threshold--As may be seen from the solid curves of 
the figure, irradiation of the normal impurity material at 17 K to 10X 1017 
n/em 2 increased the yield and ultimate strengths, with the yield strength 
increasing more rapidly than the ultimate strength, as evidenced by the 
plot of yield to ultimate strength ratio. The total elongation was decreased 
slightly by the irradiation, while the reduction of area and tensile modulus 
of elasticity remained unchanged. These data indicate that the threshold 
for radiation damage at 17 K occurs prior to 1 X 10 ~7 n/era 2, as evidenced 
by the marked increases in yield and ultimate strengths. 

Irradiation of the extralow impurity material at 17 K to 10• 10 ~7 n/cm ~ 
caused essentially the same changes in 17 K tensile properties (dashed 
curves shown in Fig. 7) with the exception of the reduction of area. The 
reduction of area shows a significant decrease following irradiation to 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



YOUNGER AND HALEY ON CRYOGENIC-TEMPERATURE IRRADIATION 549 

IMPURITY 

80xlO 3 NORMAL 
50x107 [-- IMPURITY 

Y 40 z 60 I-EXTRALOW I , 
3o 4o ''MPURITY  !.. 

g ~ b g  " ' 

(A) YIELD STRENGTH. 

NORMAL n 

50xlO1 8OxIO 3 EXTRA LOW -~, 

__z 60 F CONFIDENCE r 
~, 40 FF INTERVAL IL-2. ~ 

- 2 0 1 t  l 1 t I I 

(B) ULTIMATE STRENGTH. 

20xlO 6 
1OxlO10~ {- 

o r . . . . . . . .  
c_) 

-10 ~ - 2 0 | i  I J I 

(C) YIELD TO ULTIMATE (D) TENSILE MODULUS 
RATIO. OF ELASTICITY. 

~ 0 . . . . .  ~ ~- 0 
Z 

- lO - -10 = ~  ~=~ 

-200 2 4 6 8 10xl0 I/ -200 2 4 6 8 I0 I017 
FLUENCE, NEUTRONSICM 2 

%1 

-2 

(E) TOTAL ELONGATION. (F) REDUCTION OF AREA. 

FIG. 7--Effect of reactor irradiation at 17 K on 17 K tensile properties of titanium-5 
aluminum-2.5 tin alloy. Neutron energy >0.5 MeV (80f J). 

10Xl017 n /cmt  It  should be noted also that following irradiation to 
1 X 1017 n/cm 2 the tensile modulus of elasticity decreased. The decrease is 
small, but it is statistically significant at the 0.05 level of significance. 
The threshold for radiation damage is higher than the normal impurity 
material and occurs in the interval between 1 X 1017 and 10 X 1017 n /cmt  

Inf luence of  I m p u r i t y  Elements  on Radiat ion D a m a g e - - A s  for the effects 
of impurity elements on radiation damage, Fig. 7 shows that in every case 
there is an overlap of the 95 percent confidence intervals and in most 
cases the overlapped regions include the mean values for both normal 
impurity and extralow impurity materials. Notable exceptions occur for 
yield and ultimate strengths following 1 X 1017 n/cm 2. Here the 95 percent 
confidence intervals do overlap, but the difference in mean values of the 
yield and ultimate strengths for the two materials do not fall within the 
overlapped intervals. I t  would be presumptuous to conclude from these 
data that there is a difference in the radiation damage attributable to 
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5 5 0  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

impurity content except possibly for the yield and ultimate strengths 
following 1 X 101~-n/em ~ exposure. 

Ti tan ium-6  A l u m i n u m - 4  Vanad ium Al loy  

Two heats of the titanium alloy containing 6 weight percent aluminum 
and 4 weight percent vanadium (Ti-6A1-4V) were used for cryogenic 
irradiation studies. One heat of the material was in the annealed condition, 
while the second heat of material was solution treated then aged. 

Tests using each heat of material were conducted ut 17 K following re- 
actor irradiation at 17 K to 1 X 1017 and 10X 10 ~7 n/cmL Tests conducted 
at 17 K on unirradiated materials were used as base line control data. 
Results of data analyses are shown on Fig. 8. 

Radiat ion Damage Thresho ld- -As  may be seen from the figure, with the 
exception of the reduction of area, there is little difference in the irradiation 
effect on annealed material and aged material. For both material conditions 
the radiation damage threshold occurs for exposures of less than lX  10 ~7 
n/cm 2, as evidenced by increases in yield and ultimate strengths, a decrease 
in total elongation, and changes in the reduction of area. The decreases in 
total elongation are small; yet, they are statistically significant at the 0.05 
level of significance. 
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FIG. 8---Effect of reactor irradiation at 17 K on 17 K tensile properties of titanium-6 

aluminum-4 vanadium alloy. Neutron energy >0.5 MeV (80f J). 
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The reduction of area shows the irradiation of annealed material causes 
an increase, whereas irradiation of the aged material causes a decrease. 
The 95 percent confidence intervals are approximately equal for all differ- 
ences. Following irradiation to 1 X 1017 and I0 X 1017 n/cm 2, these confidence 
intervals do not overlap, which indicates that there is a difference in the 
effect of irradiation at 17 K on annealed material and aged material. The 
difference indicated by the tensile modulus of elasticity is probably exagger- 
ated, since the variability of the annealed material following irradiation to 
the latter fluence is unusually large and data from only one specimen for 
each temper condition were obtained following irradiation to the former. 

From these data, the only indication that metallurgical condition in- 
fluences radiation damage at 17 I4 is a small difference in the reduction of 
area following exposure to 10XI0 I~ n/cm e. This difference represents a 
decrease in the ductility of aged material which i~ not evident in the 
annealed material. 

Titanium-8 Aluminum-1 Molybdenum-1 Vanadium Alloy 

The t i tanium alloy containing 8 weight percent aluminum, 1 weight 
percent molybdenum, and 1 weight percent vanadium (Ti-SAI-IMo-IV) 
was irradiated at 17 K to a fluence of 1X10:7 n /cm 2 to determine the 
threshold for radiation damage. Tests conducted at 17 K on unirradiated 
material were used as base line control data. Results of data analyses are 
shown in Fig. 9, where it can be seen that  the threshold for radiation 
damage at 17 K occurs for exposures of less than 1 X 1017 n /cm 2, as evi- 
denced by the increase in both yield and ultimate strengths. The total 
elongation following this exposure appears to decrease; however, the 
decrease is small and not statistically significant at the 0.05 level of sig- 
nificance. The indicated increase in the tensile modulus of elasticity is 
subject to considerable uncertainty,  since it is based on only two irradiated 
specimen values, both of which appear to be unusually high. The irradiated 
values and the unusually large 95 percent confidence interval are due most 
probably to test techniques rather  than irradiation. 

Comparison of Radiation Damage to Titanium-Base Alloys 

The effect of reactor irradiation at 17 K on 17 K tensile properties of 
CP Ti and the three titanium-base alloys is shown in Fig. 10. The points 
plotted on this figure are the differences in the mean values of each tensile 
property for each alloy and alloy condition. The curves for Ti-5AI-2.5Sn 
are the average for normal impuri ty  and extralow impurity heats of ma- 
terial. The curves for Ti-6AI-4V are the average for annealed and aged 
conditions (with the exception of reduction of area, where curves repre- 
senting the two material conditions are shown). 

The comparisons of the figure show that  irradiation at 17 K to 10 X 1017 
n /cm 2 causes similar changes in the 17 K tensile properties of all alloys. 
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FIG.  9--Effect of reactor irradiation at 17 K on 17 K tensile properties of titanium-8 
aluminum-1 molybdenum-1 vanadium alloy. Neutron energy >0.5 MeV (80 f J).  

Tensile strengths increase (with the yield strength increasing more than 
the ultimate strength) and ductilities decrease slightly. There is also an 
indication that the magnitude of the change due to irradiation depends on 
total alloy content or metallurgical structure. 

Summary  of  Results  and Conclusions 
Commercially pure titanium and three titanium-base alloys have been 

subjected to reactor irradiation at 17 K for fluence levels of up to 10 X 1017 
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FIG. lO--Effect of reactor irradiation at 17 K on 17 K tensile properties of titanium and 
titanium-base alloys. Neutron energy > 0.5 M e V  (80 f J).  

n /cm 2, E > 0 . 5  MeV (80 f J). Postirradiation tension tests were conducted 
at  17 K without intervening warmup, except for a few tests using CP Ti. 
Tes t  results show the following: 

1. The irradiation damage threshold at  17 K for CP Ti  occurs in the 
region between 1 X 1017 and 6 X 1017 n /cm 2. This threshold is defined by a 
significant increase in both yield and ultimate strengths and possibly a 
small decrease in ductility. 

2. Thermally cycling CP Ti to 178 K following irradiation at  17 K to 
6 • 10 I7 n / c m  2 reduces the irradiation damage by annihilation of irradiation 
induced defects. As a result of this annihilation the irradiation damage to 
the yield and ultimate strengths is reduced by about 50 percent. Further-  
more, for the ultimate strength, there is an indication that  additional 
recovery, at tr ibutable to reduced lattice resistance, occurs between 78 and 
178 K. 

3. The threshold for radiation damage at 17 K of Ti-5A1-2.5Sn alloy 
with normal impurity content occurs for exposures less than 1 X 1017 n /cm 2. 
For the same alloy with extralow impur i ty  content, the threshold for radi- 
ation damage at 17 K is higher than the normal impuri ty material and 
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554 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS 

occurs in the interval between 1 X 1017 and 10 X 1017 n/era 2. These thresholds 
are indicated by significant increases in both yield and ultimate strengths 
and decreases in ductility. The differences in radiation damage thresholds 
shown by the Ti-5AI-2.5Sn alloys may be due to material variability. 

4. The irradiation damage threshold at 17 K for Ti-6AI-4V alloy occurs 
for exposures of less than 1 X 1017 n /cm 2. The threshold is evidenced by  
significant increases in yield and ultimate strengths and decreases in 
ductility parameters. Differences in the reduction of area following irradi- 
ation are the only indications that  the heat t reat  condition influences the 
irradiation effect. 

5. The irradiation damage threshold at 17 K for the Ti-8AI-IMo-IV 
alloy occurs for exposures of less than 1 X1017 n/era ~. This threshold is 
indicated by significant increases in both the yield and ultimate Strengths 
and probable decrease in ductility. 

6. The effect of reactor irradiation at 17 K on 17 K tensile properties of 
CP Ti and the three titanium-base alloys investigated are similar. Irradi- 
ation damage is evidenced by  significant increases in strength parameters 
and probable decreases in ductili ty parameters. The magnitude of radiation 
damage appears to depend on the total alloy content or metallurgical 
structure. 

APPENDIX 
T a b u l a t e d  Test  Data  and  S u m m a r y  of  S ta t i s t i ca l  A n a l y s e s  

Tension test data obtained during performance of the data acquisition phase of 
the program are compiled in Tables 3 to 10. Summaries of the statistical analyses 
performed in connection with data analyses are also included in the tables. Symbols 
used on the tables for statistical analysis are defined as follows: 

arithmetic mean of n A  measurements yielding prop- ! 
Xa = ~ X~ erty values of X1, X2, . . . ,  X~ 

nA i~l 

k (X~-2A) ~ 
i~1 

8A = 
n A  - 1 

XL = ( 2 a  - 2A) - u.4 
o r  

x ~  = ( 2 4  - 2 4 )  + u a  
o r  

(2B- (2A) +uB~ 
8A 

UA = t0"975 ~ / / E  

estimated standard deviation of rtA measurements 
yielding property values of X1, X ~ , . . . ,  Xn 

lower limit of the 95 percent confidence interval 
of the difference between arithmetic means 

upper limit of 95 percent confidence interval of 
difference between arithmetic means 

for n~-- 1 degrees Of freedom 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



Y O U N G E R  A N D  H A L E Y  O N  C R Y O G E N I C - T E M P E R A T U R E  I R R A D I A T I O N  5 5 5  

b~ 

b,. 

-@ 

[ 

~ o  

-~ ~ . s  

.R'~ 

o. 

r~ 

I I 

d s  : d d d d d d ~ d ~ d d ~ d d o ~ d d d d d ~ d d ~  
~ m m  I ~ I ~ ~ J I I ~ Ig ~ 

! 

R ~ R  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I I 

x x x x ~ x  x 8 x  x 

X X ~ m X X mX X ~ X  X 

x x x x 8 x  x ~ x  x 

x x x x g x  x ~ x  x 

X X X X ~ X  X ~ X  .X ~ 

~ I ~ I ~ I I ~ ~ I ~  ~ / 

X X X X o X  X ~ X  .X ~ 

~ I ~ I ~ I l ~ ~ I~ ~ 

X 

d~dd d~d 

o 

~.~ ~.=~ .~ 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



5 5 6  IRRADIATION EFFECTS O N  STRUCTURAL ALLOYS 

o 

~ o . O  o 

~ . o  

m 

o o o 0 ~ o o o o o o ~ o o ~ o o o o ~ o ~  

~ L ~ ~ ~ .~ 
x x x x ~x x x x 

x xx x ~x xx x 

x x x x gx x x x 

x x x x ~x x x x N 

x x x x ~x xx x 

x x x x ~x xx x 

�9 . ,~ ~% . . . . . .  I ~ .  �9 : ~  [ ~ ~ 
:,~ ~ :,~ ~ ~ ~ ~ ~ .,~ ~ :,~ ~ , ~ - ~ .  

x 

�9 , [ .  

o ~  ~ : ~  

x 

o 

o 

o ~ 

o . ~  

. ~  

~ ' ~ 0 0 ~  

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



YOUNGER AND HALEY ON CRYOGENIC-TEMPERATURE IRRADIATION 5 5 7  

I 

o~ 

~ o  o ~ 

o ~  
~.s 

,.-a ~ I 

O O  

0 

o o o o o o o o o ~  ~ o o o o o o o o o o o ~ l  

~ ~ I ~ e ~  ~ I I I 

/ 

x x x x ~ x  x x x 

x x x x ~ x  x x x 
. . . . . . . . . . . . .  o . . . . . . . . . . . . .  

x x x x 8 x  x x x 
. . . . . . . . . . . . .  o . . . . . . . . . . . . .  

o o o o o ~ o o 

X X X " ~ , o  
�9 X ,oX X X X ~, 

X X X :  X ~ x  X X x 

. . . .  . 

�9 ,~ ~ , ~ ' ~  :,~ ~ .,~ ~ ~ >  

o o o  
• x 

o 

o 

~ ~ ~ 0 

o o  
o o  

~ ' ~  

~ o  
o~ ~ 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



T
A

B
L

E
 

6
--

E
ff

ec
t 

o
f 

re
ac

to
r 

ir
ra

d
ia

ti
o

n
 

at
 1

7
 K

 
o

n
 1

7 
K

 
te

n
si

le
 p

ro
p

er
ti

es
 

o
f 

n
o

rm
a

l 
im

p
u

ri
ty

 
ti

ta
n

iu
m

-5
 

a
lu

m
in

u
m

-2
.5

 
ti

n
 a

ll
o

y.
 

t~
 

S
p

ec
im

en
 

Y
ie

ld
 S

tr
e

n
g

th
 

T
en

si
le

 M
o

d
u

lu
s 

of
 E

la
st

ic
it

y
, 

(0
.2

 p
er

ce
n

t 
o

ff
se

t)
, 

U
lt

im
a

te
 S

tr
en

g
th

, 
Y

ie
ld

 t
o

 
T

o
ta

l 
F

a
st

 
U

lt
im

a
te

 
E

lo
n

- 
F

lu
en

ce
,~

 
S

ta
ti

st
ic

al
 

S
tr

en
g

th
 

g
at

io
n

,~
 

n
/c

m
2

 
A

n
al

y
si

s b
 

lb
/i

n
.2

 
N

/m
~

 
lb

/i
n

.~
 

N
/m

~
 

lb
/i

n
.2

 
N

/m
2

 
R

at
io

 
%

 

R
ed

u
ct

io
n

 
of

 A
re

a,
 

%
 

3
A

a5
5

 .
..

..
. 

0 
1

8
.0

X
1

0
 G

 
1

2
.4

X
1

0
 ~

 
2

0
0

.0
X

1
0

3
 

1
3

7
,8

X
1

0
~

 
2

3
1

.0
X

1
0

~
 

1
5

9
.2

X
1

0
~

 
0

.8
6

5
 

1
8

.0
 

2
1

.0
 

3
A

a5
4

 ..
..

..
 

0 
1

7
.5

 
1

2
.1

 
2

0
1

.0
 

1
3

8
.5

 
2

1
3

.0
 

1
4

6
.8

 
0

.9
4

3
 

1
2

.0
 

3
0

.0
 

3
A

n
3

0
 ..

..
..

 
0 

..
. 

1
8

,2
 

1
2

.5
 

.
.

.
.

.
.

.
.

.
 

2
2

5
.0

 
1

5
5

.0
 

1
2

.0
 

35
.0

 
3

A
a2

1
 .

..
..

. 
0 

..
. 

1
8

.4
 

1
2

.7
 

2
0

5
.0

 
1

4
1

.2
 

2
2

9
.0

 
1

5
7

.8
 

0
.8

9
5

 
1

3
.0

 
3

4
.0

 
3

A
a2

9
 .

..
..

. 
0 

1
8

.2
 

1
2

.5
 

2
1

5
.0

 
1

4
8

.1
 

2
2

6
.0

 
1

5
5

.7
 

0
.9

5
1

 
~

A
" 

1
8

.1
X

1
0

~
 

1
2

.5
X

1
0

~
0

 
2

0
5

.3
X

1
0

 a
 

1
4

1
.1

X
1

0
~

 
2

2
4

.8
X

1
0

~
 

1
5

4
.9

X
1

0
7

 
0

.9
1

4
 

13
~

8 
3

0
~

0
 

_ 
sA

_
 

0
.3

 
0

.2
 

6
.9

 
4

.7
 

7
.0

 
4

.8
 

0
.0

4
1

 
2

.9
 

6
.4

 
X

A
 -

-X
A

 
0 

0 
0 

0 
0 

0 
0 

0 
0 

X
L

 
--

0
.4

 
--

0
,3

 
--

1
1

.0
 

--
7

.5
 

--
8

.7
 

--
6

,0
 

--
0

.0
6

5
 

--
4

.6
 

--
1

0
.2

 
X

U
 

0
.4

 
0

.3
 

1
1

.0
 

7
.5

 
8

.7
 

6
.0

 
0

,0
6

5
 

4
.6

 
1

0
.2

 
3

A
a5

8
 ..

..
..

 
1

X
1

0
 t7

 
. 

..
 

1
4

.8
X

1
0

6
 

1
0

.2
X

 1
01

~ 
2

1
1

.0
X

 1
0 a

 
1

4
5

.4
X

 1
07

 
2

5
7

.0
X

1
0

 a
 

1
7

7
.0

X
 i

0
7

 
0

.8
2

1
 

,.
. 

..
. 

3
A

a5
2

 ..
..

..
 

1 
. 

..
 

1
8

.1
 

1
2

.5
 

21
2.

0 
1

4
6

.1
 

2
2

2
.0

 
1

5
3

.0
 

0
.9

5
5

 
9

.0
 

3
A

a5
7

 ..
..

..
 

1 
2

0
.5

 
1

4
.1

 
2

3
1

.0
 

1
5

9
.2

 
2

3
8

,0
 

1
6

4
.0

 
0

.9
7

0
 

1
4

.0
 

3
6

.0
 

,~
B

" 
1

7
.8

X
1

0
~

 
1

2
.3

X
1

0
m

 
2

1
8

.0
X

1
0

a
 

1
5

0
.2

X
1

0
7

 
2

3
9

.0
X

1
0

 a
 

1
6

4
.7

X
1

0
~

 
0

.9
1

5
 

1
1

.5
 

3
6

.0
 

_ 
sB

_ 
2.

9 
2.

0 
1

1
.3

 
7

.8
 

1
7

.5
 

1
2

.0
 

0
.0

8
2

 
3

.5
 

X
B

--
X

A
 

--
0

.3
 

--
0

.2
 

1
2

,7
 

8
.8

 
1

4
.2

 
9

.8
 

0
.0

0
1

 
--

2
.3

 
6

.0
 

X
L

 
--

7
.5

 
--

5
.2

 
--

7
.8

 
--

5
.4

 
--

1
9

.5
 

--
1

3
.4

 
--

0
.1

6
4

 
--

1
1

.4
 

, 
. 

. 
X

U
 

6
.9

 
4

.8
 

3
3

.2
 

2
2

.9
 

4
7

.9
 

3
3

.0
 

0
.1

6
6

 
6

.8
 

. 
. 

. 
SB

~/
SA

 ~d
 

9
3

.4
4

 
1

0
0

.0
0

 
2

.6
8

 
2

.7
6

 
6

.2
5

 
6

.2
4

 
4

.0
0

 
1

.4
6

 
3

A
a7

3
 .

..
..

. 
1

0
X

1
0

 l:
 

..
. 

2
0

.0
X

1
0

6
 

1
3

.8
X

1
0

1
o

 
2

0
5

.3
X

1
0

a
 

1
4

1
.5

X
1

0
~

 
2

1
1

.8
X

1
0

a
 

1
4

5
.9

X
1

0
: 

0
.9

6
9

 
8

.0
 

3
4

.0
 

3
A

a1
6

8
 ..

..
. 

1
0

 
..

. 
2

0
.0

 
1

3
.8

 
2

2
0

.6
 

1
5

2
,0

 
2

2
6

.8
 

1
5

6
.3

 
0

.9
7

1
 

8
.0

 
3

4
.0

 
3

A
a1

6
7

 ..
..

. 
1

0
 

..
. 

1
6

.0
 

1
1

.0
 

24
8.

2 
1

7
1

,0
 

2
5

0
.8

 
1

7
2

.8
 

0
.9

9
0

 
7

.0
 

2
7

,0
 

3
A

a1
6

9
 ..

..
. 

1
0

 
.,

, 
2

2
.0

 
1

5
.2

 
2

6
2

.8
 

1
8

1
.1

 
2

7
0

.8
 

1
8

6
.6

 
0

.9
7

0
 

8
.0

 
3

3
.0

 
3

A
a6

3
 .

..
..

. 
10

 
2

5
.0

 
1

7
.2

 
2

7
9

.9
 

1
9

2
.9

 
2

8
9

.2
 

1
9

9
.3

 
0

.9
6

7
 

6
.0

 
2

1
.0

 
~

c
" 

2
0

.6
X

1
0

6
 

1
4

.2
X

1
0

 TM
 

2
4

3
.4

X
1

0
~

 
1

6
7

.7
X

1
0

7
 

2
4

9
.9

X
1

0
 a

 
1

7
2

.2
X

1
0

7
 

0
.9

7
3

 
7

.4
 

2
9

.8
 

_ 
sc

_ 
3

.3
 

2
.3

 
3

0
.4

 
2

1
.0

 
3

1
.5

 
2

1
.7

 
0

.0
0

9
 

0
.9

 
5

.3
 

2
~

--
X

A
 

2
.5

 
1

.7
 

3
8

.1
 

2
6

.3
 

2
5

.1
 

1
7

.3
 

0
.0

5
9

 
--

6
.4

 
--

0
.2

 
X

_L
 

--
1

.6
 

--
1

.1
 

2
.0

 
1

.4
 

--
1

2
.0

 
--

8
.3

 
--

0
.0

0
8

 
--

1
0

.6
 

--
9

.7
 

X
U

 
6

,6
 

4
.5

 
7

4
.2

 
5

1
.2

 
6

2
.2

 
4

2
.9

 
0

.1
2

6
 

--
2

.2
 

9
.3

 
sc

~/
sA

 ~ 
1

2
1

.0
0

 
1

3
2

.5
2

 
1

9
.3

9
 

1
9

.9
6

 
2

0
.2

5
 

2
0

.4
2

 
0

.0
5

 
0

.1
0

 
0

.6
8

 

f5
 

O
 

Z
 O
 

-<
 

a 
S

p
ec

im
en

 e
x

p
o

se
d

 i
n

 g
as

eo
u

s 
h

el
iu

m
 a

t 
17

 K
 

th
ro

u
g

h
o

u
t 

t~
st

. 
F

a
st

 f
fu

en
ce

 i
s 

fo
r 

E
 >

0
.5

 M
e

V
 (

8
0

 f
J)

. 
b 

A
ri

th
m

et
ic

 m
ea

n
, 

.~
'; 

es
ti

m
at

ed
 s

ta
n

d
a

rd
 d

ev
ia

ti
o

n
, 

s;
 l

o
w

er
 a

n
d

 u
p

p
er

 l
im

it
s 

of
 9

5
 p

er
ce

n
t 

co
n

fi
d

en
ce

 i
n

te
rv

a
l 

of
 t

h
e 

d
if

fe
re

n
ce

, 
X

L
, 

X
U

. 
c 

T
o

ta
l 

el
o

n
g

at
io

n
 i

n
 0

.5
-i

n
. 

(1
.2

7
-c

m
) 

g
ag

e 
le

n
g

th
. 

d 
V

al
u

es
 f

o
r 

te
n

si
le

 m
o

d
u

lu
s 

os
 e

la
st

ic
it

y
, 

y
ie

ld
 s

tr
en

g
th

, 
an

d
 u

lt
im

a
te

 s
tr

en
g

th
 d

if
fe

r 
b

ec
au

se
 o

s 
si

g
n

if
ic

an
t 

fi
g

u
re

s 
m

ai
n

t&
in

ed
 i

n
 c

o
m

p
ar

at
iv

e 
ca

lc
u

la
ti

o
n

s 
b

et
w

ee
n

 t
h

e 
tw

o
 

sy
st

em
s 

of
 u

n
it

s.
 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



~o~ 

~oO~ 

~~o 

r~- ~0 
o~ 

~.~ ~. 
~:~ 

~.~ 

g ~v 

~~ 

~g ~.. 

E e~ 

g. 
r~ 

x 

~-~ ~1..-~1~:~. ~i~I ..... 
~).~ ~,~: : :~ ..... ~' ~, ..... 

o ........ o ............ �9 .... 

= x x~ x x x x 

o ........ o ................. 

x x~ x x x "x 

o ........ o ................. 

x x~ x x x x 

o ........ o ................. 

x x~ x x x x 

x x~ x x x x 

x x~ x x x x 

I I 
0000000000000000000000000000 

o 

"~ o 

E 

o1:1 

--.- 

:Z 

~.~E~ 

a~ 

~" 

~j 

6~'~" NOIZu :I~n.Lu NO A::I'IVH GNu ~l:lONnOX 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



T
A

B
L

E
 

8-
-E

ff
ec

t 
of

 r
ea

ct
or

 i
rr

ad
ia

ti
on

 a
t 

17
 K

 
on

 1
7 

K
 

te
ns

il
e 

pr
op

er
ti

es
 o

f 
an

ne
al

ed
 t

it
an

iu
m

-6
 a

lu
m

in
um

-4
 v

an
ad

iu
m

 a
ll

oy
. 

O
~ 

O
 

S
p

ec
im

en
 

Y
ie

ld
 S

tr
en

g
th

 
T

en
si

le
 M

o
d

u
lu

s 
of

 E
la

st
ic

it
y

, 
(0

.2
 p

er
ce

n
t 

of
fs

et
) 

U
lt

im
a

te
 S

tr
en

g
th

, 
Y

ie
ld

 t
o

 
T

o
ta

l 
F

a
st

 
U

lt
im

at
e 

E
lo

n
- 

F
lu

en
ce

,~
 

S
ta

ti
st

ic
al

 
S

tr
en

g
th

 
ga

ti
on

,~
 

n
/e

m
~

 
A

n
al

y
si

s b
 

lb
/i

n
.~

 
N

/m
2

 
lb

/i
n

2
 

N
/m

~
 

lb
/i

n
.~

 
N

/m
~

 
R

at
io

 
%

 

R
ed

u
ct

io
n

 
of

 A
re

a,
 

%
 

2
A

el
 .

..
..

..
 

0 
. 

..
 

1
7

.6
X

1
0

6
 

1
2

,1
X

1
0

 TM
 

2
2

8
.0

X
 1

0a
 

1
5

7
.1

X
1

0
7

 
2

4
9

.0
X

 1
0 a

 
1

7
1

.6
X

1
0

7
 

0
.9

1
5

 
1

0
.0

 
3

0
.0

 
2

A
c9

 .
..

..
..

 
0
 

..
. 

I6
.3

 
1

1
.2

 
2

3
0

.0
 

1
5

8
.5

 
2

6
4

.0
 

1
8

1
.9

 
0

.8
7

1
 

7
.0

 
3

0
.0

 
2A

c7
1 

..
..

..
 

0 
,.

. 
1

7
.7

 
1

2
.2

 
2

5
0

.0
 

17
2.

3 
2

6
5

.0
 

1
8

2
.6

 
0

.9
4

3
 

7
.0

 
3

6
.0

 
2

A
cl

0
 ..

..
..

 
0 

..
. 

1
7

.9
 

1
2

,3
 

2
5

3
.0

 
1

7
4

.3
 

2
6

1
.0

 
1

7
9

.8
 

0
.9

6
9

 
7

.0
 

2
7

.0
 

2A
e1

2 
..

..
..

 
0 

1
6

.8
 

1
1

.6
 

2
5

5
.0

 
1

7
5

.7
 

2
6

3
.0

 
1

8
1

.2
 

0
.9

6
9

 
7

.0
 

2
9

.0
 

X
A

 
1

7
.3

X
1

0
~

 
1

1
.9

X
1

0
 I0

 
2

4
3

.2
X

1
0

3
 

1
6

7
.6

X
1

0
7

 
2

6
0

.4
X

1
0

~
 

1
7

9
.4

X
1

0
7

 
0

.9
3

3
 

7
.6

 
3

0
.4

 
sA

 
0

.7
 

0
.5

 
1

3
.1

 
9

.0
 

6
.5

 
4

.5
 

0
.0

4
1

 
1

.3
 

3
.4

 
~

a
 -

-X
A

 
0 

0 
0 

0 
0 

O
 

0 
0 

0 
X

L
 

--
0

.9
 

--
0

.6
 

--
1

6
.2

 
--

1
1

.2
 

--
8

.1
 

--
5

.6
 

--
0

.0
5

1
 

--
1

.5
 

--
4

.2
 

X
u

 
0

.9
 

0
.6

 
1

6
.2

 
1

1
.2

 
8

.1
 

5
.6

 
0

.0
5

1
 

1
.5

 
4

.2
 

2
A

e5
9

 .
..

..
. 

1X
10

1~
 

. 
..

 
2

6
5

.0
)<

1
0

3
 

1
8

2
.6

• 
6

.0
 

3
7

.0
 

2A
c6

1 
..

..
..

 
1 

..
. 

2
4

:8
)<

1
0

' 
1

7
:i

k
l0

 
lo

 
1

5
4

:b
k

 i
03

 
17

5:
0~

<
 lO

 7 
2

6
6

.0
 

1
8

3
.3

 
0

.9
5

5
 

5
.0

 
3

7
.0

 
2A

c7
2 

..
..

..
 

1 
2

9
0

.1
 

1
9

9
.8

 
6

.0
 

3
8

.0
 

k
B

' 
2

4
:8

>
(1

0
6

 
1

7
:i

k
l0

~
O

 
2

5
4

:{
)k

1
0

~
 

1
7

5
:6

k
1

0
' 

2
7

3
.7

• 
1

8
8

.6
• 

0
.6

5
g

 
5

.7
 

3
7

.3
 

SB
 

1
4

.2
 

9
.7

 
0

.6
 

0
.6

 
~B

--
~A

 
7:

g"
 

5:
2"

 
10

:~
" 

7:
i"

 
13

.3
 

0.
2 

0.
6~

2 
--

1.
9 

6.
9 

X
L

 
.

.
.

.
.

.
.

.
.

.
.

.
 

--
1

4
.4

 
--

9
.9

 
..

. 
--

3
.5

 
2

,9
 

X
u

 
.

.
.

.
.

.
.

.
.

.
.

.
 

4
1

.0
 

2
8

.2
 

..
. 

--
0

.3
 

1
0

.9
 

8B
2/

SA
 2

d 
.

.
.

.
.

.
 

4
.7

6
 

4
.6

4
 

0
.2

1
 

0
.0

3
 

2
A

c5
4

 .
..

..
. 

1
0

X
I0

~
 

..
. 

2
0

:0
)(

1
0

~
 

1
3

.8
)<

1
0

 ~o
 

2
8

9
.4

)<
1

0
3

 
1

9
9

:4
X

1
0

7
 

3
0

2
.7

)<
1

0
 a 

2
0

8
.6

X
1

0
7

 
0

.9
5

6
 

4
.0

 
3

4
,0

 
2

A
e5

6
 .

..
..

. 
10

 
..

. 
2

9
4

.7
 

2
0

3
.0

 
3

2
5

.0
 

2
2

3
.9

 
0

,9
0

7
 

6
.0

 
3

4
.0

 
2

A
c5

5
 .

..
..

. 
10

 
25

~(
)"

 
17

'.�
89

 
3

1
4

.5
 

2
1

6
.7

 
3

3
2

.9
 

2
2

9
.4

 
0

,9
4

5
 

4
.0

 
3

4
.0

 
X

C
 

2
2

.5
X

1
0

6
 

1
5

.5
X

1
0

 I~
 

2
9

9
.5

X
 1

0 a
 

2
0

6
.4

X
1

0
7

 
3

2
0

.2
>

(1
0

3
 

2
2

0
.6

X
1

0
7

 
0

.9
3

6
 

4
.7

 
3

4
.0

 
3

.5
 

2
.4

 
1

3
.2

 
9

.1
 

1
5

.7
 

1
0

.8
 

0
.0

2
6

 
1

.2
 

0 
_ 

8
C

0
 

X
c

--
X

A
 

5
.2

 
3

,6
 

5
6

.3
 

3
8

.8
 

5
9

.8
 

4
1

,2
 

0
,0

0
3

 
--

2
.9

 
3

.6
 

X
L

 
--

2
6

.6
r 

--
1

7
.8

' 
3

2
.8

 
2

2
.6

 
2

9
.6

 
2

0
.3

 
--

0
.0

5
2

 
--

5
.1

 
--

0
.6

 
X

U
 

3
7

.0
 

2
5

.0
 

7
9

.8
 

5
5

,0
 

9
0

.1
 

6
2

.1
 

0
.0

5
8

 
--

0
.7

 
7

.8
 

so
: I

s.
4 ~

d 
2

5
.0

0
 

2
3

.0
3

 
I.

 0
2 

1
.0

2
 

5
.8

3
 

5
,7

5
 

0
.4

0
 

0
.8

5
 

0 

O
 

Z
 

f~
 

o -<
 

ct
~ 

a 
S

p
ec

im
en

 e
x

p
o

se
d

 i
n

 g
as

eo
u

s 
h

el
iu

m
 a

t 
17

 K
 

th
ro

u
g

h
o

u
t 

te
st

, 
F

as
t 

fl
ue

nc
e 

is
 f

or
 E

>
0

.5
 M

eV
 (

80
 f

ff
).

 
b 

A
ri

th
m

et
ic

 m
ea

n
, 

X
; 

es
ti

m
at

ed
 s

ta
n

d
ar

d
 d

ev
ia

ti
o

n
, 

s;
 l

o
w

er
 a

n
d

 u
p

p
er

 )
tr

ai
ts

 o
f 

95
 p

er
ce

n
t 

co
nf

id
en

ce
 i

n
te

rv
al

 o
f 

th
e 

di
ff

er
en

ce
, 

X
L

, 
X

U
. 

T
o

ta
l 

el
o

n
g

at
io

n
 i

n
 0

.5
-i

n.
 (

1.
27

-c
m

) 
g

ag
e 

le
n

g
th

. 
V

al
u

es
 f

or
 t

en
si

le
 m

o
d

u
lu

s 
of

 e
la

st
ic

it
y

, 
y

ie
ld

 s
tr

en
g

th
, 

an
d

 u
lt

im
at

e 
st

re
n

g
th

 d
if

fe
r 

b
ec

au
se

 o
f 

si
g

n
if

ic
an

t 
fi

gu
re

s 
m

ai
n

ta
in

ed
 i

n
 c

o
m

p
ar

at
iv

e 
ca

lc
u

la
ti

o
n

s 
b

et
w

ee
n

 t
h

e 
tw

o
 

sy
st

em
 o

f 
u

n
it

s.
 

�9
 *V

al
ue

 e
xc

ee
ds

 l
o

w
er

 l
im

it
 o

f 
p

o
ss

ib
le

 c
h

an
g

e.
 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



T
A

B
L

E
 

9
--

E
ff

ec
t 

o
f 

re
a

ct
o

r 
ir

ra
d

ia
ti

o
n

 
a

t 
1

7
 

K
 

o
n

 
1

7
 K

 
te

n
si

le
 

p
ro

p
er

ti
es

 
o

f 
a

g
ed

 
ti

ta
n

iu
m

-6
 

a
lu

m
in

u
m

-/
+

 
va

n
a

d
iu

m
 

a
ll

o
y,

 

Y
ie

ld
 S

tr
en

g
th

 
T

en
si

le
 M

o
d

u
lu

s 
of

 E
la

st
ic

it
y

, 
(0

.2
 p

er
ce

n
t 

o
ff

se
t)

, 
U

lt
im

a
te

 S
tr

en
g

th
, 

Y
ie

ld
 t

o
 

T
o

ta
l 

F
a

st
 

U
lt

im
a

te
 

E
]o

n
- 

R
ed

u
ct

io
n

 
F

lu
en

ce
,~

 
S

ta
ti

st
ic

al
 

S
tr

en
g

th
 

g
at

io
n

c 
of

 A
re

a,
 

S
p

ec
im

en
 

n/
cm

~
 

A
na

ly
si

s 
b 

]b
/i

n
.2

 
N

/m
~

 
lb

/i
n

,2
 

N
/m

2
 

lb
/i

n
.2

 
N

/m
S

 
R

at
io

 
%

 
%

 
t~

 

Z
 

2
A

n
3

0
 .

..
..

. 
0 

..
. 

2
0

.4
X

1
0

6
 

1
4

.1
X

1
0

1
0

 
2

7
3

.0
X

1
0

3
 

1
8

8
.1

X
1

0
 ~

 
2

8
6

.0
X

1
0

~
 

1
9

7
.1

X
1

0
7

 
0

.9
5

4
 

6
.0

 
2

2
.0

 
O

 
2

A
a

ll
 .

..
..

. 
0 

..
. 

1
9

.7
 

1
3

.6
 

2
7

4
.0

 
1

8
8

.8
 

2
7

7
.0

 
1

9
0

.9
 

0
.9

8
9

 
7

.0
 

2
8

.0
 

2
A

a2
9

 ..
..

..
 

0 
. 

..
 

1
7

.1
 

1
1

.8
 

2
7

4
.0

 
1

8
8

.8
 

2
8

1
.0

 
1

9
3

.6
 

0
.9

7
5

 
7

.0
 

2
4

.0
 

2
A

n
1

0
 .

..
..

. 
0 

..
. 

1
7

.4
 

1
2

.0
 

2
7

5
.0

 
1

8
9

.5
 

2
8

4
.0

 
1

9
5

.7
 

0
.9

6
9

 
7

.0
 

3
1

.0
 

2
A

a1
3

 .
..

..
. 

0 
1

8
.1

 
1

2
.5

 
2

7
9

.0
 

1
9

2
.2

 
2

8
3

.0
 

1
9

5
.0

 
0

.9
8

6
 

5
.0

 
2

2
.0

 
Z

 
~

D
 

1
8

.5
X

1
0

 s
 

1
2

.8
:x

:1
0

 TM
 

2
7

5
.0

X
1

0
 a

 
1

8
9

.5
:x

: 1
07

 
2

8
2

.2
X

1
0

3
 

1
9

4
.5

X
1

0
 ~

 
0

.9
7

5
 

6
.4

 
2

5
.4

 
SD

 
1

.5
 

1
.0

 
2

.4
 

1
.6

 
3

.4
 

2
.4

 
0

.0
1

4
 

0
.9

 
4

.0
 

"1
" 

X
D

 -
-X

D
 

0 
0 

0 
0 

0 
0 

0 
0 

0 
:~

 
X

L
 

--
1

.9
 

--
1

.3
 

--
3

.0
 

--
2

.0
 

--
4

.2
 

--
2

.9
 

--
0

.0
1

7
 

--
1

.1
 

--
5

.0
 

X
U

 
1

.9
 

1
.3

 
3

.0
 

2
.0

 
4

.2
 

2
.9

 
0

.0
1

7
 

1
.1

 
5

.0
 

"<
 

2
A

a4
3

 
..

..
. 

1
X

1
0

1
7

 
.

.
.

.
.

.
 

2
8

1
.0

X
1

0
 a

 
1

9
3

.6
X

1
0

7
 

2
9

6
.0

X
1

0
 a

 
2

0
3

.9
X

1
0

~
 

0
.9

4
9

 
5

.0
 

2
4

.0
 

O
 

2
A

a4
4

 .
..

..
. 

1 
..

. 
14

 ] 
6 

>
( l

0
 s 

1
0

.1
 :x

: 1
01

o 
2

9
4

.0
 

2
0

2
.6

 
3

0
3

.0
 

2
0

8
.8

 
0

. 
9

7
0

 
Z

 
2

A
a7

7
 .

..
..

. 
1 

3
0

5
.0

 
2

1
0

.1
 

3
0

8
.0

 
2

1
2

.2
 

0
.9

9
0

 
g:

6 
2i

:b
 

,~
(E

" 
1

4
1

6
>

(1
0

6
 

1
0

1
1

>
(1

0
 ~o

 
2

9
3

.3
X

1
0

 a
 

2
0

2
.1

X
1

0
7

 
3

0
2

.3
X

1
0

 ~
 

2
0

8
.3

X
1

0
7

 
0

.9
7

0
 

5
.0

 
2

2
.5

 
r 

SE
 _

 
1

2
.0

 
8

.3
 

6
.0

 
4

.1
 

0
.0

2
1

 
0 

2
.1

 
.~

 
~Y

E
--

X
D

 
--

3
:9

' 
--

2
1

7
" 

1
8

.3
 

1
2

.6
 

2
0

.1
 

1
3

.8
 

--
0

.0
0

5
 

--
1

.4
 

--
2

.9
 

O
 

X
L

 
.

.
.

.
.

.
 

--
1

1
.9

 
--

8
.2

 
9

.6
 

6
.6

 
--

0
.0

4
4

 
--

2
.5

 
--

8
.4

 
tD

 
X

U
 

.
.

.
.

.
.

 
4

8
.5

 
3

3
.4

 
3

0
.6

 
2

1
.1

 
0

.0
3

4
 

--
0

.3
 

2
.6

 
~

, 
SE

~/
SD

 2~
 

2
5

.0
0

 
2

6
.8

5
 

3
.1

1
 

2
.9

2
 

2
.2

5
 

0 
0

.2
8

 
--

 
2

A
a7

8
 .

..
..

. 
1

0
X

1
0

 ~7
 

..
. 

20
~

()
>

(1
06

 
1

3
~

8
>

(1
0

 ~o
 

2
8

9
.5

X
1

0
~

 
1

9
9

.5
X

1
0

7
 

2
9

6
.1

X
1

0
 a

 
2

0
4

.0
X

1
0

~
 

0
.9

7
8

 
5

.0
 

2
1

.0
 

2
A

a8
7

 .
..

..
. 

10
 

..
. 

1
5

.0
 

1
0

.3
 

3
2

4
.8

 
2

2
3

.8
 

4
.0

 
1

3
.0

 
-~

 
2

A
a8

9
 .

..
..

. 
10

 
..

. 
1

9
.0

 
1

3
.1

 
3

1
9

:(
)"

 
2

1
9

:8
' 

3
2

5
.2

 
2

2
4

.1
 

0
.9

8
0

 
5

.0
 

1
6

.0
 

2
A

a8
2

 .
..

..
. 

10
 

..
. 

2
0

.0
 

1
3

.8
 

3
2

2
.1

 
2

2
1

.9
 

3
2

8
.3

 
2

2
6

.2
 

0
.9

8
1

 
5

.0
 

1
4

.0
 

-~
 

2
A

n
8

1
 .

..
..

. 
1

0
 

.:
..

 
2

2
.0

 
1

5
.2

 
3

6
5

.5
 

2
5

1
.8

 
37

3.
2 

2
5

7
.1

 
0

.9
7

9
 

3
.0

 
1

3
.0

 
X

F
 

1
9

.2
:x

:1
0

6
 

1
3

.2
X

1
0

 l~
 

3
2

4
.0

X
1

0
3

 
2

3
3

.3
X

I0
 T

 
3

2
9

.5
X

I0
 ~

 
2

2
7

.0
X

1
0

7
 

0
.9

7
9

 
4

.4
 

1
5

.4
 

:~
 

sF
 

2
.6

 
1

.8
 

3
1

.3
 

2
1

.5
 

2
7

.7
 

1
9

.1
 

0
.0

0
2

 
0

.9
 

3
.4

 
X

F
 -

-X
D

 
0

.7
 

0
.4

 
4

9
.0

 
3

3
.8

 
4

7
.3

 
32

.5
 

0
.0

0
4

 
--

2
.0

 
--

1
0

.0
 

X
L

 
--

2
.4

 
--

1
.7

 
--

0
.9

 
--

0
.6

 
1

2
.7

 
8

.7
 

--
0

.0
1

3
 

--
3

.3
 

--
1

5
.3

 
m

 
~ 

X
U

 
3

.8
 

2
.6

 
9

8
.9

 
6

8
.2

 
8

1
.9

 
5

6
.3

 
0

.0
2

1
 

--
0

.7
 

--
4

.7
 

8 F
2 /

 S
 D

 2d
 

3.
 O

0 
3

.2
4

 
17

0.
09

 
1

8
0

.5
7

 
6

6
.3

7
 

6
3

.3
4

 
O

 . 0
2 

1.
 O

0 
O

 . 7
2 

a 
S

p
ec

im
en

 e
x

p
o

se
d

 i
n

 g
as

eo
u

s 
h

el
iu

m
 a

t 
17

 K
 

th
ro

u
g

h
o

u
t 

te
st

. 
F

a
st

 f
lu

en
ce

 i
s 

E
>

O
.5

 M
e

V
 

(8
0

 f
J)

. 
- 

--
4

 
b 

A
ri

th
m

et
ic

 m
ea

n
, 

X
; 

es
ti

m
at

ed
 s

ta
n

d
a

rd
 d

ev
ia

ti
o

n
, 

s;
 l

o
w

er
 a

n
d

 u
p

p
er

 l
im

it
s 

of
 9

5
 p

er
ce

n
t 

co
n

fi
d

en
ce

 i
n

te
rv

a
l 

of
 t

h
e 

d
if

fe
re

n
ce

, 
X

L
, 

X
U

. 
c 

T
o

ta
l 

el
o

n
g

at
io

n
 i

n
 0

.5
-i

n
. 

(1
.2

7
-c

m
) 

g
ag

e 
le

n
g

th
. 

O
 

d 
V

al
u

es
 f

o
r 

te
n

si
le

 m
o

d
u

lu
s 

of
 e

la
st

ic
it

y
, 

y
ie

ld
 s

tr
en

g
th

, 
an

d
 u

lt
im

a
te

 s
tr

en
g

th
 d

if
fe

r 
b

ec
au

se
 o

f 
si

g
n

if
ic

an
t 

fi
g

u
re

s 
m

ai
n

ta
in

ed
 i

n
 c

o
m

p
ar

at
iv

e 
ca

lc
u

la
ti

o
n

s 
b

et
w

ee
n

 t
h

e 
tw

o
 

Z
 

sy
st

em
 o

f 
u

n
it

s.
 

O
1 

O
- 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



bO
 

T
A

B
L

E
 l

O
--

E
ff

ec
t 

of
 r

ea
ct

or
 i

rr
ad

ia
ti

on
 a

t 
17

 K
 

on
 1

7 
K

 
te

ns
il

e 
pr

op
er

ti
es

 o
f 

ti
ta

ni
um

-8
 a

lu
m

in
um

-1
 m

ol
yb

de
nu

m
-4

 v
an

ad
iu

m
 a

ll
oy

. 

S
p

ec
im

en
 

Y
ie

ld
 

S
tr

en
g

th
 

T
en

si
le

 
M

o
d

u
lu

s 
of

 E
la

st
ic

it
y

, 
(0

.2
 p

er
ce

n
t 

of
fs

et
) 

U
lt

im
at

e 
S

tr
en

g
th

, 
Y

ie
ld

 
to

 
T

o
ta

l 
F

as
t 

U
lt

im
at

e 
E

lo
n

- 
F

lu
en

ce
, 

a 
S

ta
ti

st
ic

al
 

S
tr

en
g

th
 

g
at

io
n

,~
 

n
/c

m
~

 
A

n
al

y
si

sb
 

lb
/i

n
 

2 
N

/m
 

2 
lb

/i
n

.2
 

N
/m

 
2 

lb
/i

n
. 

2 
N

/m
 

2 
R

at
io

 
%

 

R
ed

u
ct

io
n

 
of

 A
re

a,
 

%
 

O
 

Z
 

4
A

a3
 .

..
..

..
 

4
A

al
 

..
..

..
. 

4
A

a4
 .

..
..

..
 

4
A

a5
 .

..
..

 
4

A
a2

 .
..

..
 

4
A

a3
4

 .
..

. 
4

A
a4

3
 .

..
. 

4
A

a3
8

 .
..

. 

0 
�9

 �9
 

1
9

.2
X

 
10

 ~
 

1
3

.2
X

1
0

 
TM

 
2

1
7

.0
X

 
10

3 
1

4
9

.5
X

 
10

~ 
2

3
6

.0
X

 
10

3 
1

6
2

.6
X

 
10

~ 
0

.9
2

0
 

1
2

.1
 

..
. 

0 
..

. 
1

8
.3

 
1

2
.6

 
2

2
0

.0
 

1
5

1
.6

 
2

4
2

.0
 

1
6

6
.7

 
0

. 
90

9 
5

.8
 

..
. 

0 
..

. 
1

6
.4

 
1

1
.3

 
2

2
4

.0
 

1
5

4
.3

 
2

3
6

.0
 

1
6

2
.6

 
0

.9
5

0
 

7
.8

 
..

. 
0 

..
. 

1
8

.5
 

1
2

.7
 

2
2

4
.0

 
1

5
4

.3
 

2
3

8
.0

 
1

6
4

.0
 

0
. 

9
4

0
 

7
.8

 
..

. 
0 

:.
 -

 
1

8
.9

 
1

3
.0

 
2

3
6

.0
 

1
6

2
.6

 
2

4
3

.0
 

1
6

7
.4

 
0

. 
9

7
0

 
1

5
.2

 
..

. 
X

A
 

1
8

.3
X

1
0

 
~ 

1
2

.6
X

I0
 

~~
 

2
2

4
.2

X
1

0
~

 
1

5
4

.5
X

1
0

7
 

2
3

9
.0

X
1

0
~

 
1

6
4

.7
X

1
0

7
 

0
.9

3
8

 
9

.5
 

..
. 

SA
 

1
.1

 
0

.7
 

7
.2

 
5

.0
 

3
.3

 
2

.3
 

0
.0

2
4

 
3

.8
 

-#
 A

 -
- -

Y
 A
 

0 
0 

0 
0 

0 
0 

0 
0 

. 
X

L
 

--
1

.4
 

--
1

.0
 

--
8

.9
 

--
6

.1
 

--
4

.2
 

--
2

.9
 

--
0

.0
3

0
 

--
4

.7
 

. 
""

 
X

u
 

1
.4

 
1

.0
 

8
.9

 
6

.1
 

4
.2

 
2

.9
 

0
.0

3
0

 
4

.7
 

;~
 

1
X

1
0

~
 

--
. 

1
9

.6
X

1
0

6
 

1
3

.5
X

 
10

1~
 

2
3

8
.0

X
1

0
3

 
1

6
4

.0
X

1
0

 
~ 

2
6

4
.0

X
1

0
 

~ 
1

8
1

.9
X

1
0

7
 

0
.9

0
1

 
6

.0
 

31
~(

~ 
1 

..
. 

2
5

.4
 

1
7

.5
 

2
4

3
.0

 
1

6
7

.4
 

2
6

2
.0

 
1

8
0

.5
 

0
.9

2
7

 
5

.0
 

2
6

.0
 

O
 

�9
 

2
4

7
.0

 
1

7
0

.2
 

2
5

9
.0

 
1

7
8

.5
 

0
.9

5
4

 
6

.0
 

3
0

.0
 

-<
 

1 
J~

B
" 

2
2

.5
X

1
0

6
 

1
5

1
5

)(
1

0
1

~
 

2
4

2
.7

X
1

0
 

a 
1

6
7

.2
X

 
10

7 
2

6
1

.7
X

1
0

 
~ 

1
8

0
.3

X
 

10
 ~

 
0

.9
2

7
 

5
.7

 
2

9
.0

 
sB

 
4

.1
 

2
.8

 
4

.5
 

3
.1

 
2

.5
 

1
.7

 
0

.0
2

7
 

0
.6

 
2

.6
 

2~
B

 -
-)

~
A

 
4

.2
 

2
.9

 
1

8
.5

 
1

2
.7

 
2

2
.7

 
1

5
.6

 
--

0
.0

1
1

 
--

3
.8

 
..

. 
X

L
 

--
3

3
.2

~
 

--
2

2
.9

r 
9

.0
 

6
.2

 
1

7
.9

 
1

2
.3

 
--

0
.0

5
7

 
--

8
.6

 
..

. 
X

U
 

4
1

.6
 

2
8

.7
 

2
8

.0
 

1
9

.3
 

2
7

.5
 

1
8

.9
 

0
.0

3
5

 
1

.0
 

. 
. 

. 
s~

2
/s

A
 ~

 
1

3
.9

0
 

1
6

.0
0

 
0

.3
9

 
0

.3
8

 
0

.5
7

 
0

.5
5

 
1

.2
6

 
O

. 0
2

 
..

. 

a 
S

p
ec

im
en

 
ex

p
o

se
d

 
in

 g
as

eo
u

s 
h

el
iu

m
 

at
 

17
 ~

 
th

ro
u

g
h

o
u

t 
te

st
, 

F
as

t 
fl

u
en

ce
 i

s 
fo

r 
E 

>
0

.5
 

M
eV

 
(8

0 
f J

).
 

b 
A

ri
th

m
et

ic
 

m
ea

n
, 

~
; 

es
ti

m
at

ed
 

st
an

d
ar

d
 

d
ev

ia
ti

o
n

, 
s;

 l
o

w
er

 
an

d
 

u
p

p
er

 
li

m
it

s 
of

 9
5

 p
er

ce
n

t 
co

n
fi

d
en

ce
 

in
te

rv
al

 
of

 t
h

e 
d

if
fe

re
n

ce
, 

X
L

, 
X

U
. 

T
o

ta
l 

el
o

n
g

at
io

n
 

o
n

 0
.5

-i
n.

 
(1

.2
7-

er
a)

 
g

ag
e 

le
n

g
th

. 
d 

V
al

u
es

 
fo

r 
te

n
si

le
 m

o
d

u
lu

s 
of

 e
la

st
ic

it
y

, 
y

ie
ld

 s
tr

en
g

th
, 

an
d

 
u

lt
im

at
e 

st
re

n
g

th
 

d
if

fe
r 

b
ec

au
se

 
of

 s
ig

n
if

ic
an

t 
fi

g
u

re
s 

m
ai

n
ta

in
ed

 
in

 c
o

m
p

ar
at

iv
e 

ca
lc

u
la

ti
o

n
s 

b
et

w
ee

n
 

th
e 

tw
o

 
sy

st
em

 
of

 u
n

it
s.

 
* 

V
al

u
e 

ex
ce

ed
s 

lo
w

er
 

li
m

it
 

of
 p

o
ss

ib
le

 
ch

an
g

e.
 

 

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020
Downloaded/printed by
(USP) Universidade de Sao Paulo ((USP) Universidade de Sao Paulo) pursuant to License Agreement. No further reproductions authorized.



YOUNGER AND HALEY ON CRYOGENIC-TEMPERATURE IRRADIATION 5 6 3  

• / S A  
2 8B 2 

u.A = to.~ ----hA + - -  nB 

( ~A~ + 
\n•  riB~ 

(,s;~/,~) ~ ( s ~ / , ~ ) ~  
+ 

effective number of degrees of freedom 

t0.97~ distribution value for t test of significance (see 
Ref 21, Table A-4) 
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