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Foreword

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 Memorial Institute, Pacific Northwest Laboratory, served as
chairman of the symposium committee, which consisted of J. Moteff,
cochairman, and K. M. 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.
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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.
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.

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 Applications,” by C. Z. Serpan, Jr., and W. C.
Morgan and “Neutron Dosimetry for IFfast 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

Copyright by ASTM Int'l (al rights reserved); Thu Aug 27 10:12:15 EDT 2020 1
Downloaded/printed by

(USP) Uni vg(s)i sgldrei gﬁgsq WBSL,J g:’é"f'ﬂ')fefﬁ &jﬁ f{ﬁ ng\?ali’aul 0) pu@J\;vn\gvt_% IS_J[ﬁ%ng% Qgreement. No further reproductions authorized.



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 transeription
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 Austenitic 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-
national 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, cochairman, 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.,' and W. C. Morgan?

Neutron Dosimetry for Reactor
Pressure Vessel Applications

REFERENCE: Serpan, C. Z., Jr., and Morgan, W. C,, “Neutron Dosimetry
for Reactor Pressure Vessel Applications,’ Irradiation Effects on Structural
Alloys for Nuclear Reactor Applications, ASTM STP 484, 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.

2 Senior research scientist, Irradiation Effects Section, Metallurgy and Ceramies
Department, Battelle Memorial Institute, Pacific Northwest Laboratory, Richland,
Wash. 99352.
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4 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

alloy ferritic steel [7].? 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. It 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, microstructure, 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 inereases 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/cm®s, for £ >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 ereating 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

3 Ttalic 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 speetrum 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 closelyreflects a
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6 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS
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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.

Determination 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 made by use of the reactor physies 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 have a significant effect on the caleulated spectrum. The mathematical
operations of reactor physics codes and the library of microscopic cross
sections used in the calculation 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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SERPAN AND MORGAN ON NEUTRON DOSIMETRY 9
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FIG. 3—T heoretical 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 8, and
the P3MG code.

An example of the differences that can arise from use of two different
reactor physices 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 #Fe 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 Analysis

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 of yielding very accurate spectra. The method does
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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-IT computer code {11], by the compila-
tion and evaluation of an extensive library of consistent cross sections [712].

Large differences do not always exist between the results obtained by
different methods. A recent study by Jenkins [73] 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 with the resultant sum
taken as a measure 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 fluence scale.

Dahl 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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SERPAN AND MORGAN ON NEUTRON DOSIMETRY 11

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 l-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 PIMG 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 1s to select materials tlat 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 o pressure vessel wall.

plot of a neutron speetrum 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 eadmium covered cobalt (from the
cadmium difference thermal flux determination above). Additionally, the
reaction 1%Ag(n, v)!""mAg is of significant value as a resonance detector
beeause, 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 3¥Fe(n, v)3Fe reaction is very useful, be-
cause, unlike most n,y reactions, it has a broad response range, thus pro-
viding a valuable contribution to establishing the flux intensity level in
the intermediate energy range. The two fission detectors, #°U and #%Pu,
are valuable because they cover the energy range between the thermal and
fast neutrons. This is particularly so for the #8Pu 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; *7Np,
28U, nickel, iron, and titanium are commonly used [28] for this purpose.

Copyright by ASTM Int'l (al 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.



SERPAN AND MORGAN ON NEUTRON DOSIMETRY 13

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 1s introduced. It 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. It 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. It 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.

Summary and Conclusions

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
speetra 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 1s important that spectra obtained from reactor phys-
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14  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

ics 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. It
may be necessary to recommend in the future that a large-scale effort be
undertaken to write 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. Landerman'—In the list of dosimeters, 2"Np and **U 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 Fluence by #"Np and #%U
Fission Dosimeters.”” 2 Their results show that from test performance in
dissimilar reactors such as the Saxton reactor and the Babeock and Wilcox
test reactor (BAWTR), the combination of fission dosimeters, with the
P;MG Code to predict the neutron energy spectrum, yields fast neutron
fluences in good agreement with values obtained from the *Fe monitors.

The data below are from the Saxton reactor:

Fast Neutron Fluence,

Reaction n/cm? E >1 MeV
2"Np(n,f)¥"Cs 1.18X10%
2357 (n, ) 197Cx 1.17% 1020
%Fe(n,p)**Mn 1.15X10%

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

A. D. Rossin®*—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-
1cal 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.

3 Center for Environmental Studies, Argonne National Laboratory, Argonne, Il
60439.
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Moreover, in order to design reactors there must be experimental evi-
dence on the behavior of irradiated pressure vessel steel throughout 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
scale 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. It
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, 'Np
and 28U were omitted from the hst of neutron flux detectors on the basis
of a rather difficult analysis procedure required, in particular for 2’Np. It
should be noted, however, that in this final version of the paper these two
fission detectors are included.

The discussion by Dr. Rossin permits the eontinued 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 nrradiation 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 topie. If the past ten or
twelve years of research have provided as little useful information as sug-
gested by Dr. Rossin, then what will eome 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.

It 18 felt that great progress has been made toward understanding the
radiation embrittlement problem and toward solving it. I need only point
to the paper by Hawthorne in this volume showing the dramatically re-
duced embrittlement 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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A. Wullaert,t D. R. Ireland,? and A. S. Tetelmans

Radiation Effects on the Metallurgical
Fracture Parameters and Fracture
Toughness of Pressure Vessel 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-

1 Director, Materials Engineering, Effects Technology, Inc., Santa Barbara, Calif.

REFERENCE: Wullaert, R. A, Ireland, D. R., and Tetelman, A. S., “Radi-
ation Effects on the Metallurgical Fracture Parameters and Fracture
Toughness of Pressure Vessel Steels,” Irradiation Effects on Structural
Alloys for Nuclear Reactor Applications, ASTM STP 484, American Society
for Testing and Materials, 1970, pp. 20—41.

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 ( K1) were established.
These relationships were used to prediet the radiation induced change in
fracture toughness (both DBTT and (Kic) 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
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WULLAERT ET AL ON FRACTURE OF STEEL 21

brittle transition temperature DBTT and (2) the change in the fracture
toughness Kj.. The modern theories of fracture (Cottrell-Petch) define key
metallurgical fracture parameters such as friction stress o, grain size d,
grain size dependence of the yield stress, k,, and surface energy or plastic
work of microcrack propagation, v. 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 DBTT
and Ki.. These relationships are used to predict the radiation induced
change in fracture toughness (both DBTT and Kr.) 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 (DBTT), 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 DBTT. Hall [1]* and later Petch [2]
proposed a relationship between the yield stress o, and grain size d of the
form

where ¢;is the friction stress and k,is a constant which determines the grain
size dependence of the yield stress. Using the Petch equation for yielding,
and assuming that initial crack growth is the critical fracture step, Cottrell
[8] predicted that unstable crack growth will occur when

where o; is the fracture stress when the critical event in the fracture of a
tension specimen is microcrack propagation, 8 is a geometrical factor that
depends on stress state, & is the shear modulus, and v 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 o, and oy,
which are functions of the parameters oy, k,, d, and y. 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 ¢, k,, and vy. The primary effect of fast neutron
damage on iron and mild steels is to produce a large increase in the athermal

¢ Ttalic numbers in brackets refer to the list of references at the end of this paper.
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22  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

component of the friction stress o; [4-10]. The temperature dependence
of the yield stress do,/dT is not altered by neutron irradiation [4,5,6].
For mild steels [4,5,7,8] and silicon iron [10], k, has been found to be
insensitive to radiation. Some workers [9] have noted for pure iron that
k, is unchanged by irradiation, but others [5,67] have observed that ir-
radiation produces a substantial decrease in k,. Johnson et al [117] have
reviewed the effect of radiation on %, for pure iron, mild steel, silicon iron,
and molybdenum and conclude that the most reliable observations indicate
that radiation decreases k,. Another possible explanation [12] of this
effect is that ¢; 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 ¢y versus d=/? plot to decrease and give the
impression that k, was lowered by irradiation. Although the situation in
pure iron and molybdenum remains ambiguous at the moment, there 1s
little doubt that in low-carbon and low-alloy steels all changes in ¢, upon
irradiation are due to changes in ;.

Very little is known about the effect of radiation on vy. Tetelman [12]
has shown that v 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 o, and ¢, (and thus ¢4, &y, and ) as a function of temperature must be
known.

Ductile-Briitle Transition Temperature in Tension

The DBTT in an unnotched tension specimen of mild steel is determined
by the yield stress o,, the microcleavage fracture stress o, and their
dependence on the above fracture parameters. Figure 1a gives a schematic
diagram of the temperature dependence of ¢, and o, for an unnotched
tension specimen of mild steel: ¢, shows the strong temperature dependence
typical of body centered eubic metals, and ¢, is only slightly temperature
dependent; o, is the true stress at which ductile fracture occurs. The
highest temperature at which ¢,=0¢; is the brittleness transition temper-
ature Tp. At T<Tp, ¢;=0, since yielding is a prerequisite for fracture.
Thus fracture occurs when the stress level reaches ¢, for temperatures
below Tp.

Above Tp fracture occurs when the stress level in the material reaches
o; (a critical stress criterion for fracture). Strain hardening, Ag, is required
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FIG. 1—Effect of temperature on the yield stress oy, cleavage fracture stress o, and
ductile fracture stress oi': (a) schematic of tension data for mild steel, (b) schematic of the
increase 1 Tp produced by an increase in friction stress a;.

to raise the stress level from o, to oy:

or=0y+Ac
or

d
trff——try—f—ele% at T>Tp. . ... .. (3)

where ¢ is the cleavage fracture strain and do/de is the strain hardening
rate. As the temperature is raised above T'p, o, decreases and increasing
strain is required to raise oy to ¢; by strain hardening. At a temperature
T,, the initiation transition temperature, the ductile fracture strain e, is
reached before the cleavage fracture strain e, and the material fractures
in a ductile manner at o,". T, is the highest temperature at which cleavage
cracks can be nucleated before fracture begins.
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24 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

Since at Tp

orat T,

a change in the value of g, or ¢; will change the DBTT. Changes in ¢y and o,
are brought about by changes in the parameters o, k,, d, G, v, do/de,
and ¢, (Eqgs 1, 2, and 3). For example, if radiation increases ¢; and the
other fracture parameters are unaffected, then o, will increase and o, will
not change. This will result in an increase in the DBTT (Tp), as shown in
Figure 15.

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 DBTT is shown in Fig. 2.
Strain rate and strain hardening effects raise g, to ¢,* and plastic constraint
raises ¢,* to K,(p»o,*, where K, is the plastic stress concentration factor.
K. is a function of the plastic zone size R below a notch and the root
radius p only and, according to Hill [14], is given by

K,(p)=1+lll(1+R/p) 44444444444444444444 (5)

The effect of a notch is to increase the DBTT from Tp to Tpw).

\ \
\ o
\ t
m \\ Ko o
$ AN
P ™~ .
N
S
~
y
T To(n) -

Test Temperature

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

Instrumented Charpy Test

To relate the metallurgical fracture parameters and fracture criteria
that have been discussed to the standard Charpy energy curves and the
DBTT 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 essentially 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 Pgyr (plastic yielding across the entire cross
section of the Charpy specimen), the maximum load Puax, the brittle
fracture load Pr, 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 data 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-
mation (post-brittle fracture energy), as shown in Fig. 3.

In 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. Various investi-
gators [16-207] have developed theories which permit a detailed analysis
of the load-temperature diagram.
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FIG. 4—The variation in general yield load Pay, fracture load Py, and energy absorbed
with temperature for a Charpy specimen in three-point bending.

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 equations developed are similar to Eqs 3
and 4 except for the effects of a notch (o,*, K,(s»). 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, o,* <o/* where o/* is the microcleavage fracture stress below the
notch. Plastie deformation is required to raise ¢,* to o,*. This additional
deformation, accomplished through the growth of a plastic zone, increases
the maximum tensile stress below the notech (o,,™**) through plastic con-
straint (K., Eq 5) until fracture occurs at o/*, that is

o.yymaxz ,(p)O'y*'—‘-O'f* .................... (6)
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Wilshaw and Pratt [767] found that in mild steel Charpy V notch specimens
K, increased until P/Pgy=0.8, where K,;™**=2.18 and remained
constant.

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

K,(p)m“xay*<0‘/* for P/PGY>08

and
Ko™ (0, +80) = o/
or, since
s, 2
a Ef de
do )
K”(p)max <0'y*+€f d—‘>=0'_f>F .................. (7)
€

A technique for calculating the cleavage strength below a notch (o/*)
has been developed by Tetelman [177] and summarized by Wullaert [157].
The temperature at which P/Pgy=0.8 represents the highest temperature
at which plastic constraint alone can produce fracture, and K, =
K,™=*=2.18. Using the fracture criterion for region 2,

o7 =Kopoy*
or
o =2.180,* at P/Pay=08. ... ....... ... (8)

Green and Hundy [21] have calculated the relationship between ¢,* and
Pgy for the case of a Charpy V noteh specimen loaded in three-point
bending. They assumed plane strain conditions and an ideal plastic ma-
terial and showed that

where ¢, is in psi and Pgy 1s in pounds. Combining Eqs 8 and 9, the cleavage
fracture stress 1s given by

O'f*=72.5PGY at P/P(;}=08 ................ (10)

and o;* 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 o,* and ¢,/* 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 distinet advantage
of this approach is the fact that changes in the above parameters can be
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28  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

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

Results and Discussion

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 (o, ¢5), notch bend properties (DBTT), and fracture
toughness (Kj.) was established.

Radiation Effects on the DBTT

Instrumented Charpy impact tests were performed on A212B steel
irradiated to fluences of 5.8Xx10'*% and 9.4X10® n/ecm?, E>1 MeV, at
approximately 260 C. The Charpy V notch specimens were irradiated in
the Pathfinder reactor as part of a surveillance study [22]. 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 9.4X 10 n/cm? 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 Charpy 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 Tpany, the 20-ft.lb transition temperature Tw, 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 siress (oy), microcleavage fracture
sitress (o¢*), and ductile-britile transition temperature (DBTT) of A212B steel irradiated

at ~260 C.
oy, ksi (25 C) oy (Dynamic)
Fluence, n/cm?, os*, ksi
E>1 MeV Static Dynamie oy (Statie)

(~1072571) (~103 s71)

5.8X10%, ... ... 43.1 94.3 2.18 250
9.4X108, .. ... .. 67.0 108.0 1.61 263
DBTT
Fluence, n/cm?, (20 ft.1b), Brittleness,
E>1 MeV Ty, deg C ATy Tpw)y, deg C ATpwy-
5.8X101%, . ... ... -3 . —-33

9.4X108. . 35 38 —6 ‘27

obtained from the instrumented Charpy tests are shown in Fig. 5. The
specimens irradiated to the low fluence of 5.8 X 10 n/cm? can essentially
be considered unirradiated material; these Charpy results are considered
base line data 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 Pr and Pgy values
obtained at the temperature where P/Pgy=0.8. The calculated value of
os* 1s assumed to be independent of temperature. The radiation induced
increase in the DBT'T was determined using both the brittleness transition
temperature (Tpayy) and the 20-ft-1b temperature (7). The results of
the study are as follows:

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

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

3. Radiation did not change the microcleavage fracture stress signifi-
cantly.

4. Radiation increased T'pvy and To but not by the same amount.

Since the temperature dependence of the wvield stress and the grain
size d are not changed by radiation, the increase in the DBTT (Tow,)
must be due to changes in k,, v, and the athermal component of ¢;. It has
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30 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

already been shown that radiation increases ¢; and does not affect k, in
mild steels. The slight increase in o/* produced by irradiation of A212B is
consistent with the small increase in ¢, obtained from tension tests on
irradiated A212B by Wechsler et al [25]. Chow et al [24] observed no
change In o, for tension tests on irradiated iron.

The effect of radiation on vy has not been established. The y of interest
here is the plastic work associated with cleavage fracture in regions 2 and 3
of the load-temperature diagram. Thus the v 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 on the upper shelf (region 4). The fact that
as* is only slightly dependent on radiation indicates that the ratio v/k, is
not very radiation sensitive (Eq 2). Since radiation does not change k,
in mild steels, ¥ 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 v/k, and does not produce less homogeneous defor-
mation on a scale that affects the fracture process.

The fact that ATpuy and AT were not the same is evidence that the
use of a foot-pound fix for determining the DBTT of irradiated materials
may not be satisfactory. The particular foot-pound fix value used varies
with the yield strength of a material [19]. The Tpw) 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-1b
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 DBTT fix value should be 30 ft-lb. However, the
current methods for determining DBTT values from Charpy impact results
do not consider the obvious change in the yield strength, and the 20-ft-1b
value is used for irradiated material. The DBTT determined by instru-
mented Charpy techniques (Tp)) is a well defined measure of the actual
fracture transition properties of the material. In addition, the values of
a,* and ¢/* obtained from the instrumented Charpy test can be used to
predict accurately the effect of radiation on the DBTT and fracture
toughness K. of pressure vessel steels.

Calculation of the Radiation Induced Shift in the DBTT

A relationship between the DBTT and ¢,*, o,%, and do,*/dT had been
derived [18] which accurately predicted the change .in the DBTT 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 in the DBTT. For this purpose, the relationship is
of the form

Tp(i) =Tn(u) +Uf*(11) —o*(1) = Kop[oy* (W) =, *(1) Jrp an

doy* (u) ]
K,
@ [ dT ATp

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).

Equation 11 was used to calculate the change in the DBTT for the
A212B steel irradiated in the Pathfinder reactor. From Table 1, considering
the material irradiated at 5.8 X10' 1/em? to be unirradiated, Tp(u) =
—-33C, Tp(i) = —6 C, o,¥(u) =250,000 psi, and o,*(i) =263,000 psi. The
difference in the yield stress should be determined at 7T'p(i). The Pgy
values for the unirradiated and irradiated materials were determined at
Tp(1) = —6 C from Fig. 5. These values were converted to «,* values by
use of Eq 9, and the values obtained were ¢,* (u) = 103,000 psi and ¢,* (1) =
118,000 psi. The temperature dependence of the unirradiated material
should be determined in the range T'p(u) to Tp(i) (—33 to —6 C). From
Fig. 5, [do,*(u)/dT Jarp=292 psi/deg C. Substituting the above values
into Eq 11,

(250,000 —263,000) —2.18(103,000 — 118,000)
2.18(292)

Tp(1) (calculated) = -2 C

Th() = — 33+

The measured value of Tp(1) 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 [24] 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 1X10¥ n/cm? increased T'p
from 56 K to 78 K (—-217 C to —195C) and increased ¢, from 150,000
psi to 165,000 psi. The yield strength increase at Tp(i) is 41,000 psi,
de,(u)/dT =1210 psi/deg C in the temperature region ATp, and K, =1
for tension. It should be noted that for the case of radiation effects on the
DBTT it is not necessary to measure a,(u) —a,(i) at Tp(i), since dg,/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 technigues [25].

is not affected by radiation. Using the above values in Eq 11, a calculated
value of Tp= —193 C is obtained and is very close to the measured value
of Tp= —195 C. The radiation induced changes in the parameters used
in Eq 11 are given in Table 2 for the previously discussed calculations on
A212B steel. Also included in Table 2 are values for these parameters for
irradiated Ferrovac E iron and A533B steel. Table 3 compares the calcu-
lated values of T (i) with the experimentally determined values. It is
clear that the change in the DBTT due to irradiation can be accurately

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

*
Fluence, da,,_;u)’
n/ecm?, d
Steel E>1 MeV Agy*, psi Agy*, psi psi/deg C
Tenston
Ferrovac E iron [2}]
0.016-mm grain size. . . 1X10e 0 63 000 825
0.110-mm grain size. . . 1 0 54 000 940
A212B [25)........... 1 12 000 41 000 1210
Noich 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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TABLE 3—Calculated and measured radiation induced increases in the DBTT of various

steels.
Fluence, Irradiation
n/cm?, Temperature, Tp(i), deg C Tp(i), deg C
Steel E>1 MeV deg C Tp(u), deg C (calculated) (measured)

Tension
Ferrovac E iron

[24]
0.016-mm grain

size........... 1X10% 60 to 90 —263 —187 —183
0.010-mm grain

Siz€........... 1 60 to 90 —235 —177 —169
A212B [25]....... 1 60 —217 —193 —~195
Notch Bend
A212B........... 9.4X1018 260 —33 -2 —6
AB33B [26]....... ~9.5 293 —44 0 0

~6 68 —44 60 59

predicted for Ferrovac E iron [24] and A212B steel [25] 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 DBTT 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
os* significantly, Ae;*~0 and

*
Aoy

ATp=——t
" de,(w) /AT

which illustrates the importance of de,*(u)/dT in the constant A for the
emperical relationships that have been found between the radiation induced
increase in the DBTT and the radiation induced increase in .

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 ¢,*(i) can be obtained
by an instrumented Charpy or a dynamic tension test. A static tension
test can also be used to measure o, (i) (static), and ¢,*(1) can be calculated
from a knowledge of the strain rate sensitivity of the irradiated material.
The temperature dependence of the unirradiated material de,*(u)/dT can
be determined by performing any of the above tests as a function of tem-
perature. Thus, from a knowledge of do,*(u)/dT before irradiation, and a
stngle measurement of ¢,*(1) after irradiation, the radiation induced shift
in the DBTT can be predicted if Ag/*~0.
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If Ags*#£0, then o/%(1) can be determined from notch bend tests or
tension tests at T~Tp(i). The usefulness of Eq 11 to predict ATp is
rather limited if Ae/*50, since a measured value of ATp can 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 parameters if ATp is known. The usefulness of ¢,*(i) and o/*(i)
can be extended beyond a calculation of the shift in the DBTT to a calcu-
lation of the fracture toughness Ki., as discussed in the next section.

Calculation of Ky,

A simple model has been developed to calculate the plane strain fracture
toughness Ki. from a knowledge of the metallurgical fracture parameters
o, * and o;* [277). The equation can be expressed in the following form

Ki1o=2.890,*{exp[ (a/*/a,*) — 1]~ 1}Yept2. ... (13)

where py is the minimum effective root radius below which Kji, is inde-
pendent of p. Tetelman [27] found that a reasonable assumption was
p0="0.002 in. for A302B and A533B steels. This reduces Eq 13 to the form

K1o=0.130,*{exp[ (o/*/ay*) —1]—1}12. ... ... ... (14)

Equation 14 appears to be valid at sufficiently low temperatures or in
irradiated steels where o;*<3.4¢,*. These are the conditions under which
a critical stress criterion for fracture applies. At temperatures above that
at which ¢/+<3.4¢,* unstable fracture initiates when a critical plastic
strain ¢, is achieved near the crack tip (Tswy) or region 4 in Fig. 4).

o, * and o* were calculated from instrumented Charpy tests on unirradi-
ated A212B steel from the ASTM surveillance correlation heat. Equation
14 was used to calculate K14 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 o,* (measured) and K4 (calcu-
lated) as a function of temperature. The validity of the predicted Kiq
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 K14 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. ¢,* and o/* values for A212B steel
irradiated to 9.4X10"® n/ecm? were calculated from the load-temperature
diagram of Fig. 5. These values were then used in Eq 14 to calculate Kiq
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FIG. 7—Comparison of predicted results for unirradiated and irradiated A212B steel
with Ka 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 K14
is considered valid only when ¢,* <3.40,*. Since o,* decreases with increas-
ing temperature, a temperature limit exists for the predicted K14 values.
The upper limiting temperature is indicated by an arrow in Fig. 7. Since
radiation does not change o/* significantly, the predicted decrease in Krq
for irradiated A212B steel is primarily due to the radiation induced in-
crease in g,*.

A great deal of data have been generated on the effects of radiation on
Ab533B steel as part of the AEC Heavy Section Steel Technology (HSST)
program. It has been shown previously [22] that Ki. 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 [267] were
used to calculate ,*=2309,000 psi. Mager [28] has reported data for Ky,
and g, (static) as a function of temperature for A533B irradiated at 540 F
282 C) to a fluence of 4X10¥ n/em?, E>1 MeV. Equation 14 was used
to predict the effect of radiation on Kj, (static) for A533B steel using the
os* and o, values obtained above. The measured and predicted values of
K. for irradiated A533B steel are shown to be in excellent agreement in
Fig. 8. Thus a good correlation has been established between K14 or Ki.
and the parameters o;* and ¢,* for the class of materials studied here. This
correlation holds for both the unirradiated and irradiated conditions.
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FI1G. 8—Comparison of predicted results with postirradiation results of compact Kj.
Sracture toughness tests for quarter thickness, A533 Grade B Class 1 steel HSST plate 02 [28).

Conclusions

The effect of radiation on the metallurgical fracture parameters defined
by the Cottrell-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 temperature or by a change in Kr.. 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 embrittlement 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, particularly in present surveillance programs,
can be considerably enhanced by the use of the instrumented Charpy test.

APPENDIX

Calculation of the Change in the DBTT, AT,

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. 1b,
except that the stresses and transition temperatures in Fig. 9 are those for notch
bending. In the figure Kq(oy,* 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. o7* was assumed to be independent of temperature in Fig. 9. The change
in the DBTT is taken as the difference between the brittleness transition temper-
ature for conditions 1 and 2, ATpwy = Toavy,— Toavy,- The temperature dependence
of the yield stress is given by K, (do,*/dT).

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

A=A0'f* —I{,,(,,)Aa’:,,*TD(N)1 ................ (15)
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where Agy* is determined at Ty, and

Aa'f*=a'f2 TO e e e e (16)
Aoy *=cy,*—ay®. . (17)
Length A is also given by length B times the slope of line C,
dacC
A=B—
daT
or
doy,*
A=ATpmK, ——"—) .................. 18
pan Ko < iT ), ar (18)

where the subseript AT for (do,*/dT) means that do,/dT is measured in the temper-
ature range Tpavy, to Toavy,. Combining Eqs 15 and 18,

doy*
Acs* — Ko Ay Ty, = ATpan Kotm) <d—;> e (19)
2,AT

Solving for AT pvy, an expression for the change in the DBTT is derived:

* *
Ac;* = Ko Aoy ™ rp vy,

ATD(N) T e e (20)

o (5)
() dT paT

Koty &
SO etor Sy,
~,
8 -

STRESS

ATpon

Toos, Toowy,
TEMPERATURE

. dey’,
a6 - Kyyast = Kee{=2)aT;
f ool :r-,-m)| """(dT )z DN

FIG. 9—Schematic of the temperature dependence of the yield stress and cleavage fracture
siress for notch bending.
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Substituting Eqgs 16 and 17 into Eq 20, a more detailed expression is obtained;

(O'fz* - O'f,*) _Ka(p) (oy*— °'y1*)TD<N)1

ooy, Towyy=——"—— ... (21)

do,*
K, -
(p) (dT )2,AT
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DISCUSSION

J. P. Higgins'—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 ¢,* or o/* or both. If the trace impurity
elements are inhibiting the recovery of displacement defects, then a large
inerease in o,* and little change in ¢;* would be expected. However, if the
trace impurities are producing a temper embrittlement type of behavior,
a large decrease in o/* would be expected and the increase in o,* would be
no greater than that for steels with low impurity element contents. Recent
work at the Naval Research Laboratory? 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 impurity elements on the radiation sensi-
tivity of o/* remains to be determined.

A. L. Bement*—The departure of the fracture load Py from the maximum
load Pna.y in region 4 of your Fig. 4 could result from either macroscopie
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 Pr from P, .« for lateral contraction prior
to brittle fracture initiation be allowed for region 37

1 Senior metallurgist, General Electric Co., Nuclear Energy Division, San Jose, Calif.

2 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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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 Tpry and 6 to 8 percent at Tsu.
This increase in plastic deformation through region 8 is an indication of
the additional amount of strain hardening that is required to raise ¢,* to
o7* to produce cleavage fracture. At T<Tsw,, cleavage fracture occurs
before the load reaches a zero slope, and thus the fracture load is the
maximum load (Prp=Puax). Tsay 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
Tsvy where cleavage fracture can still oceur. The fibrous crack initiated at
P.x will sharpen and accelerate and eventually lead to cleavage fracture
at the brittle fracture load Pr. As the temperature is increased above
Tsavy, 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, Pumax> Pr.
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C. R. Brinkman! 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., “The Effect of Hy-
drogen on the Ductile Properties of Irradiated Pressure Vessel Steels,”’
Irradiation Effects on Structural Alloys for Nuclear Reactor Applications, ASTM
STP 484, American Society for Testing and Materials, 1970, pp. 42-73.

ABSTRACT: 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 HY-80 steel irradiated at fluences from 8 X108 to 4X10%
n/cm2, 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 102° n/ecm? E > 1 MeV, and hydrogen concentrations of
up to 4 ppm.

KEY WORDS: 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

Hydrogen in ferritic steels ean lead to several deleterious effects includ-
ing loss of ductility and time-dependent failure at strength levels consider-

1Group 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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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 ductility [7]? and delayed failure have been attributed 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 embrittlement
both by increasing the stress intensity factor and by the increased tri-
axiality which serves to concentrate hydrogen in the vieinity 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 embrittlement—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]). It was concluded by Harries and Broomfield [7] that 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-
brittlement could be a problem. Potential vessel steel strength plus the
fact that 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 Ttalic numbers in brackets refer to the list of references at the end of this paper.
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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 Ab42 steel, were used for subsequent cold work and heat
treatment 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 suseeptibility 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
A542Class IT. . ................. 614 Lukens melt slab B427-1 [13]
HY-80 (A543, Ni-Cr-Mo)......... 3 U.S.S. heat No. N741.204 [14]
A302B........oo 4 U.S.8. heat No. N-13438 [15]

Plate No. 190784

CHEMICAL COMPOSITION, Wt %

Steel C Mn P S Cu Ni Cr Mo Si
Ab42. ... 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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TABLE 2—Maierial 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
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.

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

A542, ... ... 51 940 C, 1 h/in.,, WDQ

590 C, 1 h/in., AC

620 C, 12 h, AC

Bainitic microstructure, grain size: ASTM 6 to 7.
AB42. ... ... ol 52 Austenitized at 930 C for 1 h, quenched in an ice-

brine solution, tempered at 620 C to HRC 24+1.
Tempered martensite microstructure.

AB42. .. ...l 53 Austenitized at 930 C for 1 h, quenched in an ice-
brine solution, and tempered at 620 C to HRC
354-1. Martensite microstructure.

AB542. ... 54 Austenitized at 930 C for 1 h and furnace cooled.
Pearlitic microstructure.

A542. .. .. e 55 As-received material given a 5 percent reduction
in area by rolling.

AB42. ... 56 10 percent reduction in area.

AS42. ... ... 57 25 percent reduction in area.

A542. ... . ...l 58 Austenitized at 930 C for 1 h and normalized.

Bainitic microstructure.

Specimens

Two types of specimens were fabricated, a small tension specimen for
low-strain rate tension tests and a notched specimen for static load tests.
Specimen configurations are shown in Fig. 1. The notched specimen geom-
etry has been used extensively [9, 16], and the tension specimen was kept
small to minimize space required for irradiation. Subsequent to fabrica-
tion, all of the specimens except lots 55, 56, and 57 were given a stress
relieving anneal of 1 h at 500 C.

Irradration

Specimens were irradiated in specially designed helium-bonded capsules
to several fluences ranging from approximately 7X10*® n/em? to 5X10%
n/cm?, E >1 MeV. (Henceforth, all luences reported will be in the above
units.) Specimens irradiated to the lower fluence were irradiated in the
MTR with the gage center line temperatures less than 300 C, while speci-
mens irradiated to fluences in excess of 102 n/cm? were irradiated in the
ETR at temperatures less than 225 C. Considerable amounts of in situ
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All dimensions are in inches

NOTCHED SPECIMEN

TENSILE SPECIMEN

FIG. 1—Notched and tension spectmens for hydrogen embritilement 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.2 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 14 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~ 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—! gave
comparable results; therefore, a strain rate of 0.1 min—' was used. All of
the tension and constant load tests reported here were conducted at cell
ambient temperatures, 2643 C.

Gas Analysts

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 quantitatively by thermoconductivity measure-
ments. Occastonally, 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 fluences). They were as follows:

Average Number of
Approximate Fluence, Hydrogen Specimens Standard
n/em?, E>1 MeV Content, ppm Analyzed Deviation
Unirradiated. ................ 0to 0.2 -
TX108, 0.9 7 0.3
2X10%0., L 1.7 26 0.8
AX10%. ... 2.1 8 1.3
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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 Properiies

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 10%° 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 flat with a faceted appearance. Uniform appearance of the fractured
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160 T T T
Specimen Failure Specimen No. Fluence {n/enfE > | MeV
160 1= * 30-39 70 x 10" 7
A 3-17 6.2x 10
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As irradiated
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o ! | L
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FIG. 2—Engineering stress-sirain curves compared for irradiated (~6.8X10® n/cm?,
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
apparent.

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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FIG. 3—Engineering stress-strain curves compared for srradiated (~2.7X10% 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).

Copyright by ASTM Int'l (al 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.



BRINKMAN AND BEESTON ON PRESSURE VESSEL STEELS 53

100 | E— T T T T 1 T
é =04/ min
80 { ) = Ultimote Tensile Strength
8—_0\ All Testing At Room Temperoture
—_ (@] ]
S .
® o
8 * "\ ©oq 7
< A
s < ® \O_) o) ]
b \ o) Owoe ksi)
2 ® e 0 o o
a

a0 |- -
6.7x10'® n/cr? 134 ksi)
- -
o——————9©
20 - —43x10 n/em® (178 ksi) ﬂ

T2x102° n/eml (195 ksi)
r_

\ oA

\——

1 2 3 4 5 5] 7 8 9
Diffusible Hydrogen Concentration (ppm)

FIG. 5—Effect of hydrogen on the ductility (reduction in area) of HY-80 steel irradiated
to several fluences (B >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 strengh 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, —do;/dH,,
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
Copyright by ASTM Int'l (al 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.



54 |RRADIATION EFFECTS ON STRUCTURAL ALLOYS

T T T T —T T

AS542 Stesl Unirradiated Normal Quenched and Tempered
Candition, Temperad Bainite Structure
a0 trradiated 2 2x10%%n/cn? €3> 1My

A542 Stes) Unirrodiated Quanched and Tempared to R 35%1,
Tempered Mortensite Structure

>e om O

Irrodiated = 4.8 21070 n/cn? € > 1Mev
o

4842 Stea! Unirradioted Austenitized and Furaace Cooled,
Ferrite-Pearlite Structure

Reduction in Area (%)

227 Ksi

167 kei

e’ S - , \
.

Oiffusible Hydrogen Concentration (ppm}

FIG. 6—Reduction in area versus hydrogen content for a number of strength levels (UTS)
of A542 steel produced by heat treatment and trradiation.

to hydrogen embrittlement of other low-alloy steels at equivalent strength
levels and fluences and similar toughness. Farrell and Quarrell 1] 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 response 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 constdered 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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i

8 - B $: =
(a) Specimen # 81-81, (b) Specimen # 81-4,
Uncharged ' 2.2 ppm Ho

(c) Specimen # 81-33, (d) Specimen # 81-63,
49 ppm Hp 141 ppm H2

FIG. 7——Fraéture of surfaces of hydrogen charged plain tension specimens of HY-80
(unirradiated).
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e
.

(b) Specimen No. 31-44, 4.8 ppm H

(c) Specimen No. 81-6, Uncharged {d) Specimen No. 81-35 1.8 ppm

FIG. 8—Fracture surfaces of irradiated plain lension specimens of A302B steel, (a,_b)
2.3X10% n/em?, E>1 MeV, and HY-80 steel; (c,d) 4.9X10% n/em?, E>1 MeV, showing
changes in fracture mode brought about by the presence of hydrogen.
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FIG. 9—Embrittlement of HY-80 steel specimens by hydrogen. Specimens initially
irradiated to fluences >10° n/cm?, E>1 MeV.

Static fatigue data (shown in Fig. 15) for HY-80 steel irradiated to a
fluence of 8X10'® n/cm? 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
10%° n/em?) 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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FIG. 10—True fracture strength as a function of hydrogen content for A302B steel

IRRADIATION EFFECTS ON STRUCTURAL ALLOYS
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irradiated to several fluences.

no indieation 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 oceur even at
relatively high hydrogen eoncentrations. Failure occurred either instan-
taneously on loading or over a limited stress range, thus giving relatively
flat curves rather than the characteristic static fatigue eurves found for
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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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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 will 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 fatlure.
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FIG. 15—Constant load rupture curves compared for hydrogenated specimens of unir-
radiated and trradiated (8X10® n/cm?, E>1 MeV) HY-80 steel (H.T. 81).
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FIG. 16—Conslant load ruplure curves compared for hydrogenated specimens of unir-
radiated and irradiated (to 2.6 X10® n/cm?, E>1 MeV) A302B steel in the normal quenched
and tempered condition.
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FIG. 17—Constant load rupture curves compared, for hydrogenated specimens of unirradi-
ated and irradiated (to 2.2 X10® n/cm?, E>1 MeV) HY-80 steel (H.T. 81).
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FIG. 18—Constant load rupture curves compared for hydrogenated specimens of unirradi-
ated and vrradiated (to 2.4 X107 njfem?, E>1 MeV) A542 sieel in the normal quenched
and tempered condition (H.T. 51).
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FIG. 19—Constant load rupture curves compared for hydrogenated specimens of unirradi-
ated and irradiated (to 4.2X10% n/em?, E>1 MeV) A542 sieel that had been quenched
and tempered to HRC 36 (H.T. 53).
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FIG. 20—Constant load rupture curves compared for hydrogenated specimens of irradiated
(1.6 to 2.4 X10® nfem?, E>1 MeV) Ab42 steel that had been cold-rolled 5 to 25 percent
prior to spectmen fabrication.

Figure 20 indicates that, whereas A542 steel cold-worked by rolling is not
prone to delayed failure, eold working is deleterious in that a greater de-
crease in the hydrogenated N'TS is found in this steel after being subjected
to substantial amounts of eold 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 treatment 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 that 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................. 1.9 108 13
X100, .. 1.5 131 10
2X10®. 1.9 178 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 21020
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 2X102° n/em?: 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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260}~
240|—
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aA542 2
220L HY -80 8X10'® n/emz 2.4 ’;E’ n fom?
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FIG. 21—Lower critical stress levels for fatlure as a function of ultimate strength ai
various hydrogen concentrations for steels in normal quenched and tempered condition.
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FIG. 22—Lower critical siress levels for failure as a function of ultimate strength at
various hydrogen concentrations for A5L2 steel heai-treated to several levels or cold worked
prior to irradiaiion.

ppm in specimens irradiated to a fluence >10? 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.

Copyright by ASTM Int'l (al 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.



BRINKMAN AND BEESTON ON PRESSURE VESSEL STEELS 69
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 102° n/ecm? 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 10?° n/em? 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 10* n/cm?, 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 duetility 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
difference 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 8108 n/cm? resulted in a de-
crease in the N'TS; however, irradiation hardening more than compensated
for this loss such that the L.CS was higher than the unirradiated NTS.
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Irradiation to fluences in excess of 10%° n/em? 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
with hold times up to 60 to 70 h.

Practical Implications

Peak design life fluence levels for pressurized water reactors are cur-
rently set at 3X10'® n/em? Thus specimens irradiated to fluences in ex-
cess of 10%° n/em? 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
particularly HY-80 were more adversely affected by the presence of hy-
drogen; however, irradiation to fluences of approximately 4X102° n/cm?
resulting in a UTS of 195 ksi in the case of HY-80 were required to pro-
duce 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/em?
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
1o 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 X102’ n/ecm?, £ >1 MeV, was not significantly affected

Copyright by ASTM Int'l (al 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.



BRINKMAN AND BEESTON ON PRESSURE VESSEL STEELS 71

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 duectility 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 7103
n/em? resulted in a decrease in the reduction of area measurements of
about 20 percent (from 65 to 45 percent). Subsequent to irradiation to
2X10% n/ecm?, E >1 MeV, 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 duectility 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 10*° n/cm? 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.
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DISCUSSION

A. L. Bement'—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 atomiec hydrogen which can diffuse to the defect
cores. Certainly the nature and extent of the structural imperfections
introduced by cold working? 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.
2 Oriani, R. A., Acta Metallurgica, AMETA, Vol. 18, Jan. 1970, p. 147,
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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 24Cr-
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 224Cr-1Mo steel submerged arc weld-
ment.

KEY WORDS:: 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 Japan power demonstration reactor (JPDR), which went into
operation in 1963, was the first boiling water reactor (BWR) in Japan.
The reactor is owned by the Japan Atomic Energy Research Institute
(JAERI), which has used it to obtain experience with light-water cooled
power reactors. The reactor was constructed by the General Electric Co.,
but the reactor pressure vessel was fabricated by a Japanese firm using
domestic materials. The reactor has operated for a total of 14,096 h

1 Tokyo Headquarters, Japan Atomic Energy Research Institute, Tokyo, Japan.
2Tokai Research Establishment, Japan Atomic Energy Research Institute, Tokai-
mura, Japan.
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(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. JAERI is proceeding now with
a project to double the thermal power of the JPDR (JPDR-II program).
In order to confirm the integrity of its pressure vessel with respect to neu-
tron irradiation embrittlement, JAERI has already performed three sur-
veillanee programs. In the JPDR, 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 resul ts 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 embrittlement was noted on two do-
mestic steels: one, Mn-Mo-0.4~0.7Ni low-alloy steel (ASTM A533B),
has been generally used for light water cooled reactors; the other, 214Cr-
1Mo low-alloy steel (ASTM A542), is currently being developed for reactor
pressure vessel service.

TABLE 1—S8pecifications of the JPDR pressure vessel and ils operating records.

Inner diameter 2083 mm (6.85 ft)

Inner length 8534 mm (28 ft)

Wall thickness 67.0 mm (2.5 in.)

Pressure:
Normal 61.5 kg/cm? (G) (875 psi)
Design 77.34 kg/em? (G) (1100 psi)
Test 116 kg/cm? (G) (1650 psi)

Design temperature 343 C (650 F)

Vessel shell and heads material ASTM A302B modified steel

Flange material 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
19695 ........... 961 1 570 901

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

3 MWD =megawatt-days, MWt =megawatts thermal, MWe =megawatts electrical.
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Results of the Surveillance 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 COUFPON
o W: WELD METAL COUPON
H: HEAT AFFECTED ZONE COUPON

270° 90°

-—VESSEL WALL

180° SHROUD

FIG. 1—Location of surveillance coupons.

using the reaction *Fe(n,p)**Mn. Inside the shroud (position 4) 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, 3X10'° n/em2-s, £ >0.1 MeV, was about
three times as large as that of the GE code, 1.1 X 10" n/em?-s. On the
other hand, JAERI’s experimental value, 6.17 to 8.83X10' n/cm?-s, 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.

Resulis 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-1b (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
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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’s - sensitive and insensitive curves [7]* 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
embrittlement 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

i
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12 EXPERIMENTAL VALUE ~ POSITION B
107 (> 1MeV)
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% JAERI'S CODE
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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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FIG. 3—Preoperational NDT temperature in components of JPDR pressure vessel.
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FIG. 7—Shift of NDT temperature in JPDR pressure vessel.

ATr30=100 C for fast neutron fluence, 2X10® n/cm?, (E >1 MeV).
Therefore, at the end of reactor life, this NDT 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 NDT temperature is relatively large in the initial
stage of operation (the fast neutron dose applied to the vessel wall was
approximately 10'8 to 10'? n/em?); from this fact, the pressure test tempera-
ture of the JPDR 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:

AE/E=-5.70143-0.145Int................. (1)

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

Copyright by ASTM Int'l (al 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

TABLE 4—Upper shelf energy of pressure vessel steels in the JPDR surveillance test.

Absorbed Energy by V Charpy Test, kgem (ft+1b)

Metal Preirradiation Postirradiation
(2.6 X10¥ n/cm?)
Basemetal..................... 9.8 to 14.0 9.0t012.8
mean 11.9 (86) mean 11.2 (81)
Weldmetal. . .................. 11.2to 11.6 6.6t07.6
mean 11.4 (82) mean 7.2 (52)
Heat affected zone.............. 11.7 to 12.7 7.5t09.0
mean 12.2 (88) mean 8.3 (60)

Norte—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 testing temperatures
the fracture behaviors showed 100 percent shear mode in all specimens.

However, we found Eq 1 to be incorreet; the correet form is
AE/E=—6.06954+0.145In ¢f.................. (2)

For the base metal specimens of the JPDR pressure vessel steel, the
initial upper shelf energy was 11.9 kg-m at 100 C on the average. In the
third test (the fast neutron fluence was 2.6 X10" n/cm?), the upper shelf
energy decreased to 11.2 kg-m at 200 C so that the reduction was ex-
tremely 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:

AE/E=—2632874+0.063Int................. 3)
.. 100 T
&
g © A5338
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I go |0 ALUMINUM KILLED STEEL E
& e JPDR PV STEEL (A302B)
[T
= 8E/g =~6.0695+0145\nd t
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FI1G. 8—Reduction of upper shelf energy by irradiation (base metal).
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FIG. 9—Reduction of upper shelf energy by irradiation (weldments).

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-1b 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 1X10'® n/cm?
(E >1MeV),® 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.

¢ Conservative criterion recommended by the government.
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FIG. 10—Evaluation of the reduction of upper shelf energy.

Results of the Reference Test

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, 214Cr-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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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 (ANDT) 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 214Cr-1Mo 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 214Cr-1Mo steel (A542 Class 1) and
the Mn-Mo-Ni steel (A533B Class 1) and also the comparisons of the
noteh ductility of the weld metal and heat affected zone with that of the
base metal for the 214Cr-1Mo (A542 Class 1) submerged arc weldment,
Limited investigation results of the influence of nickel content on radiation
sensitivity of 214Cr-1Mo steel are also given.

Materials and Condition of Irradiation

Table 5 shows the chemieal 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 214Cr-1Mo steel met ASTM specifications for
A533B Class 1 steel and A542 Class 1 steel, respectively. Except for the
25-mm 214Cr-1Mo steels with varying nickel content, all materials were
produced commercially.
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@0  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 2}4Cr-1Mo submerged arc weldment, and
from half thickness of plates for 25-mm 214Cr-1Mo 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 deseribed. 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 (£ >1
MeV) was 3 X108 n/em?, measured by the Fe(n,p)**Mn 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 214Cr-1Mo steel and the Mn-Mo-Ni steel plates
of nearly the same thickness (150 mm and 165 mm, respectively). From

SHEAR FRACTURE (%)

150mm 21 Cr~1Mo(A542-CL1)AND 165mm Mn-Mo-Ni(A533B-CL1)

301
2VaCr-1MolA542-CL1), © UNIRRADIATED @ (RRADIATED

25 Mn-Mo-Ni(A533B~CL1), 4 UNIRRADIATED 4 iRRADIATED

20 =2717¢C
3.0x10%%em2 (> 1MeV)

ABSORBED ENERGY (kg-m)
o
T

o) A"/ 1 1 Il ]
-120 -80 -40 o] 40 80 120
TESTING TEMPERATURE (C)

FIG. 11—Comparison of radiation sensitivity of 2Y4Cr-1Mo steel and Mn-Mo-N7i steel.
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FIG. 12—Notch ductility characteristics of 1560-mm 234Cr-1Mo submerged arc weldment
in response to irradiation.

Fig. 11 it is seen that the 224 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 214{Cr-1Mo steel (A387) have been reported to show similar ATr30
values after irradiation at 306 C to 3.8X 10" n/cm?, E >1 MeV [6]. We
consider this discrepancy to be due to the difference in strength level be-
tween the 2}4/Cr-1Mo steels tested. In order to clarify this point, it is
necessary to perform further detailed irradiation tests of 214{/Cr-1Mo steel
under various heat treatment conditions.

Figure 12 shows the results for the 214/Cr-1Mo submerged arc weldment.
The weld metal and heat affected zone are rather more sensitive to irradia-
tion than the base metal. These results 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 314Ni-Cr-Mo steel
(HY-80) [8, 10].
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FIG. 13—Notch ductility characteristics of 26-mm 2Y{Cr-1Mo steels varying in nickel
conlent in response lo trradiation.

The effects of nickel content in 214/Cr-1Mo 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-1Mo 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 214Cr-1Mo steel would not be desirable.

Conclusions

From the results of the surveillance test, the following can be concluded.
1. The shift of the 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 2X101?
n/em?, E >1 MeV, 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 JPDR
pressure vessel weld metal, whose energy is the lowest, satisfies the assumed
limiting energy value, 40 ft-1b (5.5 kg-m), after irradiation to 1X10%*
n/em? E >1 MeV.

3. From the assessment of both the shift of NDT temperature and the
reduction of upper shelf energy, it was concluded that the pressure vessel
could be operated with 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)X10%8 n/em?, 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 214Cr-1Mo submerged arc weld-
ment.

3. Addition of nickel up to 2 weight percent in 214Cr-1Mo steel does
not seem to be desirable, because it increases the initial NDT 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, 234 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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DISCUSSION

B. Watkins'—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 that 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.

! Research manager, Reactor Engineering Laboratory, United Kingdom Atomic
Energy Authority, Risley, Warrington, Lancashire.
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Demonstration of Improved Radiation
Embrittlement Resistance of A533B
Steel Through Control of Selected
Residual Elements

REFERENCE: Hawthorne, J. R., “Demonstration of Improved Radiation
Embrittlement Resistance of A533B Steel Through Control of Selected
Residual Elements,”’ I'rradiation Effects on Structural Alloys for Nuclear Re-
actor Applications, ASTM STP 484, 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 3.1 X10® n/cm?,
E > 1 MeV. Based upon DT results, the nil ductility transition (NDT)
temperature of the Class 1 plate remained below 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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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE 97

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+1b 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 2.8X10® n/ecm?, 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 ASTM 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 sensitivity to radiation embrittlement has been revealed for
many low-alloy pressure vessel steels [7].2 The A533 steel employed ex-
tensively in new commercial reactor vessel construction is no exception
[2]. Two and threefold differences in brittle-ductile transition temperature
increases under equivalent exposure conditions have been documented for
both A533 plate and weld metals. As a result, the prediction and possible
control of variable sensitivity are of direct interest to reactor vessel opera-
tions as well as to future vessel design.

Laboratory studies for the understanding and minimization of steel em-
brittlement tendencies have revealed the strong influence of residual ele-
ment content on radiation embrittlement characteristics at elevated service
temperatures [3]. As illustrated in Fig. 1, a low residual element content
was found essential for low radiation embrittlement sensitivity. Building
on this research breakthrough, investigations of specific impurity elements
using split laboratory melts subsequently revealed particularly detrimental
influences of copper and phosphorus on irradiation resistance [3]. The
contributions of other suspect impurity elements, including sulfur, alumi-
num, vanadium, and nitrogen, have also been assessed experimentally;
however, of those elements evaluated, none appear as highly potent as
copper and phosphorus.

This report concerns the transfer of laboratory-scale findings to com-
mercial-scale practice. The 30-ton A533B steel melt to be described repre-
sents the first large-scale demonstration test of metallurgically controlled

2 Jtalic 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 5560 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.

Copyright by ASTM Int'l (al 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.



HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE 99

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.

Meh 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 earbon, 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: A533 Grade B steel

Melt size: 10 ton (minimum)

Melt type: Electric furnace air melt, fine grain practice
Melt charge: Selected serap or hot metal or both

Slag process: Double slag

Ladle treatment:  Vacuum degas

Ingot size: 18-in.-thick ingot for 3:1 reduction (min)
Plate size: 6.0-in. gage

Rolling ratio: Approximately 1:1 (aim)
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100  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

A 533-B STEEL
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FIG. 2—S8chematic plan of processing of special commercial heat of A533B 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 3%4:1
ingot reduction ratio exceeded the required minimum reduction. Note that
pure copper shot was added (gradually) to the first ingot mold? (during
the pour) to take advantage of the higher ladle temperature and head

% Consistent with purchase specifications, this ingot is identified as ingot 2.
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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE 101

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 IIT 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 ITI.

Drop weight tests by the mill indicated that all plate sections passed
the nil ductility transition (NDT) temperature requirement of 410 F
(—12 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 1 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.
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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 4T to 14T) did not show composition differences
suggestive of marked alloy or trace element segregation. Average copper
content values for ingots 1 and 2 were, respectively, 0.034.01 percent and
0.13£.01 percent. The average phosphorus content value for both ingots
1 and 2 was 0.008+.001 percent. The reported spread in values represents
a confidence level of 85 percent or better.
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3a. Plate Section A: Class 1, 0.03% Cu
3b. Plate Section B: Class 2, 0.03% Cu
3c. Plate Section C: Class 1, 0.13% Cu
3d. Plate Section D: Class 2, 0.13% Cu

FIG. 3—Microstructures of plate sections A, B, C, and D (quarter thickness location).
Structures appear very stmilar irrespective of the copper content variation. Tempered upper
bainite (X500; 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.

Tenstle 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 duetility 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 14T
and 34T 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 Ductality 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-Duectility Transition
Temperature of Ferritic Steels (E 208 — 69) using type P-3 drop weight
test specimens (2 by 5 by 24 in. thick). Through thickness surveys of the
Class 1 plate sections revealed very good uniformity throughout. Quarter
thickness position NDT temperatures were —20 F (—29 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 (—12 C), respectively.

Quarter thickness position determinations verified that the maximum
NDT temperature requirement (410 F, —12 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 (Cy) notch duetility 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, Cy
30-ft-1b transition temperatures show a distinet 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 Cy curve did, the Cy 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-Ib
(surface locations) to as low as 25 to 30 ft-1b (center location). Radiation
effect assessments to be described were indexed to 30-ft-1b 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 Cy 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, 134 by 7 by 3% 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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FIG. 4—Macrostructures of Class 1 plate sections from the primary melt analysis and
the copper melt modification. The difference in vnclusion 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-Ib versus 750 to 850 ft-1b), 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 eurves
are displaced to the right of corresponding Cy 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 Cy 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
radiation 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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FIG. 5—Dynamic tear (DT) test performance of plale 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 lests are also indicated.

quantitatively. By including Cy specimens in each of the reactor units, a
partial assessment of the correspondence of Cy and DT test methods for
the irradiated case was also achieved. The DT-Cy specimen irradiations
were conducted in the UCRR at 550 F (288 C) and in the engineering test
reactor (KTR) 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-Cy 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 *Fe(n,p)**Mn reaction, are given for UCRR
and ETR experiments. The fission averaged *Fe cross sectlon was taken
as 68 mbarn. Neutron fluence values based on a caleculated neutron spec-
trum and the related *Fe 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 [4, 5].

Indtial Determination of Radiation Resistance

Charpy V specimens for this 550 I (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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in the UCRR F-5 fuel core facility and received a fluence (fission spectrum)
of 2.8%X10'* n/em?, £ >1 MeV. The corresponding calculated spectrum
fluence value (¥ (F-5 facility)=®#X98.26/114) was 2.4X10' n/cm?,
E >1 MeV.

Postirradiation results are shown in Fig. 6. Closed data points refer to
the Jongitudinal 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®. In terms of reactor
service, the fluence of 2.8X10% n/em? 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. 6¢ 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 Cy
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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HAWTHORNE ON RADIATION EMBRITTLEMENT RESISTANCE 113

sistance of the primary melt analysis, (2) the assessment of relative <300 F
(149 C) radiation resistance of both the primary melt analysis and the
copper modified analysis, and, finally, (3) the assessment of DT shelf level
retention with 550 F (288 C) and <300 F (149 C) radiation exposure.
Shelf determinations were of particular interest as indications of resistance
to fracture for the condition of maximum ductility.

Dynamic tear and Cy specimens for the irradiation series were taken

PLATE SECTION A
CLASS |
0.03% Cu UNIRRADIAT
DIATED
e 8 IRRADIATED 550°F(288°C)
140l — $5=3.1x10"% n/em? > 1 Mev
{5 fs =68mb, 54 Fe}
120— $%:=27x10"° n/cm? > IMev
» o ® IRRADIATED
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FIG. 7—Comparison of Charpy V and dynamic tear test performance of plate section A
at the quarter thickness location. Geod agreement of mid energy range transition temperature
wncreases 1s 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 Cy results for the pre and postirradia-
tion conditions; the lower graph gives corresponding DT results. Note
that the Cy and DT energy scales are in the ratio of 1:10.

The fluence received by the 550 F (288 C) UCRR DT irradiation was
3.1X10" n/ecm?, E >1 MeV, slightly higher than the fluence received by
the similar experiment. The corresponding calculated spectrum neutron
fluence value was 2.7 X 10 n/em? E >1 MeV, based on the 0.870 conver-
sion factor for the D-3 core facility. The Cy 30-ft-1b transition tempera-
ture increase of 70 F (39 C) agrees well with the initial determination for
plate section A (Fig. 6). For comparisons of Cy 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, 756 F (39 C) Cy 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 Cy results.

Specimens contained in the <300 F (149 C) ETR experiment received
an average fluence (fission spectrum) of 2.4X10® n/ecm? 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-
ence 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
case of the ETR exposure, an exact determination of shelf level was not
obtained, but the level clearly 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 115

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.

Discussion

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
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FIG. 8*Increase in Charpy V 30-ft-Ib 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 conirolled copper and phosphorus contents is readily apparent.
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116  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 $100,000,000
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, AS17E, 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, ete.) and investiga-
tions of heterogeneous nucleation of defect aggregates on impurity solute
atoms.

Conclusions

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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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. Experimental 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.-thick plates using the Cy 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-Ib 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 2.8X10" n/cm?, 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-1b 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 Cy 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 2.4X10' n/cm?, E >1 MeV, is highly unlikely.

7. The nil ductility transition temperature of the primary melt analysis
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Class 1 plate after irradiation at 550 F (288 C) to 3.1 X106 n/em?, ¥ >1

MeV, was below 75 F (24 C) according to postirradiation DT test results.
8. The A533B scaleup demonstration fully supports the principles of

radiation embrittlement sensitivity control developed in the laboratory.
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APPENDIX |

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 appreximately 77 in. One ingot shall
contain 0.08 percent (maximum) copper; the other ingot shall contain 0.13 percent
(aim)® copper. Each ingot shall be cross rolled to 6.0-in.-thick plate using a L/T
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 17" away from the initial as-quenched plate edge surfaces. Three of the four
plate edges shall be at least 17 away from initial as-quenched and tempered plate

5 Achieved by ingot addition of pure copper shot.
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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 Cus® 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

e Ingot 2 “ladle’’ maximum: 0.16%, copper.

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

]
Brap ouf y
rap out for
y Qu%ﬁ. Tests /
TOP * TOP *
'As-ralled
&
As-quenched'
A533 Class | A533 Class 2 Plate edge
Heat Treatment Heat Treaotment Surface
PLATE A (orC) PLATE B (or D)
/ CENTER * ||, CENTER* /
g (]
//Z]Quol. Test
7 Drop out J /

* REQUIRED PLATE ORIENTATION MARKINGS
o 6-INCH (IT) MINIMUM EDGE ALLOWANCE (TYPICAL)

FIG. 9—Layout for cutting two 96 by 48 by 6-in. patterns from ASTM 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-
ment 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.

APPENDIX I

Melt and Ingot Processing Details

Melt Identification: Latrobe Steel Co. heat V22403.
Melt Type: Basic electric double slag, fine grain practice.
Furnace: Swindel, 30-ton trunnion type with induction stirrers (17
prior heats on top and bottom linings).
Furnace Charge: 100 percent scrap, low-phosphorus automobile fender punch-
ings.
(8, 0.0229, maximum; P, 0.0079; 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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Furnace Order Sheet Specifications:

Element Low, % High, % Aim, %, Working
Aim, %,
C.ooo 0.18 0.21 0.20 0.19
I 0.15 0.30 0.24 0.24+
Mo................. 1.20 1.40 1.30 1.45
S 0.006 LAP }0 012 LAP
P 0.006 LAP max LAP
Cr................ .. 0.05 0.10 0.05 LAP
max
V.o e 0.02 LAP LAP
Mo................. 0.45 0.60 0.55 0.53
Nio.o...o...ooo .. 0.40 0.70 0.55 0.55
(6 0.08 0.08 LAP
I 0.02 LAP
As. ... 0.01 0.05 LAP
] o 0.01 max LAP
Bi.................. 0.01 LAP
Melt Schedule:
Charge 1600 h
Back charge 1730
First slagging® 1845
Second slagging® 2000
Tapped heat 2205 (3070 F furnace, 2960 F ladle)
Commenced vacuum
degassing 2210
Commenced pouring
mgot 1 2225
Completed pouring
ingot 2 2240

¢ Lanced heat in advance of slagging operation.
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FIG. 10—Ingot processing of 30-ton melt ASTM 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/T ratios from ingot to plate were 1.03:1 (plate length/ingot length+plate
width/ingot width=1.03).

APPENDIX 1l

Plate Heat Treatment, Qualification, and Inspection

Heat Treatment

Both 6-in.-gage plates were heated to 1675425 F, held 6 h, and water (dip)
quenched, then reheated to 1575425 F, held 6 h and water (dip) quenched.
Following stress relief at 1050425 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 1050325 F for 6 h and
air cooled.

Plate section A from ingot 1 (low copper) and plate section C from ingot 2
(high copper) were tempered for Class 1 properties at 1250425 F. Plate section B
from ingot 1 and plate section D from ingot 2 were tempered for Class 2 properties
at 1200425 F. All tempered sections were then stress relieved at 1125425 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 1575425 F after 6 h at
temperature, tempered at 1150425 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 1050425 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 Y47 plane. Properties based on the duplicate tests
are given in Table 6.

Ulirasonic Inspection Tests

All four plates were ultrasonically tested to ASME Code Case 1338-4 Alternate
%1, 100 percent search after heat treatment but before final cutting. The instru-
ment was calibrated on a 34-in.-diameter flat bottom 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 bottom end of plate 1. Nondestructive test reports included
plots of all indications for evaluation and reference.
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DISCUSSION

E. Landerman'—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 ~0.10 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 Lukens 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%, Al and 0.01 wt% N with
<1 ppm C and a few ppm 0, and iron, containing 0.02 wt%, Al 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
X10% n/cm? E >1 MeV. Two new peaks in internal friction are 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 um 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.

KEY WORDS: 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

1 Associate professor, professor, and graduate student, respectively, Department of
Metallurgy, University of Tokyo, Tokyo, Japan.

2 Institute for Physical and Chemical Research, Saitama-ken, Japan.

3 Japan Atomic Energy Research Institute, Ibaragi-ken, Japan.

Copyright by ASTM Int'l (all rights reserved); Thu Aug 27 10:12:15 EDT 2020128
Downloaded/printed by

(UsP) Univ@r(s)i sgldrei gﬁgsq WBSL,J g:’é"f'ﬂ')fefﬁ &jﬁ g 1%%";1'1’3“'0) pu@J\;vn\gvt.% IS_J[ﬁ%ng% Qgreement. No further reproductions authorized.



IGATA ET AL ON IRON CONTAINING ALUMINUM AND NITROGEN 129

Many investigators have emphasized the role of aluminum and alumi-
num nitride in reducing the change in the brittle transition temperature
due to irradiation [7, 2].* Investigation of the effect of Al or AIN 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 Al and AIN 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 AIN, the sheets were heated under argon
atmosphere at 750 C for 60 min (specimen A) and for 10 min (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 2X10™ n/cm?. 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~ torr and at ~500 cycles using an automatic, digital measuring

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

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 postirradiation annealing was also performed at 102 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.

(x10%)
30 *
|. After irradiation (x IO“)
2. Aged room temperature 190
3. Annedled i50°C,30min
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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).

Experimental Results

Internal Friction

Before irradiation only a small nitrogen peak, less than 1X10~*, 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 ~155 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-Al-N, Puron, and Fe-1Ni. Daia
from Ref 9 also are compared.

nitrogen Snoek peak “PI,” the ~125 C peak “PII,” and the ~155 C peak
“PIIL.” 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 AIN, meta-
stable precipitates like Fe;sN» were observed, which possibly were due to
metastable nitrides other than AIN. These are shown in Fig. 4. After ir-
radiation, new doughnut shaped precipitates with a diameter of about
0.3 um were observed as shown in Fig. 5. Since they were not observed in
irradiated pure iron or unirradiated Fe-Al-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
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FIG. 4—Metastable precipitates before irradiation.

FIG. 5—S8table precipitates which are formed after vrradiation.
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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-Al-N (the precipitates were not observed).

Discussion

Before Irradiation

Almost no Snoek peak was observed in the unirradiated specimens, but
in electron microscopy studies metastable nitrides like Fe;4N; in addition
to AIN 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 Fe;sNo.

The formation of AIN at 850 or 750 C was not complete in Fe-Al-N
containing less than 0.01 weight percent carbon; the amount of AIN was
55 percent or less. These results indicate the partial formation of meta-
stable nitrides [4]. If we assume that these precipitates are 10 A 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, &§]. 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 um. Since these new precipitates were observed after peaks
PII and PIII had decayed, and since they were not observed in either un-
irradiated Fe-Al-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 precipitaies. 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
Fes;-Al-N accompanied with vacancies. The estimated behavior of these
precipitates is shown in Fig. 7. The behaviors of AIN and solute nitrogen
atoms are also shown in the same figure. The invisible precipitates might
come from the assumption that the new type of precipitate (Fe-Al-N-¢)
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Behavior of Nitrogen Atoms in Irradiated Fe- Al-N

Specimen A 2 Specimen B
Atomic Conc. of Nitrogen xI0"%  Atomic Conc. of Nitrogen X1 %
0 i 2 3 4 0 1 2
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30 I which do not
Aging e = Contribute Hardening

FIG. T—Schematic representation of the behavior of nitrogen due to irradiation and post-
wrradiation annealing. (This diagram should be considered schematic due to the assumptions
used). For peaks PII and PIII in specimen A, the background is taken higher, considering
the decrease of the background at higher temperature.

consists of one atomie 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 AIN hexagonal precipitate was observed after ir-
radiation, indicating resolution of AIN by irradiation. Data from unpub-
lished research of K. Matsumoto and H. Nakamura have shown about
10 to 20 percent resolution even in thicker AIN precipitates; thus, as was
the case here, more of the total would redissolve in a thinner AIN precipi-
tate, However, there also is evidence for the resolution of metastable pre-
cipitates in iron [/1]. Accordingly, the increase of internal friction would
come mainly from the resolution of metastable precipitates but, as in this
case, partly from AIN precipitates.

Postirradiation Annealing

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
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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,’ indicating that complexes of nitrogen and irradiation induced
point defects are essential in irradiation hardening.

The Role of Aluminum in Irradiation Hardening

As mentioned above, even when AIN 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.
In Fig. 8 the results of this investigation are compared with data for zone
melted iron [72], Puron, and Fe-1Ni [77]. These results show that irradia-
‘tion 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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3 20} ‘
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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 complezes introduced by irradiation. The data J. M. Fe
are taken from Hasiguti et al, the hardening dala 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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138 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

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.

Conclusions

1. Before irradiation, precipitates of Fe;sN, in addition to hexagonal
AIN 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 AIN 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
PIII decrease and peak PIIT 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-
ment consists of the formation not only of AIN but also of stable precipi-
tates that prevent complexes of nitrogen and irradiation induced point
defects.
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DISCUSSION

J. T. Stanley'—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 15.5X10~* 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. It seems unlikely 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 X 10~ 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 AIN precipitates is
much greater than the resolution of the metastable carbides in Fe-0.2C
shown by Wagenblast and Swarts. It 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.

1 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. Bemeni*—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. Igaia (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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The Effect of Fast Neutron Irradiation on the
Mechanical Properties of Some Quenched
and Tempered Steels

REFERENCE: Hosbons, R. R. and Wotton, B. L., ““The Effect of Fast
Neutron Irradiation on the Mechanical Properties of Some Quenched
and Tempered Steels,”’ Irradiation Effects on Structural Alloys for Nuclear
Reactor Applications, ASTM STP 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 transition temperature AT after the maximum integrated
fast neutron flux of 1X102° n/cm?, E > 1 MeV, was similar for these steels.
Some of the heats were also tested after an integrated flux of 6 X10¥ n/cm?,
E > 1 MeV, and the results showed that the latter flux caused saturation of
damage in AISI 403. The total impurity concentration of AISI 403 appeared
to control the size of AT at saturation, but there was no such correlation in
the other steels. Obversely, the nitrogen concentration of A542 did affect its
change of transition temperature for a given flux; a titanium concentration of
0.1 weight percent increased the unirradiated transition temperature but not
AT. AISI 431 is unsuitable for use at 300 C as it is thermally embrittled.
Although the AT values for AISI 403 and A542 were the same, the latter had
a lower initial transition temperature.

KEY WORDS: irradiation, neutron irradiation, radiation tolerance, radiation
damage, neutron flux, mechanical properties, chemical composition, grain
size, quenching (cooling), tempering, martensitic 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-alloy steels in the normalized and tempered
conditions but there is little information on quenched and tempered steels,
especially high-alloy martensitic grades.

! 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 143

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
vield stress of AISI 403 and A542 with fast neutron irradiation was in-
vestigated. Only one heat of AIST 431 was tested.

Investigations on body centered cubic (bec) metals [Z, 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 5X10® n/cm?, E >1 MeV [4];
therefore, specimens have been irradiated to 610" n/cm? E >1 MeV,
and 1X10% n/em?, E >1 MeV.

Experimental Procedure

Materials

Seven heats of AIST 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).
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FIG. 1—Delails of tension specimen used.

2 Jtalic numbers in brackets refer to the list of references at the end of this paper.
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TABLE 2—H eat treatment and origin of heats.

Identity Fabrication Details Heat Treatment

403A. ... Air poured extrusion Air hardened 1850 F,
tempered 4 h 1150 F

403B............ Vacuum degassed extrusion Air hardened 1850 F,
tempered 4 h 1150 F

403C............ Air poured extrusion Air hardened 1800 F,
tempered 4 h 1140 F

403D............ Argon degassed extrusion Air hardened 1800 F,
tempered 1160 F

408E. .. ......... Argon degassed extrusion Air hardened 1800 F,
tempered 4 h 1150 F

403F............ Air poured extrusion 1800 F 2 h water quenched,
tempered 4 h 1160 F

403G............ Air poured extrusion 1750 F 2 h water quenched
tempered 4 h 1150 F

431, ... Air poured forging 1800 F oil quenched,

tempered 8 h 1100 F,
air cooled,

tempered 8 h 1100 F,
water quenched

542A............ Electric arc melted rolled pipe 1775 F for 14 h, water quenched,
542B............ Electric melted rolled pipe 1100t0 1125 F 4 h
542C............ Electric melted rolled pipe

542D............ Forged bar

542E. . .......... Centrifugally cast bar

INSTRON  TENSILE SPECIMEN

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
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— —
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j WATER INLET TUBE
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AIR FLOW GAP
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FIG, 3—Mechanical test specimen irradiation insert.
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INSTROMN TEWSILE SPECIMENS

N
SEC B8

CHARPY IMPACT SPECIMENS

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?
deg C E>1MeV

oot 403A, 403B 1352 2954-8 6.0X10%
403D, 403F
4314, 542A

2. 403A, 403C 2332 3065 9.5X10%
403E, 403G
431A, 542A

3..... e 542A, 542B 2288 31510 1.0X10%
542C, 542D
542E

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 99Co%®Fe mixture and comparing the result with a
standard *Mn spectrum. The cross section for the *Fe(n,p)**Mn 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-Ib-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 1b 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 +2.0 C. Specimens were held 5 to 10 min at temperature
before testing.

Impact Testing—Unirradiated specimens were tested on a TMI 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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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 {21 C) was obtained 34 in. around the noteh.

Resulis

Tenston Resulls

AISI 408—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 ecast, 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 6.0X10¥ n/cm?
further irradiation producing little further change.
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HOSBONS AND WOTTON ON QUENCHED AND TEMPERED STEELS 153

AISI 431—1In 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.

A542—The 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 1X10% n/cm?. 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-Ib for AISI 403.
b. 30 ft-1b 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.

AISI 403—The impact-energy-temperature curves for the 403 heats are
shown in Fig. 6. The transition temperatures and their change with irradi-
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FIG. 6—Effect of fast neutron irradiation on the Charpy V notch impact properties of
AISI 403, heat A.
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154  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

TABLE 7—Transition temperatures of materials tested.

Material Neutron Transition Temperature, deg C
Exposure,
n/em?, NDT 50% Shear
E>1 MeV
C 1 AT C I AT
403A........ 6.0X109 40 80 40 96-112 158-168 59.
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 194208 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 63-78 150-160 82
403G........ 9.5 —16 84 100 60-66 146-154 87
431......... 6 ce ce e 180-192  290-300 110
224234 66
1X10% . R - 180-192  302-308 120
e e Ce 212-232 88
542A.. ... ... 6X10%¥ —44 —-30 14 —16-—8 —6-0 10
1X10% —56 -8 44 —-38--28 —2-6 36
542B........ 1 64 120 56 78-90 122-132 43
542C........ 1 0 100 100 3042 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 =shift in transition temperature
NDT =15 ft-lb for AISI 403, 30 ft-1b for AISI 431 and A542

ation (AT) are shown in Table 7. Although the two eriteria 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'° n/cm?,
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 eurves for the two irradiation levels (Fig. 6) would
again indicate that there was little if any further irradiation damage be-
yond the 6.0X10'%-n/cm? level.

AISI 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
inerease in transition temperature was 66 C after irradiation at 6X10'®
n/cm? and changed by an additional 22 C on irradiation to 9.5 X 10'° n/em?.
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FIG. T—Efect of fast neutron irradiation on the Charpy V nolch impact properties of
AISI 431, heat A.

A542—Figures 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 neutron irradiation on the Charpy V nolch impact properties of
AISI 643 Grade 2, heat A.
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FIG. 9—Effect of fast neutron irradiation on the Charpy V notch impact properties of

AISI 5.3 Grade 2, heat C.

impact properties of heats D and E were similar although they had differ-

ent fabrication histories.

Metallographic Examination

AISI 403—The polished sections from all specimens revealed large and
small globular groups and stringers of inclusions randomly distributed.
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FIG. 10—Effect of fast neutron irradiation on the Charpy V notch impact properties of

AISI 643 Grade 2, heat E.
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FIG. 11—Representative microstructure of AISI 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 matrix 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, ypm
403A 43
403B 38
403C 33
403D 28
403E 47
403F 46
403G 32
431 40
542A 20
542B 29
542C 33
542D 32
5428 28

Copyright by ASTM Int'l (al 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.



158  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

A
- , - r ﬂ,hﬂ-w
- ""‘“‘r *ft h

v RAVRIS % 1 4 1 Ny oD g 2. &
5, IR Yy ) i 3
e AR
B A MR W e AL TN 8

FIG. 12—Typical microstructure of AISI 431 stainless steel (X500).
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FIG. 13—Typical microstructure of A&43 steel (X600).
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AIST 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.

Ab542—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.

Discussion

AISI 403

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 6X10* n/em? but only 51 C after 1X102° n/cm? This indicates
that saturation of fast neutron damage may have occurred by a flux of
6X 10! n/em? 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.

100 ’._

80L
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40—
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0 l | l | I | [

[} 1000 2000 3000 4000
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FIG. 14—Effect of impurities on the change of transition temperature of AISI 403
with irradiation.
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160  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

The concentration of residual elements (copper, vanadium, antimony,
arsenic, etc.) also affects the sensitivity of steels to fasi 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.

AISI 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 =ATs+AT;
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where

AT =total change in transition temperature,

ATg=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
ATSI 431 had increased by about 40 C, which by applying the above rule
gives AT~80 C (average of both irradiations). This figure is consistent
with values of AT found for the heats of AIST 403.

A542

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-1b NDT of
the alloy tested increased by 22 C after an integrated fast neutron flux of
about 3X10% n/cm?, 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 oceur in AIST 403 irradiated at 300 C by an integrated fast
neutron flux of 6 X 10 n/em?, ' >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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162  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

3. A542 is a better steel for reactor use as, even though its change in
transition temperature is the same as AISI 403, it has a lower initial NDT.

References

[1] Hull, D. and Mogford, I. L., Philosophical Magazine, PHMAA, Vol. 13, 1958, p. 6.

[2] Wronski, A. 8., Sargent, G. A., and Johnson, A. A. in Flow and Fracture of Metals
and Alloys in Nuclear Environments, ASTM STP 380, American Society for
Testing and Materials, 1965, pp. 69-85.

[3] Beeler, J. R., Flow and Fracture of Metals and Alloys in Nuclear Environments,
ASTM STP 380, American Society for Testing and Materials, 1965, pp. 86-104.

[4] Steele, L. E., Hawthorne, J. R., and Gray, R. A, Jr., NRL Report 6419, Naval
Research Laboratories, Washington, D.C., Sept. 1965.

[6] Pellini, W. 8. and Puzak, P. 8., NRL Report 6013, Naval Research Laboratories,
Washington, D.C., 1963.

[6] Wotton, B. L. and Hosbons, R. R., to be published in Materials Research and
Standards.

[7] Steele, L. E., Atomic Energy Review, AERVA, Vol. VII, No. 2, 1969.

[8] Potopovs, U. and Hawthorne, J. R., Nuclear Applications, NUAPA, Vol. 6, 1969,
p. 27.

[9] Stanley, J. T. et al, Radiation Effects, Gordon and Breach, New York, 1967, p. 97.
[10] Hull, D. and Hogford, I. 1., Philosophical Magazine, PHMAA, Vol. 6, 1961, p. 535.
[11] Wuttig, M. et al, Physica Status Selidi, PHSSA, Vol. 27, 1967, p. 701.

[12] Wagenblast, H. and Damask, A. C., Journal of Physics and Chemistry of Solids,
JPCSA, Vol. 23, 1962, p. 221.

[13] Nichols, R. W. and Harries, D. R. in Radiation Effects on Metals and Neutron
Dosimetry, ASTM STP 341, American Society for Testing and Materials, 1963
pp. 162-198.

[14] Steele, L. E., Hawthorne, J. R., Serpan, Jr., C. Z,, Klier, E. P., and Watson, H. E.,
NRL Memo 1593, Naval Research Laboratories, Washington, D.C., Feb. 1965.

[15] Reynolds, M. B., Journal of Materials, JMLSA, Vol. 1, No. 1, March 1966, p. 127.

[16] Grounes, M., Swedish Atomic Energy Report S-370, Aktiebolaget Atomenergi,
Stockholm, Sweden, Sept. 1967.

[17] Woodfine, B. C., Journal of the Iron and Steel Institute, JISIA, Vol. 173, 1953,
p. 240,

[18] Hosbons, R. R. and Wotton, B. L., “The Effect of Fast Neutron Irradiation on
the Mechanical Properties of Some Stainless and Low Alloy Steels,” AECL-3363,
Atomic Energy of Canada Limited, Chalk River, Ontario, Feb. 1969.

Copyright by ASTM Int'l (al 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. Bement'—In 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, ete.) 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, Richland, Wash. 99352.
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AGENDA DISCUSSION SESSION

L. E. Steeler

Structure and Composition Effects on
Irradiation Sensitivity of Pressure
Vessel Steels

REFERENCE: Steele, L. E., “Structure and Composition Effects on
Irradiation Sensitivity of Pressure Vessel Steels,’® Irradiation Effects on
Structural Alloys for Nuclear Reactor Applications, ASTM STP 484, 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

! Head, Reactor Metals Branch, Metallurgy Division, Naval Research Laboratory,
Washington, D.C. 20390.
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STEELE ON RADIATION SENSITIVITY OF STEELS 165

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 Sensitivity

Metallurgical Microstructure

The influence of metallurgical microstructure after irradiation at low
temperatures (<300 F, 149 C) has been identified as important by several
investigators [Z, 2, 3].? 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 Y4-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 X
10 n/em?, E >1MeV, 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 attributed to the rapid cooling in air of the very thin plate produced
from the heat. Another suggested explanation for the superior radiation
resistance of the 0.06 percent uranium steel is that the uranium served as a

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

“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, §]. 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 X107 n/cm?.
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 [], 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]® showing the effects of copper

3 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
diglocation 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 less meaning because of the finer carbide distribution inherent to
the quenched structure. Hosbons and Wotton [10)® 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 [17, 12], Castagna et al [13], and Igata
et al [14,® 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, 14],
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 T (300 C) for 30 min.

It has been suggested that the most important factor in eompositional
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. 8. 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 specifications, 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 T (22 C) versus 150 T (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 and consequently 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 [27]. 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 Atiger 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 oceur 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 Y’B+n—"Li and ‘He.
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 214Cr-1Mo 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 214Cr-1Mo.

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.

Practical Considerations

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 microstructure
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

Copyright by ASTM Int'l (al 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.



172  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

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, 1s the fact that studies conducted at elevated (reactor vessel service)
temperatures have not identified significant effects of metallurgical micro-
structure. The accepted explanation for microstructural 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 embrittlement 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. 8. 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 embrittlement, 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-

Copyright by ASTM Int'l (al 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.



STEELE ON RADIATION SENSITIVITY OF STEELS 173

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 effective only at elevated temperatures. This effect is not understood
fully but is thought to be caused by a retardation of annealing because of
a copper-vacancy 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) content. Even copper levels as high as
0.14 percent show superior 550 F' (288 C) radiation resistance in compari-
son to steels containing 0.19 percent copper or greater.

Phosphorus, boron, and vanadium have also been identified as contribu-
tors to radiation embrittlement sensitivity, but current 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 considered for reactor vessel service.

4. Applying the lessons learned in fundamental and applied research
efforts dictates care in assuring the production of reactor vessels containing
steels (including welds and weld heat affected zones) which exhibit a fine
grain structure and are of maximum cleanliness, 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 necessary,
revised composition specifications including 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 research on radiation
embrittlement 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
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ABSTRACT: 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 X102 n/em?, E > 1 MeV. The Zircaloy 4 specimens were irradiated at
130, 650, and 725 F to peak fluences of about 9X10? n/cm?, 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. Irradiation increased the strength
of the cladding at test temperatures below 900 F, but it had little effect on the
strength 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 strength 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 at 70, 525, and 750 F. At all test temper-
atures the ultimate 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 at 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

1 Chief, Ceramics and Metallurgy Section, and engineer, Nuclear Metallurgy Group,
respectively, Research and Development Div., Babcock & Wilcox Co., Lynchburg,
Va. 24505.
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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 WORDS: 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 from experiments conducted in research or test reactors or by
examining core components from 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 ppm 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 2.6X10%
n/cm?, E >1 MeV. The work on this program was supported by the U. 8.
Atomic Energy Commission under contract AT (30-1)-3809.

In the other program, the tensile properties of Zircaloy 4 cladding at 900
to 1600 T 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.

Tensile Properties of Borated Type 304 Stainless Steel

Program Description

During the past few years it has been theorized that the loss of ductility
in irradiated austenitic 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 (250100 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-
tunity to determine whether the loss in high-temperature ductility 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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BAROCH ET AL ON IRRADIATION IN A THERMAL REACTOR 179

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—; 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. 2—Ultimate tensile strength of irradiated and unirradiated stainless steel cladding
after annealing.

Results

Unarradiated 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 inereasing 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 2.5X10% n/em?, E >1 MeV.

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 sieel 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

IRRADIATION EFFECTS ON STRUCTURAL ALLOYS
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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 . 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 standard 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-temperature ductility but also the ductility both before
and after annealing at test temperatures below 900 F.

Tensile Properties of Zircaloy 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

3 Jtalic numbers in brackets refer to the list of references at the end of this paper.
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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 a 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 caleulated fluence of about 2.5X10%
n/cm?, £ >1 MeV. The tensile blanks, 414 in. long, 14 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.

Results

The postirradiation tensile properties for the 70, 525, and 750 F tests
are shown graphieally as a function of fast fluence in Figs. 7-10. For all
test temperatures the ultimate tensile and yield strengths continued io in-
crease with total fluence for fast luences up to 2.6 X102, £ >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 1.5X10%?° n/cm? Because the preirradiation data
were not available, the change in tensile and yield strengths as a function
of fast fluence and specimen orientation could not be evaluated. However,
the absolute values reported by Irvin [3] for annealed Zircaloy 2 pressure
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FIG. 7—Effect of irradiation at 525 F on the strength of Zircaloy 2 at 70 F.
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tubing irradiated at 540 F to an exposure of 2.2X10% 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 Fiig. 10. For all three test temperatures the
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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 [4], where the
minimum ductility oceurred at 500 to 800 F.

Tensile Properties of Zircaloy 4 Cladding

Program Description

Babcock & Wilcox conducted a program to determine the tensile prop-
erties of irradiated Zircaloy 4 at test temperatures as 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
[6]. 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 a relatively inert
atmosphere. According to Harbinson hydrogen has little effect on the ele-
vated-temperature properties of unirradiated Zircaloy 4; therefore, none
of the unirradiated specimens evaluated in this program were hydrided.

Copyright by ASTM Int'l (al 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.



187

BAROCH ET AL ON IRRADIATION IN A THERMAL REACTOR

‘poe3se) susuroads Jo Jequny »

= = = e
T e = v =

—
—
—
—

L I I

— o =

SLL
099

0¢T

GLL
059

081

GLL
099

...... PayIOoM PIOD

...... PayIOoM PIOD

08T "PPPHpPAY pus pafesuuy

GLL
099

o€l

......... po[esuny

pedy pue pedy pue pedy pus
PoJBIpRlI]  P9YBIPBU]  POJEIPRII]  POJeIpBII]  POJEIPBII] POJRIPBII] DPIANBIPBLI]  Ppo)BIpBRII]

amjerodwa ], aanjeradura,

g 3op
‘aangeroduna ,

1997, I 009T 1991 o 0SFT oimjeradura, 189, J 0081 dnjeradwa, 1891, 00T oInjerdodwa], 10, J 006 UOI)eIpBII]

[RLID)BIA

‘supu0ads ¥ Aoz pojorposy 40f woiboid 180, [—g ATV I

Copyright by ASTM Int'l (al 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.



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. Most 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 of mill-annealed and cold-
worked Zircaloy 4 were essentially identical.

Effects of Irradiation on Tensile Properties—The fluence of these speci-
mens varied from about 8 X 10 to about 91020 n/em?, £ >1 MeV. Nine-
teen of the specimens had been irradiated at 775 F, 24 at 650 F, and 17
at 130 I'. 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 9X10%
n/cm? 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 3X10%, but it did reduce
the strengths of the unirradiated specimens and of the irradiated specimens
receiving a fluence of less than 3102, 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 3X10%, it was not affected when the fluence was greater than
3X10% 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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FIG. 11—Yield strength of as-received and as-irradiated Zircaloy 4 as a funclion of
test temperature.

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 102° n/em?

The data indicate that, at test temperatures above 1100 ¥, the unirradi-
ated and irradiated 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
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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. Irradiation of the borated stainless steel at 600 F
apparently introduces enough helium into the steel so that the ductility
at test temperatures up to 900 F is reduced significantly, even after a post-
irradiation anneal.

2. Irradiation at 525 F to a fluence of 2.5X10% n/ecm? 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. Irradiation increased the strength and decreased the ductility of both
cold-worked and annealed Zircaloy 4 ring specimens tested at 900 I'. 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 <3X10% n/em? 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.
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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 5X10% n/cm? 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.

KEY 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

Irradiation studies of Type 347 stainless steel were originally undertaken
to measure the changes in tensile properties of stainless steel as a result
of irradiation to high fast fluences at 50 C in thermal reactors. Results of
tests on specimens irradiated in the ETR to fast fluences ranging from
5% 102 to 3X10% n/cm? have been previously reported [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.

3 Italic numbers in brackets refer to the list of references at the end of this paper.
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KANGILASKI ET AL ON TENSILE PROPERTIES OF STAINLESS STEEL 195

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 LMFBR program because of potential neutron spec-
trum 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 EBR-II 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 LMFBR application.

Materials and Irradiation Conditions

Specimens were taken from the same heat of Type 347 stainless steel
that was used for the earlier irradiation studies in ETR [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 um while that of the Type 347 stainless steel was 12 gm.

TABLE 1—Chemical analysis of Type 347 and Type 348 stainless steel.

Weight Percent

Element 347 S8 348 S8
Chromium. ..............c..coivenn... 17.9 17.5
Nickel. . ... ooviii e 10.4 9.67
Manganese. .. ............ i 1.72 1.67
Silicon. . ... 0.65 0.51
Columbium. ......................... 0.67 0.58
COpPer. . oo 0.30 0.06
Molybdenum. ........... ... ... ... 0.20 0.06
Cobalt................ . ... ......... 0.19 0.18
Titanium. ........................... 0.10 Not analyzed
Carbon................ ... ... ... ... 0.057 0.04
Phosphorus. . ........ ... ... 0.024 0.014
Sulfur. .......... ... .. 0.016 0.009
Tantalum. . ......................... 0.01 0.03
Boron.............. .. ... ... ... ... 0.00005 0.0008
Nitrogen...............co ... 0.030 0.037
Tron. .. ... Balance Balance
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196  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

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
mil. 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 (F >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 X102 to 4.6X10% n/cm?.

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 (al 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.



KANGILASK! ET AL ON TENSILE PROPERTIES OF STAINLESS STEEL 197

ground with 120-grit SiC paper close to midplane of the diameter. The
grinding was finished with 240, 400, and 600-grit SiC paper, after which
the specimens were polished with diamond paste. Etching was done with
oxalic acid.

Helium Analysis

Helium analysis was performed on two of the irradiated specimens by
Atomics International, Canoga Park, Calif. Small samples from the irradi-
ated specimens were vaporized in a tungsten helix coil under vacuum.
Immediately after the ‘He was released from the sample, a precisely known
volume of 3He was added. Then the ratio of ‘He to *He was determined
and from this ratio the ‘He content was calculated.

TABLE 2—Tenstle properties of unirradiated and trradiated 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? psi psi tion, %  tion, % %
Unirradiated
25....... 37.0X10¢  90.0X10° 52.0 64.0 79.0
315....... 26.8 64.2 31.9 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....... 5.5%X10%  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
Inradiated
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 1 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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198 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

TABLE 3—Tensile properties of unirradiated and irradiated Type 348 stainless steel.

0.2%
Fast Offset,
Test Fluence, Yield Ultimate  Uniform Total Reduction
Temperature, E >1 MeV, Strength, Strength, Elonga- FElonga- in Area,
deg C n/cm? psi psi tion, %  tion, % %
Unirradiated
25....... 36.2X10% 93.0X10? 58 61.4 82
315....... . 27.8 62.8 26.7 29 .4 74
440....... 23.2 60.2 22.5 25 70
500. . 23.8 53.2 22.7 25.2 69
600, ...... 23.4 49.1 21.5 30.3 64
750, . ..... 19.0 27.3 4 35 55
Irradiated
at 400 C ‘
315....... 3.3X101 88.1 93.1 3.5 6.6 60
500....... 3.3 70.6 80.9 2.7 4.9 17
600....... 3.3 44.9 45.8 1.4 3.2 13
Irradiated
at 650 C
25....... 4.4 38.0 50
315, ...... 4.4 33.7 63.7 21.0 24 .4 69
425, . ..., 4.4 27.6 55.1 19.7 24.6 46
500....... 4.4 26.2 48.9 14.8 15.7 15
600....... 4.4 26.8 38.7 6.5 6.9 6.9
Irradiated
at 650 C, an-
nealed 1 h
at 980 C
500....... 4.6 25.2 58.5 24.5 32.2 48
600. 4.6 23 .4 42.1 13.1 14.6 29
750, .. ... 4.6 15.1 17.6 4.6 6.3 14

Experimental Results

Tension Tests

As-Irradiated Specimens—Tension tests were performed on irradiated
Type 347 and 348 stainless steel specimens at temperatures ranging from
room temperature to 750 C. These specimens had been irradiated at either
400 or 650 C. The tensile properties of unirradiated and irradiated Type
347 stainless steel specimens are given in Table 2; Table 3 gives the tensile
properties of the Type 348 stainless steel specimens. Table 2 also includes
previously reported test results on Type 347 stainless steel specimens ir-
radiated at 50 C to a fast fluence of 5X10% n/ecm? [1]. The yield strength,
uniform elongation, total elongation, reduction in area, and ultimate
strength of the irradiated specimens of Type 347 and Type 348 stainless
steel, as a function of testing temperature, are illustrated in Figs. 1-5.
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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

KANGILASKI ET AL ON TENSILE PROPERTIES OF STAINLESS STEEL

some cases less than that of the unirradiated stainless steel.
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FIG. 1—Yvield strength of Types 347 and 348 stainless steel.
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FIG. 2—Uniform elongation of Types 347 and 348 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 and 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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KANGILASKI ET AL ON TENSILE PROPERTIES OF STAINLESS STEEL 201

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 duectility although some of the duectility was restored
by the anneal. Thus, elevated-temperature embrittlement cannot be re-
moved by postirradiation annealing,.
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FIG. 3—Total elongation of Types 347 and 348 stainless steel.
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FIG. 4—Reduction in area of Types 347 and 348 stainless steel.

Metallographic Examination

Selected unirradiated and irradiated specimens that were tested in ten-
sion were metallographically 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 that 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
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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
315 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-
tained 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 annealing at 980 C and then formed as dimples when
they were locally deformed.

The specimen that was irradiated at 400 C and tested at 500 C shows
complete intergranular fracture, as shown in Fig. 13. It can also be noticed
that there are a large number of small bubbles at the grain boundary.
Figure 13b illustrates the presence of these bubbles at grain boundaries at
a higher magnification.

TABLE 4—Irradiation and testing conditions of specimens ezamined by
light microscopy and fractography.

Irradiation
Material Temperature Testing Conditions
347 S8 650 C Annealed 1 h at 980 C, tested at 750 C
347 8BS . 650 C Tested at 750 C
348 SS. ... 400 C Tested at 500 C
348 8S. ... 650 C Tested at 500 C
348 SS. ... 650 C Annealed 1 h at 980 C, tested at 500 C
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FIG. 8—Fracture appearance of unirradiated Type 848 stainless steel tested in tension
at 500 C. Total elongation 27 percent (X250).

Helium Analysis

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,« 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.

It has been suggested by Weitman [?] 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)
3.3X10%. ... ... 400 10.8 23.5
4.4 Lol 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 10% n/em? and tested in tension at 500 C. Totul elongation 4.9 percent (X260).

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 that considerably more helium is produced by ther-
mal neutrons than by fast neutrons. By extrapolating Weitman’s results
to a thermal fluence of 5X10% 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].

Discussion

It is quite apparent from Figs. 1-5 that the degree of radiation 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 [§] have shown
that the change in yield strength induced by irradiation is due to the size
and distribution of the defect clusters that were produced during irradia-
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FIG. 10—Fracture appearance of Type 348 stainless steel irradiated at 650 C to « fast
fluence of 5X10% n/em?, annealed for 1 h at 980 C, and tested in tension at 500 C. Total
elongation 32 percent (X250).

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
dugctility. 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 X10% n/cm? 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 348 stainless steel tested at 750 C.
Total elongation 35 percent (X7500).
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FIG. 12—Fracture surface of Type 347 stainless steel irradiated at 650 C and tested in
tension at 750 C (X 15,000): (a) as irradiated, total elongation 3.7 percent; (b) irradiated
and annealed 1 h at 980 C before testing, total elongation 3.6 percent.
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FIG. 13—Fracture surface of Type 348 stainless steel irradiated at 400 C and tested at
500 C ((a) X 7600, (b) X50,000). 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 duectility 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.
It is hypothesized that this mottled appearance represents helium bubbles
which were sheared and consequently enlarged during fracture. It 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 be 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 intergranular fracture with evidence of helium bubbles at grain
boundary facets. At 500 C specimens irradiated at 400 C exhibited inter-
granular fracture while specimens irradiated at 650 C showed mixed inter-
granular-transgranular fracture,

5. The analyzed helium contents were found to be about 2 to 3 times
higher than those predicted from n,a cross section data.
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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-2.5Cb
alloy. Specimens were irradiated at 2 to 3X10% n/cm2, 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 properties,
ductility, elongation, tensile strength, yield strength, fractures (materials),
cold working, heat treatment, texture, zirconium hydrides, axial stress, strains,
tension tests
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Zircontum 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 (UQ,) fuel elements because of the close contact between
the cladding and the fuel [ 1, 27].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® of Zir-
caloy 2, Zircaloy 4, and zirconium-214 weight percent columbium 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 Zircaloy 2 batches have been
reported previously by Steward and Cheadle [3]. 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 [1]. The actual stress ratio in the cladding may vary
over the length of each UQ, pellet, as suggested by Gittus [4], 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, §], and because of the anisotropic 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
[6]. Balanced biaxiality produces the lowest fracture strains, but it is
difficult to achieve in a simple tubing test. A closed end burst test, on the
other hand, is simple to perform and has a ratio of longitudinal to circum-

2 Ttalic 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.

Copyright by ASTM Int'l (al 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 217

ferential stress of 0.5. Although the fracture strains are not the lowest at
this stress ratio, Mehan’s [§] data show that they are considerably re-
duced from the uniaxial values; therefore, this test was adopted to assess
the biaxial properties of the tubing.

The results obtained in the burst test were compared with uniaxial
longitudinal properties obtained in the conventional tube tension test and
with the transverse properties obtained in the ring tension test. The latter
test was adopted mainly because of its simplicity, but it was recognized
that, because of bending over the edge of the grips [7] and because the
actual gage length varies slightly from batch to batch [&8], the gage length
dependent properties are subject to errors.

Material

Nine different batches of zirconium alloys were selected for this investi-
gation: six Zircaloy 2, one Zircaloy 4, and two Zr-2.5Cb alloy batches.
Identification of these batches and their fabrication routes are listed in
Table 1.

Three of the Zircaloy 2 batches and the Zircaloy 4 batch were also tested
in the alpha annealed and the beta heat-treated condition. The former
treatment consisted of heating the tubes in a vacuum for 1 h at 800 C,
while the latter involved induction heating the central 1.5 in. of the speci-
men to 1050 C for 1 min in a vacuum. The latter treatment was intended
to determine the effect of the heating cycle used to braze appendages to
the fuel cladding.

These particular batches were selected to obtain the widest possible
range of mechanical properties, textures, and hydride orientations. Oxygen
concentrations varied from 1100 to 1470 ppm.

TABLE 1—Baich identification and fabrication details.

Batch Method and Amount of Final Stress Relief
Number Alloy Vendor  Final Cold Reduction Heat Treatment
1............ Zircaloy 2 Z 15 to 209 cold drawn None
2. Zircaloy2 Y ~15% cold drawn None
T Zircaloy 2 Z 609, tube reduced 2 h at 495 C
8. Zircaloy 2 X 629 tube reduced 2hat427C
¢ Zircaloy 2 X 709 tube reduced 25hat 454 C
11............ Zircaloy 2 V 109, cold drawne None
6. ........... Zircaloy 4 Z 60 to 709 tube reduced Done, but unknown
17.. ..., Zr-2.5Cb X 429, tube reduced None
18. ... ... ... Zr-2.5Cb Y 409, tube reduced None

@ 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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218 IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

The tubes from which the specimens were cut had outside diameters of
0.6014-0.0015 in., a wall thickness of 0.0175-0.0015 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 and 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 Zircaloy 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 23X10%
n/ecm? E>1 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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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 414 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: 2.7 X102
n/em?, E>1 MeV.

2. Batches 16, 17, and 18 in the as-received condition: 2.9 X10% n/cm?,
E>1 MeV.

3. Batches 1, 7, 11, and 16 in the « annealed and 8 heat-treated condi-
tion: 2.0X10? n/cm? 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™.

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—. 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 [9].

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 IT 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 (4) 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

o=the hoop stress,
P =the internal pressure,
di=the internal diameter, and
{min = the minimum wall thickness.

The total circumferential elongation of the unirradiated specimens was
measured after testing by wrapping a 0.00153-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 X7.5.

The circumferential strain rate during the uniform elongation portion of
the burst test deformation was approximately 0.03 min™'.

X-ray Diffraction and Line Broadening

The textures of the tubes were determined by X-ray diffraction and
plotted as inverse pole figures [10, 117]. 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.

[0}
o
I

o
(@]
[

H
?

o
o
I

n
7

TAPED CIRCUMFERENTIAL ELONGATION %

1 ]

0 1 | ]
(0] 10 20 30 40 50 60
DIAMETRAL CHANGE %

FIG. 2—7Total circumferential elongation measured by tape versus diameter increase
measured at right angles to burst fracture. Based on unirradiated specimens.
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TABLE 2—Azial tube tensile properties (values represent the average of two or three results).

IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

Postirradiation Properties

Preirradiation Properties

Batch
Number

Total
Elongation

Nominal

Yield
Strength,

ksi, 0.2%

Total
FElongation

Nominal
Ultimate

Yield
Strength,

ksi, 0.29,
Offset

Test
Temperature,

and
Conditions

in 3 in,,
%

Uniform
Elongation,
%

Ultimate
Tensile
Strength,

% Offset

in 3 in.,

Uniform
Elongation,
%

Tensile
Strength,

deg C

ksi

ksi

5.3
6.6

83.2 95.9 5.3 .5 102.6 107.7 2.3
4.9 13.3

76.3

20
20
20
20
20
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99.8 2.5

109.1

95.2
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TABLE 3—Ring tensile properties (values represent the average of two or four results).

IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

Postirradiation Properties

Unirradiated Properties

Batch
Number

Total
Elongation

Nominal

Yield

Strength,
ksi, 0.29,

Total
Elongation

Nominal

Yield

Strength,
ksi, 0.2%

Test
Temperature,

Uniform
Elongation,
%

Ultimate

Uniform
Elongation,
%

Ultimate

and
Condition

Tensile in 0.38 in.,
Offset Strength, %

in 0.38 in.,
%

Tensile
Strength,

Offset

deg C

ksi

ksi

113.5 118.5 3.6 8.1
106 .5

.3
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103.0 6.6
21.9

6.3
72.4
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NN AN
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228  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

Results

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 Zircaloy 2

BATCH | BATCH 2
120 L
100 L
80 = B A
" .
40 H ) c
20
0 Lt 1 1 1 1 | } { 1 L {
BATCH 7 BATCH 8
z I B
P A
E
S L[/
=
g [
' 1 L 1 1 1 1 1 1
F BATCH 11
8o |- o - _
A
6 - ¢ -
40 | L = c
20
0 ! ] { 1 | S { | L S S| SR SN S U
0O 2 4 6 8 IO 2 K4 16 B O 2 4 6 B8 IO 2 14 & 8

% NOMINAL STRAIN

A UNIRRADIATED, TESTED AT ROOM TEMPERATURE C  UNIRRADIATED, TESTED AT 300°C

B IRRADIATED, D IRRADIATED, " "

FIG. 3—Typical nominal stress versus nominal strain curves for -irradiated and unir-
radiated Zircaloy 2 in the azial tension test.
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FI1G. 4—Typical nominal stress versus crosshead displacement curves obtained for ir-
radiated and unirradiated Zircaloy 2 in the ring tension test.

batches are shown m 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 temperature is shown in Fig. 6. It is remarkably similar to the
appearance of the unirradiated specimens shown previously [3]. Batches
7 and 11 show considerable diameter reduction, while bateh 1 shows very
little and bateh 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 11, 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 a few of the
specimens but most developed splits.

1 7 8

£ g E

-

| g -

1

FIG. 6—Typical irradiated azial tension test specimens tested at 20C.
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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 4, AB, CB, C, and
D shown in Table 5.

A numerical measure of the texture was obtained by a method due to
Cheadle [13]. This involved calculating the fraction of grains that were
oriented for twinning in the circumferential (transverse) and radial direc-
tions. Ibrahim [74] has provided a sample calculation of this method. The
fraction of grains oriented for twinning, as well as 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 in the longitudinal
sections in Fig. 10. Batch 8 had a highly cold-worked structure after being
tube reduced 62 percent and stress relieved for 214 h at 427 C, while that

Batch Numbers

FIG. 7—Appearance of irradiated ring test specimens tested in the as-recetved condition.
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Batch 8 Batch 9 Batch 11
- -

it

FIG. 8—Typical appearance of irradivted as-received burst test specimens tested at (top)
20 C and (bottom) 800 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 Widmanstétten structure resulting from the beta heat treatment.

Discussion

The effect of irradiation on these specimens shows the normal response
of increasing the strength and decreasing the ductility (elongations) both
at room temperature and at 300 C. The vield 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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Batch 7

B
i
A-Annealed 800 C for 1 hr.

B-Induction heated 1050 C for 1 min.

FIG. 9—Typical appearance of heat-treated burst test specimens after irradiation, tested
at (top) 20 C and (bottom) 300 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 [ 167 which gives the irradi-
ation induced inerement of yield stress, oy, as

or=[(0—00)?= (0= 00)*]"
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TN =

Batch 8

Batch 16

50 microns

FIG. 10—Variation in grain structure of as-received specimens. Batches 8 and 11 are
Zircaloy 2, batch 16 is Zircaloy 4, and Batch 17 is Zr-2.5Cb alloy. Longitudinal section with
the tube axis horizontal.

where ¢; is the yield stress before irradiation, ¢ is the final yield stress, and
g 15 the temperature-independent component of ¢;. A value of 8000 psi
was assigned to o by Ells and Fidleris and the same value has been used
in this paper. Figure 12 plots the values of o, 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’ [15] curve for Zr-2.5Cb
material slow cooled from the (a+8) phase and Bement’s [17] 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
vield 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
Zircaloy 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 ¢; 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 oy 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, that 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

Batch 1 Batch 7 Batch 11

FIG. 11—Transverse section through fracture of burst test specimens: top, as received;
middle, alpha annealed; bottom, beta heat-treated.
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FIG. 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-
Heving 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 low 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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FIG. 13—Breadih of half mazximum height for X-ray reflections from the {1015} planes
compared with azial tensile strength.

yield strength [15], 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
duetility, 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
Zirealoy 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 177, 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 Elongation—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 [187], 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 I or the smaller the I/4/4
ratio [19], 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
1/A/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 [20]. 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

Copyright by ASTM Int'l (al 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.



242  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

T y T T T I 7 T ]
[ ]
20| -
L (a) .

2 [ o ROOM TEMPERATURE ]
5 ISL = B —_
l<—( |
s L o
I ]

10~ s 4 —
2' : 0\ TED o] — :
> - N\RRAD\A 0/ - © -
: I \ v // e 1
E 5 |- - a ~— —0 (o] .
[¢] ~ - . .
: [ o : i
=) {RRADIATED 1

0 1 N 1 L | 1 | A i | ' |

70 80 90 100 1no 120
AXIAL UTS, ksi
T T T " T T T 1

20~ c\\ (b
2 - \ 300 C

15 | o

o
[T T T
o]
—

T
"

T
°_-
Nl I IS SN RO I A SN O A A AT

UNIFORM AXIALELONGATION,

- a
5+ \ TED (o] ° m——
- \ UNIRRADIA o_ — o
B ~ —35 o °
° ® lRRAD|ATED a
o) | L 1 Gl | R
70 80 20 100 119} 120

AXIAL UTS , ksi

O @ As-received Zircaloy
O [ Alpha annealed Zirealoy
A A As-received Zr-2.5Cb
FIG. 14—Influence of cold work, as represented by the azial ultimate tensile sirength,
on elongation in azial tension test. Open symbols, unirradiated; closed symbols, irradiqted.
Copyright by ASTM Int'l (al 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 243

o T T T T T T T T T T T

35( (c) a
ROOM  TEMPERATURE

IN 3 INCHES, %
ol
o
I

n
w
T
-—
(o]
I

3 20 \i -
g
5 \ o o
z 15— '\ UNlRRéDIATED .
- —_— T —_——— . Q___
w [ ] [0} -
2| 10— L] ° [ ]
b4 [ 2 ]
< A
e IRRADIATED ® . ]
<
5 ob—t ot 1 | Ay L
= 70 80 20 100 1o 120
AXIAL UTS. , ksi
°\o4o|_ 1 T I T T T I T T ] -]
- a]
m35-— —“
& E'I (d)
= 300 C
z \
25|~ \ @ _
Z
9 T}
-
< 20 \ |
(L)
Z
315 ~
w
4 UNIRRADIATED
< 1o~ 8 o —
X T —%
] -
- (0] —
b 5 ® irRaDIATED * a
g
e o | t L 1 | l. J__“.I l —
70 80 90 100 10 120

AXIAL UTS. , ksi

© @ As-received Zircaloy
= [ Alpha annealed Zircaloy
A A As-received Zr-2.5Cb

FIG. 14 (Continued)

Copyright by ASTM Int'l (al 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.



244  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

1 T T T T ] T T T T
2
thzo— (a) -
L J
?: - ROOM TEMPERATURE =
S f ]
2 15[ i
— —
Sk R
w - N
Wt o 1
€ 'RRADIATED e
> 10— [ —
| ~T o
g C —— — o] ° =
< a —— —
e L —
[~ - [o] — . 7
§ 51— . ° -
r . 6CA o -
= — [ ) oy -
Zz -
=) " . IRRADIATED N . .
) S O Y S SRSl SEN |
70 80 90 100 10 {20
AXIAL UTS, ksi
| I A S R I N A
2
. 201 —
4 o ,
5 [ {b) ]
E L 300 C i
o L
& s ]
2 F ) ]
b 4
s b 8\ i
1 4 L a
Yol \ 1
2B N
= A .
- \ ~
= L UNIRRADIATED .
z s N o 7
e I —_—— Yy — 7 7 4
= b Y _
Z = [ ]
> :. IRRADIATED & o a ]
0 1 " i 1 1 4 L& 1. L L I
70 80 90 100 1o 120

AXIAL UTS,ksi

O @ As-received Zircaloy
© Ml Alpha annealed Zircaloy
A A As-received Zr-2.5Ch
FIG. 15—Injfluence of cold work, as represented by the axtal ultimate tensile sirength,

on the elongation in the transverse ring tension fest. Open symbols, unirradiated; closed
symbols, trradiated.

Copyright by ASTM Int'l (al 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 245

401 -

o (c)
30l ROOM TEMPERATURE

TN

/
o]
B

¢}
20 o ~ —
s ® ~ ~ T, _J

o

TOTAL TRANSVERSE ELONGATION IN 038 INCHES,%

| | 1
70 80 90 100 110 120
AXIAL UTS , ksi

L SO S S S
sl \ (d)

300 C
30F a \\E‘ —

20—

O I 1 1 J 1 1 i 1
70 80 90 100 110 120

AXIAL UTS, ksi

TOTAL TRANSVERSE ELONGATION IN 0.38 INCHES,%

© @ As-received Zircaloy
[ |l Alpha annealed Zircaloy
A A As-received Zr-2.5Cb

FIG. 15 (Continued)

Copyright by ASTM Int'l (al 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.



246  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

32 T T ! L T T
5"20_ {a) 4
E - ROOM TEMPERATURE -
(L] L =
: ) -
o 15 —
oOF J
< o 1
E - -
W L \ o] 7
E 10 \ —
= [ ElEl 1
SLoA ]
] 5L N UNIRRADIATE p .
= [ e~ _— 0 9 a o —_
g I e —

w - IRRADIATED a o -
% 0—__]+__t.T n -Tﬁ—’—w.—_‘-r:t:r__d

70 80 90 100 Ho 120
AXIAL UTS, ksi

* T T T T T T T T T
Z20 -
520r (b) ]
S T 300 C 1
g [ ]
S -
s N
4 F ]
-SRI -
L :
% IOL— a; __‘
2t .
=t | 1
2L\ -
g "L .
= \ UNIRRADIATED ]
z L A o . -
S = N\ g —— — —— —3— " ZRRADIATED
0 | o ' 154 i 1 L
70 80 90 100 1o 120

AXIAL UTS, ksi

© @ As-received Zircaloy
= M Alpha annealed Zircaloy
A A As-recetved Zr-2.5Cb
FIG. 16—Influence of cold work, as represented by the azial ultimate tensile strength,

on circumferential elongations in the closed end burst test. Open symbols, unirradiated;
closed symbols, irradiated.

Copyright by ASTM Int'l (al 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 247

3
=

(¢)
ROOM TEMPERATURE |

3
[
1

3
?
|

T

TOTAL CIRCUMFERENTIAL ELONGATION IN 1.9 INCHES, %
T

©- 4 (@)
50'_ \a @ 300C
o\

40—

IJILI

30—

TOTAL CIRCUMFERENTIAL ELONGATION IN |.9 INCHES,%
T

70 80 90 100 1] 120
AXIAL UTS, ksi
© @ As-received Zircaloy
2 [l Alpha annealed Zircaloy
A A As-received Zr-2.5Cb

FIG. 16 (Continued)

Copyright by ASTM Int'l (al 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.



248  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

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, as the local elongation component exhibited a
relatively constant decrease with irradiation. In general, the irradiated
specimen curves showing the total elongation as 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-
ferential elongation (TCE) with increasing cold work before irradiation,
the TCE values after irradiation at the high levels of cold work were very
low. At 300 C, five values with ultimate tensile strengths above 96 ksi
had average TCE values of 1 percent or below, and individual values as
low as 0.2 percent were obtained. Only two or three burst specimens were
tested at each condition, so a 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
TCE values very close to zero. The use of such tubes would clearly be un-
desirable for fuel cladding where any strain was possible after it had re-
ceived fluences of 2 to 3X10% n/em?, 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 {112z} (=1, 2, 3) planes, and
twinning under compression along the (0002) direction on the {1123}
planes [6]. Tensile yield strengths are lowest when the tension axis is
parallel to the {1010} planes in the (1120) direction [21]. Since the critical
resolved shear stress is a constant, the applied stress for slip to ocecur is
proportional to the orientation factor cos ¢ cos A, where ¢ is the angle
between the tension axis and the normal to the slip plane and A is the
angle between the tension axis and the slip direction of the slip plane.
Deformation by slip is favored when the tension axis 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 direction, 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 batch 8, which deformed
mainly by twinning. However, deformation in the burst test was by a
different mode: circumferential expansion occurred most easily by wall
thinning rather than specimen shortening because of the axial stress.
Batch 8 wall could thin easily by slip, whereas batch 7 could do so only by
compression twinning and hence exhibited a higher burst strength.

The effect of texture on strength in the absence of variations in the level
of cold work is evident in the results of the alpha annealed specimens.
Batch 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 causes the von Mises yield locus to
become more elliptical, requiring higher stress for yielding under biaxial
stress than under uniaxial stress. The higher stress required to yield and
fracture the closed end burst specimens is illustrated in Fig. 17, where the
ratio of the increased strength is plotted against a numerical measure of
the texture or anisotropy. The latter is represented by the ratio of the
fraction of grains which twin in the radial direction to the fraction which
twin in the tangential direction. This plot shows higher strength ratios
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250  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

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 the axial tube
tension test [3, 227, 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. Bateh 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 (bateh 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 Killstréom [237] has indicated that the TCE
may be increased by providing an internal mandrel to keep the specimen
straight during testing.

Steward and Cheadle [3] 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
{18, 247]. 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 [257], 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. 11. 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-2145Cb alloy by Bell and Dicks [307], and in
beta heat-treated Zircaloy 2 by Daniel [37]. 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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FIG. 18—Effect of grain size on yield strength in heat-treated Zircaloy 2 and 4.
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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, 287.

Factors A flecting 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 Zircaloy 2. There was little detectable
difference in the response to irradiation between the properties of Zircaloy
2 and Zircaloy 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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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 the fact that 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 mmduced
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 Zircaloys. 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 small, constant slope.

Irradiation produced a significant decrease in the uniform elongation,
especially in low-cold work material. The decrement in the 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 mnitial level of cold work, that
18, 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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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 treatment 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.
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DISCUSSION

A. L. Bement'~—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 mechaniecal 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? and Okvist
and Killstrom,® two different Widmanstitten 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 duectility
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, Richland, Wash. 99352.

2 Holt, R. A., Journal of Nuclear Materials, INUMA, Vol. 35, June 1970, p. 322.

3 Okvist, G. and Kallstrom, K., Journal of Nuclear Materials, INUMA, Vol. 35,
June 1970, p. 316.
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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?) 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 properties which make it an attractive structural
material for natural uranium fueled reactors. The effects of neutron irradia-

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.

Inside Wall Cold

Tube History diameter, thickness,  Work,
in. in. %
289. .. .Production Douglas Point Tube* 3.25 0.154 18
10. .. .NPD reactor tube 3.25 0.170 17
130... .NPD reactor tube 3.25 0.170 17
391. .. .Prototype Pickering 1, 2 tube 4.07 0.200 20
425. .. .NRU reactor loop tube 4.07 0.152 23

2 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 [Z, 2],2 although some irradiated pressure tubes
have been destructively examined [3, 4, 5].

Cold-worked Zircaloy 2 pressure tubes are in service in the Nuclear
Power Demonstration (NPD) (25 MWe)® and Douglas Point (200 MWe)
CANDU-PHW power reactors, and are installed in Pickering reactors 1
and 2 (500 MWe each). This paper assesses pressure tube performance
based on the destructive examination of two tubes removed from the NPD
reactor after 5 years’ service, and three tubes irradiated under power re-
actor conditions as part of test loops-in Chalk River’s NRU reactor.

Experimental

Material

The Zircaloy 2 pressure tubes were extruded and cold drawn nominally
18 percent, followed by autoclaving in steam for 72 h at 400 C to provide
a protective adherent oxide film. Table 1 summarizes pertinent 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-
dominantly 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 NPD tubes
had a similar texture [6], which is typical of extruded and cold-worked
Zircaloy 2 tubes [7].

2 Ttalic numbers in brackets refer to the list of references at the end of this paper.
s MWe, megawatts electrical.
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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-

TANGENTIAL AXIAL RADIAL

RADIAL
DIRECTION

TANGENTIAL

DIRECTION7

AXiAL
DIRECTION

denotes random orientatiol

35 |16 |16 | 1.9 [-==| -=-= [|A texture coefficient of 1 ]
n,

FIG. 1—Inverse pole figures and texture coefficients of the idealized orientations for
Zircaloy 2 tube 289.
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LANGFORD ON ZIRCALOY 2 REACTOR PRESSURE TUBES 263

gies greater than 1 MeV, and were computed from burnup of fuel that 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 its length.
At each position, diameters were measured at 30-deg intervals around the
tube’s circumference. Tube 289 was of particular interest because its inside
diameter had been measured at intervals in pile to study 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 may be used. Some flat 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 from low-flux areas. For future reference these specimen
types are labelled F (flat), R (ring), and C (cylindrical); the specimen
dimensions are shown in Appendix II.

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 material the ultimate hoop
strength of such a tube, pressurized to failure, is about 15 percent greater
than that measured in transverse uniaxial tension tests owing to deforma-
tion restraints imposed by the stress system [70]. 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 1l-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
attached 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—OQutside diameters of tube 289 before and after irradiation.

Measurement Original Final Diameter
Position® Diameter, in. Diameter, in. Increase, in.
466.5. ... ... o 3.5764 3.5788 0.0024
465. . ... 3.5766 3.5797 0.0031
463.5. ... 3.5767 3.5825 0.0058
461, . ... 3.5772 3.5839 0.0067
460. . ... . 3.5783 3.5839 0.0056
457 .5. e e 3.5760 3.5792 0.0032
456.5. ... 3.5757 3.5782 0.0025
455.5. . . 3.5754 3.5765 0.0011

@ Elevations in NRU reactor are given in feet above sea level.
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264  |RRADIATION 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 that 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 712.

Metallography and Anaelysis—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.

Uniazial 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

CURVE — IN-PILE MEASUREMENTS

POINTS — POST-TRRADIATION
MEASUREMENTS

466
465
ie4
463
462
461

FLUX

0 |- .
459 |-
us8 |-
57 |~

NRU REACTOR ELEVATION, FEET ABOVE SEA LEVEL

L 1 [

20

0 0.0 0.2 02 46 81012 x10
STRAIN PERCENT INTEGRATED NEUTRON

EXPOSURE n/cm2 > 1 MeV

FIG. 2—Diameter profiles of irradiated Zircaloy 2 tube 289.
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LB

TUBE 289 ]
TUBES 10, 130

20C

ULTIMATE TENSILE STRESS, THOUSAND psi

50 x
40 . ]
OUT OF FLUX
' 1 JE [ N T N O T
1
UNIRRADIATED 1020 102

NEUTRON EXPOSURE, n/en (5 1 MeV)

FIG. 3—Ultimate tensile stress versus neutron exposure for cold-worked Zircaloy 2
(transverse).

300 C. Tables 4 and 5 present the test results, and in Fig. 3 ultimate tensile
strength (UTS) is plotted as a function of fast neutron dose.

Biaxial Burst Tests—Two 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. 4; 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 (Slit Burst) Tests—Slit 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.

Ozxide Thickness—Oxide 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 um. Patches up to 6 um 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 um, with patches up to
24 pm 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

| L4 r in

FIG. 4—Defect in tube 289 at an elevation of 464 ft 8 in.: left, viewed from inside the
tube through a borescope and, right, epoxy replica. White scale mark is parallel with longi-
tudinal azis of tube.

Hydrogen/Deuterium Analyses—Specimens 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.

Discussion

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—Braxial burst test results on Zircaloy 2 pressure tubes at 300 C.

Neutron Dose, 0.2%, Yield Burst Wall Circum-
n/cm?, Stress, Stress, Reduction, ferential
Tube E >1MeV psi psi % Increase,
%
130, ........... 9.0X102 79 000 80 000 12.5¢ 8
Archive NPD
tube.......... 0 56 000 61 000 30 20
289. ... .. 1.0X10% 77 000 77 000 17 7
2805, .. ......... 3.6X102 75 000° 77 000 20¢ 10
Archive Douglas
Point tube. . .. 0 60 000 63 000 28 30

¢ Or higher. Fracture surface damaged during test.
b Containing 0.016-in.-deep defect at midpoint.
¢ Based on minimum wall thickness at defect.

TABLE 7—Results of slit burst tests: Zircaloy 2 pressure tubes.

Neutron Dose, Specimen Test Slhit Failure
n/em?, Length, Temperature, Length, Stress,
Tube E >1MeV in. deg C in. psi
10......... 1.2x10% 18 300 3 17 600
1.2Xx10% 18 20 2 28 600
8.0X 1020 18 20 4 16 300
130......... 1.2X10%n 11 20 3 17 200
1.0X10% 11 300 2.5 24 000
8.0X102° 11 20 2.5 21 300
8.0 1020 11 300 2 34 200
Archive NPD
tubes...... 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
289......... 7.0X102° 18 300 3.5 16 000
2.0X10% 18 300 3 16 800
Out of flux 18 300 3 15 000
391......... 2.6X102° 11 300 1.5 44 000
2.6X10% 11 300 3 21 900
2.6X102° 11 300 1.5 38 600
2.6X10% 11 300 3 18 000
Out of flux 11 300 1.5 39 200
Out of flux 11 300 3 16 200
425......... 1.6X102%° 11 300 2.25 25 250

¢ Or higher. Seal failed causing slow leakage. Slight crack extension observed.

Copyright by ASTM Int'l (al 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.



271

‘0€T 0% INOJ 98%[ PuUB ‘G 07 OAY }X0U ‘G8Z 9QN) 0} I9JOI SMOI 1YS® ISII[——TLON

LANGFORD ON ZIRCALOY 2 REACTOR PRESSURE TUBES

*S}[NSOI 9A[OM] JO 9FBIAB 918 SOSATBUR JOYJO [[8 :SJNSOI 93IY) JO OFBIOAY o ki
5
oIl c E ot 9 WOIXEE e 391300 JuE[000) 3
1z I GOT X0 L m
o1 €% 11 wWIXZ'1 B
1€ ces . 1 6 GOIXGG et “qe[u1 quE[00Q) g
T
26 e e 6 ¥ c«OﬂXm.m .......... G@ﬂ.«.—‘—o wﬁdﬂooo m
8 v 00T X0'L Z
A I'g 61 Ve 01 W0IXET m
4 9 0z0T X 0L 2
082 A cee 6 G GOIXGG e Je[UI JuB[0OQ) m
ez 0 e 9 >Eo 1y ..IO_H
o =
LT ST g z b411 88 () T MR jepNo quep0)  § m
9'¢ 62 L v 0T XET 5 2
6°9 7€ g g 001 X0'9 9 3
8¢ £¢ (0} g wWIXTT at W
89 9€ vI L 20T X 0L No©
L1 €8 (4 ¥ 0201 XS’ g 3
’ (4 ¥ g (4 xmgjyomg T o[UL JUB[00]) S m
o2
g 5
WNUIXBIA uBaN PG
wdd UOT)BIAS(T wdd AN 1< Fun/u aqny, m 3
‘uorBIjULIuO)) 5 pispuelg ‘uoryBIjULIUO)) I wr ‘SSeUS[ITY,Y, OPIX() ‘980T uoaIna N m, 35
= &

8
*saqny aunssoud g fopony :seshippup winiismap puv usboiphy ! (Funjo0d 4o30m pazrinssaid) 29DINs 2qng aPISUL U0 SSHUYIYY IPIEO—S A'TAV.L = ym
S§ 2
BEZ
5D
532
585
S so
83



272  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

o - \\. 200 ]
_ '\\\\é |

0 r .\ ¢ m

\\
*
.o

® TRRADIATED TUBES 10, 130
© UNIRRADIATFD NPO TUBES
1o —— ] IRRADIATED TUBE 289
TRRADIATED TUBE 391
50 - A"QUT-OF-FLUX" TUBE 391
¥ IRRADIATED TUBE 425

FAILURE STRESS, THOUSAND psi

W b 4
I 300C 1
30 T
L b
20 - .
10 ' I | | 1 1 L1 1

1 2 3 4 5 6 7 8910
SLIT LENGTH, IN

FIG. 5—Failure stress versus slit length for cold-worked Zircaloy 2 pressure tubes.

TABLE 9—Comparison of transverse UTS values of Zircaloy 2 pressure tube material,

Neutron Dose, Test Temperature, UTS,

Tube n/em?, E >1 MeV deg C psi
130, ...l 0 20 87 000
289. ... 0 20 95 800
363. ...l 0 20 ' 94 000
130. . ... L. 0 300 47 500
280. ... 0 300 54 800
363. . ... ... 0 300 50 400
130, ... ...l 5.5X10% 20 107 400
289%. ...l 3.0 20 105 200
363%...... 2.3 20 115 700
1302, ... L. 5.5 300 64 700
289e, . ...l 3.0 300 59 200
363%. ... 2.3 300 64 700
130%.. ..ot 1.2x10% 20 104 500
1.2 300 69 500
289 ...l 1.0 20 © 110 000
' 1.0 300 65 000

e Irradiated as a pressure tube.
b Irradiated as tension specimens [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 (£ >1 MeV),
temperature, and hoop stress according to the equation

é:=4 X106 (T — 160}/
where

¢, =transverse strain rate, h=,
o= 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 [74]. 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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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 mm).
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 mm) 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 {73],
probably because the back end of the extrusion billet is cooler at the mo-
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.

Copyright by ASTM Int'l (al 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.



276  IRRADIATION EFFECTS ON STRUCTURAL ALLOYS

Effect of Operating Stress—Tube 289 extended above and below the zone
of neutron flux in the NRU 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) that 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 may indicate that stress enhanced recovery of cold
work has taken place. Such recovery has been reported for aluminum and
iron [18], where the effect of stress is to accelerate dislocation climb, an
essential part of the recovery process.

Transverse tension test data 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 [72]. 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 that 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 proportionately less than longitudinal
strength during neutron irradiation. Table 5 shows this to be true. How-
ever, the longitudinal pressure tube specimens show proportionately much
larger strength increases than the longitudinal specimens irradiated un-
stressed (Table 10), which indicates that stress per se does not reduce the
extent of irradiation strengthening and, therefore, that directional proper-
ties of the tube material may be involved.

TABLE 10—Comparison of longitudinal strengths of Zircaloy 2 pressure tube materials.

Test 0.29, YS, kpsti UTS, kpsi
Temperature,

deg C Tube 130 363¢ 130 363
20, ........... 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
280 and 300°. . .. 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

9% Increase 82 33 63 21

% From Ref 12 (irradiated unstressed).
b Tube 130 specimens tested at 280 C, tube 363 specimens at 300 C.

Copyright by ASTM Int'l (al 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 277

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 {1012} 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 [75]. 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.

Ozxidation

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 [79]. 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? day or less, and a
weight gain of about 9 mg/dm? (equivalent to 0.7 um oxide thickness)
would be expected in 458 EFPD, in the absence of neutron irradiation.
The original autoclaved film was about 1 um thick, so the maximum thick-
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ness increase in tube 289 is 13 um, equivalent to a weight gain of 180
mg/dm?, 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 [77], but the maximum
oxide thickness was only 4 um after irradiation to 6.5X10%° n/cm? 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 um in tube 289 extrapolates to 115 um 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 um) oxide patches on
tube 289 predicts a maximum oxide thickness of 250 pm 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 onsct of a
uniform corrosion rate [21]. 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 ZrH, 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 kineties at about 35 mg/dm? (2.5
pm 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 D, in 1240 EFPD, which
extrapolates to 218 ppm D, in 30 FPY. With the initial tube hydrogen
concentration of 19 ppm H,, this is an effective hydrogen concentration
of 128 ppm. Tube 289 picked up a maximum of 13 ppm H, in 458 EFPD,
which predicts a maximum total concentration of 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 H, 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 X102° n/cm?
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.

Conclusions

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 eleciron micrographs showing dislocation loops in irradiated
Zircaloy 2 pressure tube 289: left, 2X10% n/cm?; right, 1 X 10% n/cm?.
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dence from transmission electron microscopy suggest that the primary
irradiation hardening mechanism is impedance of {1010} (1210) slip by
discrete dislocation loops.

5. Neutron irradiation enhances oxidation in LiOH dosed coolant at
280 C. Oxidation rate and hydrogen/deuterium pickup are acceptably low.

These examinations indicate that the strength, ductility, crack tolerance,
and corrosion rate of Zircaloy 2 pressure tubes under normal reactor con-
ditions are consistent with requirements for a tube life of 30 years, leaving
creep as the factor determining tube life.
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APPENDIX |

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
Al.. ... <30 28 31 <21 26
B........... <0.2 0.5 <0.2 <0.2 <0.2
Cooviiiiii <106 130 150 127 141
Cd.......... <0.2 <0.5 <0.5 <0.2 <0.2
Co.ovnnnn <10 <20 <20 <10 <10
Cr.o......... 1000 935 1088 1000 1100
Cu.oooolu <20 <20 21 <20 <20
Fe.......... 1230 1230 1355 1200 1200
Hi. ... ... .. <100 83 83 <100 <100
Mg......... <10 <20 <20 <10 <10
Mn......... <20 <20 <20 <20 <20
Mo......... <20 <20 <20 <20 <20
Nooooooii 48 39 43 45 41
Ni.......... 600 462 525 500 500
Po.......... <25 <20 <20 <20 <20
Sioooooal 72 51 35 78 74
Sn (%)...... 1.51 1.41 1.43 1.46 1.49
Ti.......... <24 <20 <20 <20 <20
Voo <20 <20 <20 <20 <20
W.o.o.o.oo <50 <20 <20 <50 <50
(0770 1330 e @ 1265 1090-1390
Heooooo 16 @ @ 14 6-14

Nore—Figures are parts per million (ppm) by weight.
@ Not reported.

Copyright by ASTM Int'l (al 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

APPENDIX I
470 - -
S
S
468 —— -
TUBE 391 TUBE 425
| KEY: S, SLIT BURST
1 4eB -
s AN
— \
<t = \ -
&4 AN
w N
W -
1= - \ _ ~— -
g uet \ N
— \ \
] = ! - '
o i \
= - \ \
2 = | _ \
= 462 S \ \
= | - l
u l 1
o — | —
3 S i i |
g R ! |
= 460 (g [ — !
=4 Il ] I
2 / !
= - ! — 1
. ] 1
!
458~ $ ) | /I
- I/—/ !
1
— / _ /
/ !
/ /
’ /
| AR T [ A T T
1 2 3 x10% 12 3 x10%

NEUTRON EXPOSURE n/cm? (> 1 MeV)

281

FIG. 7—Test specimen locations of cold-worked Zircaloy 2 pressure tubes 391 and 425.
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DISCUSSION

A. L. Bement'—Have you observed a significant effect of notch acuity
in your measurements of burst stress versus notch size for your wor