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Abstract

The Hertzian contact fatigue of two AD3/Al,O3-ZrO, laminated composites with different layer thickness and, consequently, different
residual stress at the surface, was studied both under cyclic loading and under static loading (stress corrosion cracking). The apparition of a
superficial ring crack, considered as the first stage of damage, was recorded as a function of time or number of cycles. A monolithic alumina
processed in a similar way than the composites and with comparable microstructure was also tested for comparison purposes. Results show
that the laminated composites present better resistance to contact fatigue than monolithic alumina. Comparison between static and cyclic
loading data reveals that the alumina suffers from fatigue, and not only from stress corrosion cracking under cyclic loading. This fatigue is
attributed to grain bridging degradation of alumina. A simple relationship between indentation load and time for apparition of ring crack,
based on the Paris law, is derived, yielding values of the exponents similar to values previously reported in the literature.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction is normally well bonded, and the increase in fracture tough-
ness and fracture energy is achieved through the existence
Ceramic composites based in layered architectures haveof residual stresses and the crack deflection caused by the
proven to be excellent structural ceramics due to their in- elastic mismatch between the different matertdl&mong
crease in fracture energy, apparent fracture toughness, facthe ceramic laminated composites that can be produced, one
ulty to arrest cracks and, consequently, reliabftity.This of the most preferred material combinations is alumina and
increase in mechanical properties can be achieved throughezirconia. Usually, at least one of the layers of the compos-
different strategies such as weak interfatesntainment of ite is made of an alumina-zirconia composite, in order to
martensitic transformatiohexistence of porous layérer tailor the coefficient of thermal expansion (CTE) and, conse-
introduction of compressive stresseéThis latter approach  quently, the residual stresses. In this way, the channel crack-
is one of the most usual ones, and it is normally achieved by ing produced during sintering can be avoided. The reason for
stacking alternating layers of materials with differentthermal choosing alumina and zirconia as the constituent materials
expansion coefficients that will translate in residual stressesof ceramic laminates is generally because of the excellent
during cooling in the sintering stage. In some cases, residualbonding between the layers in the absence of excessive dif-
stresses can also be introduced by other means such as phagesion between components, their good thermo-mechanical
transformatior?. In this case, the interface between the layers properties and their relatively ease of processing.
There have been several studies about fracture behaviour
"+ Corresponding author. Tel.: +34 934054454; fax: +34 934016706, ©! (N€Se materials, specially about fracture toughness mea-
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these studies have shown that these multilayer ceramic com-2. Experimental

posites present better fracture properties than their mono-

lithic counterparts and that, in some cases, they mitigate the2.1. Material processing

brittleness of the ceramics by presenting a “graceful failure”

behaviour. Among these improvements of toughness, one of  To obtain the ceramic sheets suitable for the preparation
the most interesting results is the one obtained by Rao¥®tal., of laminated composites, two powders were used:

where they Qemonstrated thqt certam laminates that present high purity (99.7%) alumina (Alcoa A16-SG, Alcoa Alu-
a, usually thin, layer under high residual stress, can show a

threshold strength: that is, the strength of the material be- minum Co., New York, USA) with an average particle size

comes insensitive to the length of the initial crack. The value ?eft(r);grr?a{l zirconia polycrystals (TZ3Y-S, Tosho Cor
of this threshold strength can be increased by inducing crack 9 polycry ' P

S 0 0
bifurcation when the crack enters the compressive I&yer. Japan) containing 94.7% of Zﬁ@‘f‘d 3mol% of %03 .
Despite of the considerable effort done in characteriz- (usually referred to as 3Y-TZP) with an average particle

ing the mechanical properties of these laminated composites, size of 0.3um.
most of the studies deal with crack propagation through lay-  The different powders were mixed with organic binders,
ers, usually in bending tests, there is still not much researchdispersant, plasticizers and solvents to obtain suitable slips
done about the behaviour of these materials under repeti-for tape casting. After mixing with organic components, the
tive and/or sliding surface loads, which in some cases may slurry containing the ceramic powders was tape casted onto a
be closer to real-life applications. This is particularly true mylar sheet moved at a constant speed of 200 mm/min. Detail
in cases such as biomedical implants or bearings, where ceon this technique can be found elsewéte.
ramics are used because of their biocompatibility and good  Sheets of pure alumina (hereinafter designated “A") as
tribological behaviour. In previous studi€ssome ofthe au-  well as of the composite alumina-zirconia (hereinafter des-
thors have already shown that ceramic laminates gOAll ignated “AZ”) in the volume ratio 60/40 were prepared. The
and AbO3-ZrO, do present improved wear resistance and thicknesses of the green tapes were selected in order to obtain,
reduced friction coefficient when compared to pure alumina, after sintering, layers of about 2@0n (A) and 25Q.m (AZ).
due to the residual stresses introduced during processing. Thé\fter drying, laminae of 50 mnx 34 mm were cut from the
aim of this work is then to investigate the contact fatigue different ceramic sheets. Hybrid laminates were prepared by
response of symmetrical laminated ceramics ofGQ4l and stacking and warm pressing the green sheets aC7& a
Al,03-ZrO, with compressive residual stresses at the sur- pressure of 30 MPa for 30 min. Different samples were ob-
face. For that purpose, cyclic and static Hertzian indentation tained by alternately superimposing one layer of alumina and
tests have been carried out, and the response of the lami-one layer of alumina-zirconia (this structure is hereinafter
nates have been compared to the response of a stress-fregesignated A/AZ) or one layer of alumina and two layer of
alumina. alumina-zirconia (hereinafter designated A/2AZ). The struc-
Hertzian indentation presents the advantage over sharptures were designed in order to have always an alumina layer
indentations in the fact that damage in the material can bein both the outer surfaces. Debonding was carried out with
produced in most of the cases without appreciable plastic a very slow heating rate up to 60G, followed by sintering
deformation, which simplifies the analysis because fracture at 1550°C for 1 h. We thus obtained dense samples (97% of
can occur within an elastic field. Moreover, Hertzian indenta- theoretical density) with a thickness of about 3.0 mm, con-
tions resemble more closely the real contact that the materialtaining layers with a thickness ratio of about 1/1.3 (A/AZ) and
is expected to suffer in service. In recent years, there havel/2.6 (A/2AZ). In the hybrid samples, due to lower thermal
been several studies on Hertzian contact fatigue on ceramicsexpansion coefficient and shrinkage during sintering, the ex-
where the degradation of the material under cyclic loading ternal alumina layers undergo residual compressive stresses.
have been evaluated by measuring the damaged strength of\s reference material (i.e. nominally stress free), pure mono-
the materialk®18The damage produced in the ceramic mate- lithic alumina (MA) was prepared by cold isostatic pressing
rials was either cone cracking or quasi-plasticity, depending and sintering at 1550C for 1 h.
on the material type and the size of the microstructure. In this
work, we present the Hertzian fatigue of a ceramic laminate, 2.2. Mechanical tests
and the degradation of the material is measured by observing
the apparition of superficial ring crack, without any strength  Once the laminated plates were produced, they were cut
measurement® The reason for that is twofold: first, in this  into prismatic bars of about 4 mm3 mmx 20 mm with a
way, a larger amount of measurements can be done with arel-diamond saw. The top layer of alumina (which was in com-
atively small amount of material; and, second, the behaviour pression) was polished with diamond suspension uptm3
of the different laminated composites can be compared di- with a low applied force in order to avoid excessive loss of
rectly, which could be more cumbersome if the strength was material (3Qum at most), and to produce a similar surface
evaluated, because of the different behaviour under non-localflaw size distribution for all the samples. Several samples
load of the laminated materials. were polished in the cross section area and thermally etched



E. Jiménez-Pige’et al. / Journal of the European Ceramic Society 25 (2005) 3393—-3401 3395

ersindentation of 10 kg and assuming that the crack produced
was penny-shape. The fracture toughness of the AZ layers
was not measured because their thickness was too small for
producing suitable crack lengths without reaching the inter-
face. Also, the fracture toughness of the A/2AZ composite
was not measured because Vickers indentations produced ex-
cessive chipping in the material due to the higher compressive
residual stress.

Acknowledging that the values obtained in this way have
to be considered as approximate due to the limitations of
the method, the fracture toughneks:j was then evaluated

through?!
P
4 = ®
5 um : ' ‘ whereP is the loadc the crack length ang equals 0.08 for

this material. Substituting the values of the measured crack
Fig. 1. SEM pictures of the interface between alumina and alumina-zirconia |engths, the fracture toughness obtained for both materials
layers of an A/AZ laminated composites. It can be observed that the interface were
is well bonded, and that the alumina grains in the alumina-zirconia composite
have a smaller grain size, due to the constraintment of the zirconia grains. KQ — 3.5+ 0.8 MPant/?
Ki/* = 6.0+ 0.8 MPant/2

Ic

)

(1500°C, 30 min) for observing the microstructure of the ma-
terial nearby the interfacig. 1shows the SEM picture of | € value of the A/AZ has to be taken as an apparent value,

the interface between two layers of alumina and alumina- as there the intrinsic toughness is influenced by the residual

zirconia, where it can be observed that the interface is well St€SSes. Those can be calculated by evaluating the contribu-

intringi A
bonded. MA samples were prepared in the same way, andt'or!S of the intrinsic toughness((ﬂ, equal tokic) and the
residual stresses {9 as:

their microstructure was also observed by SEM. The grain

size of the alumina layers of the laminates and the mono- P

lithic alumina was measured to be #®.7um for the alu- K=y <3/2> + Yoresy/c1 3)
mina layers of the ceramic laminates and-.0.8 um for the i)

MA using the average feret method. The fact that the grain from where:

sizes are similar, together with the fact that both the laminates
and the MA materials were produced in a similar way, sug- Yores/c1 = K
gest that the materials are similar at the microstructural level,
and that any difference in the mechanical behaviour can bewherecs is the crack length in the stressed material (A/AZ),
attributed to the differences in residual stresses produced byco is the crack length in the non-stressed material (MA) and
the laminated architecture. Y=1.29 is the geometrical factor. The residual stress was
Vickers hardness measurements were carried with differ- then found to be 183 MPa. By geometrical considerations,
entloads (200 g, 300 g, 500 g, 1 kg). For this load range, hard-the residual stress at the A/2AZ material can be estimated
ness proved independent of load, and therefore no size-effecto be 220 MPa. Again, it has to be pointed out that these re-
was found, as expected. In the A/AZ laminate, measurementssults are only approximated, because of the limitations of the
of hardness were performed at the top Surface’ perpendicu|a|above-described methOdS, and that better measurements of
to the interface. To measure the hardness in the AZ layer, thethe residual stresses can be obtained by other techniques, spe-
top A layer was carefully removed by grinding and polish- cially spectroscopic techniques (micro-Raman, XRD, etc.).
ing on both sides of the sample in order to avoid unbalanced Despite the limitations, the results obtained here are very
stresses. The mean hardness values of the alumina-zirconigimilar to previous results described elsewhére.
WasHOZ = 15.1 + 0.7 GPa and the hardness of the alumina Hertzian contactloads were applled on the laminated com-
was found to be#/} = 16.9 + 0.5 GPa. Inthe monolithicalu-  Posites andinthe reference MA material. This was carried out
mina the hardness wa&} = 16.7 + 0.9 GPa. It can be seen ~ at the top layer with a WC-Co spherical indenter of 2.5 mm.
that both the MA and the alumina layer presents comparableAs expected, due to the relative small grain size of the alu-
values of hardness. mina, the main mechanism for damage showed to be cone
Fracture toughness of both MA and A/AZ (measured in Cracking, and, for that particular indenter size, the critical
the top alumina layer, so the interface was located below theload for cone cracking wag = 607+ 50N N for the alu-
indentation, and perpendicular to the indentation load) was mina andPéVAZ = 6754+ 50N for the A/AZ (top alumina
evaluated by measuring the crack lengths produced by a Vick-layer).

A/AZ
S 4)

Ic
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In evaluating the fatigue behaviour of ceramics, that is, 80 y———r——r———r———"
their degradation under repetitive loads below a critical load, 790+ A APAZ
it is important to evaluate also their resistance to static loads 00 3 o AIAZ 3
of the same magnitude that the applied cyclic load. This is E o MA
due to the fact that ceramic materials are especially prone to E
stress corrosion cracking enhanced by water vapour, which_, 400 3
acts in the existing crack tips when the maximum stressinten-2.
sity factor is applied and the crack is completely open. In fact, § 300 -
in some cases, the apparent degradation of a ceramic materic™ ]
under cyclic loading can be solely attributed to stress corro- ]
sion cracking, discarding, thus, any influence in the degra- 200
dation of the cyclic loading? although this is not the case ]
for alumina. It is important, therefore, to differentiate both —
mechanisms and compare the degradation under cyclic anc 10 100 1000 10000 100000 1000000
static loading. Number of cycles

Hence, in orderto evaluate the existence of stress corrosion
cracking, indentation tests under constant load for different Fig. 3.' Applied indentation load againstnumber of cycles ofthe cyplig load-
holding times were performed. In these tests, the material, 9 faugue tests for MA, A/AZ and A/2AZ materials. Empty points indicate

. . . B no apparentdamage on the surface of the sample, while closed points indicate
either alumina, A/AZ or AI2AZ was indented with @ WC-CO e existence of a well-developed ring crack.
sphere of 2.5 mm of diameter with an applied load lower than
the critical load. The apparition or not of damage was anno-
tated for a set of different times, delimitating a range of times uated by a limited amount of samples (typically 10). In some
where the initiation of damage was highly probable for that cases, some patrtial ring cracks were observed when times in
given load. It was considered that damage appeared after obbetween ranges were evaluated, which can be attributed to
servation of a well-developed ring créék?°in the surface of  the fact that the crack has grow enough to become visible,
the sample. The tests were performed in an electromechanicabut not to a full extent yet.
universal test machine (Instron 8562) with a 5kN load cell. Cyclic contact tests were performed in a similar way than
In Fig. 2 the results for A/IAZ, A/2AZ laminated compos- the static contact tests: samples were indented with a WC-Co
ites and MA are presented. In this plot, the open points meansphere of 2.5 mm in diameter in a universal servohidraulic
that no appreciable damage was found at that time, while thetest machine (Instron 8500). Care was taken to properly hold
filled symbol means that a fully developed ring crack was the specimen in order to avoid small displacements and, con-
found at that given time and load. Because of the statistical sequently, fretting fatigue. The WC-Co sphere was period-
distribution of initial defects in ceramics, which translates in ically inspected for damage, and rotated or replaced when
a scatter in strength, the ranges reported do not have to besome damage or deformation was observed in the sphere.
considered as exact ranges, but only approximated and evalThe applied load was sinusoidal with a frequency of 10 Hz, a

constant minimum load of 50 N, and a given maximum load

80 (R=0omin/omax=0.25-0.07).

] In Fig. 3, the occurrence of ring crack is presented as
a function of applied maximum load and number of cy-
cles, for both the alumina and the ceramic laminates. The
] same procedure for damage evaluation under static load-
] ing was applied: a series of tests at the same load but with
different number of cycles were performed and the surface
was examined for the appearance of a well-developed ring
crack.
| Additional cyclic tests with the same frequency and inden-

] o 1 ter size and material were performed in the A/AZ material
400 ] ] with constant amplitude of loadingyP =200 N, and vary-
] ] ing the maximum load from 400 to 600 R€ 0.125-0.083),
. following the same procedure for damage evaluation as
1 10 100 1000 10000 100000 described above, together with tests with a fixed maxi-
Time [s] mum load of P=500N, and varying amplitude loading
] o o ) ~ from 50 to 300N. The results of both tests are presented
Fig. 2. Applied |ndenter_|0ad against t!me ‘for_a stress corrosion cracking in Fig. 4 where plot inFig. 4a is the constant ampli-
tests for the three materials. Empty points indicate no apparent damage on . . .
the surface of the sample, while closed points indicate the existence of atUde test and pIOt irig. 4b is the constant maximum load
well-developed ring crack. test.

500

700 3

600 3

Load [N]

500
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800 T T T 600
700 4 E 400
6004 o> AP=200 N 3

o & AAZ 200

5004

Pmax [N]

4004

300 T T T T T T
100 1000 10000 100000 100 1000 10000 100000

(a) Number of cycles (b) Number of cycles

Fig. 4. Cyclic loading tests of A/AZ laminate composite with: (a) difference between maximum and minimum load constant, with maximum applied load
against number of cycles; (b) constant maximum load, wikhagainst applied number of cycles.

3. Discussion whereN is the number of cycled,is the frequency of the
test (10Hz in our case) an@. is a translation constant
After assessment of the results presentdeigs. 2 and 3 that takes into account the effective time when the stress
it can be seen that the laminated composites present a betteintensity factor is above the threshold value for stress cor-
resistance to damage than pure alumina, both under constantosion cracking. InFig. 5, the value ofG. has been taken
and cyclic loading. Moreover, it can be seen that, in both equal to 0.2 corresponding to a subcritical crack growth
cases, A/2AZ presents better results than A/AZ. This can be exponent of 30.
correlated to the existence of compressive residual stresses at If the same degradation mechanism was operating under
the surface in the laminated materials, being the A/2AZ ma- cyclic and static loading, the experimental results of both
terial the one with the highest magnitude of residual stresses.cyclic and static loading will be equal after conversion of
Additionally, it is seen that the relationship between load and number of cycles into effective time. In this case, no fatigue
time or number of cycles may be adjusted by a power—law re- effect will appear during cyclic loading. However, this is not
lationship. The slope of the log-log representation of the data the case, as cyclic loading produces damage much earlier than
remains comparable for all three materials, and the data isstatic loading. Moreover, it has to be noted that degradation
only displaced upwards with increasing residual stress at theunder cyclic loading is higher than under static loading even
surface of the material. There is however a slight disagree-if the effective time was defined as the total time of the test,
ment with the A/2AZ material, which can be attributed to the N/f (G¢=1), assuming the limit case where stress corrosion
experimental scatter produced at high loads and low times.cracking is acting all the time despite that the crack opening
The fact that the slopes are comparable, suggests that thés always smaller.
micromechanisms of damage in all the materials are equiv-
alent, and that the compressive residual stress decreases the 200
apparent stress intensity factor. This equivalent behaviour is
consequent with the fact that all materials have a comparable 7% o
microstructure and therefore, the chemical and microstruc- gy 3
tural mechanisms that provoke damage can be considered a
similar for the laminates and the MA. 500 3
Inthe case of static loading the mechanisms of degradation_ ]
can be attributed to stress corrosion cracking: when the Ioad% 400
is applied, the natural flaws are opened and water vapour pen§ ]
etrates to the crack tip, where it reacts with the glass particles
of the alumina thus diminishing the strength of the material
and enlarging the cracl.

T T — T LB B L) e B R T

o e static load
= cyclic load

300 4

Itis also seen that all three materials under cyclic loading -
presentdamage much earlier than under static loading. This is ol
better seeniffig. 5, where the behaviour under both static and 1 1o 100 1000 10000 100000
cyclic loading of the A/AZ composite is presented, and where Equivalent time [s]
the number of cycles of cyclic loading have been converted
into equivalent timetts), defined as: Fig. 5. Comparison between the damage evolution of the static loading and

the cyclic loading, represented as applied load against equivalenttime, for the
A/AZ laminated composite. It is seen how the material suffers a much faster
teff = Gc— (5) damage under cyclic loading than under static loading. The same behaviour
f is observed with the other materials.
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Fig. 6. Optical pictures of typical ring cracks of A/AZ material produced under: (a) static loading and (b) cyclic loading. Ring crack in panei fieyfscity
circular and regions of grain bridging are seen.

It then appears to be a real fatigue effect consequence ofit is appreciated that the crack runs smoothly, while in Fig.
the cyclicloading and the degradation observed is not just due6b and Fig. 7b it is appreciated that the crack runs tortuously,
to the stress corrosion cracking, in accordance with previouswhich indicates that the bridging in that region of the crack
studies in alumin&®-31 Moreover, the crack growth rate in have degraded through grain slidfignd rotatiors?
our systems may be larger than the growth rate measured In Hertzian indentation, it is assumed that the ring crack
in larger specimen configurations because the fatigue effectgrows atadistance from the contact radius starting from a flaw
can be enhanced by a short crack effect. This short crackat the surface of the material. This ring crack is assumed to be
effect is due to the fact that the crack is shorter than the frac- semi-elliptical, of length 2and deptta. After the analysis of
ture process zone, defined as the volume where the crack-tipVarren and coworker&:3" the stress intensity factoK() at
shielding mechanisms occur, that are the responsible for thethe surface in the-direction for a material without residual
R-curve behaviour. In the case of alumina, the main toughen-stress can be expressed as:
ing mechanism is grain bridgintf:33In the case of Hertzian

indentation, the crack is short not only in the perimeter di- K|, = po./7rg <M /ﬂ) (6)
rection of the ring, but specially in the depth direction, as o

the crack is just some micrometers deep because of the shargyherepy is the peak pressure under the sphere given by:
decrease in tensile radial stress with depth, which becomes

compressive just after a short degf*®That is, while in =~ ; — 3P
the case of stress corrosion cracking the fracture process zone 2mr 5

develops without impediment, in the case of cyclic loading it p the applied load, and the contact radius. This radius

this fracture process zone degrades continuously, preventing. o, pe expressed as function of the load, the radius of the in-
the development of R-curve. The fatigue effect can be clearly yonter spher® and the composite Young modulus indenter-
seen irFigs. 6 and 7where the Hertzian crack produced un- .\ otarialE*. as:

der subcritical static loading (Fig. 6a and Fig. 7a) and cyclical
loading (Fig. 6b and Fig. 7b) are presented, observed by opti- [ 3RP\/°
cal and SEM microscopy, respectively. In Fig. 6a and Fig. 7a, '° AE*

()

(8)

10 pm

Fig. 7. SEM pictures of typical ring cracks of A/AZ material produced under: (a) static loading and (b) cyclic loading. Observe that the crackahipanel (
smooth, while in panel (b) the grain removal typical from fatigue mechanisms of ceramics is evident.
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with: wherebis a constant, which depends on the elastic properties
1 1-12 1-,2 of the material and the indenter. Using this relationship for
== F m 4 2 ! 9) u’, a similar relationship as Eq. (13) between load and time
m ! taking into account the residual stresses can be derived:

being E and v the Young’s modulus and Poisson ratio of "

the material (subscript m) and the indenter (subscript i). The P"/26="/2P"" = A (15)
function i is a dimensionless function that depends on the
relative crack position, Poisson ratio of the material, crack
ellipticity and crack depth. Combining Egs. (6)—(8), the stress
intensity as a function of the applied indentation load can be p/2 (1 _ 9" n b) f— A (16)

because the value of residual stress in our case is around 6%
of the peak pressure value, Eq. (15) can be approximated to:

expressed as: 2P1/3
. o\ 1/2 That is, when residual stresses are small, the experimental
K| = SE*P <lt “) (10) data are shifted in comparison with the unstressed material. If
R ro the range of loads is not too large, this shift will appear almost

constant for all the values &, and the apparent slopes of
the experimental data will appear equal for the stressed and
unstressed materials. For larger range of applied loads, the
apparent slope will be affected by the residual stresses. It
important to note that the crack velocity exponants not
affected by the residual stresses, as its value is given by the
chemical interaction between the material and the medium.

If the data presented iRig. 2 is fitted with Eq. (15), a
value ofn=534 9 is obtained as a media of the slopes of all
three materials. This value is in reasonable agreement with
the values of stress corrosion cracking exponent previously
reported in literature, between ¥0and 60%°

We can follow a similar reasoning for the case of cyclic
dc K \" loading of alumina, and arrive to similar relationships as Eq.
a - (ch) A1) (13). If we depart from the Paris law:
where vg is a material-dependant constantjs the crack E _ DK™ 17)
velocity exponent, anc is the fracture toughness of the dn — max
material. By inserting Eq. (10) in Eqg. (11), and integrating,

The functionu changes as the crack grows. It has to be
noted that during the crack growth, the stress intensity factor
in the c-direction is larger than the stress intensity factor in
the a-direction, and only in some casis =K, when the
crack grows in both directions. However, as the crack pro-
gresses in the depth direction, the valug.afhanges drasti-
cally and thec-direction is favoured again. That implies that
ring cracks penetrate only slightly on the material while they
grow through the perimeter.

The subcritical crack growth rate ¢fdit) can be related
to the applied stress intensity factor through a logarithmic
relationship:

wheremis the Paris law exponeriD, is a constant anBmax

we obtain: is the maximum applied stress intensity factor, we can arrive
/9f do <4E* ) 1/3< 3E* )WZP@"Z) 6 at the relationship
—_— UO —_— 1
o (v/afro)" 3R nRK{ NiPM2 — B (18)

(12)
whereN; is the number of cycles to failur@myay is the max-
imum applied load an@® is a constant. Alternatively, if we
start from the modified Paris law:

wheref is the radial coordinate of the ring cragkjs the ini-

tial defect size, that can be taken as 0, anthe final defect
size, that in the case that the ring crack is fully developed can
be taken as@ = 2. The left size of the equation is adimen- ~ dc (19)

2 _ pge q
sional and almost independent of the applied load, for the dN FRina(AK)

values of applied load considered here. Therefore, Eq. (12)beingp andq exponents ané a constant, we arrive to the
can be reduced and approximated to:

relationship:
P2 =A (13) 24
{Prfrz/a%( Prln/azx_ Pri/in J Ne=C (20)

whereA is constant for that given material and indenter.
For the case of a material with residual stress, the value of with C a constant.

w is affected by the relative value of these residual stresses Then the data presentedHig. 3can be fitted by Eq. (18),

with respect to peak indentation presstitdf this relative and the mean slope of the three materials can be used to eval-

value is lower than 20%, the modified value @fby the uate the value of the exponent of the Paris law, obtaining

residual stresses, labelled @§ can be related through the m=22+4. The values obtained are in relatively good agree-

value of . without residual stresses by the approximation:  ment with literature. For example, Guiu and cowork&rs
I report values ofm between 13 and 20, Healy et®ireport

w = pub=or'P (14) a value ofm of approximately 30. In a similar way, the data
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presented irFig. 4a and b can be used to obtain the values (3) A simple relationship between applied load and time to

of p andq, through Eg. (20) without considering residual
stresses, givingg=19.0+ 2.8 andq=2.4+ 0.4, which are
again in accordance with literature, wheris always larger
thang.

Hence, it is seen that, despite the approximate nature of
Egs. (15), (18) and (20), they yield stress intensity exponents
that are relatively similar to values reported in the literature.
However, it has to be taken in mind that, first of all, the ex-
perimental data do have an inherent high scatter which may
affect the value of the exponents and, second, that these equag
tions are approximations for small load ranges and relatively
small values of residual stresses at the surface.

Itis expected that the analysis of the stress intensity factor
of a ring crack growing below critical stress with the exis-
tence of biaxial residual stress can be refined in future work.
It has not escaped the authors attention that this method, onc
further developed, can be used to obtain data over stress corro
sion cracking and fatigue of any brittle material with a relative
low amount of material, a frequent necessity when character-
izing advanced material$.

failure (or, alternatively, number of cycles) was derived,
for small variations of load and relatively low residual
stress. Despite these approximations, it was found that
the stress intensity factors exponents of the Paris law
type equations did match within the experimental scat-
ter to values of these exponents previously reported in
literature.
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