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University of California. ‘




FATIGUE IN CERAMICS

A. G. Evans

Dept. Materials Science and Mineral Engineering
University of California
Berkeley, CA 94720

 ABSTRACT

The fatigue process in ceramic materials is reviewed. It is shown
that there are few cases where fatigue effects have been‘unequivoca11y
demonstrated. Mechanisms pertinent to the substantiated fatigue con-
ditions are'presented and discussed. The needed fbr further definitive
experimentation to deduce the realm of fatigue, and its dependence on

mocrostructure, vis-a-vis the fatigue models, is emphasized.
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1. INTRODUCTION

The term fatigue has been employed in the ceramics Titerature to
describe a variety of processes that lead to_a degradation'of mechanical
properties with time. For example, static fatigue has been used to
describe streés corrosion cracking1in glasses and ceramics in the pre-

]’2’3, and the term acoustic fatigue has been introduced

sence of moisture
to describe the damage accumulation by microcracking that occurs in
anisotropic ceramics subject to acoustic waves4. This usgge.represents
an important semantic departure from the exclusive use of the fatigque
terminology in metals to describe cyclic effects on mechanica1>property

degradation. This review will emphasize cyclic property degradation

effects in éeramics, to afford a basis for comparison with the equivalent

‘behavior in metals..

Fatigue has not been>extensive1y studies in ceramics, primarily
because the abéence of appreciab]gbcrack tip plasticity in most ceramics5
would suggest thatjfatigué may not be a significanf problem in this class
of materials. However, the éxisting fatigue data indicate that fatigue
effects may be possibie in certain situations. A distussion of their
effects will be the primary theme of thfS’review.u

Cyclic effects on failure have been reported in situations
where, upon detailed analysis, the reported-effect has been demonstrated
to be a cyclic manifestationvof stress corrosion cracking. A discussion of
these results will be presented first, to provide a basis for judging the
existence of true cyclic effects: _wheréin cycling leads to crack extension
effects that superimpose on the influence of the equivalent steady state

stress. Thereafter, the fatigue effects that are judged to exhibit a high-
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‘pkobébi]ity 6f occurence are examined in more detail. In particular, poten-
tial fatigue mechanisms will be examined, in order to provide insights into
the prerequisites for the onset of fafigue, as well as establishing pertinent
fatigue:characterizatfon schemes. - |
Several fatigue strengthening effects have also been reported. Such

effects have been noted in glass® (referred to as coaxing) and in cements’ .
The stkengthenihg ef?eét occurs if the material is subject to low amplitude
cyclic stresses prior to subsequent testing. Similar effects have been
observed‘whenvmaterﬁals‘are subject to small quas{-static stréssess. The
necessity for cyc]ing in order to achieVe the Strengtheningiis thus debatable
and no specific attention is devofed to this topic fn'the present review.

" Finally, crack extension is often observed in ceramics during unloading

9,10

from a compressive condition This béhavior can usually be attributed

either to residual stresses that develop due to irreversible slippage between
the ceramic and the meta]]ic'loading p]atters9 (¢.f., indentation fraéture]1)
or to slip induced crackihg that is suppressed by the applied compression.
These phenoména could be classified as fatigue effects. However, the cyclic
damage'accumu1ation that.occurs under compressive conditions has not been

sufficiently documented to permit this mode of fatigue to be analyzed at

this juncture.
2. CYCLIC SLOW CRACK GROWTH

The velocity v of a crack subject to slow crack growth can frequently

be characterized by the re]ation]z;

_ _ n . ,
da/dt = v = VO(KI/KC) : ‘ (1)

Ry s
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where a is the crack length, KI is the stress intensity factor, Kc is the

| critical stress intensity factor for the material and vovand n are con-

strants pertinent to the material and test environment. Noting that the
stress intensity factor is related to the stress o by

K = oVY/E | , (2)

where Y is a generalized geometric parameter, the crack growth becomes,

v Y" ' : ' :
7 G BCAOLT | - | (3)
3 Kc

The variation of the crack growth rate , or of the crack extension, can be
deduced for any stress history by insertion of the time dependence of Ky or
o into Egns. (1) and (3) respective1y13. For a cyclic stress condition, if
fatigue effects are absent, the crack growth should correlate difect]y with
that obtained under quasi-static'cohditions. For example, the velocity cor-

relation for a sinusoidal stress intensity factor

S Ka + K0 sinwt | (4)
can be obtained by determining the average crack growth rate Vg From
Eqns. (1) and (4), the change in crack length Aa in a time At is;
At
Vs n
hAa = K—n / (Ka + K0 sinwt)' dt (5)
C .
0

The average velocity is thus,
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| A . ‘
KoA" - :
A B .
Vo T K% = V0<KQ> 5 f (1 +¢ sinwt)" dt ‘ (6)
(o _ o
where A = 2m/w is the wavelength and ¢ = Ko/Ka‘ Integration.gives]s,
kA" (n/2) | | ’
v, = v (2 Z & 2] (¢/2)
0\ "¢/ 1 (n-22)! (&!)
K n
- a
= \"} —_— g '
Typical values for g are p]otfed in Fig. 1. - Comparison with the quasi-
static velocity v, at the stress intensity factor Ka (Eqn. 1) yields;
(v/vg) = g | | (8)

Note that Vq is frequency independent.
Values of g can also be obtained for other cycTes]3; For a saw tooth
cycle,
n/2 ' '
/ . 20 4
g = E | z (9)
(n-22)1 (28+1)! - ‘

and for a square wave;

g - f;fi n! r 2% _ ' | (10)
S L= | (n-20)1(20)! -

Crack velocity data for glass and for porcelain (Fig. 2) dbfainéd under

cyclic and quasi-static conditions]3

correlate well on the basis of Eqn. (7),

~



same specimen. However, few such comparisons have been undertaken

-5-

suggesting that true fatigue effects are of minor significance in these
materials; at least under the conditions used to obtain the test results.

Similar conclusions were obtained for glass, by demonstrating the absence

. \
of a frequency effect on the average crack ve]ocitqu. Preliminary data on
Si3N4 obtained at elevated temperatures (in the creep regime) also indicated

15

an insignificant role of cycling A crack velocity approach for establish-

ing correlations between cyclic and quasi-static crack growth effects'is

“undoubtedly the preferred approach, since comparisons can be made on the

13,14,15

More extensive comparisons have been conducted using time-to-failure
experiments. Effective correlation is impeded in the time-to-failure

approach by the considerable scatter in results. Progress can only be

‘achieved using a statistical analysis of the data in conjunction with a

static(ts),cyc]ic(tc)timeeto-fai1ure relation based on the slow crack
growth characteristic of the material. The latter can be derived using an

analysis comparable to the crack velocity analysis, yielding]3.

- = - ] 8 n
t./t, g (cs/ca) o , (11)
where o, is the average cyclic stress and Og is the quasi-static stress.

Three sets of time-to-failure déta are noteworthy. The first, due to Krohn

- and Hasselman16, compare static and cyclic failure times at several fre-

quencies under an applied tensi]e.bias. Within the scatter of the data,

no sighificant cyclic fatigue effects can.be discerned (Fig. 3). A possible
exception is one of the results obtained at the highest frequency (40Hz).
However, cratk velocity experiments conducted on g1as$ up to very high fre-

quencies (350 Hz) exhibited no fatigue effectsl4. The existence of fatigue
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at High ffequencies due to non-linear effects near the crack tjp canndt,
therefore, be substantiated at this juncture. No further consideration is
given to this possibility fn the present review.

Extensive data have been obtained by Chen and Knapp17, using a Tow
frequency (0.3 Hz) tension cycle. A careful statistical analysis of the
resulté fevéa]ed some unusual trends in the failure time with temperature:
and suggested a possible cyclic influence at room temperature, but no effect
at 200°C and above (Fig. 4). TheAsignificance of these results is difficult
to assess. Bofh the temperature and cyclic stress effects could be dismissed
by attributing the apparent trends to .batch variability in the various
samples selected for testing. However, the possible existence of'a'fatigue
effect must be admitted; a possibility that merits further investigation.

Some recent results obtained by Guiu]8

on alumina suggest that fatigue
crack extension may occur in tension/compression cycling (Fig. 5).. These
results were obtained by comparing thevtime—to-fai1ure'at a steady stress
with those obtained for a tension-compression fatigue test (the péak cyclic
stress being the same as the steady state stress). The failure time in the
| fatigue test was consisteht]y smaller than that. in the quasi-static test.
Considerable care was taken to minimize the formation of extraneous stresses
(e.g., stress waves and flexural stresses). Some credence can thus be given
to the existehce of fatigue in compression/tension éyc]ing, if batch variability
effects can be ‘discounted. Crack extension in the compressive half cycle is
explored in the following section.

Fatigue tests have been conducted at elevated temperature on Si3N4]9‘
The results were not obtained over the same range of condifions as quasi-
static (creep rupture) tests performed on the same materials and therefore,

it is difficult to ascertain whether the data signify a genuine cyclic

influence ‘on the failure time. An attempt at extraplation into the same
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conditions of temperature and peak stress suggest'that cycling does not
yield significantly inferior performance, in accord with the crack
velocity measurements15. However, in principle, the transients thdf
accompany cycling could be important. Additional testing is clearly
needed to examine fatigue in the creep regime in order to explore potential
creep-fatigue interactions.

A fatigue condition wherein the relation given by Eqn. (7) certainly

- does not pertain has been unambiguously established in ceramic/metal alloys

of the WC/Co typeI{ These materials do not exhibit significant quasi-static
s]ow crack growth, but are highly susceptible to crack growth under cyclic |
conditions (Fig. 6). The existence of fatigue in this class of materials
has been attributed to the metallic phase. This phenomenon is explored in

the following section.

3. FATIGUE MECHANISMS

The mechanisms of fatigue that can be proposed for ceramics may depend
on the crack structure in the material vis-a-vis the microstructure. In

fine grained ceramic polycrystals, fracture criticality is only encountered

“when the principa]-crack.1ength'substantia11y exteeds_the grain diameter.

Potential fatigue mechanisms pertinent to macrocrack growth are thus of
greatest interest in these materials. Alternately fracture in coarse grained
materials frequently involves the formation and coalescence of grain boundary

located microcracksZO’Z] (Fig. 7): a process that derives from the localized

‘residual tensile stresses at grain boundaries (which develop due to thermal

contraction anisotropyzz). Fatigue mechanisms pertinent to the enhanced
growth or coalescence of microcracks are thus of greatest relevance to many

coarse grained ceramics. ‘The appropriate distinction between the macrocrack
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and microcrack regimes is emphasized in the following analyses of fatigue
“mechanisms. | | |

The fatigue mechanisms that have been invoked in all prior analyses
include considerations of localized p1astic1ty and the concomittent stressk
réversa1 (and sometimes reversed plasticity) that occurs upon un]bading.
An example of such a phenomenon in ceramics is indentation fracture11’23;
However, generalized crack tip plasticity does not occur in most ceramicsS.
An analogous fatigue treatment for ceramics must, therefore, invoke alter-
nate modes of-p1a$ticity;hsuch as indentation at crack surface asperities

or the deformation of metallic second phases. Alternately, a completely

different source of fatigue must be sought.

3.1 Tension/Compression Fatigue

a) Macrocrack Fat{gue Méchanisms: Consideration will first]y‘be‘af;
forded to possible effects of plasticity. Plasticity in single phase
polycrystalline ceramics could develop at crack surface asperities, whenever
a macrocrack. is subjectea to normal compression- (Fig. 8). Contacting as-
‘perities form on crack surfaces because of the relative displacements that
occur when a crack relieves the 1oca1ized‘residua1 stresses created by thermal
contraction anjsotropy. Very 1arge‘stresses develop at the asperity contacté
under an applied compression: stresses that could exceed the hardness, H,
of the material. The resultant plasticity may lead to the formation of
Jatera] cracks on unloading. These cracks cou]d‘be4of sufficient length to
constitute an extension of .the crack front (Fig. 8) during the compressive
half cycle. To examine the viability of the mechanism, consider the relation
for the lateral crack length, c]];
N S
- (HED) Ya | O 12)

(a2
(c/a) X
c
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‘where E is Young's modulus, a is the contact radius and K, is the fracture tough-

ness. Introducing an asperity contact radius of ~2um and using the properties
of alumina (KC ~4MPa vV'm, H~ 20 GPa, E ~420 GPa), the lateral crack length
would be ~6'um.l Lateral cracking of this extent would cbnstitute a signifi-
cant crack extensioh‘ifan‘asperity of this magnitude could develop at a
distance <4 um from the crack tip (Fig. 8). The process thus appears plausible.
However, evidence df this process should be c1ear1y apparent on the fracture
surface as plastic indentation and radial cracking at asperity locations.
Such evidenbe shduld be sought béfore invoking this mode of fatigue crack
growth. |

An alternate role of the crack surface asperities might be cohnected
with their influence on crack surface closure during uh]oading and. subse-
quent compressive loading (Fig. 9). The asperitiés can cause the crack
opening disp]écemehts to be maintained at relatively ]arge levels throughout

a tension, compression cyc]e‘ If the crack opening at peak tensile 1oad1ng

s ma1nta1ned by the asper1ty closest to the crack tip, the crack open1ng 2h

at that asper1ty is re]ated to the peak stress intensity factor in the tensile

half cycle K by24;
K = Jerih (13)
(1-2v) /¥ )

where u is'the shear modulus, v is Poisson's ratfo and r is the distance of
the asperity from the crack‘tip (Fig. 9). ~ The magnitude of the stress
intensity factor must change as the 1oad is removed and cont1nue to change
as the applied Toad becomes compressive. If the asperities do not deform
p1astica]1y, the minimum c]osuke_that can oécur during the cpmpres§ive cycle

is a unifofm closure 2h for all locations beyond the first asperity (Fig, 9).
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The stress intensity factor,K? for a.;rack separated by a zone of uniform

thickness 2h i525;

(14)

c | 2 /2mh
K= Iy | -

‘/Fv
~This K value represents an upper bound for the stress intenstiy factor that
can be maintained in the compressive half cycle. Comparison of Egn. (13) and

(14) shows that

RS = m(1-v)/2(1-2v). R )

The stress intensity factor in the compressive hd]f cycle thus decreases to

a 1eve1.? 0.5K. Hence, the asperities cannot be the source of a fatigue.
mechanisﬁ. However, it should be noted that the maintenance of a relatively
large K throughout the cycle wa]d lead to violations of'the‘quasifstatic,
cyé]ic comparator relations (such as Eqn. 8). Experimental results inter-
preted on the basfs of these re1af10ns could thus provide misleading infor-
mation about the existence of a fatigue effect. - Examination of frequency
eﬂ’ects]4 wou]d'be a more pertinent method for identifying fatigue.

b) Microcrack Fatigue MechaniSms: Fully-brittle ceramics may be amen-
able to fatigue under specia]vcircumstances.' In particular, coarse-grained
anisotropic ceramiqs that fracture by microcrack formation and coalescence
might be prone to micro43tructura1ly-réléted fatigue\effeétsQ An example
is provided below. Cohsidefvthe microstrdciure depicted;in Fig. 10, in
which microcracking of non-planar grain boundaries is an essential consti-
tueﬁt fn thé fracture sequence illustrated in Fig. 7. Potential fafigue

effects occur when such boundaries are inclined to the applied stress.

A

al
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Examine an inclined boundary containing a microcrack, which has propagated
to a length 2a by slow crack growth in'the tensile half cycle; the path of
subsequent propagation then deviates toward the direction of the applied
stress (Fig. ]0). Thé subsequent extension of the crack islgoverned by
the stress intensity factor pértinent to a kinked.crack26 (Fig. 11). This

stress intensity factor is given by the re1ation526,

~
]

m , m
O L S PROLS §
(16)
. m m
Kpp = k(@)K + kpp (a)kyy
where KT and KTI are the stress intensity factors for the main crack (modes
A
I and I1I respective]y) and the x terms are coefficients that depend on the
kink angle o, as p]otted'ih Fig. 11. Propagation of the crack is assumed

to be dictated by the coplanar strain enérgy release rate criterion27;
K® = KI + KII (17)

The stress intensity'factors'Km have a component due to the residual stress
(that derives from thermal contraction anisotropy) as well as that due to
the applied stresszz. Hence, in the tensile half cycle, the resultant

stress intensity factor obtained from Eqns. (16) and (17) is

- | - 2

2 - ' .
'%5' = K11(@) }OR + ol cosze)-rm]z(a) (tTR+OmSin9C0591
' | (18)
I 712 .
+ kyla) (" + Ul CQSZQ)'*KZZ(G) (TTR+clsinecose)

) _ d
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where oR and TR are the residual norma] and shear stresses respect1ve1y
(averaged over the crack p1ane) and 6 is the 1nc11nat1on of the main crack
plane normal to the app11ed tens11e stress cT The correspond1ng stress

intensity factor for the compressive half cyc]e is;‘

2 [~ q 2
%5- = K]](d) (c - cc cos e) + K 2(a) (T TR—OC s1n6cose{
: _ (19)
3 ' T I
+ KZ](G) (OR - o cosze) + Kzz(a) (irR-oc sinecose)
L % 7 © . A

where qi is the applied compressive stress. This relation pertains whenever
R>o c0526 i.e., when a finite crack opening is maintained so that crack
surface fm‘ction28 does not negate the stress intensitieation. The.restdua1
stress can'be very large in many teramicszz, this cond1t1on ‘would thus be
satisfied in a variety of practicel situations. -Examination of ths. (18)
~and (19) indicates that, because K]Z(a) is negative (Fig. 11), K in the com-
pressive cycle can exceed that in the tensile cycle. The fuhdamenta]
requ1rement for the existence of fatigue is thus satisfied. Namely, obstacles
vto the continued mot1on of cracks subJect to app11ed tens1on are more readily
c1rcumvented under an app11ed compress1on, thereby perm1tt1ng the total
growth under comb1ned tens1on/compress1on to exceed that expected under
simple. tension. The magn1tude of the fat1gue of course, depends upon the
specific values of GR, 6,0 and o_; in fact, fatigue will only manifest it-
self when these controlling variables lie within certa1n ranges A readily
comprehended fatigue condition is illustrated in Fig. 10b. For this con-
dition the'app11ed tehsi]e-stress,-augmentsrthe résidua1 sheer stress, such

that both stresses tend to induce crack closure in the region of the kink.

¢/
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For example, if 6 = o = 45°, the mode I component of'K‘atvthe kink becomes;
Ky = 0.8% - & - 0.10 (20)

and hence, for R+ 0.1 Ol >0.80R, K is negative and crack closure is
experienced. Thereupon, crack surface friction prevents the development of
a mode II stress intensification and the crack cannot propagate. However,

the equivalent stress intensity factor in compression is;

K€ = 0.8F - 4015 - o (21)
Hence, conditions under Which KI is positiVe(Whjch also permit a finite crack
opening-to be méintained on the main crack (oi<<2<7R))can be found: thereby,
allowing crack propagation to proceed by a combination of KE and K%I' A
condition that would produce crack propagafion in compression but not in
tension 1is: rR = 0.80R, GT’C= cR. For thfs'condition the stress 1ntensity

o

factor under compression is
C - A 27.C
K 07370°° yma _ » (22)

while the stress intensity factor on the main crack during the tensile crack

just prior to kinking would be
K' = 0.710] /ma (23)

and of course, just éfter kinking, the effecti?e KT reduces to zero.

The microstructUra11y-re1ated fatigue mode describéd above could
account for the observations of Guiu]8; whose studies were conducted on
a material (coarse grained alumina) that typically fails by a microcrack

. : 20
formation and coalescence process .



-14-

3.2 Fatigue'In Ceramics/Metal Systems

The presence of a metallic constituent within a ceramic, especially
as a continuous phase, introduces the potentiélvar_fatigue, according to
~the mechanisms conventiona]]y invoked for fatigue in metals. It is appro-
priate, however to consider var1at1ons that might pertain in ceram1c/meta1
systems Spec1f1c attent1on will be devoted to the WC/Co system because '
quantitative results are ava11ab1e for this system]4. However, the mechanjsms
proposed could be genera]]y encountered in ceram1c/meta1 systems |

Whenever a continuous metallic phase ex1sts, a crack must encounter
the metallic phase. Then, because of the substantially superior toughness
“of the metai, ligaments of metal are expected to remain behind the primary.

29

crack front“” (Fig. 12). Ductile failure of the Tigaments produces the .

ductile. dimple features observed on the fracture surface in the metal phase30,

as determined by the careful fracture surface matching studies of Luychx3].
These Tigaments supply crack closure forces, which can be considered as a.
primary source of toughness in this class of materials. . Treating the liga-
ments as a simple Dugdale zone, the toughness in the presence of ligaments

can be shown to depend on the flow strength oy of the metal phase and the

- dispersion of the phase, through the relationzg;

o ‘ o '
Kc B Ko * ‘—'JL—7; T; ' (24)
(1+d/D)

Where K is the intrinsic toughness of the ceramic constituent, or of the
ceram1c/meta1 1nterface (wh1chever is: preferred site for crack extens1on),
d is the separat1on between 11gaments, D is the 11gament diameter and L
~is the length of the 11gament zone. Insert1ng values of these parameters

30 31,32 (

pertinent to wcnz% K, ~ 16MPa /r—n—,'KO? 4MPa v'm, oy~3GPa,
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d/D ~ 0.13) yields a ligament zone size of 20 nm. This magnitude is reason-
abley consistent with observations of the distance from the crack tip at
which the metal constituent remains Tntact23.

The ligaments at the perimeter of the zone will be subject to extensive
plastic strain, and can be expected to exhibit necking (Fig. 12). Hence,
when the applied load is reduced and the crack surface separation diminishes,'
plastic buckling and faiiure is 1fke1y to occur in the peripheral ligaments.
The effective ligament zone Width and hence, the total closure force, is thus

reduced by an amount AL. Upon subsequent app]ication'of stress the stress

intensity factor pertinent to crack extension becomes;

g .
K = K, - —L— ‘/——————"('—'AL) 25
*  (1+d/D) 2 ()

where K_ is the applied sfress intensity factor (K = lefﬁi). IF K exceeds
the intrinsic toughness Kovof the matrix the crack will extehd duringkthe
tensile cycle and fatigue will be observed. Superimposing this condition,
Eqns. (24) and (25) indicate that fatigue will be observed whenever K_ > K*,
where; | '

K = Kc - (Kc - Ko) (aL/2L) ' (26)

The resulting crack growth Aa that occurs when the peak stress inten-

sity factor K exceeds K* is,

~ 2
K-K ,
Aa _ AL ‘ 0 .
T = T ¢ X, -1 ‘ , (27)

The 1igament failure zone AL evidently depends on Knin and the detailed physical
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properties of the metallic phase. Insufficient-details of the behavior of

the metal are presently available for further analysis. However, it is J

directly evident from Eqn. (27) that. the crack growth per cycle Aa/AN will

depend on cycle parameters in additional to the stress intensity factor

range AK(=K - Kmin)’ in accord with the existing.observations]4.

a

v
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CONCLUSIONS

It has been demohstrated that there are few unequivocal observations
of fatigue in ceramics. Mahy effects interpreted as fatigue are, upon more
detailed examinatibn, various manifestatigns of environmentally induced siow
crack growth. One of the more signfficant conclusions is thus thé need for
‘additional (definitive) experimehts which clearly define the conditions
that encourage fatigue. |

Fatigue mechanisms have been suggested pert1nent to two situations

where experimental evidence strongly favours the existence of fatigue: viz.,

- under tension/compression cycling and in ceramic/metal systems. The fatigue

degradation in both caées'depended upon microstructural details and no simple
degradation relations, analagous to da/dN o F(AK), emerged. Experimental
observations are again needed to study the role of the parameters suggésted

by the models on the extent of the fatigue process
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FIGURE CAPTIONS

Thé parameter g that relates the cyclic to the quasi-static crack
velocity, plotted as a function of the cycle amplitude and the
exponent n. . '

A comparison of cyclic and quasi-stétic crack velocities with the
predictions derived using Fig. 1 (a) porcelain, (b) glass.

A comparison of cyclic time-to-failure data with the prediction
derived from the static data and from Fig. 1 (after Krohn and
Hasselman). ) . -

A comparison of static and cyclic failure time data for polycrystal-
1ine alumina (after Chen and Knapp). : 3 :

A plot df‘the failure time for alumina samples subject tb static
stress and tension/compression cyclic stress (after Guiu).

Cyclic crack propagation data obtained on WC/12% Co at two different
average stress intensity factors.

The sequence involved in failure by microcrack formation and
coalescence. :

The formation of lateral cracks at crack surface asperities.

The 1imitation on crack closure providéd by the crack surface
asperities. ‘ : ’

A microcrack extension process that can lead to a fatigue effect.

The stress intensity factor parameters pertinent to a kinked crack
(after Bilby et. al.).

Plastic Tigaments that provide closure tractions in certain
ceramic/metal systems. ‘ '
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