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THE ROLE OF MICROSTRUCTURAL INHOMOGENEITIES
ON HIGH TEMPERATURE FAILURE IN CERAMICS

Sylvia M. Johnson

Ph.D Department of Materials -
Science and Mineral Engineering

A. G. Evans ) ‘
Chairman of Committee

ABSTRACT

Inhomogeneous regions such as ' zones of atypi;al g:ain size,
poorly sintered areas and‘inclusions have been observed to bevcréck
initiation siﬁes and thus failure origins. Ap' ahalysis of the
stresses associated with microstructurally inhomogeneous‘regions in a.
creeping ceramic polycrystal indicates that the étress within such
regions and in the peripheral matfix is enhanced by a factor of two;ﬂ

Creep rupture experiments performed on a fine grained (1 - 3 um)
alumina indicated that the failure time, tg, 1s proportional to the
applied stress, o, as te = q:s- The experimental data can be moét
easily reconciled with crack propagation quels. Cavity morphology
was observed by the use of high resolution scéﬁning elecﬁrbn micfoé;
copy and was found to be dependent on the appliea. stress. Triple
point cavities predominated ‘at high sgtesges,- many closely spaced
arrays of two grain bbundary cavities predéﬁinatéd1 a;. intermediate
stresses, and more widely spacéd arrays at low strésses.

Calculatgd cavity nucleation stresseé are higher tﬁan the aﬁplied

stess, even when 1locally enhanced by inhomogeneities, and it is



postulated that grain boundary sliding transients at waﬁy _grain
boundaries may enhance local stresses to the level of the critical

nucleation stress.
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1. INTRODUCTION

The role of ceramics in increasing the energy efficiency of many

.processes 1is- expandihg;' greater economy can be realized at high

temperatures and thus ceramics are ideaily suited for these-‘applica-
tions. The high temperature properties of ceramics and their asso-
ciated advantages over metals are ‘thus particularly imporﬁ_ant.

The creep rates of metals, their relatively low melﬁing tempera-
tures and .c'orrosion susceptii:ilities preclude their use in very high

temperature operations. Although ceramics are corrosion resistant and

‘have high melting temperatures, they are subject to creep deformation.

and rupture at  high temperatures. Thus the understanding of creep

processes and failure in ceramics 1s of g'reat importance. Alumina

constitutes a good material for such studies; it has high strength,

toughness, hardness, is ‘readily available and may be sintered or’hot

~pressed to near theoretical density without a vliquid phase which is

extremely detrimental to high temperature properties. Typical frac-
ture stress behavior as a functioq of temperature is summarizee as
follows. The failure stress is Virtually independent of temperature
up tok T/Tm~0.5 ('i‘m is the wmelting tempefature 'in Kelvin). In this
regime, fracture is briftle and usually originates from pre—existing

flaws, such as surface cfacks (caused by surface finishing) or large

voids and inelusions (introduced during processing).l At elevated

temperatures the fracture stress decreases and is accompanied by creep
deformation and, in materials of uniform microstructure, initiates in

zones characterized by a low dihedral angle or a low surface diffu-

2

sivity. The preceeding description of high temperature behavior is

2

based on theoretical work by Hsueh' and Evans. Cavities have been



observed to form preferentially in certain areas2 in materials of

uniform microstructure and although theory and experiment have not yet

2 which ascribes

been fully correlated, the work of Hsueh and Evans
cavitation susceptibiliﬁy to 1oca11y low values of Yand Dg is the best
expianation available.

The purpose of the present study is to investigate, more coumpre-
hensively than previous studies, the failure origins and the cavita-
"tion process in alumina with primary emphasis on inhomogeneous areas
and microstructural defects. The first part of the studyvcomprises
the 1initial observation of defects (in patticular, zones of large
grains, poorly sintered areas and inclusions in uniform matrices of
fine grain size) and vén experimentaiv determination -of failure
time/stress relationships. A subsequent high resolution scanning
- electron microscopy study of various aspects of the failure process

and a theoretical stress analysis of the inhomogeneities was necessary

to understand the processes involved.
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2. PREVIOUS INVESTIGATIONS OF CAVITATION AND CREEP MECHANISMS

2.1 General Considerations

Creep in ceramics takes place by diffusional ptocessés (disloca-

tion creep is discounted for this class of materials);3 the diffusion

4 5

path can be either through the lattice (Nabarro -Heiring creep) or

6 creep). Diffusional creep must

7,8,9

along the grain boundaries (Coble

necessarily be accompanied by grain boundary sliding. Cannon et

al.lo observed that in A1203 diffusional creep dominates over the
temperature range 1200-1750° and at stresses up to 310 MPa.

Raj and Ashby11 treated a -creeping polycrystal as having a

Newtonian viscosity, n, where the shear strain rate is given by .

Y =t /M (2.1)

. where T 1s the applied shear stress. The viscosity can be expressed

as
2
: 1 d°kT
nv =2$_2 .. DVQ (2 -_.23)
for volume diffusion and as
PR
1 d47kT
" T TDIEDT, (2.29)

for grain boundary diffusion, where d is the grain size, Q2 is the

atomic volume, D, and D, are diffusion coefficients and db is the

v
grain boundary width. Diffusion coefficients for volume, surface and
boundary diffusion during sintering of A1203 have been determined by
Dynys et al.12 A more general expression for Dy has been developed by

Cannon and Coble.]f3



2.2 Microstructural Defects

Prior analyseé of stress perturbations related to grain size and

shape differencesl1»14-16 pave been restricted to grain arrays consis-

9 equispaced grains of

14

ting of equiaxedg’12 or elongatedv grains,
different size13 and bimodal grain size distributions and cannot be
applied to isolated zones.® A method of analyzing the stresses asso-
~ciated with inhomogeneous zones.in a linearly elastic material has

been developed by Eshelby.19

The Eshelby method consists of cutting
out the inclusion and allowing it to transform ffeely under the
-binfluence of the applied stress. Surface tractions can then be
applied to return the transformed zone to its ofiginal size and shape
whence it is repléced in thenmatrix° Equal and opposite forces then
develoﬁ- in the surrounding matrix. The method can be 4applied ,to
linearly viscous materials by recognizing the analogqus roles of the
shear modulus,_um,iﬁ linear elasticity and the ﬁiscosity, n, in
linearly viscous circumstances. |

2.3 Cavitation

2.3.1 Cavity Nucleation

Cavities' in metals are usually associated with grain boundary

20,21

particles where dihedral angles are sufficiently small to allow

nucleation at low stress levels.22

Grain boundary particles are not
observed in ceramics to the same extent as in metals. Grain boundary

particles were not observed in the present aluminas by TEM .23

Defect-initiated fracture in silicon nitride at room tempera-
turel’ has been studied. Evans et al.l8 have studied the
effect of cavities on fracture of ceramics.



#

'gather, and the diffusion rate. The net vacancy flux is

Classical heterogeneous nucleation theory has been used by a
number of authors?1:22 to describe the nucleation of cavities at grain

boundaries. Classical nucleation theory is presumed to apply and the

analysis in this work is based on that presumption.

In the nucleation of cavities by a classical pr:ocess21’22 it is
necessary to form a vacancy cluster of a critical size (which may be
of the order of 50 A).21 The time taken for vacancy clusters to reach
the critical size for viable cavity nuclei.is known as the "incubation
time".21 The cavity nucleation rate increases during this time and
reaches a steady state at the end of the incubation period. The
origin of the delay in reaching steady state nucleation is the time

taken for vacancy diffusion. The incubation time is therefore depen-

dent on the size of the nuclei or the number of vacancies which must

8

3, = & sinn [¥] | (2.3)

where L 18 the mean distance through which vacancies must migrate- and
D 1s the diffusion coefficient. _The incubation time, which is
directly related to the vacancy flux, is.dependent on ' temperature,
stresé, grain size and diffusion coefficient. Furthermore, the stress
dominates the incubation time such that incubation can be effectively

characterized by a critical incubation stress. Raj21 has found the

incubation time in a number of materials to vary from a few seconds to

many hours.
The thermodynamic barrier to cavity nucleation is related to the
change in Gibb's free eénergy caused by the creation of new surface

area for the cavity, the loss of grain boundary area which is consumed



by the cavity and the work done in‘creating the new volume occupied by
the cavity. fhe volume of the critical-sized cavity is dependént on
the nucleation site and the dihedral angle, ¥, whictx determine the
cavity shape and therefore the nucleation stress. Specifically, sitesv
with lower values of dihedral angle, and therefore smaller volumes for
critical size nuclei, such as particles, experience preferential
cavity nucleation. For constant dihedral angle the lower grain boun-
dary energy (for particle/grain interfaces) and difference in grain
boundary area lost and surface area gained (cavities at three or four
grain boundaries consume more grain boundary area, and creaté less
surface area than two grain interface cavities) means that the
critical nucleation stress is iowest for cavities formed'at particies,
followed by cavities at triple boints, with two grain interface
cavities having the highest nucleation- stresses. - The nucleation
stress in A1203 as functions of cavity type and dihedral. angle are
shown in Fig. 2.1.22 The critical stresses for typical cavity sites
and dihedral angles in A1203 are much greater than the stresses
commonly. appliea during creep tests. Therefore eifhet ﬁhe cavity
‘'nucleation stress must be reduced, or the applied stress enhanced in
some wmanner u;,allow cavity nucleation in the present expériments.
Grain boundary sliding, which has been observed to accompany cavity
nucleation in metals,zl"26 is presénted as one possible source of
locai stréss enhancement in the present work. Cavity nucleation in
metalé has been observed to be associated with grain boundary sliding

by a number of workers.24~26



2.3.2 Cavity Morphology, Occurrence and Growth

Cavities in ceramics may occur at three or four grain

14

corner s2,22,27 or in arrays on_two_grain _boundaries-

failure occurs by the growth and coalescence of cavities.'22’27-29

Cavities initially grow in "quasi-equilibrium” shapes which eventually

30,32 131

become crack-like as the cavities grow. Chuang et a
Pharr and Nix32 both modelled the change in cavity morphology. Both
surface diffusion and grain boundary diffusion must be included in
models which describe the transition in cavity shapes. The Phérr and

Nix 32 model is a modification of a model presented by Chuang and

Rice30 in which the growth of crack-like cavities by surface diffusion

was treated. The shape change from equilibrium to crack-like was
allowed by the development of a 'nose' or eiongation of the equili-
brium cavity.

2 extended the analyses to consider the effect on

Hsueh and Evans
local variation in dihedral angles, and surfaée diffusivif’:ies. Hsueh
and Evans? developed refined expressions for the cavity growth rates
for both_cavity morphologies. Analysis of the transition from equili-

brium to crack-like shape indicated that ¥ and D, were the important

parameters in determining the transition. The crack-like cavity

growth rate increases with cavity size and thus failure occurs prema-
turely from regions with locally reduced values vof‘P and Dy, which
cause the transition to occur at lower values of a/b. As previously
discussed, lower values of ¥ lead to increased cavitation suscepti-
bility.

The Hsueh and Evans2 model contains one major difference from the

Pharr and Nix tnodel.32 Grain boundary diffusion is assumed to be

-During-creepy——



raﬁid in the Pharr and Nix model and thus only surface diffusion was

deemed to be important. The Hsueh and Evans? model takes into account

the ratio between the surface and grain boundary diffusivi-

D_S
ties, A = ';g§° The smaller the value of A, 1.e., the lower the
D ?

b’ b ,
surface diffusivity, the sooner the transition will occur. As the

cavity volume increases so does the surface area. Eventually, surface

diffusion cannot manage to distribute the vacancies removed from the

| grain boundary by the boundary diffusion over the surface rapidly -

enough and the cavity elongates."

Many analyses have been based on the assumption that growth

occurs freely, i.e., that there are no constraints oﬁ the system and
that. the growth rate 1s wunaffected by the preseﬁce of other
cavities. 'Dyson36 introduced the concept of,constrain; to take into
‘account the effect of the number and distribution of other cavities on
growth rates. A constrained_situaﬁion is one in which a cavitated
grain boundary is isolated in uncavitated materigl. In order for the
qévities on the grainm boundary to grow at the calculated :ates, it is
necessary for the adjoining grains to deform tO»-accommodate the
increase in volume. If the boundaries are uncavitated and are not
free to slide the nécessary extent, then the cavity g:owth éannot be
accommodated, and the growth rate must necessarily decrease. An
unconstrained situation arises when many grain boundaries are
cavitated, or the grain bbundéries can slide freely. Inhomogeneous
distributions of cavities result in a constraint béing imposed on the
cayitated area. The constrained area need not necessarily be omne

isolated grain boundary; larger zones with a high cavitation



susceptibility may be constrained by the surrounding vless rapidly
creeping matrix despite the zone being highly cavitated.

2.4 Stress-Strain Rate-Failure Time Relationships

The growth of grain boundary and triple point cavities in metals
and ceramics has been modelled by numerous worker328’29’31’35’37’45’47
with varying results. Growth models generally try to predict the
dependence of the growth rate, v, on the stress ¢ or on the stress
intensity factor K. The results are usually expressed in the fofm

v« o" or V/Vmin x (K/Kth)n where Vai is the velocity at the thres-

n
hold stress intensity factor K,,. At K < K.} cracks do not grow. The
exponent 'n' is the most important factor, and it is here that the
models diffet. The exponent n is only valid at K >> K.,; at K~ Ken
the v=K curve is asymptotic and n may‘éssume large values. -

The prediction of failure time as a function of stress is an
alternative method to determining wv-K curves. Failure time predict-
ions are, of course, the most practically useful and the most easily
correlated with experimental results as 1is done 1in the present
study. Failure may be controlled either by c¢rack nucleation or by
crack propagation. ~Crack propagation occurs by the coalescence of
cavities ahead of a crack, thus extending it; créck nucleaﬁion occurs
by the coalescence of cavities to form a c;ack. If failure is crack
propagation controlled, i.e., 1if crack nucleation is fast and the
majority of the time to failure cah be accounted for by crack growth
then it would be expected that failure times will be inversely propor-
tional to growth rates and that the failure times may be expressed as
te = 1/0™ where the exponent 'n' will have the same value as predicted

by the vK or v-o models. Failure or rupture times for crack

T EEE B3
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nucleation models may still be expressed as a func;ion of stress
although care wmust be taken in assigning the vaiue of the exponént
n. Crack nucleation models can still be based on cavity growth rates
as cavities must grow and co;lesce to form a crack. Models which

consider coalescence of cavities on one boundary to form a full facet

cavity or crack are essentially crack nucleation models and failure'

times based on cavity growth rates for these circumstances will have a
value of n related to that for cavity growth. |

The models result in varying values of the exponent <iepen&ing
upon the various assgmptions made éoncerning ‘ca§ity morphology,
distribution, growth mechanisms, i.e., the telative importance of
surface and grain boundary diffusion and material parameters. Certain
models, pat;icularly those which assume plastic deformation or a power
law component of creep are really only applicable to metals as Are
those which rgquire creep to proceed by dislocation movement.

None of the hodels proposed fits the e#petimental results
generated in this study.‘ The value of n determined in the present
work 1is ~5. Some studies take simplified cases 'which do not
adequately describe the observations. Many models have assumed a
‘ fully unconstraiﬁed situation, i.e, the occurrence of many cracks and
cavities on neighboring boundaries. Models which treat isolated cavi-
tated boundaries or cracks often make other assumptions regarding the
crack or cavity shape which do not reflect the general case. None of
the models incorporate all the features necessary to describe the
present Qork. The various models, their assumptions and applicability
to the present study will be discussed according to the value of the

exponent predicted.

10



The earliest work in this field. was performed by Hull and

14

Rimmer . The model is based on a square array of spherical cavities

situateé on the grgiguQggggggx_ggﬂggp;ggys;al_which_is_subjeeted—to—aéf—*A*-——‘
- normally applied tensile stress. In fhis, and in many models, the
& grains are assumed to be riéid or to show linearly elas;ic behavior.
The cavity growth rate was found to be linearly dependent on stress.
As only one grain boundary is considered, this model can‘be viewed as
a crack nucleation model and the failure time is the time taken for
cavity coalescence and thus te = 1l/c.

Numerous authors??s31,43,44 have obtained an exponent equal to 1
ﬁhe common assumption is that cavities are of equilibrium or quasi-
equilibriﬁm shapes. It should be noted that this situation is

vpresented only as a limiting case 1in 1later theories. Sufface
diffusioﬁ is assumed to be rapid and non-rate limiting in these médéls
and grain boundary diffusion 1is thus the important éarameter in deter-
mining growth rates.

Raj et 31.43 have‘presented a corrécted.expréssion for the growth
rate of an array'of lenticular or equilibriuﬁ cavities. Ihe assump~
tions are similar to the Hull and Rimmerl4 modgl although the effect
of an internal gas pressure in the cavities is included. As the model
oniy considers one'grain boundary, the coalescence‘of the cavities can
be assumed to consﬁitute crack nucleation, and the fracture time
derived is inversely linearly dependént on the stress (if the internal
gas pressure is.taken as 2ero), i.e., tg= lk%,."The cavity growth
rate can also be expressed as vrcom;

Chuang et al.3l have also presented expressions for the limiting

case of quasi-equilibrium growth. The growth rate expression 1is

11



dependent only on Dy and not on bs.ahd is lineafly dependent on o_ .

Again, the failure time can be derived from the growth rate expfessidn
if the coalescence of cavities on a facet is considered and
te = 1/c_. This expression only hoLds when A = Dg GS/Dbéb is large,
i.., grain boundary diffusion is rate controlling, and is thus only
applicable to growth of equilibrium cavities.

Takasugi and Vitek44 also considered cavity growth controlled by
grain boundary diffusion and obtained similar results for equilibrium
cavities, i.e., v= o_. It was noted ih this model that the velocity
reached a steady state value as a result of interaction of neighboring
cavities, i.e., the diffusional fluxes interact to éauée a constant
rate of material deposition between the cavities.

The above theories could all bé classed aé crack inucleation
models. A crﬁck propagation model involving the growth of equilibrium
cavities ahead of a crack has been developed by Wilkinson.zgv The
éxponent is still one, i.e., v= K where v is the crack velocity in
this case. The v-K dependence is the séme whether or not the‘number
of equilibrium cavities ahead of the crack is conétant. If all cavity
nucleation 1is assumed to have-dccgrred simultaneously and early, then
the model .can bg' used to predict the time for a crackv to édvance
across one facet. This time, ty is <« 1/K or ccl/cm. fhe failure time
will thus be some multiple of this ty and thus t¢ < lﬁq”.

. A common factor in all the models.which give a value of n=1 is
the cavity shape assumed. No experimental results fit these models as
cavities do not retain an equilibrium shape and thus models which
require such a shape will underestimate cavity and crack growth rates

and over-estimate failure times. The reason for the value of n being

12



one is that growth is only dependent on grain boundary diffusion (and

geometrical factors) which is linearly dependent on stress. Some of

the n=1 ‘modelszg’aa assume a constant rate of material deposition

between the cavities. This may be correct for small cavities; however
as the cavities grow the ligament size decreases and the caﬁity moréh—-
ology changes (i.e., less material per unit extehsion is removéd) and
the rate of material deposition does not remain constant. This situa-
tion was taken into account byiHsueh and Evans.2

Models which include the contribﬁtion of the caVity nucleation
stress (i.e.,_thevformatiOn of new cavities increases the growth rate).
to the growth rate involving equilibrium cavitieé resultvin a stress
exponent of 2. Raj and Baik38 present a model in which new cavities
nucleate at the far end of the damagé'zone ahead of the crack tip.
.The crack propagates by growth of the bavity ahead of the crack go
coalesce with the crack. Wilkinson?? obtained a similar e#pression.
Both of these models allow. cavity nucleation to occur at grain bound=-
ary particles, a situation not applicable to the present case. ° The
extra stress dependence comes directly as a result of the nucleation
of new cavities. These models are not applicable as they assume equi-
librium cavity shapes and nucleation as .é result of the crack
grqwth. The present study indicates that all the cavities nucleate
simultaneously early in the creep process and not at grain boundary
particles.

While cavities wmay initially aSSume‘an‘equiliSrium shape, they
eventually become crack-like. Surface diffusion becomes important in
crack=-1like cavity growth and t#e ratio A is important in aecermining

the morphology transition.2’3o’31 Chuang and Rice30 analyzed the case

13



of growth controlled Sy surface diffusion, a model later modified by
Pharr and Nix.32 1If grain boundary diffusion is assumed to be fast
and only surface diffusion is important then the value of the exponent
obtained is 3. The above are both crack nucleation models as fracture
is assumed to occur when the cavities coalesce. The failure time 1is
thus « 6-3. Similar approaches by Miller apd Pilkington28 and
Wilkinson?? based on thesé models but extended to:crack prdpagation by
cavity coalescence also result in an exponent of 3, i.e., v« K3. The
failure time according to this model should also be inversely propor-

31 also obtain a.c-3 dependence of the

tional to_K3. Chuéng et al.
rupture time if only surface diffusion is considered although this
relationship only applies for small values of A, 1.e., 6st‘<:6 bDp

| The above models which give an exponent of 3 all assume that
surface diffusion is'ra;e'controlling, i.e., the opposite case to the
n=1 models. Chuang et al.31 have taken the ratio A into account in
determining the limiting crack-like velocity of qertain void shapes
with the result that v <« 03/2. Wilkinson?? obtains a similar expres-
sion-by assuming that the surface curvature at the tip of the crack is
not an important parameter. However, as a cavity or crack becomes
more crack-like the radius of curvature at the tip decreases and thus
~ becomes important.

As noted previously, cavity morphology changes and thus growth
only in a crack-like mode does not adequately describe actual condi-

31 model describes the transition between the

tions. The Chuang et al.
two morphologies. However, this is based on stress relaxation times
for the surface diffusion which indicate that surface diffusion is the

dominant cavity grodth mechanism. These relaxation times are obtained
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from data for metals; the model is strictly only applicable to diffu-

sive cavity growth in metals.

Vitek' 40 crack growth model, in which v <« K[L,ii,s_no t_applicable .. .

to the present case as crack growth by cavity coalescence is not
considered. Also, the crack 1s considered to maintain a constant

thickness‘ regardless of stress which 1is not accurate and the void tip

" shape is not completely described.

Chuang39 has developed a model describing crack growth by a
coupled surface diffusion and grain boundary d‘iffusion process. The
crack is a cavity which has assumed a long crack like shape 'and which
is not influenced by neighboring cavities. The velocity is assumed to
reach a steady state value. .A universal V‘-K. relationship is derived
with an exponent which varies‘ froxﬁ 12 to . This model or@y describes
a limiting case; there is no interaction with other cavities and thefe
is no allowance for change in cavity morphology. As this modél only
describes part of the failure process, a failure time relationship

cannot be obtained from it. The model is applies to a bicrystal-and

‘not to a polycrystal; the effects of degree of constraint are not

considered. It is also assumed that the grains may undergo large
elastic distortions, a situation wunlikely in a polyecrystal. It is
interesting to note that a thifd power dependence of the velocity on

the stress at the crack tip, ¢ , arises as one of the boundary

tip
conditions at the crack tip and the equation does not contain the
grain boundary diffusion parameter.

The presence of a possible constraint arising from inhomogeneous

nucleation 1is not considered in the above models. A crack nucleation .

model which includes failure time expressions for both constrained and
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unconstrained growth has been developed by Rice.3’ The situation is
similar to that previously discussed in which an array of equilibrium

cavities is growing. The failure time in unconstrained circumstances

- 1s

L3
tf b/cw

where b is the cavity spacing in accord with previous theories. - Only
grain boundafy_ diffusion terms are important in the unconstrained
case.  The failure time in constrained circumstances is expressed in
terms of the Monkman-Grant product tfém where t».:@ is the applied strain
rate. Monkman and Gr:ant:l‘7 derived an empirical relationship indica-

ting that tfe'a is constant for many materials. The constrained Rice

equation is

Eatp = b/d | @)

where d is the grain size. The rupture time under con.strainedv circum-
stances is much gre#ter than the unconstrained time, 'particularly at
small stresses. However, again the above only models the growtil of
equilibrium cavities.

To summarize the above models: - an exponent of 1 is obtained for
equilibrium cavities where grain boundary diffusion is limiting, an
~exponent of 2 is obtained when the effect of the nucleation of new
cavities is added, an exponenﬁ .of 3 is obtained for crack~like cavity
growth when only surface diffusion is impc;rtant, and an exponent of 12
is obtainéd for the coupled.'grain boundary and surface diffusion
growth of an isolated crack-like cavity. Other exponents have been
obtained for crack growth not by cavity coalescence (n=4) and for

cavity growth in metals by models which do not apply to ceramics.
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None of‘the models describes the observed behavior because all models
really only present limiting cases and make assumptions which are too

not_been included in_crack=

restrictive. The effect of cohstraint has

like growth models.» Faiiure .time predictions need to take in;o
account the change in growth rate exﬁetienced by a cavity of changing
morphqlogf.

Experimental data for ceramics are scarce. . The experimental
evaluationAofvche exponent n for SiC and Al,04 fibers gives values of
3-6.22 Sintered SiC yields'an exponént of ~50 when féilure is crack
propagation controlled.’! The exponent obtained 1in the present work

is 5.
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3. EXPERIMENTAL METHOD

3.1 Material
Two nominally identical dense high purity alumings* were used for
this study. The aluminas contained 0.257 Mg0 and had grain sizes of
1-3 um. .The'materiéls were hot pressed in vacuum to near theoretical
density in graphite dies. Material #1 was uniformly black while
material #2 was light grey. The color is probably a result of non-
stoichiometty in the alumina. Similar color changes in ofher aluminas
have beenb observed by the ‘author. Most tests were performed on
material #2.

3.2 Sample Preparation

Three point bend bars approximately 31 mm by 3.2 mm x 3.2 mm were
cut from the as received billet. The faces were ground by means of é
surface grinder to achieve the fin;l dimensions and parallel faces.
Final polishing** of one face was conducted using a 15 pm diamond
wheel and 6 and 1 um diamond paste. The long edges of the polished
~ face were bevelled using a 6 pm diamond wheel 1in order to remove
corner cracks. The samples were measured‘ to .i0.00S mm after
polishing.

3.3 Sample Mounting

The samples were mounted on sapphire rods (0.175 mm diameter) on

‘a Lucalox three point bend holder using epoxy resin (see Fig. 3.1).

* AVCO Corp.
Pedepin, Struers, OH
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The polished face became the tensile face. The span length was 25
mm . A Lucalox disc was attached to the middle rod to provide a
contact'areé for.the rams. - -

3.4 Test Equipment

A floor model Instron* with a controlled cross head displacement

rate was used for the creep tests. The large grain creep resistant

alumina rams were water cooled at top and bottom.

An air furnace éapable of attaining 1600°C by means of molybdenum
disilicide eléments was élaged aroﬁnd the test apparatus. The temper-
ature was measured using at Pt6ZRh~Pt307%Rh thermocouple and could be
héasuted to #2°C. The .temperaturg variation  during a test was <
+1°C.- A schematic drawing of the testing apparatus is shown in Fig.
3.1. | |

3.5 Test Method

The testing machine was calibrated using a strain gauge. The

~sample holder assembly was then placed between the rams and an initial

load of ~4.5 N was appliéd. The purﬁose of the preload was to allow
thé sampie.holder,assembly'to remain intact  when thé epoxy dissociated
at ~300°C. The furnace was gradually heated to ~500-600°C and then
heated more rapidly up to the test température (usually 1350°C). An
autbmatic load control was used to maintain the preload by balancing 

the thermal expansion of the system. The temperature was allowed to

Instron, Canton, MA
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equilibrate for 45 mins at the test temperature. The preioad was
.feduced to 2-2.5 N during this time. Before testing began the
preload was femoved.

The tesﬁs wére conducted using a constant displacement rate and
the variation in load with fime was recorded. Most tests were
continued to failure which was signale& by é sudden drop in the
load. interrupted tests were performed by reducing the load after the
required time and cooliﬁg under a load of 4-5 N, maintained in the
samé manner as the preload. This load was applied té inhibit
sintering of the creep damage. The furnace was cooled at i°C/sec
until the temperature was below 1000°C, and was then allowed to cool
‘more rapidly.

Bars used for interrupted tests were remounted and tested in the
same way after microscopic examination.

3.6 Microscogx
3.6.1 Sample Preparation

The fracture surfaces were inspected in an optical microscope to
determine obvious visible causes of fracture. The fractured ends of
the bars weré then cut to a length of 5 mm to facilitate SEM inspec-—

tion, using an Isomet saw.T,

The samples were then thoroughly cleaned
in acetone and alcohol in an ultrasonic cleaner.
The samples were gold coated® for 1-1/2 - 2 mins. Care was

needed at this stage to ensure that a fine, uniform coating was

achieved. It was therefore necessary to vary the coating times. The

T Buehler, IL
Polaron



gold coating is also subject to deterioration and some samples needed
to be recoated (gold coatings may be partially removed using Micro®
(~2%) solution). Usually one fracture sufface and one tensile su:facé

of each sample pair were coated.

3.2.6 Scanning Electron Microscopy-

Three different sg;nning electron microscopes were used.tt High
resolution SEM was pgrformed on the ISI microscope which has a resolu-
tion of ~30 A in  the upper stage and ~60A& in the lower stage.
Conventional resolutions were achieved on an AMR instrument equipped

with an analytical X-ray unit.* Samples were examined mainly on the

ISI and AMR microscopes. ‘Both the tensile and fracture surfaces were

studied.

3.6.3 Auger and Secondary Ion Mass Spectroscopy

A scanningvmicroprobe** was used to investigéte various_inhomogef
neous regions. Itvwas necessary to lightly carbon coat the samples to
prevent charging. Gold coating was not successful because the gold
Auger peaks overlap with silicon peaks, precluding the possibilit} of
idéntifying glassy areas. Standards of as-received alumina, sapphire
and Lucalox were also subjected to Auger analysis. Additionally,

sMS*** was used to identify light elements.

i Micro, Industrial Products

Tt 1S DS 130, AMR 1000, JEOL

KEVEX, CA :

SAM, Physical Electronics, Inc., CA
*** SIMS, Physical Electronics, Inc., CA

21



.4, RESULTS

4.1 Creep Rupture Tests

4.1.1 General Considerations

The load was determined as a function of time fbr four different
displacement rates. A typicai créep rﬁpture curve is shown in Fig.
4.1. A primary creep regime, in thch load increases rapidly with
time, is followed by a short éecondary creep regime and an éxtended
tertiary creep regime iﬁ which a slow decrease in applied load occurs
with tihe. Cavity anmd crack nﬁcleétion and propagation éccur'during
this period. -CaStastrophié failure eventuaily occurs at the failure
load, Pg¢, aﬁd time tf.‘ The peak'load,'}, which occurs in the secom
dary creep regime, is_the maximum load applied to the sample. At low
displacement rates, (b= 6.35 x 10'6, 1.60 x 10'5 m/s), Pe < }. At
higher displacement rates (D= 3.18 x 10-5, 6.35 x lO's'm/s) there 1is
no tertiary creep and P = Pg.

Fof a three point bend test configufation,‘the peak stress ;”can

be related to the applied peak load, P by27'

5.fntl)Le

2nbh2

(4.1)

where L is the span length, b 1s the specimen width, h is the specimen
height, and n is the steady state creep exponent. The value of n for
material #1 was determined by Blumenthal?? as 1.7 fof comparable dis-
placement ratgs and temperatureg. The deflection, D, of a beam is
given-by52 | |

PL
4bh™E

(4.2)
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low values of tg £

where E is Young's modulué. Hence, the strain rate, é, can be derived

from Eqns. (4.1) and (4.2) as

CL(Zn + 1) s ‘
=LCnz ) o (4.3)

nlL

.
€

Creep tests were performed at four displacement rates: 6.35 x
10'6.(series A), 1.60 x 1073 (series B), 3.18 x 10'5‘(seriesic) and
6,35 x‘10'5'(series'D) m/s. Most tests wgre'performed on material #2
(see Séction 3.1) at 1350°C. Table 4.1 details the various test
condition; and results. |

"4.1.2 Stregs-Strain Rate=Failure Time Relatibnshipé

The experimental failure time data are plotted as a'function of
peak stress in Fig. 4.2. The data suggest a stress exponent, h; of 5,
le., tge= o-s . Possible ekplanatiohs for the observed stress
exﬁonent will be discussed in SéCtion 6. Another conventional method

of expressing the data is givén in Fig. 4.3 where the dimensionless

failure time (or Monkman-Grant product) te éa, is shown as a function

of peak stress. Again, the relationship is nonlinear. Some of the

signify premature failhre, whiéh‘can-be traced to
microstructural defects at the origins of failure. - (Section 4.2).
For example, an inclusion was located at the fracture origin of sample
EE (Fig. A}4), which exhibited premature failure.

4,2 Microstructural Defects

Various. microstructural defects wefe obsefved on both -the
frécture and tensile surfacés.v The two aluminas exhibited different
inhomogeneous regions.

The majbt' defects in alumina #1 were zones of abnormal grain

size. Some examples are shown in Figs. 4.5 and 4.6. Typically, these
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large grained zones are spherical with a diameter of 80~-100 pm. The
grain size 1is at least ten times that of the matrix (i.e., the grain
size ratio § = dp/dm is.10). In a number of instances voids were
observed at the centers of the zones (Fig. 4.5). Quantitative X-ray
analysis revealed no compositional differences between the zones of
large grains and the matrix. At best, the sensitivity of suﬁh methods
is + 1Z. A 2zone of large grains was observed to be_the source of
failure in at least one instance (Fig. 4.5). Matching large grain
regions were found on both fracture surfaces, indicating that cracks
propagated through the zones. No estimate has been  made of - the
frequency of occurrence of these zones, Su; they were observed on most
alumina #1 fracture samples. Subsequent investigation by'Blument:hal41
haé also revealed the presence of many such zones on tensile surfaces.

Many poorly sintered areas and voids were observed in material
#2.: Figure 4.7 shows these regions on a tensile surface. -Similar
areas were also observed as planar zOnés, orthogonal to ﬁhe hot
pressing direction (Fig. 4.8). Holes or missing grains were often
assoclated with these areas (Fig. 4.9A). A more subsﬁantial void,
_possibly the result of an inclusion, is shown in Fig. 4.9B. Small
cracks éan. be seen radiating from this particular defect. Further
disﬁuésion of the cracks emanating from, and passing through, these
regions will be'presented in Section 6.

Areas which contain a sacpnd, amorphous phase were observed in a
number of cases. Eigure 4,10 shows one such area, containing holes.
Figure 4.11 shows another area, this time associated with a region of
large grains wherein the remains of a glassy phase, in the form of

vligaments, can be identified. Crack-like surface defects were present
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in one sample (Figs. 4.12, 4.13); while an internal void, or

unsintered surface was detected (Fig. 4.14) and an inclusion (Fig.

14.14) was present at the_fracfure.origindoﬁ—anether~sampIe. -

4.3 Fracture Origins and Crack Growth

Failures typically originated from the subsurféce and could be
identified by the appearance of radial lines (Fig-. 4.15)4 These lines
are due to surface roughness ass§ciated with the zone of damage initi-
ation and propagation. Areas through which cracks have prdpagated
rapidly tend to be relatively smooth.

Fracture origins are not always readily‘visible on thé fracture
surface. Crack nucleation and groyth can often be better pbserved on
the tensile surface. Although the critical cracks (those which caused
failure) cannot be observed, subcritical cracks and defects in various
stages of growth can be identified near the fracture surface.

Cracks are observed to nucleate at various defects. Some

- examples of cracks which are nucleated from the crack-like defects

discussed in Section 4.2 are depicted in Figs. 4.12 and 4.13. The
cracks emanate both from the ends of the defect and from 1ntermediate
locations (Fig. 4.13). These cracks are very large and the damage
associated with them also extends over a large area, with many grain
boundaries in the vicihity of the main craﬁk being completely
cavitated. |

Further examples of crack nucleation and propagation from defects
were obtained in samples subjected to interrupted creep tests in which
creep was stopped after five.minutes at D = 1.60 x 1072 m/s, and the

sample examined. The sample was caused to creep for a further five

- minutes, 307 of the failure time in order to observe the growth of
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cracks. Cracks were only observed to nucleate in the vicinity of
unsintered areas. Cracks can be seen initiating_frdm and within these
areas in Figs. 4.16. The poorly sintered areas extend diagonally
across the teﬁsile surface and thus the cracks do not follow these
areas but extend into the matrix prependicular to the direction of
maximum stress. .The theoretiéal basis for the effect of defects on
crack nuclgatién is discussed in Section 5. Figure 4.6 shows the
extent of crack growth during the fifst creep period.

Upon further deformation thevcracks exhibited appreciable exten-
sion (Figs. 4.17 and 4.18). .The damage 1is more extensive after the
second creep period,.(cf. Figs. 4.16 andv4.17) although the cracks are
still associated with microstructural defects. Figure 4.19 shows a
crack nucleatéd in the matrix at the poles of a spherical .inhomoge-
neity while Fig. 4.20 shows a crack which has nucleated within a
spherical inhomogeneity. The failure origin in this case could not-be
detected on the fracture surface; examination of the tensile éurface,
‘however, revealed a probable failure origin (Figs. 4.20A and 'B).
Other interrupted tests displayed similar crack nucleation and propa-
gation behavior. |

| A crack system which does‘ not appear to be associated witﬁ a
defect 1is shown in Fig. 4.21; however, a subsurface defect may, of
course, be present. The extent of damage and crack branching around
the crack tip can be clearly seen.

The preceeding examples in this section are all from samples in
Series B. Extensive but more uniform damage was observed at a lower
strain rate (Fig. 4.22A). No large cracks were present, but a network

of small cracks covered much of the tensile surface near the fracture
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surface. Coalescence of small crécks can also be discerned. Cracking
was also observed at the higher_stfain rates. |
4.4 Cavitation | : -

Cavities at either three grain junctions or at two grain inter-

faces were observed in all samples. Two grain boundary cavities tend

.to form in arrays, with equilibrium initial shapes. Such an array in

a large grained region is shown in Fig. 4.23. Cavities with crack-
like shapes are also occasionally observgd‘(Fig. 4.24)., At low strain
rates (Fig. 4.25) two grain boundary cavities were obsérved, although
tge cavity spacing 1s larger than that in ‘ﬁigher strain rate.
samples. A number of highly cavitated grain boundaries can be seen in
Fig. 4.26 from which it 1is apﬁarent that grain fécet size 1is not
important in determining cavitation suseptibility. The cavity deﬁsfﬁy
varies between facés of_the same grain and Fig. 4.27 is an example;
many grain faces with éimilar orientations to the principal stress
were observed to ha§e differing cavity densities. The cavities even-
tually coalese leaviﬁg ligaments (Figs. 4.28) which then Afractﬁxe.
Grain boundary cavities can also be observed on the sides of cracks
when viewed from the tensile surface.(Figs. 4.29).

At high strain rates che cavity spaciné décreaées and 1lines of
cavities teﬁd to form (Fig. 4.30).. An approximate measure>of aQerage
cavity spacings on two gfain interfaces is plotted in Fig. 4.31. The
scatter can be ascribed to grain orientation effects. The ‘cavity
spacing, b, is approximately inversély propottional to stress. T:iple
point cavities increase in importance at high strain rates, eventually
predominating aﬁ the highest strain rate (Fig. 4.37). The general

trends in cavitation behavior are summarized in Fig. 4.33.
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Cavities start. to form early in the creep process, as evidenced
byvan int-errupted‘ test 1in which thé. specimen was brokén at room
temperature aftér ~30-50Z of its expected life (Fig. 4.34).

A low spatial density of cavities appears in the compressive
region of the fracture sur.faces of each test specimen (Fig. 4.35).
Similarly, two grain boundary caviﬁies were not observed in low stress
regions of the samplés; i.e., at the ends (Fig. 4.36), confirming that
the cavities are stress induced and are not produced as a direct
result of the heat treatment.

Grain boundary sliding was generally observed to accompany creep

deformation (Fig. 4.37). Surface ledges formed by grain boundary

sliding are apparent in Fig. 4.37B.

_ 4.5 Auger and SIMS

The peak ratio, Al:0 was measured in various samples and posi-
tions, but was found to be inconclusive in determ.ining the cause of
the color change shown in Fig. 4.38. Silicon was detected in a
glassy area. The color of the samples is thought to »be either a
result of non-st:oichiomettia Al,05 or diffused carbon. Auger analysis
was not sensitive enough to deterﬁxine an Al:d ratio difference between
thte énd gray areas. It was not possible to test for vafying carbon

contents.
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5. STRESS ANALYSIS

5.1 Method of Solution

The material subjected tb stfess at elevated temperatures is
considered to be deforming by diffusive creep as dislocation creep is

1 The viscosity of inhomeogen-

discounted for this class of materials.
eous regions differ from that of the matrix. Such regions may be
regarded as zones of high or low viscosity. As an example, visco_sity
exhibits a strong dependence on the grain size, increasing as the
grain size increases. Thus, large grained zones are regioﬁs of high
viscos.it:y. embedded in a lessvviscous matrix as shown schematically in
Fig. 5.1. An enhaﬁced‘ tension can be .expected to develop within a
" high viscosity region, as manifested in t:h:é analogous elastic problem
of an 1inclusion qf high shear sti‘ffness contained 1in a compliant
,matrix;lg In fact, the stress analysis is.r conducted by first obtain-
ing the stress distribution for an elastic inclusion in an elastic
matrix and then applying the corr.elation between lipearly viscous. Va'md
1linearly elastic solids. The stresses within the inhomogeneity and

within the surrounding matrix can then be calculated.

5.2 Stresses Within the Inhomogeneity

The stresses that developed within an elastic inclusion of ellip-
soidal symmetry are spatially uniform and for constant volume deforma-

tion, 1.e., Poisson's ratio, v = 1/2, can be obtained from Eshelby19

as;
4
R By by ]
1 = 3um+2u. ’
(5.1a)
o=
p P m P
Pl ao, [ P],
2 3 p,m+2pi)

29



where Pp1,2,3, are the Erincigal tensile stresses (Fig. 5.1), p is the
shear'modﬁlus, 0, is the remote stress and the superscripts p and m
téfer to the particle ‘and matrix, respectively. This solution is
rigorously'applicable when up > b For up < um, the direct appiica—-
tion of the Eshelby analysis ddes not allow Plp-* 0 as pp-+ 0 (i.e.,
for a hole), whenv = 1/2, because the transformation strain
el » ®» ag pp + 0. A working result for ‘small}xpﬂz a can thusl bg
obt#ided by setfing v = 0.49; for this choice of v, the desired limit

P

Pt >+ 0 as “p + 0 obtains, as given by;

p O [ , 2 up 1 ( B \] (5 1b)
P B — | <+ - y) . °
1 3 9.6 um + 0f4 up up +-0.025 o »

The stresses within a linearly viscous solid can be determined from
" Eq. (5.1) by 1invoking the direct equivalence between the shear
modulus B4 and the wviscosity, n (for stress controlled boundary condi-
tions). The stresses thus become, for example,
P . m P
Pl=dl W]'“p Mo G-

As a8 specific example, the particular form of the stresses within
a zone of atypical grain size can be derived. The magnitude of the
viscosity in this case depends upon the operative modes of diffusive
deformation. In general, for coupled grain boundary and lattice

diffusion;

a3kt

= 422(dp + 75D,) (5.3)

n

where D, is the lattice diffusivity, GDb is the boundary diffusivity,
d is the grain size and @ is the atomic volume. Hence, replacing K in

Eq. (5.1) by n from Eq. (5.3), the stresses become (for & > 1);



3
&7p_ + 1

Ppag [—_-3—'] 1}
3+ 207D
- c
(5043)
o : 1 -c3nc |
P, =P = o, ——— .
2 3 3+,
: c
and (for § < 1);
a_ ZC3D o C3D -
P{sv —3[ = ) + < y 1, (5.4b)

31.' 31
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where,
D, = [ (dev + ﬂpr)/(Cdev +-upr) ] and ¢ = dp/dm .

The\dependence of the maximum principal stress, Pg, on the grain
size ratio*, €, is shown in Fig. 5.2 for dnD, <K CDb (typical of fine

graiped ceramics) such that D, = l. The stress varies rapidly dith
grain size ia:iovfof 0 < § < 2, attains an approxiately constant level
(Plp = 20_) when § > 5, aﬁd becomes zero.when? = 0. It should be
noted. that the incernél'_stfesses are posiﬁion independent, {i.e.,
uniform throughout the inclusion.

5.3 The Matrix Stresses

The position dependent matrix stresses can alﬁo be deterﬁined
from the Eshelby solution and converted into»the equivalent results.
for a linearly viscous sqlid. The stress outside an ellipsoidal inho-
mogeneitv 1in a linearly viscous solid.can be derived directly from

19 |
Eshelby*” as (for np >n)

The grain size ratio is equivalent to viscosity and thus Fig. 5.2
is general and applicable to all inclusions of varying viscosi-
ties.
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- +A A oA
Pil = (1 + 2B/S5) Pil - B ¢ Pik n, o, + Plknk nl)
(5.5a)
A
+ 2B gknjnknin1
where
n n
p—- m. 2 4 - 5
B = - —— and § = —,
(g ;np)B . | 571 ik
and,
A . .
P=0p (3B/2) P‘:jninj (5.5b)
where,
Pij ="P.ij - (1/3) p 6ij (5.6)

where PijA is the applied stress, 6ij is the Kronecker delta and ny

.is the direction cosine. For a uniaxially applied tension, Qm:

»pA

Py = 2%/3 ,

A LA |
Pa2 = "33 = %/3
| (5.7)
' oA L A -
and Plog = P33 =0,

and for a sbherical zone:
, 1" cosb, n, = sind -nd n, = 0,

when & is the orientation with respect to the applied stress. Hence,
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2

p=cw[v1-B(3cos®-l)]

Ry = (20,3 { 1+ 8[2/5 - (3/4) sin2)] }

Py, == (9,/3) { 1+ 28 [ (1/5) - (3/4) sin_zze 11 (5.8)
“Pyy == (0, 3) (14 23/‘5')‘

*,, = (5,/2) B sin20 (1-2 sin’®)

‘P13 =0 .

The combined relations for stresses (Eq. 5.8) permit the determi-

nation of the three orthogonal stresses,

P =g {1+B[ (3/5) - cos?® (3-2cos%®) ]}

11
Py, = B[ (1/5) + cos?® (2 sin®® -1) ] (5.9)
Pyy = =(0,/3) (L +28/5) .
Using the relationship,53
| P.. +P PoPoT ' | ‘
L 117 F22 (F117722) 2
Pl ™7 s/ 7 * Py (5.10)

the principal stresses are then given by;

P = (0,/2) [ 1+ 2B (2/5-cos0) + {[1 + B(2/5) - sin’®

- g2

sin? 20 (1-2 sinZ0)2}1/2] o (5.11)
p3 = (3,/2) [1 + 2B(2/5-cos0) = {1 + B (2/5-s1n®® (1-2 s1n%)3} /%]
m 2
Py = 9, B[1/5 - cos“0]
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The peripheral matrix stress for the case of a hole or very low
viscosity (np <« nm) inclusion can‘be obtained from the Eshelby solu-

tion (eqn. 5.5) by including an extra term,

- §%T::3%$-A pA(uini - 1/3 511)

where

Kp- -
A= ®=xe=x"
m  p*
K is the bulk elastic constant and a = 1/3 (1 + v)/ (1 = V).

Allowing K, > 0, then ((1-2v)/3(1-v)) A+ 1/2. Setting B = 5/3, the

principal stresses are

T ='%{5 1028 - 7/4] + [[7/4 + sin%0 (3/2 + 5 cos?8)]?
Pp,2 = -3 1[5 sin 1 £ ([ sin c0s0)]

+ [25 cos?e sin®e(cos?e - 13/20)%)]} T (5.12)

p; =g  [1/2 - 5/3 cosze]

This result can also be obtéined from the Eshelby solution~f;r a
sphefical cavity. The variation in the magnitude of the stresses,
over one quadrantvof the zone surface, is plotted in Figs. 5.3 and 5.4
for both iarge and small values of np. For large np (or,vfor a large
value of ), the censilé stress maximum occurs around the poles* so
‘that plm = 200; wheréas for smali ﬂp’ the tensile stress exhibits a

maximum at the equator, but again plm = 20, « The principal matrix

Note that the maximum principal tensile stress does not occur at
the poles (8 = 0) whenv = 1/2, but at 8 =7 /6; a result that is
not widely appreciated. It should also be noted that a state of
hydrostatic tension exists at the poles.
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stresses, le and sz for the case of a hole do not act together; p]_m
is zero from® = 0 > n/5 and P,™ is zero from6 ==n/5~ n/2.
The relationships between grain size and the matrix stresses can

be obtained from the above using,

1-C3]
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6. DISCUSSION

6.1 Cavity Formation

Exa‘fnination of the fracture surfaces in Section 4.4 indicates
thz_;t the type and spacing of cavities formed during the creep process.
may depend on one or both of two factors: stress and time. The_pre-
dominant cavity morphology as a function of applied stress is shown in
Fig. 4.33. At high strain rates (and therefore high stresses (~200
MPa) and short failure times (~1 - 30 s)) triple point cavities pre-
dominate and very few arrays of two grain bou‘ndaty ca.vities are
observed. Under these conditions, wheré two grain boundary cavities
exist, they al;'e .small and closely spaced (Figl. 4‘.‘30). With décreasing
‘stresses (failure times f?om 4400-1006 s} arrays of two grain boundary
cavities are more commonly observed and the cavity épacing increases
-with increase in failure time.

The variety of cavity forms observed a'nd. their apparent depen-
dence on the applied stress (and éossibly §n failure time) can be
addi'essed by first considering"vthe cavity nucleation stresses. Stan-
dard nucleation theory predic;s that a critical stress is necessary
for cavity nucleation. The critical nuclea_t»ion. stress for cavities on
two grain interfaces exceeds that for cavitation at three or four
graln corners and to an extent 1is dependént on t;he dihedral
angle, 14 (Fig. 2.1) Specifically, at 1623 K and for dihedral angles
90°~120°, t'hev critical stress for two grain boundary cavities in Al,04
range from ~6007to 1650 MPa; whereags, for four grain corner cavities
the critical stresses range from~0 for ¥ = 70° to 1580 MPa for ¥ =
120°. These critical stresses compare with applied stresses in the

present experiments ranging between 100 . and 300 MPa. Hence the
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applied stresses are only'large enough to nucleate cavities at four
grain corners with small ¥ (< 90‘, at least, in accord with standard
nucleation concepts). Nucleation on two grain interfaces is thus most

probably associated with either an enhanced local stress or a locally

- reduced critical stress.

Very small local dihedral angles can cause an appreciablé reduc~-
tion in the critical nucleation stress. Grain'bOundary located inclu-

sions have small dihedral angles and may constitute sites for prefer-

ential nucleation. Grain boundary ipcluéions or precipitates and

thgir associated.cavicies have often been observed in metals.  How-
ever, no grain boﬁndary particles have been detegted in the présent
alumina using high resolution TEM .23 - This source of Critiéal stréss
reduction can thus be diséoﬁnted'in thié instance. |
Stress enhancement. assoclated withi an. inhomogeneoué area or
microstructural defect has been discussed in Section 5. It is suffi-
cient torno;e that the maximum possible stress enhancement is approxi-
mately a factor of two. This ihcreasedv stress occurs within'.the
vicinity of inclusions §f either high or low viscosity. The formation
of cracks at defects has been observed (Figs. 4.16 - 18). and is
discussed in gréacer detail in Section 4.3.. A stress enhancement
factor of 2 1is still insufficient to satisfy the nucleation stress
reQuirements for the observed two grain boundary éavities;

.A second source of .stress enhancement may be grain boundary
sliding. Grain ' boundary .sliding and creep are simultaneous and
compleﬁentary processes. Evidence of gr;in boundary sliding can be
seen in‘Fig. 4.37.. Ome grain in Fig. 4.37B has experienced out of

plane sliding and ledges can be observed along one edge. Steady state
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grain boundary sliding exerts no significant influence on the local
stress. However, if sliding occurs intermittently, then a consider-
able tensile streés normal to the sliding boundary may develop.
Alternate grain boundary sliding and migration, with accompanying:
grain boundary waviness, has been observed in metals.’%s33 11 grain
bbﬁndaries_ are in fact wavy although of widely differing wavelength.
In a slbiding transient, the applied shear stresst_ (as dictated
by the applied tensile load) initially prevails at the boundary, but
the stress felaxes with time during sliding to ~O. These shear
stresses are the oniy stresses that exist along straight boundaries.
However, a wavy boundary subject to transient sliding at a local shear
stress T, develops normal tensile and compressive stresses (Fig. 6.11)

of magnitixde:
o_=+2TA/nh ' (6.1)

where A is the wavelength and h is the amplitude. ' Equating o, to the

critical nucleation stress gives
A = 15 h/2t (6.2)
. c c :

where )‘c is the critical wavelength (of a small amplitude boundary)
that must be exceeded if the normal stress is to attain the nucleation
stress during the sliding transient. When the ‘transient is complete

the normal stress reduces to

. kTu

o ==z Db,l1 +nDb6bA]

where u is the steady state grain boundary sliding rate. In contrast
to Eq. (6.1), small amplitude waviness will, in this instance, result

in small sliding related normal stresses.
- 38



If this mode of cavity nucleationbprevails the cavity spacing
should be of the order of the dominant wavelength of the grain boun-
dary. A wavy boundary in a two grain boundary cavitated spécimen but
within a large grained fegion, can be seen in Fig. 4.24., The wave-
length in fine grained areas is sm#ll and difficult to discern. It is
also noted from Eq. (6.1) that the critical wavelength (and hence the

~cavity spacing) 1is inversely related to the stress, inv approximate
accord with present observations (Fig. 4.31).

Not all grain boundaries caQitate, because graiﬁ Boundaries afev
not invevitabl} subjected to the transient sliding described above.
In order that transient sliding can occur, favorable orientations of
‘the adjacent graips, e.g., a low angle boundary containing glissile
disl§cétions* must be assumed. Grains have been observed to rotate
during creep to assume su¢$ positions. Grain rotation 1s necessary
fof this theory. However, grain.rotaﬁion under constrained circum—-
stances is poorly undefstood and 1is an area whicfx requires further
research. A possible time dependent cavity nucleation proceés ma§ be
asgociated with such grain boundary structure changes. Consequently,
the »time required for a significant number of grains to become
realigned may exceed the failure times at high strain rates, thus
prevehting the full scale nucleation of two grain boundary cavities.
Some grain boundaries will experience sliding 1mmediately, thus

accounting for the few arrays of czvities in high strain rate samples.

Facetting has been observed on low angle' grain boundaries.57
Such boundaries therefore fulfill the waviness condition required
for nucleation.
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6.2 Crack Nucleation, Propagation and Failure

The growth of cavities has been discussed by Hsueh and Evans .2

-Initially, equilibrium shaped cavities form (Fig. 4.24) and e§entua11y |
become crack—like (Eig._ 4.25). Coalescence of cavities results iﬁ a
full facet cavity or cracked grain boundary.

Failure time 1is composed of the crack nucleati’on-ﬂ time and the
crack propagation time; one of these may be dominant. The interrppted
creep experiments (Figs. 4.16-18) indicate that the méjor port;on of"
failure time can be attributed to crack propaga.tion‘.

Cracks'should form in cavity-prone areas, or areas of locally
enhanced stress. Possible causes of stress enhaﬁcement have béen
discussed in Sections 5 and 6.1. It is predicted in Section 5 that
cracks should form either in the matrix, at the poles of highb visco~-
- sity inclusions and the equator of low visc'osity inclusions, or within
high viscosity inclusions.

vCracks thx;ough, and near, micrqstructural defects were’obéerved;
in fact, the vAst majority ofvcracks are associated with> such al.';'eas
(Figs. 4.16-19).  Cracks can also nucleate within the matrix remote
from a defect (Fig. 4.21) in an area which cavitates preferentially.
Hsueh and Evans? predicted that areas with low values of dihedral
angle, ¥ , or low surface diffusivity, Dg» would cavitate prefer-
entially and that subsequent cavity growth is acceleratevd as. the
transition to crack-like growﬁh occurs at smaller values of the cavity
size to spacing ratio. Bl@entm127 observed inhomogenebus cavitation
in alumina #1 with a uniform microstructure.

Craci;s tend to propagate by the coalescence of cavities on a

grain boundary ahead of the crack which results in a decohered
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boundary and thus crack extension. Cavities on both sides of cracked
boundaries can be éeen in Fig. 4.29.

Upon reaching a certain critical size a crack propagates rapidly,
and failure occurs almost instantaneously. Subsurface failure origins
in Figs. 4.14 and 4.15 show roughly circular regions with radial
ridges indicating the area of slow crack growth and the critical crack
size.

Examples of failure origins are shown in Section 4.3. The
failure origins that could be identified were microstructural defects,
indicating that these defects do indeed exert a prominent influence on

premature failure.

.6.3 Stress—Sﬁrain»Rate—Failure Time Relationships

The various methods of predicting failure timés are based on
either crack nucleation or crack propggation concepcs; Comparison of
predicted failure times obtained from a number of sources with
observed failure times permits invaluable insights into the possibie
~origins of the stress exponent (n = 5) and reveals parameters wﬁich
rélate uniquely to failure time ptedictions.

Rice37v has developed. constrained  and unconstrained expressions
for crack nucleation times when crack nucleation is assumed to be
.coincident with full facet cavity_formation. The unconstraiﬁed time
is given by;

167 F(£,)h(¥)

n "~ T 31500,

t (6.4)

where Dy = DbébQ/kT, f 1s the fraction of -gréin boundary area

cavitated, fi is the initial cavitated area, and

o 105 .3/2 1 .3/2 .4 (1/2 _ 175 - 45
F(fi)a[l——ﬁ-fi In(1/£,) - 5 £;/%(63 £ - 42 - 3¢ ]
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and h(¥) ~ 0.6. Substituting the observed. cavity spacing-stress rela-

tionship, b= o -1

=~}

, yields

s : :
tn o | (6.5)

Tﬁe stress exponent of Eq. (6.35) 1s thus simila? to the observed
stress deéendencevof the failure time. However, the specific crack
nucleation times:predicted from Eq. (6.5) are appreciably less than
the observed failure times. This result is consistent with the obser-
vation that crack nucleation occurs well before final failure.

The equivalent constrained crack nucleation time is given by,
g v (4n/3z) (b/d) (1 - £3/2) . (646)

where a is a consﬁant (a = 2/ n for a linearly viscous material).
This expression yields crack nu#leation timesbmuch greater than the
observed failure times. It is thus cdncludéd that the material cannot .
be experienéing fully constrained c#vitation. Many grain boundaries{
Fig. 4.26, are observed to be cavitated, indicating that cavitation
has occurred under relatively unconstrained conditions.

As the nucleation based predictions appear inadequatg, failure
times based on crack propagation demand investigation. A preliminary
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investigation by Blumentha of crack growth in the current alumina

yields a growth rate

Lo« (3 (6.7)
(o] (4

where v, is the crack velocity at K = K., the critical stress inten-

sity factor. The crack propagation time is derived from Eq. (6.7) as:
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23;3/2‘ KCS
tP - 3vo o Y (6-9)

where a; 1is the initial <crack size and Y 1is a geometrical
factor ~2.24 /1 for a surface crack. The prediction is very sensitive
to a; and v,, and reasonable choices of aj = 20 pm taken as a typical

defect size, and v, = 5 x 1072 /s as determined by Blumenthal,“‘

o
yield propagation times coincident with the measured failure times
(Fig. 6.2).

More precise comparisons of crack prop:a\gation behavior are
predicted upon measurements of the crack sié.e, a, that emanates from
an 1initial defect, ay, (Fig. 4.19, 6.3) after exposure to a
stress ¢ for time t. (see Appendix). Two éracké originating at-dlefect:s
may be compared (Figs.v4.18 and 6.3). Figure 4.18 shows a crack
extending through an elongated defect, while Fig. 6.3 shows a crack
initiated at a spherical defect. 'I‘hev predicted crack length (Appendix
1) 1is consi&erahly lesswthan the measured length 1in the first
irstance, but larger in the second. The first crack has propagated
through a pborly sintered afea aftl:er'initiation; presﬁmably crack

propagation is faster through such an area.
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7. CONCLUSIONS

Analysis——of——microstructuraif—defects——as——aréas——of——high——or—?Iow

viscosity has.reveal'ed that the associated stress enhancemgnt is of
‘the order of a factor of two. " The stress within an inhomogeneity i_s
position independent. The principal stress, Pim, in the peripheral
matrix is at a maximum around the poles of a high viscosiﬁy inclusion
and at the equator of a low viscosit); inclusion.

The prediction that cracks should initiat:e withir: or near defects
as a result of stress enhancement has been substantiated; nearly all
cracks observed were associated with defects. VCracks in the matrix
may be associated wit:h. either subsurface defects or areas of low dihe-
"dral angle or surface diffusijity as described .by Hsueh and Evans .2
Identifiable fracture origins were found. to be large grained regions,
poorly sintered areas or inclusions. Glassy regions were not identi-
fied as sources of failure. |

Cracks nucleate rapidly under the present conditions so that most
éf the failure time can be attributed to crack propagation. However,
further study of crack nucleation and propagation is required.

The stresses required for cavity ngcleation, in particular two
grain boundary cavity nucleation, are much larger than the applied
stresses and thus stress enhancement or critical stress reduction is
required. The defect associated enhancement is not sufficient, and it
is postulated that grain ﬁoundary sliding transients on wavy grain
boundaries may generate the requisite sfress. A possible time depen-
dence may result from the grain rotation necessary to permit sliding.

The cavity morphologies observed are dependent on the applied

stress. At high stresses (short tf) triple point cavities
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predominate. Few arrays of two grain boundaries are observed; those
present are small and closely spaced. At intermediate stresses arrays
of two grain boundary cavities are prevalent. The cavities grow until
only easilyvfractured ligaments of material remain. At lower stresses
. (and long te) arrays of more widely spaéed caQities are observed.
Crack growth oécurs by coalescence ofrcavities dn grain facets

ahead of the crack. The damage zone ahead of the crack is extensive
and crack branching often occurs.

| The observed stress exponent, n*= 5, 1s best accounted for by
modéls based on crack propagation. The range 6f failure times
predicted by the crack ptopagatidn model - embraces the . measured
vaiuesf However, the strong dependence.on initial crack length, ay
‘and the -crack ﬁropagation constant, vV, and the accompanying lack of
accurate value; for these parametérs-does not permit a mére precise
comparison of theory and experiment. Crack lengths may be more accur-
ately predicted; however, the effect of microstructural defects on
crack propagation needs to be more fully addressed. Thus, none of the.

current failure time models 'aré fully adequate under the present

conditions.
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8. FURTHER RESEARCH

The research effort involved in understanding the high tempera-
ture ﬁechanical properties of ceramics, i.e., the-mechénisms of creep
and creep - rupture has. nbt been extensive and thus many probiems'v
remain to Be addressed. ~ Some recommendations for further résearch in
‘this area arising from the'cﬁrrent prqject follow.‘

The nature and cause of the inhomogeneous regions in these
aluminas as well as_in'oﬁher materials need to be investigated. These
defecté are undoubtédly a result of the processing techniques,
specifically the processing oﬁ’ the powder. A concurrent study of
processing and high temperatue meéhanical properties éould be of great
use 1in determining the cause of the defects and in preventing them.
More applicable to the preSent study would "be the use of seﬁsitive |
analytical tools such as.EELS and EDS for microchemical analysis of
the inhomogeneities and matrix.

The effect 65 the heat treatment received dﬁring the test on- the
occurrence and appearance of :1nhomogengous regions should also be
investigated. Samples sﬁould be examined before and after testing to
chart the changes, if any, in inhomogeneity number and appearance.

Further creep experimeﬁts at other temperatures w0uld:reveal the
temperature dependence of Cavitation.‘ The strain'rates;at‘which the
cavity t&pe chanées from triple point to two—grain interface will be
temperature dependent because ﬁhe nucleation stresses are temperature
dependent and nom~linear.

In order for the theory, advanced in séction 6, explaining.the
source of the required enhanced nucleatioﬁ stress to be applicable, it

is necessary for the grain boundaries to be wavy and for grains to be

47



able to rotate. Grain boundaries are rarely>straight and evidence of
wavinesév is apparent 1in nearly all high resolution wmicroscope
studies. However, waviness of the order of a 0.1 pm wavelength is
difficult to discern using present techniques. Very high resolution
SEM or TEM'may be necessary té.observe such wavelengtﬁs. Grain rota-
tion, while observed, is not yet fully understood. A theoretical
study of grain rotation under consfrained circumstances could help in
further correlation of theory and experiment. A concurrent study of
variations in grain boundary compositions énd diffusivities by TEM -
could be undértaken. |

The present study clearly indicaﬁes that thé value of the
exponent n is 5. Further investigations at other temperatures would
confirm this. The»exponent in the v=K relationship should be the same

and.fﬁrther work in this érea_should also be performed.

Extension of the Eshelby analysis in Séction 5 to nonmspherical
geometries could provide insights into the reason for crack.initiation
within inhomogeneities but growth outside such areas. Further un&er-
standing of crack pathsvand the compeﬁihg effécts ofnfracture tesis-v
tance and maximum stress is desirable.

The above are some of the possible areas for further research.
Obviously, cavitation and creep in other materials are of 1ﬁterest and
comparisons could pfovide even moré'undefstAndipg of ﬁhis extremely

interesting and technologically important area.
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TABLE 4.1

Sample Failure Time Peak Stress Strain Rate Monkman-Grant Product

te secs G , MPa Ew te &n
Series A D=6.35x 1076 u/s
BB 3300 103 1.00 x 107®  3.31 x 1073
cc 5580 . 92 1.00 x 1075 5.59 x 1073
PP 4580 103 1.05 x 1076 4.60 x 1073
" Series B : bb = 1.60 x 1072 m/s
U 840 163 2.48 x 10~6 2.08 x 1073
Y 534 163 2.49 x 1076 1.33 x 1073
AA 1221 123 2.49 x 1076 3.04 x 10™3
EE 540 129 2.52 x 1076 1.30 x 1073
FF 816 149 2.52 x 1076 2.00 x 1073
GG 366 188 2.52 x 1076 9.19 x 1073
HH 450 151 2.48 x 1076 1.12 x 1073
KK 468 134 2.55 x 10~% 1.19 x 1073
MM 567 158 2.48 x 1076 1.40 x 1073
NN 930 ' 148  2.62 x 1076 2.43 x 1073
00 666 171 2.65 x 1070 1.76 x 1073
' Series C . | D= 3.18 x 107> n/s
s 71 210 4.94 x 1076 3.50 x 1074
T 98 217 4.96 x 1076 4.80 x 1074
X 115.5 205 5.04 x 1078 5.82 x 1074
“Series D D = 6.35 x 1073 m/s
v 23 257 9.93 x 1076 2.28 x 1074
W 37.5 246 9.90 x 10~ 3.71 x 1074
2 29.5 276 9.98 x 10°%  2.94 x 1074
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2.1

FIGURE CAPTIONS -

Nucleation stress as a function_ of temperature for two-

grain boundary and four grain corner cavities (after

Schematic of three-point bending fixture and tésting appa-

- Schematic of typical load vs. time curve for cteép rupture
Experimental data -- peak'étress‘as:a function of failure

_Experimental data -— normalized failure time te éo as a

Inclusion located at the failure origin.

Large grained region in Al,03 #1, showing approximate

Large grained region with internal void in Al,04 #1 - SEM.

Tensile surface showing extent of poorly sintered regions

Tensile surface showing 1lines of poorly sintered areas

'Fig.
Evané, Ref. .
.Fig. 3.1
ratus.
Fig. 4.1
experimeht.
Fig; 4.2
time, tg é&'%.
Fig.‘ 4.3
function of ﬁgak stress.
Fig. 4.4
Fig. 4.5
position.
Fig. 4.6
. Flg. 4.7
(Al,04 #2).
Fig. 4.8
(A1,04 #2).
Fig. 4.9 |

A) Poorly sintered area.
B) Void at site of inclusion.
C) Poorly sintered area, showing surface patterning of

grains, as a result of thermal etching.
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"Fig.
Fig.

Fig.
Fig.
Fig.
" Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

4.10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

4.20

4.21

Fracture surface -- glassy area - note holes formed in
glass (Al,04 #1).

Fracture surface -— glassy ligaments on large grained area
(A1504 #1).

Crack-like defect parallel to tensile direction on tensile
surface. Note cracks emanating from ends and along defect
(Al,04 #).

Crack~like defect on tenéiie surface with cracks origina-—-
ting along the length. Damage around cracks is exﬁensive"
kA1203 #2). | |

Internal void on fracture surface (Al303 #2).

Fracture origin showing characteristic radial lines (Al,03
#2).

Crackvrunning through poorly sintered areé after ~302 te.
(A1203 #2).

Tensile égrféce after ~662% tg -— extensive cracking asso-

ciated with defect (Al,04 #2).

" Tensile surf&ce after ~662 te —--defeccive areas and asso-

ciated cracks (Al,04 #2).
Tensile surface -- cracks forming in matrix at poles of

spherical defect (Aly0; #2).

~A) Fracture origin on tensile surface.

B)  Fracture surface — fracture ofigin is only visible on
tensile surfaée (A1,04 #2).

Tensile sufface - crack system not assoclated with any
visible defects. Note damage around crack tips and crack

branching (Al,04 #2).
58



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

4.30

A) Tensile surface -- Series A - extensive overall
damage .

B) Fracture surface -; créZEgg;;hching.

Fracture surface =-- array of equilibrium shaped two grain
boundary cavities in a large grained area. (Note pore in
lower right cbrner) (A1,04 #Z)f Short wavelength boundary
can be seen in upper left corner. .
Arrays of crack-like and equilibrium two grain boundary
cavities in large grained region on fracture surface
(Al,04 #15',

Array of cavities on two grain interface on fracture

- surface (Al,04 #2).

Arrays of highly facetted two grain boundary cavities on
fracture surface. Cavities are present on both large'and
small grains. Cavity size on one gfain is not c¢onstant.
(Series B, A1203»#2).

Two grain boundary cavities — cavities on different féces
of one grain are of different ;izes; Only certain>faces
of some grains are cavitated. (Series B, A1203 #2).

Arrays of two grain boundary cavities showing ligaments.
Triple point cavities are also present. (Series B, A1203
). | |

Tensile surface — arrays of two grain bouﬁdary cavit;es
on either side of a crack. (Series B, Al,04 #2).

Array of two grain boundary cavities on fracture surface
— cavities are small, very closely spaced, and form

lines. (Series C, A1203 #2).
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Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

4.31

4 .32

4.33

4.34

4.35

4.36

Fig.4.37

Fig.

Fig .

Fig.

4.38

5.1

5.2

Cavity spacing, b, as a function of peak stress, b ~“c-l.

Triple point cavities on fracture surface. (Series D,
A1,04 #2.)

Schematic of cavity morphology as "a function of peak
stréss and failure time.

Partially crept sample broken at room temperature showing
formation of cavi;ies at an early stage. Transgranular
fracture ié also apparent. (Series B, t ~30% tes A1203'
#2). | |

Fracture surface in compressive area. Note absence of two

-grain boundary cavities. (Series B, Al,05 #2).

Room temperatufe fracture surface of low stress region —
note absence of two grain bohndary_cavitiés.

A) - Ténsile surface ishowing grain boundary sliding.
(SeriesbB, Al,04 #).

B) Tensile surface -~ 1large grain has slid outwards.
Note grain boundary ledges (white 1lines).  (Series A,
A1203 #). |

Opcicalvmictograph of,ftactﬁre sample showing color change

from grey to white associated with tensile surface.

Schematic of inclusion (large grained region) showing

principal directions.

- ‘as a function of grain size

Normalized stress, Pgld
ration, {. 1Increasing [ 1is equivalent to increasing vis-

cosity.
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Normalized peripheral stresses, p%/c_as a function

@®

of 9, for np >‘nm‘.

Normalized peripheral stresses,

p'E/cTa-sfa—f-uneticn
of 8, for np= 0. |
Stresses arising from sliding of wavy grain boundary
(after Raj and Ashby, Ref. 11).

Comparison of predicted and experimental results, P vs.

Fig. . 5.3
Fig. 5.4
Fig. 6.1
Fig. 6.2

tfo
Fig. 6.3

Crack through poorly sintered area after ~66% te-
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APPENDIX I

A crack propagation model has been developed by Evans?2 in which
the crack propagation time at constant stress is given by

2K" .
c 1 1
2.2 yN=2 n-2 .
o Y vo(n-Z) Ki Kf :

Crack sizes are easily'measured and thus 1t 1is preferrable to

expréss Eq.’(Al) in terms of initial and final crack sizes in order to
determine the aéplicability of the. crack propagatioﬁ model to the
present prbblem. |
The stress intensity factor K = ¢ YJ/Z'and so:
to, "Y'v (n-2) 1 1

= (=2)72 - (=2)/2 (A2)
2K} 24 2 "

The final crack size 1is therefore;'

-2/(n-2)
1 CVo(n-Z) o Y n
" =t =2 - (43)

i

It is thus possible to compare experimental observations of céack
growth with Eq. (A3).

As previously noted‘ there 1s considerable uncertainty in the
choice of a value for.vo and results will be presented for two choices

of v.; 5 x 107 m/s and 1075 m/s. The value of the exponent n is 5.

o’
The crack in Fig. 6.3 is assumed to have been nucleated at the
circular defect and to have propagated through the m:trix under a
stress o_ ~ 140 MPa for the entire failure time of 789 s. The initial

defect size 1is thus ~ 13 pm; ay 1is half the defect size, 1i.e.,
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\

ay ~6.5 pm. The final crack size, af', can then be calculated to
. 4L D

be ~8.5 um when'vo-a 5 x 10-5 m/s and ~65 um when Yo = 10'5 m/s. The

measured value of ag is ~32 um.

The crack in Fig. 4.18, has nucleated at the spherical defect and

A

propagated through a‘fufther unsintered area. " In this case, 0 ~170 -
MPa, t = 600 s, a; ~16 um and ag, ~28 um when v, = 10™5m/s (Eq. (A3)
cannot be used in this case if vé =5x 107 ﬁ/S). The ﬁeasured value
of ag 1s ~65 um.

The predicted ag in the first case is thus conservativel i.e.,

(65 pm) > ag (32 pm) compared to the underesti-

'af
-measured

predicted

mation of crack size (a¢- = 28 um, a,g = 65 m) in the
( fpredicted > “fhneasured _u :

second case where the crack has propagatéd through a defective area.
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Fig. 4.5
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Fig. 4.1l
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Fig. 4.12
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SHRINKAGE CRACK
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Fig. 4.14
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Fig. 4.19
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Fig. 4.24

89



XBB 824-2934A

Fig. 4.25
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Fig. 4.26
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Fig. 4.27
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Department of Energy. Any conclusions or opinions
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Laboratory or the Department of Energy.
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