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ABSTRACT 

Inhomogeneous regions such as zones of atypical grain size, 

poorly sintered areas and inclusions have been observed to be crack 

initiation sites and thus failure origins. An analysis of the 

stresses associated with microstructurally inhomogeneous regions in a 

creeping ceramic polycrystal indicates that the stress within such 

regions and in the peripheral matrix is enhanced by a factor of two~ 

Creep rupture experiments performed on a fine grained (I - 3 Ilm) 

alumina ind icated that 

applied stress, oeD' as 

the failure . time, tf, is proportional to the 

-5 
tf ex: oeD. The experimental data can be most 

easily reconciled with crack propagation models. Cavity morphology 

was observed by the use of high resolution scanning electron micros-

copy and was found to be dependent on the applied stress. Triple 

point cavities predominated at high stresses, many closely spaced 

arrays of two grain boundary cavit.ies predominated at intermediate 

stresses, and more widely spaced arrays at low stresses. 

Calculated cavity nucleation stresses are higher than the applied 

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

v 



postulated that grain boundary sliding transients at wavy 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 is expanding; greater economy can be realized at high 

temperatures and thus ceramics are ideally suited for these applica-

tions. The high temperature properties of ceramics and their asso-

ciated advantages over metals are thus particularly important. 

The creep rates of metals, their relatively low melting tempera-

tures and corrosion susceptibilities preclude their use in very high 

temperature operations. Al though ceramics are corrosion resistant and 

have hig h mel ting temperatures, they are subj ec t to creep deformation 

and rupture at. high temperatures. Thus the understanding of creep 

processes and . failure in ceramics is of great 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 liquid phase which· is 

extremely detrimental to high temperature properties. Typical frac-

ture stress behavior as a function of temperature is summarized as 

follows. The failure stress is virtually independent of temperature 

up to T/Tm-O.5 (Tm is the melting temperature in Kelvin). In this 

regime, fracture is brittle and usually originates from pre-existing 

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

voids and inclusions (introduced during processing).1 At elevated 

r,,,," 
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-

sivity.2 The preceeding description of high temperature behavior is 

based on theoretical work by Hsueh and Evans. 2 Cavi ties have been 
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observed to form preferentially in certain areas2 in materials of 

uniform microstructure and although theory and experiment have not yet 

been fully correlated, the work of Hsueh and Evans2 which ascribes 

cavitation susceptibility to locally low values of '¥ and Ds is the best 

explanation available. 

The purpose of the present study is to investigate, more compre­

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 study comprises 

the initial observation of defects (in particular, zones of large 

grains, poorly sintered areas and inclusions in uniform matrices of 

fine grain size) and an experimental 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. 

2 
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2. PREVIOUS INVESTIGATIONS OF CAVITATION AND CREEP MECHANISMS 

2.1 General Considerations 

Creep in ceramics takes place by diffusional processes (disloca­

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

path can be either through the lattice (Nabarro4-Herring5 creep) or 

along the grain boundaries (Coble6 creep). Diffusional creep must 

necessarily be accompanied by grain boundary sliding J ,8,9 Cannon et 

a1. l0 observed that in A1203 diffusional creep dominates over the 

temperature range 1200-1750° and at stresses up to 310 MPa. 

Raj and Ashbyll treated a creeping polycrystal as having a 

Newtonian viscosity, '" where the shear strain rate is given by 

• 
y = 't I" a (2.1) 

where 't is the applied shear stress. The viscosity can be expressed a 
as 

(2 • .2a) 

for volume diffusion and as 

(2 • .2b) 

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

atomic volume, Dv and 11, are diffusion coefficients and 6 b is the 

grain boundary width. Diffusion coefficients for volume, surface and 

boundary diffusion during sintering of Al2 03 have been determined by 

Dynys et a1. l2 A more general expression for ~ has been developed by 

Cannon and Coble. l3 

3 



2.2 Microstructural Defects 

Prior analyses of stress perturbations related to grain size and 

shape differences11 ,14-16 have been restricted to grain arrays consis­

ting of equiaxed 9 ,12 or elongated grains,9 equispaced grains of 

different size13 and bimodal grain size distributions14 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 freely under the 

influence of the applied stress. Surface tractions can then be 

applied to return the transformed zone to its original size and shape 

whence it is replaced in the matrix 0 Equal and opposite forces then 

develop in the surrounding matrix. The method can be .app1ied . to 

linearly viscous mater.ia1s by recognizing the analogous roles of the 

shear modulus, ~ ,in linear elasticity and the viscosity, Tl, in m 

linearly viscous circumstances. 

2.3 Cavitation 

2.3.1 Cavity Nucleation 

Cavities in metals are usually associated with grain boundary 

partic1es20 ,21 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
ture17 has been studied. Evans et a1.1a have studied the 
effect of cavities on fracture of ceramics. 

4 
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Classical heterogeneous nucleation theory has been used by a 

number of authors21 ,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 process21 ,22 it is 

necessary to form a vacancy cluster ofa critical size (which may be 

pf 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 

gather, and the diffusion rate • The net vacancy flux is8 

2D [00'1 
J v :: m- sinh 'k'fl (2.3 ) 

where L is the mean distance through which vacancies must migrate' and 

D is the diffusion coefficient. The incubation time, which is 

directly related to the vacancy flux, is dependent on temperature, 

stress, 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 fr·ee energy caused by the creation of new surface 

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

5 



by the cav'ity and the work done in creating the new volume occupied by 

the cavity. The volume of the critical-sized cavity is dependent on 

the nucleation site and the dihedral angle, 'J!, which determine the 

cavity shape and therefore the nucleation stress. Specifically, sites 

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 create less 

surface area than two grain interface cavities) means that the 

critical nucleation stress is lowest for cavities formed at particles, 

followed by cavities at triple points, with two grain interface 

cavities having the highest nucleation stresses. The nucleation 

stress in Al203 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 Al2 03 are much greater than the stresses 

commonly applied during creep tests. Therefore either the cavity 

nucleation stress must be reduced, or the applied stress enhanced in 

some manner to allow cavity nucleation in the present experiments. 

Grain boundary sliding, which has been observed to accompany cavity 

nucleation in metals, 24-26 is presented as one possible source of 

local stress enhancement in the present work. Cavity nucleation in 

metals has been observed to be associated with grain boundary sliding 

by a number of workers.24- 26 

6 



2.3.2 Cavity Morphology, Occurrence and Growth 

Cavities in ceramics may occur at three or four grain 

corners2 ,22 ,27 or in a_r_r_as_s~on_two_ grain_boundar-ies-.~-I)ut'-i-ng--creep,---· 
---

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

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

become crack-like as· the cavities grow.3°,32 Chuang et al.3l and 

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 Pharr and 

Nix 32 model i.s a modification of a model presented by Chuang and 

Rice30 in which the growth of crack-like cavities by surf~ce diffusion 

was treated. The shape change from equilibrium to crack-like was 

allowed by the development of a 'nose' or elongation of the equili-

brium cavity. 

Hsueh and Evans2 extended the analyses to consider the effect on 

local variation in dihedral angles, and surface diffusivities. Hsueh 

and Evans2 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 Ds were the important 

parameters in determining the transition. The crack-like cavity 

growth rate increases with cavity size and thus failure ?ccurs prema-

turely from regions with locally reduced values of,¥ and Ds' which 

cause the transition to occur at lower values of alb. As previously 

discussed, lower values of '¥ lead to increased cavitation suscepti-

bllity. 

The Hsueh and Evans2 model contains one major difference from the 

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

7 



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

deemed to be important. The Hsueh and Evans2 model takes into account 

the ratio between the surface and grain boundary diffusivi­

D/)s 
ties, t:. =~. The smaller the value oft:., i.e., the lower the 

Dbo 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 on the system and 

that the growth rate is unaffected by the presence of other 

cavities. Dyson36 introduced the concept of constraint to take into 

account the effect of the number and distribution of other cavities on 

growth rates. A constrained situation is one in which a cavitated 

grain boundary" is isolated in uncavitated material. In order for the 

cavities on the grain boundary to. grow at the calculated rates, it is 

necessary for the adjoining grains to deform to accommodate the 

increase in vol ume • If the boundaries are uncavitated aoo are not 

free to slide the necessary extent, then the cavity growth cannot be 

accommodated, and the growth rate must necessarily decrease. An 

unconstrained situation arises when many grain boundaries are 

cavi tated, or the grain boundaries can slide freely. Inhomogeneous 

distributions of cavities result in a constraint being imposed on the 

cavitated area. The constrained area need not necessarily be one 

isolated grain boundary; larger zones with a high cavitation 

8 
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susceptibility may be constrained by the surrounding less 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 workers28 ,2 9 ,31 ,35,37,45,47 

with varying results. Growth models generally try to predict the 

dependence of the growth rate, v, on the stress a or on the stress 

intensity factor K. The results are usually expressed in the form 

V a: an or v/vmin a: (K/Kth)n where vmin is the velocity at the thres­

hold stress intensity factor Kth • At K < Kth cracks do not grow. The 

exponent 'n' is the most important factor, and it is here that the 

models differ. The exponent n is only valid at K » Kth; at K - Keh 

the v-K curve is asymptotic and n may assume large values. 

The prediction of failure time as a function of stress is an 

alternative method to determining v-K curves. Failure time predict-

ions are, of course, the most practically useful and the most easily 

correlated with experimental results as is done in the present 

study. Failure may be controlled either by crack nucleation or by 

crack propagation. . Crack propagation occurs by the coalescence of 

cavities ahead of a crack, thus extending it; crack nucleation occurs 

by the coalescence of cavities to form a crack. If failure is crack 

propagation controlled, i.e., if crack nucleation is fast and the 

majority of the time to failure can 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 

n tf a: l/a where the exponent 'n' will have the same value as predicted 

by the v-K or v-a models. Failure or rupture times for crack 

9 
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nucleation models may still be expressed as a function of stress 

although care must be taken in assigning the value of the exponent 

n. Crack nucleation models can still be based on cavity growth rates 

as cavities must grow and coalesce 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 depending 

upon the various assumptions made concerning cavity morphology, 

distribution, growth mechanisms, i.e., the relative importance of 

surface and grain boundary diffusion and material parameters. Certain 

models, particularly those which assume plastic deformation or a power 

law component of creep are really only applicable to metals as are 

those which require creep to proceed by dislocation movement. 

None of the models proposed fits the experimental results 

generated in this study. The value of n determined in the present 

work is -5. Some studies take simplified cases which do not 

adequately describe the observations. Many models have assumed a 

fully unconstrained 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 t he features necessary to describe the 

present work. The various models, their assumptions and applicability 

to the present study will be discussed according to the value of the 

exponent pred ic ted. 

10 
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The earliest work in this field was performed by Hull and 

Rimmer .14 The model is based on a square array of spherical cavities 

normally applied tensile stress. In this, and in many models, the 

grains are assumed to be rigid or to show linearly elastic 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 ~f = 1/0. 

Numerous authors29 ,31,43,44 have obtained an exponent equal to 1; 

t he common assumption is that cavities are of equilibrium or quasi-

equilibrium shapes. It should be noted that this situation is 

presented only as a limiting case in later theories. Surface 

diffusion is assumed to be rapid and non-rate limiting in these models 

and grain boundary diffusion is thus the important parameter in deter-

mining growth rates. 

Raj et a1.43 have presented a corrected expression for the growth 

rate of an array of lenticular or equilibrium cavities. The assump­

tions are similar to the Hull and Rimmer14 model although the effect 

of an internal gas pressure in the cavities is included. As the model 

only considers one grain boundary, the coalescence of the cavities can 

be assumed to constitute crack nucleation, and the fracture time 

derived is inversely linearly dependent on the stress (if the internal 

gas pressure is taken as zero), i.e., tf = 1/0<». 

rate can also be expressed as v =0 • <» 

The cavity growt h 

Chuang et a1.31 have also presented expressions for the limiting 

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

11 



dependent only on I1, and not on Ds and is linearly dependent on 0CD • 

Again, the failure time can be derived from the growth rate expression 

if the coalescence of cavities on a facet is considered and 

tf IX l/oCD. This expression only holds when D. = Ds ° s/Dbob is large, 

i.e., 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 IX 0CD. It was noted in 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 cause a constant 

rate of material deposition between the cavities. 

The above theories could all be classed as crack nucleation 

models. A crack propagation model involving the growth of equilibrium 

cavities ahead of a crack has been developed by Wilkinson.29 The 

exponent is still one, i.e., v IX K where v is the crack velocity in 

this case. The v-K dependence is the same whether or not the number 

of equilibrium cavities ahead of the crack is constant. If all cavity 

nucleation is assumed to have occurred simultaneously and early, then 

the model can be" used to predict the time for a crack to advance 

across one facet. This time, tN is IX l/K or IX l/oCD. The failure time 

will thus be some mUltiple of this tN and thus tf IX l/oCD. 

A common factor in all the models which give a value of n=l 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 r.ates 

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

12 
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one is that growth is only dependent on grain boundary diffusion (and 

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

--~~---~ 
-~--~ 

------~ 

between the. cavities. This may be correct for small cavities; however 

as the cavities grow the ligament size decreases and the cavity morph-

ology changes (i.e., less material per unit extension is removed) and 

the rate of material deposition does not remain constant. This situa­

tion was taken into account by Hsueh and Evans.2 

Models which include the contribution of the cavity nucleation 

stress (i.e., the formation of new cavities increases the growth rate) 

to the growth rate involving equilibrium cavities resul't in a stress 

exponent of 2. Raj and Baik38 present a model in which new cavities 

nucleate at the far end of the damage zone ahead of the crack tip. 

The crack propagates by growth of the cavity ahead of the crack to 

coalesce with the crack. Wilkinson29 obtained a similar expression. 

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 equl-

librium cavity shapes and nucleation as a result of the crack 

growth. The present study indicates that all the cavities nucleate 

simultaneously early in the creep process and not at grain boundary 

particles. 

While cavities may initially assume an equilibrium shape, they 

eventually become crack-like. Surface diffusion becomes important in 

crack-like cavity growth and the ratio II is important in determining 

the morphology transition. 2 ,30,31 Chuang and Rice30 analyzed the case 
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of growth controlled by surface diffusion, a model later modified by 

Pharr and Nix. 32 If 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 is 

-3 thus a: (J • Similar approaches by Miller and Pilkington28 and 

Wilkinson29 based on these models but extended to crack propagation by 

cavity coalescence also result in an exponent of 3, i.e., va: K3. The 

failure time according to this model should also be inversely propor-

tional to K3. Ch~ng et al.31 also obtain a (J -3 dependence of the 

rupture time if only surface diffusion is considered although this 

relationship only applies for small values of t:., i.e., {} sDs < {} b~. 

The above models which give an exponent of 3 all assume that 

surface diffusion is rate controlling, i.e., the opposite case to the 

n-l models. Chuang et al)1 have taken the ratio t:. into account in 

determining the limiting crack-like velocity of certain void shapes 

with the result that va: (J3/2. Wilkinson29 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 growt h 

only in a crack-like mode does not adequately describe actual cond i­

Uons. The Chuang et al.3l model describes the transition between the 

two morphologies. However, this is based on stress relaxation times 

for the surface diffusion which indicate that surface diffusion is the 

dominant cavity growth mechanism. These relaxation times are obtained 
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from data for metals; the model is strictly only applicable todiffu­

sive cavity growth in metals. 

Vi te_k' s40 crack gro~h~Jllodel, in whi~_h~v~K~,_is_not __ applicable~--:--
-------

to the present case as crack growth by cavity coalescence is not 

consid ered • Also, t'he crack is considered to maintain a constant 

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

shape is not completely described. 

Chuang3 g has developed a model describing crack growth by a 

coupled surface diffusion and grain boundary diffusion 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 from U to co. This model only describes 

a limiting case; there is no interaction with other cavities and there 

is no allowance for change in cavity morphology. As this model only 

describes part of t he 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 unlikely in a polycrystal. It is 

interesting to note that a third power dependence of the velocity on 

the stress at. the crack tip, a tip' arises as one of the boundary 

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 is 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 .37 The situation is 

similar to t hat previously discussed in which an B;rray of equilibrium 

cavities is growing. The failure time in unconstrained circumstances 

is 

where b is the cavity spacing in accord with previous theories. Only 

grain boundary diffusion terms are important in the unconstrained 

case. The failure time in constrained circumstances is expressed in 

terms of the Monkman-Grant product t;CD where ECD is the applied strain 

rate. Monkman and Grant47 derived an empirical relationship indica-., 
ting that t~CD is constant for many materials. The constrained Rice 

equation is 

• e: t at bId CD f (2.4 ) 

where d is the grain size. The rupture time under constrained circum-

stances is much greater than the unconstrained time, particularly at 

small stresses. However, again the above only models the growth 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 

cavi ties is added, an exponent of 3 is obtained for crack-like cavity 

growth when only surface diffusion is important, and an exponent of 12 

is obtained 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 

restrictive. 

like growth models. Failure time predictions need to take into 

account the change in growth rate experienced by a cavity of changing 

morphology. 

Experimental data for ceramics are scarce. The experimental 

evaluation of the exponent n for SiC and Al203 fibers gives values of 

3_6.22 Sintered SiC yield s an exponent of ..... 50 when failure is crack 

propagation controlled. 51 The exponent obtained in the present work 

is 5. 
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3. EXPERIMENTAL METHOD 

3.1 Material 

* Two nominally identical dense high purity aluminas were used for 

this study. The aluminas contained 0.25% MgO and had grain sizes of 

1-3 IJ.m. The materials were hot pressed in vacuum to near theoretical 

densi ty in graphi te dies. Material 111 was uniformly black while 

material 112 was light grey. The color is probably a result of non-

stoichiometry in the alumina. Similar color changes in other aluminas 

have been observed by theautttor. Most tests were performed on 

material 112. 

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 a 

surface grinder to achieve the final dimensions and parallel faces. 

Final ** polishing of one face was conducted using a 15 IJ.m diamond 

wheel and 6 am 1 IJ.m diamond paste. The long edges of the polished 

face were bevelled using a 6 IJ.m diamond wheel in order to remove 

corner cracks • The samples were measured to ±a.oos 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, OR 
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The polished face becaute the tensile face. The span length was 25 

mm. A Lucalox disc was attached to the middle rod to provide a 

contact area 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 capable of attaining l600°C by means of molybdenum 

disi1icide elements was placed around the test apparatus. The temper-

ature was measured using at Pt6%Rh-Pt30%Rh thermocouple and could be 

measured to ±2 °c • The temperature variation during a test was < 

±lOC. 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 applied. The purpose of the preload was to allow 

the sample holder assembly to remain intact when the epoxy dissociated 

The furnace was gradually heated to -500-600°C . and then 

heated more rapidly up to the test temperature (usually 1350 °C) • An 

automatic 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 preload was 

reduced to 2-2.5 N during this time. Before testing began the 

preload was removed. 

The tests were conducted using a constant displacement rate and 

the variation in load with time was recorded. Most tests were 

continued to failure which was signaled by a sudden drop in the 

load. Interrupted tests were performed by reducing the load after the 

required time and cooling under a load of 4-5 N, maintained in the 

same manner as the preload. This load was applied to inhibit 

sintering of the creep damage. The . furnace was cooled at 1 °C/ sec 

until the temperature was below lOOO°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 Microscopy 

3.6.1 Sample Preparation 

The fracture surfaces were inspected in an optical microscope to 

de termine obvious visible causes of fracture. The fractured ends of 

the. bars were 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 
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gold coating is also subject to deterioration and some samples needed 

to be recoated (gold coatings may be partially removed using Micro t 

( ..... 2%) solution). Usually one fracture surface and one tensile surface 

of each sample pair were coated. 

3.2.6 Scanning Electron Microscopy. 

Three different scanning electron microscopes were used. tt High 

resolution SEM was performed on the lSI microscope which has a resolu-

tion of"'" 30 A in the upper stage and ..... 60 A 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 

lSI and AMR microscopes. . Both the tensile and fracture surfaces were 

studied •. 

3.6.3 Auger and Secondary Ion Mass Spectroscopy 

** A scanning microprobe was used to investigate various inhomoge-

neous regions. It was necessary to lightly carbon ~oat the samples to 

prevent charging.' Gold coating was not successful because the gold 

Auger peaks overlap with silicon peaks, precluding the possibility of 

identifying glassy areas. Standards of as-received alumina, sapphire 

and Lucalox were also subjected to Auger analysis. 

*** I SIMS was used to identify light elements. 

t 
tt 
* 
** 
*** 

Micro, Industrial Products 
lSI DS 130, AMR 1000, JEOL 
KEVEX, CA 
SAM, Physical Electronics, Inc., CA 
SIMS, Physical Elec tronics, Inc'., CA 
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4. RESULTS 

4.1 Creep Rupture Tests 

4.1.1 General Considerations 

The load was determined as a function of time for four different 

displacement rates. A typical creep rupture curve is shown in Fig. 

4.1. A primary creep regime, in which load increases rapidly with 

time, is followed by a short secondary creep regime and an extended 

tertiary creep regime in which a slow decrease in applied load occurs 

with time. 

this period. 

Cavity and crack nucleation and propagation occur during 

I 
Castastrophic failure eventually occurs at the failure 

load, Pf , and time tf. The peak load, P, which occurs in the secon­

dary creep regime, is the maximum load applied to the sample. At low 

displacement rates, d)s 6.35 x 10-6 , 1.60 x 10-5 m/s), Pf < P. At 

higher displacement rates (0... 3.18 x 10-5 , 6.35 x 10-5 ml s) there is 

no tertiary creep and P m Pf • 

For a three point bend test configuration, the peak stress a .. can 

be related to the applied peak load, P by27 

a -
(2n + 1) LP 

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 Dl was determined by Blumentha127 as 1.7 for comparable dis-

placement rates and temperatures. The deflection, D, of a beam is 

given by52 

(4.2) 
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• where E is Young's modulus. Hence, the strain rate, E, can be derived 

from Eqns. (4.1) and (4.2) as 

E = L(2n + 1) hb 
nL

2 

Creep tests were performed at four displacement rates: 

(4.3) 

6.35 x 

10-6 (series A), 1.60 x 10-5 (series B), 3.18 x 10-5 (series C) and 

6.35 x 10-5 (series D) m/s. Most tests were performed on material 112 

(see Section 3.1) at 1350°C. Table 4.1 details the various test 

conditions and results. 

4.1.2 Stress-Strain Ita te-Failure Time Relationships' 

The experimental failure time data are plotted as a function of 

peak stress in Fig. 4.2. The data suggest a stress exponent, n, of 5, 

i.e., t
f 

II: (J -5 • Possible explanations for the observed stress 

exponent will be discussed in Se'ction 6. Another conventional method 'l.j 

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

• 
failure time (or Monkmart-Grant product) t f Eca' is shown as a function 

,-

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

• 
low values of t f Eca signify premature failure, which 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. 4.4), which exhibited premature failure. 

4.2 Microstructural Defects 

Various microstructural defects were observed on both the 

fracture and tensile surfaces. The two a1uminas exhibited different 

inhomogeneous regions. 

The major defects in alumina 111 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 IJ.m. The 

grain size is at least ten times that of the matrix (i.e., the grain 

In a number of instances void s 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 such methods 

is * 1%. A zone of large grains was observed to be the source of 

failure in at least one instance (Fig.
o 

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, but they were observed on most 

alumina 81 fracture samples. Subsequent investigation by Blumentha14l 

has also revealed the presence of many such zones on tensile surfaces. 

Many poorly sintered areas ,and voids were observed in material 

112. Figure 4.7 shows these regions on a tensile surface. Similar 

areas were also observed as planar zones, orthogonal to the hot 

pressing direction (Fig. 4.8). Holes or missing grains were often 

associated with these areas (Fig. 4.9A). A more substantial void, 

possibly the result of an inclusion, is shown in Fig. 4.9B. Small 

cracks can be seen radiating from this particular defect. Further 

discussion of the cracks emanating from, and passing through, these 

regions will be presented in Section 6. 

Areas which contain a s~cond, amorphous phase were observed in a 

number of cases. Figure 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 

ligaments, 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. 

4.3 Fracture Origins and Crack Growth 

Failures typically originated from the subsurface and could be 

identified by the appearance of radial lines (Fig. 4.15). These lines 

are due to surface roughness associated with the zone of damage initi-

ation and propagation. Areas through which cracks have propagated 

rapidly tend to be relatively smooth. 

Fracture origins are not always readily visible on the fracture 

surface. Crack nuclea.tion and growth can often be better observed 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 intermediate 

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 vicinity of the main crack 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 10-5 mis, and the 

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

minutes, 30% 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 from and within these 

areas in Figs. 4.16. The poorly sintered areas extend diagonally 

across the tensile surface and thus the cracks do not follow these 

areas but extend into the matrix prependicular to the direction of 

maximum stress. The theoretical basis for the effect of defects on 

crack nucleation is discussed in Section 5. Figure 4.6 shows the 

extent of crack groWth during the first creep period. 

Upon further deformation the cracks exhibited appreciable exten-

sion (Figs. 4.17 and 4.18). The damage is more extensive after the 

second creep period, (cf. Figs. 4.16 and 4.17) although the cracks are 

still associated with microstructural defects. Figure 4.19 shows a 

crack nucleated 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 surface, 

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 with a 

defect is 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 cracks can also be discerned. Cracking 

was also observed at the higher strain 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 observed (Fig. 4.24). At" low strain 

rates (Fig. 4.25) two grain boundary cavities were observed, although 

the cavity spacing is larger than that in higher strain rate 

samples. A number of highly cavitated- grain boundaries can be seen in 

Fig. 4.26 from which it is apparent that grain facet size is not 

important in determining cavitation suseptibility. The cavity density 

varies between faces of the same grain and Fig. 4.27 is an example; 

many grain faces with similar orientations to the principal stress 

were observed to have differing cavity densities. The cavities even­

tually coalese leaving ligaments (Figs. 4.28) which then fracture. 

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 the cavity spacing decreases and lines of 

cavities tend to form (Fig. 4.30). An approximate measure of average 

cavity spacings on two grain interfaces is plotted in Fig. 4.31. The 

scatter can be ascribe~ to grain orientation effects. The cavity 

spacing, b, is approximately inversely proportional to stress. Triple 

point cavities increase in importance at high strain rates, eventually 

predominating at the highest strain rate (Fig. 4.37). The general 

trends in cavitation behavior are summarized in ~ig. 4.33. 
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Cavities start to form early in the creep process, as evidenced 

by an interrupted test in which the specimen was broken at room 

temperature after -30-50% of its expected life (Fig. 4.34). 

A low spatial density of cavities appears in the compressive 

region of the fracture surfaces of each test specimen (Fig. 4.35). 

Similarly, two grain boundary cavities were not observed in low stress 

regions of the samples, 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 (~ig. 4.37). Surface ledges formed by grain boundary 

sliding are apparent in Fig. 4.37B. 

4.5 Auger ani SIMS 

The peak ratio, Al: 0 was measured in various samples and posi­

tions, but was found to be inconclusive in determining 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-stoichiometric Al2 03 or diffused carbon. Auger analysis 

was not sensitive enoug.h to determine an AI:O ratio difference between 

white and gray areas. It was not possible to test for varying carbon 

contents. 
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5. STRESS ANALYSIS 

5.1 Method of Solution 

The material subjected to stress at elevated temperatures is 

considered to be deforming by diffusive creep as dislocation creep is 

discounted for this class of materials. l The viscosity of inhomeogen-

eous regions differ from that of the matrix. Such regions may be 

regarded as zones of high or low viscosity. As an example, viscosity 

exhibits a strong dependence on the grain size, increasing as the 

grain size increases. Thus, large grained zones are regions of high 

viscosity embedded in a less viscous matrix as shown schematically in 

Fig. 5.1. An enhanced tension can be expected to develop within a 

high viscosity region, as manifested in the analogous elastic problem 

of an inclusion of high shear stiffness contained in a compliant 

matrix. 19 In fact, the stress analysis is conducted by first obtain-

ing the stress distribution for an elastic inclusion in an elastic 

matrix and then applying the correlation between linearly viscous. and 

linearly elastic solid s • 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, i.e., Poisson's ratio, v .. 1/2, can be obtained from Eshelby19 

as; 

pP .. pP 
2 3 

~ + 4 ~ 
[ m p] 

3~ +2~ , 
m p 

.. a 
CD 
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~m - ~p 
[. j ~ + 2 ~] , 

m P 
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where pPl,2,3' are the principal tensile stresses (Fig. 5.1), I.l. is the 

shear modulus , CJ(J) is the remote stress and the superscripts p and m 

refer to the particle and matrix, respectively. This solution is 

rigorously applicable when I.l. > I.l. For I.l. < I.l. the direct applica-p m. p m, 

tion of the Eshelby analysis do·es not allow PIP + 0 asl.l.p+ 0 (i.e., 

for a hole), when V" 1/2, because the transformation strain 

·eT + (J) as I.l. + o. 
P 

A working result for . smalll.l. II.l. can thus be 
. p m 

obtained by setting v III 0.49; for this choice of v, "the desired limit 

PIP + 0 as I.l.
p 

+ 0 obtains, as given by; 

p CJ(J) [. 2 I.l. p 1 I.l. m '] 
PI - 3" 0.6 I.l. + 0.4 I.l. ~ + (I.l. + 0.025 I.l. ' 

m ppm 
(5.lb) 

The stresses within a linearly viscous solid can be determined from 

Eq. (5.1) by invoking the direct equivalence between the shear 

modulus I.l. and the viscosity, T) (for stress controlled boundary condi-

tions). The stresses thus.become, for example, 

pP - CJ 1 (J) 

T) +4T) 
[ m p ] > 

3T) + 2T) , T) P T) m • 
m p 

(5.2) 

As a 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; 

(5.3) 

where Dv is the lattice diffusivity, 6 ~ is the boundary diffusivity, 

d is the grain size and Q is the atomic volume. Hence, replacing I.l. in 

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



1-

pP :a (J 
1 CD 

~3D + 1 
[ c 3 ], 

3 + 2C D c 

and (for' < 1); 

. (J 2C 3D 
pP .. -=- [ ( c ~ 

1 3 0.6 + 0.4,3D 

,3 D 
+( c 3)]' 

0.025 + C D 
c c 

where, 

D .. [ (d D + npD
b

) /(Cd D + npD
b

) ] and' :a d /d c mv mv pm 

(5.4a) 

(5.4b) 

The dependence of the maximum principal stress, pi, on the grain 

• size ratio , " is shown in Fig. 5.2 for dmDv « C Db (typical of fine 

grain~ ceramics) such that Dc .. 1. The stress varies rapidly wit h 

grain size ratio for 0 ( , ( 2, attains an approxiately constant level 

(PIP .. 2(J..,) when, > 5, and becomes zero· when C :a O. It should be 

noted that the internal stresses are pOSition independent, i.e., 

uniform throughout the inclusion. 

5.3 The Matrix Stresses 

The position dependent matrix stresses can also be determined 

from the Eshelby solution and converted into the equivalent results 

for a linearly viscous solid. The stress outside an ellipsoidal inho-

mogeneit v in a linearly viscous solid can be derived directly from 

Es helby19 as (for" >,,) 
p ·m 

• 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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(5.5a) 

where 

n " P - m 24-5v 
B ,. and ~ = (" -" )~ -" -n- 1 - v m . p m 

and , 

(5.5b) 

where, 

"'Pij = Pij - (1/3) P 0ij (5.6 ) 

A where Pij is the applied stress, 0 ij is the Kronecker delta and nij 

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

... pA .. 2cr /3 , 
11 = 

(5.7) 

and 

and for a spherical zone: 

when e is the orientation with respect to the applied stress. Hence, 
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p = 0a> [1 - B(3 cos2e - 1) ] 

"'P22 = - (0a>/3) { 1 + 2B [ (l/5) - 0/4) sin220 ] } (5.8) 

"'P33 = - (0a> 3) (1 + 2B/5) 

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

nation of the three orthogonal stresses, 

Pll ,.. 0a> {I + B [ (3/5) - coi0 (3-2cos2e)]} 

(5.9) 

Using the relationship,53 

(5.10 ) 

the principal stresses are then given by; 

(5.11) 
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The peripheral matrix stress for the case of a hole or very low 

viscosity (T'I «T'I) inclusion can be obtained from the Eshelby solu'" p m 

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

where 

K -K 
A ~ P m 

(K -K )(i-K ' . m p' 

K is the bulk elastic constant and ex .. 1/3 (1 + v)/ (1 - v). 

Allowing ~ .. 0, then ( (1-2v)/3(1-v)) A" 1/2. Setting B = 5/3, the 

principal stresses are 

m C1eD {2 [ 2 2 2 
Pl,2 ::0 3 [5 sin 9 - 7/4] ± [7/4 + sin 9(3/2 + 5 cos 9)] 

(5.12 ) 

P~ .. C1eD [1/2 - 5/3 coi9] 

This result can also be obtained from the Eshelby solution for a 

spherical cavity. The variation in the magnitude of the stresses, 

over one quadrant of the zone surface, is plotted in Figs. 5.3 and 5.4 

for both large and small values of T'I • For large T'I (or, for a large 
p p 

value of C), the tensile stress maximum occurs around the poles* so 

that Plm ... 2aeDO whereas for small T'I , the tensile stress exhibits a 
, p 

maximum at the equator, but again Plm .. 2 C1eD • The principal matrix 

* Note that the maximum principal tensile stress does not occur at 
the poles (9 - 0) when v .. 1/2, but at 9 ~ 1T /6; a result that is 
not widely appreciated. It should also be noted that a state of 
hydrostatic tension exists at ~he poles. 
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stresses, PI m and P2 m for the case of a hole do not act together; PI m 

is zero from e .. 0 ~ Tt/5 and p2
m is zero from e = Tt /5 ~ Tt /2. 

The relationships between grain size an.Citne· matrix stresses can 

be obtained from the above using, 

B .. 5 [ I - ,3 ] 
3 + 2,3 
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6. DISCUSSION 

6.1 Cavity Formation 

Examination of the fracture surfaces in Section 4.4 indicates 

that 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 boundary cavities are 

observed • Under these conditions, where two grain boundary cavities 

exist, they are small and closely spaced (Fig. 4.30). With decreasing 

stresses (failure times from -400-1000 s) arrays of two grain boundary 

cavities are more commonly observed and the cavity spacing increases 

wit h increase in failure time. 

The variety of cavity forms observed and their apparent depen­

dence on the applied stress (and possibly on failure time) can- be 

addressed by first considering the cavity nucleation stresses. Stan-

. dard nucleation theory predicts that a critical stress is necessary 

for cavity nucleation. The critical nucleation stress for cavities on 

two grain interfaces exceeds that for cavitation at three or four 

grain corners and to an extent is dependent on the dihedral 

angle, '¥ (Fig. 2.1) Specifically, at 1623 K and for dihedral angles 

90°-120°, the critical stress for two grain boundary cavities in Al203 

range from -600 to 1650 MPa; whereas, for four grain corner cavities 

the critical stresses range from -0 for '¥ a 70° to 1580 MPa for '¥ :0 

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'f « 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 appreciable reduc­

tion in the critical nucleation stress. Grain boundary located inclu­

sio~s have small dihedral angles and may constitute sites for prefer-

ential nucleation. Grain boundary inclusions or precipi ta tes and 

their associated ,cavities have often been observed in metals. How­

ever, no grain boundary particles have been detected in the present 

alumina using high resolution '!'EM .23 This source of critical stress 

reduction can thus be discounted in this instance. 

Stress enhancement associated with an inhomogeneous area or 

microstructural defect has been discussed in Section 5. It is suffi­

cient to note that the maximUlll possible stress enhancement is approxi-

mately a factor of two. This increased stress occurs within the 

vicinity of inclusions of either high or low viscosity. The formation 

of cracks at defects has been observed (Figs. 4.16 - 18). and is 

discussed in greater detail in Section 4.3., A stress enhancement 

factor of 2 is still insufficient to satisfy the nucleation stress 

requirements for the observed two grain boundary cavities. 

A second source' of stress enhancement may be grain boundary 

slid ing. Gr ain boundary slid ing and creep are simul taneous and 

complementary processes. Evidence of grain boundary sliding can be 

seen in Fig. 4.37. One 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 stress normal to the sliding boundary may develop. 

Alternate grain boundary sliding and migration, with accompanying 

grain boundary waviness, has been observed in metals.54 ,55 All grain 

boundaries are in fact wavy although of widely differing wavelength. 

In a sliding transient, the applied shear stress 1: (as dictated 
CD 

by the applied tensile load) initially prevails at the boundary, but 

the s.tress relaxes with time during sliding to ..... 0. These shear 

stresses are the only stresses that exist along straight boundaries. 

However, a wavy boundary subject to ~ransient sliding at a local shear 

stress 1:, develops normal tensile and compressive stresses (Fig. 6.11) 

of magnitude 

c:J :It ± 2 'tA IT) h 
n 

where A is the wavelength and h is the amplitude. 

critical nucleation stress gives 

A .. 1tc:J h/21: 
C C 

(6.1) 

Equating c:J to the 
n 

(6.2) 

where A is the critical wavelength (of a small amplitude boundary) 
c 

that must be exceeded if the normal stress is to attain the nucleation 

stress during the sliding transient. When the transient is complete 

the ~ormal stress reduces to 

• 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. 
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If this mode of cavity nucleation prevails 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 specimen but 

within a large grained region, can be seen in Fig. 4.24. The wave-

length in fine grained areas is small and difficult to discern. It is 

also noted from Eq. (6.1) that the critical wavelength (and hence the 

cavity spacing) is inversely related to the stress, in approximate 

accord with present observations (Fig. 4.31). 

Not all grain boundaries cavitate, because grain boundaries are 

not invevitably subjected to the transient sliding described above. 

In order that transient slidit.lg can occur, favorable orientations of 

the adjacent grains , e.g., a low angle boundary containing glissile 

d islocations* must be assumed • Grains have been observed' to rotate 

during creep to assume such positions. Grain rotation is necessary 

for this theory. However, grain rotation under constrained circum-

stances is poorly understood and is an area which requires further 

research. A possible time dependent cavity nucleation process may be 

associated 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 

preventing the full scale nucleation of two grain boundary cavities. 

Some grain boundaries will experience sliding immediately, thus 

accounting for the few arrays of c~vities 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, equilibriuin- shaped cavities form (Fig. 4.24) and eventually 

become crack-like (Fig. 4.25). Coalescence of cavities results in a 

full facet cavity or crack~d grain boundary. 

Failure time is composed of the crack nucleation time and the 

crack propagation time; one of these may be dominant. The interrupted 

creep experiments (Figs. 4.16~18) indicate that the major portion of­

failure time can be attributed to crack propagation~ 

Cracks should form in cavity-prone areas, or areas of locally 

enhanced stress. Possible causes of stress enhancement have been 

discussed in Sections 5 and 6.1. It is predicted in Section 5 that 

cracks should form either in the matrix, at the p<>les of high visco­

sity inclusions and the equator of low viscosity inclusions, or within 

high viscosity inclusions. 

Cracks through, and near, microstructural defects were observed; 

in fact, the vast majority of cracks are associated with such areas 

(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 Evans2 predicted that areas with low values of dihedral 

angle, Y or 

entially and 

low . surface diffusivity, Ds ' would cavitate 

that subsequent cavity growth is accelerated 

prefer­

as the 

transition to crack-like growth occurs at smaller values of the cavity 

size to spacing ratio. Blumentha127 observed inhomogeneous cavitation 

in alumina Dl with a uniform microstructure. 

Cracks 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 seen 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-Strain Rate-Failure Time Relationships 

The various methods of predicting failure times are based on 

either crack nucleation or crack propagation conceptse Comparison of 

predicted failure times obtained from a number of sources with 

observed failure times permits invaluable insights into the possible 

origins of the stress exponent (n .. 5) and reveals parameters which 

relate uniquely to failure time predictions. 

Rice37 has developed constrained and unconstrained expressions 

for crack nucleation times when crack nucleation is assumed to be 

coincident with full facet cavity formation. The unconstrained time 

is given by; 

where -
t -n 

is 

l6b3 F(f
i

)h('¥) 

315°1° ... 

the fraction 

(6.4) 

of grain boundary area 

cavitated, fi is the initial cavitated area, and 
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and h('I') ..., 0.6. Substituting the observed cavity spacing-stress rela­

tionship, b ex: (j -1 , yields 
CD 

t <i:(j-4 
n CD 

(6.5) 

The stress exponent of Eq. (6.5) is thus similar to the observed 

stress dependence of 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, 

E t'" (4h/3a:) (bid) (1 - f3/2) 
CD n i (6.6 ) 

where a: is a constant (a:.. 21 1t for a linearly viscous material) ~ 

This expression yields crack nucleation times much greater than the 

observed failure'times. It is thus concluded that the material cannot 

be experiencing fully constrained cavitation. 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 inadequate, failure 

times based on crack propagation demand investigation. A preliminary 

investigation by Blumentha141 of crack growth in the current alumina 

yields a growth rate 

v 
v o 

(6.7) 

where Vo is the crack velocity at K .. Kc' the critical stress inten-

sity factor. The crack propagation time is derived from Eq. (6.7) as: 
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-3/2· K 5 2a
i c 

(6.9) t = p 3v cr Y 
0 (II 

where a i is the initial crack size and Y is a geometrical 

factor -2.24 ITt for a surface crack. The prediction is very sensitive 

to ai and vo ' and reasonable choices of ai = 20 Ilm taken as a typical 

defect size, and Vo = 5 x 10-5 mls as determined by B1umentha1,4l 

yield propagation times coincident with the measured failure times 

(Fig. 6.2). 

More precise comparisons of crack propagation behavior are 

predicted upon measurements of the crack size, a, that emanates from 

an initial defect, ai' (Fig. 4.19, 6.3) after exposure to a 

stress cr for time t (see Appendix). Two cracks originating at-defects 

may be compared (Figs. 4.18 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. The predicted crack length (Appendix 

1) is considerably less than the measured length in the first 

irtstance, but larger in the second. The first crack has propagated 

through a poorly sintered area after initiation; presumably crack 

propagation is faster through such an area. 
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7. CONCLUSIONS 

------------Ana-l-ysi-s-o-f-m-ic-ros-tructur-a-l-d-e-fec-t-s-a-s-area-s-o-f~hig-h-or-low-----

viscosity has revealed that the associated stress enhancement is of 

the order of a factor of two. The stress within an inhomogeneity is 

position independent. The principal stress, PI m, in the peripheral 

matrix is at a maximum around the poles of a high viscosity inclusion 

and at the equator of a low viscosity inclusion. 

The prediction that cracks should initiate within or near defects 
I 

as a result of stress enhancement has been substantiated; nearly all 

cracks observed were associated with defects. Cracks in the matrix 

may be associated with either subsurface defects or areas of low dihe­

-dral angle or surface diffusivity 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 

of the failure time can be attributed to crack propagation. However, 

further study of crack nucleation and propagation is required. 

The stresses required for cavity nucleation, 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 boundary sliding transients on wavy grain 

boundaries may generate the requisite stress. 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 easily fractured ligaments,of material remain. At lower stresses 

(and long t f ) arrays of more widely spaced cavities are observed. 

Crack growth occurs by coalescence of cavities on 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 os 5, is best accounted for by 

models based on crack propagation. The range of failure times 

predicted by the crack pr0l'agation model embraces the. measured 

values. However, the strong dependence on initial crack length, ai 

and the cra.ck propagation constant, v 0 and the accompanying lack of 

accurate values for these parameters does not permit a more 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 are fully adequate under the present 

conditions. 
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8. FURTHER RESEARCH 

The research effort involved in understanding the h:i.gh tempera­

ture mechanical properties of ceramics, i.e., the mechanisms of creep 

and creep rupture has not been extensive, and thus many problems 

remain to be addressed. Some recommendations 'for further research in 

this area arising from the current project follow. 

The nature and cause of the inhomogeneous regions in these 

aluminas as well as in other materials need to be investigated. These 

defects are undoubtedly a result of the processing techniques, 

specifically the processing of the power. A concurrent study of 

processing and high temperatue mechanical properties could be of great 

use in determining the cause of the defects and in preventing them. 

More applicable to the present study would be the use of sensitive 

analytical tools such as EELS and EDS for microchemical analysis of 

the inhomogeneities and matrix. 

The effect of the heat treatment received during the test on the 

occurrence and appearance of inhomogeneous regions should also be 

investigated. Samples should be examined before and after testing to 

chart the changes, if any, in inhomogeneity number and appearance. 

Further creep experiments at other temperatures would reveal the 

temperature dependence of cavitation. The strain rates at which the 

cavity type changes from' triple point to two-grain interface will be 

temperature dependent because the nucleation stresses are temperature 

dependent and non-linear. 

In order for the theory, advanced in section 6, explaining the 

source of the required enhanced nucleation 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 

waviness is apparent in nearly all high resolution microscope 

studies. However, waviness of the order of a 0.1 lJ.m wavelength is 

difficult to discern using present techniques. Very high resolution 

SEM or TEM may be necessary to observe such wavelengths. Grain rota-

tion, while observed, is not yet fully understood. A t heore tical 

study of grain rotation under constrained circumstances could help in 

further correlation of theory and experiment. A concurrent study of 

variations in grain boundary compositions and difIusivities by TEM 

could be undertaken. 

The present study clearly indicates that the 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 further work in this area should also be performed. 

Ex tension of the Eshelby analysis in Section 5 to non-spherical 

geometries could provide insights into the reason for crack initiation 

within inhomogeneities but growth outside such areas. Further under­

standing of crack paths and the competing effects of fracture resis­

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 interest and 

comparisons could provide even more understanding of this extremely 

interesting and technologically important area. 
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TABLE 4.1 

Sample Failure Time Peak Stress Strain Rate Mo nkman-Gr ant Product 
• tf sees C1 J MPa ECD tf ~CD 

• 10-6 m/s Series A D .. 6.35 x 

BB 3300 103 1.00 x 10-6 3.31 x 10-3 

CC 5580 92 1.00 x 10-6 5.59 x ~ 10-3 

PP 4580 103 1.05 x 10-6 4.60 x 10-3 

• 10-5 Series B D .. 1.60 x m/s 

U 840 163 2.48 x 10-6 2.08 x 10-3 
y 534 163 2.49 x 10-6 1.33 x 10-3 

AA 1221 123 2.49 x 10-6 3.04 x 10-3 

EE 540 129 2.52 x 10-6 1.30 x 10-3 

FF 816 149 2.52 x 10-6 2.00 x 10-3 

GG (366 188 2.52 x 10-6 9.19 x 10-3 

HH 450 151 2.48 x 10-6 1.12 x 10-3 

KK 468 134 2.55 x 10-6 1.19 x 10-3 

MM 567 158 2.48 x 10-6 1.40 x 10-3 

NN 930 148 2.62 x 10-6 2.43 x 10-3 

00 666 171 2.65 x 10-6 1.76 x 10-3 

• 10-5 mls Series C D - 3.18 x 

S 71 210 4.94 x 10-6 3.50 x 10-4 

T 98 217 4.96 x 10-6 4.80 x 10-4 

X 115 .5 205 5.04 x 10-6 5.82 x 10-4 

• 10-5 mls . Series D D - 6.35 x 

V 23 257 9.93 x 10-6 2.28 x 10-4 

W 37.5 246 9.90 x 10-6 3.71 x 10-4 

Z 29.5 276 9.98 x 10-6 2.94 x 10-4 
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FIGURE CAPTIONS 

Fig. 2.1 Nucleation. stress __ as a __ f.unc_tion_of_temper.ature-fo't-t-wo-----
----------------~~---------

Fig. 3.1 

Fig •. 4.l 

Fig. 4.2 

Fig. 4.3 

Fig. 4.4 

Fig. 4.5 

Fig. 4.6 

Fig. 4.7 

Fig. 4.8 

Fig. 4.9 

grain boundary and four grain corner cavities (after 

Evans, Ref. 1). 

Schematic of three-point bending fixture and testing appa-

ratus • 

Schematic of typical load vs. time curve for creep rupture 

ex per iment • 

Experimental data -- peak stress asa function of failure 

time ,tf a::o.-:. 
Experimental data normalized failure time 

function of peak stress. 

Inclusion located at. the failure origin. 

Large grained region in A1203 Ill, showing approximate 

position. 

Large grained region with internal void in Al203 III - SEM. 

Tensile surface showing extent of poorly sintered regions 

Tensile surface showing lines of poorly sintered areas 

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. 4.10 Fracture surface -- gla.ssy area - note holes formed in 

Fig. 4.11 Fracture surface glassy ligaments on large grained area 

Fig. 4.12 Crack-like defect parallel to tensile direction on tensile 

surface. Note cracks emanating from ends and along defect 

Fig. 4.13 Crack-like defect on tensile surface with cracks origina-

Fig. 4.14 

Fig. 4.15 

Fig. 4.16 

Fig. 4.17 

Fig. 4.18 

ting along the length. Damage around cracks is extensive 

Internal void on fracture surface (Al303 #2). 

Fracture origin showing characteristic radial lines (A1203 

112) • 

Crack running through ·poorly sintered area after ...... 30% t
f 

Tensile surface after .... 66% t f -- extensive cracking assa-

ciated with defect (A1203 112). 

Tensile surface after .... 66% t f -- defective areas and assa-

Fig. 4.19 Tensile surface -- cracks forming in matrix at poles of 

spherical defect (Al203 #2). 

Fig. 4.20 A) Fracture origin on tensile surface. 

B) Fracture surface - fracturf" origin is only visible on 

tensile surface (Al203 #2). 

Fig. 4.21 Tensile surface - crack system not associated with any 

visible defects. Note damage around crack tips and crack 

branching (A1203 #2). 
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Fig. 4.22 A) Tensile surface -- Series A - extensive overall 

damage. 

B) Fracture surface -- crack branching. 

Fig. 4.23 Fracture surface -- array of equilibrium shaped two grain 

boundary cavities in a large grained area. (Note pore in 

lower right corner) (A1203 U2). Short wavelength boundary 

can be seen in upper left corner. 

Fig. 4.24 Arrays of crack-like and equilibrium two grain boundary 

cavities in large grained region on fracture surface 

Fig •. 4.25 Array of cavities on two grain interface on fracture 

Fig. 4.26 Arrays of highly facetted two grain boundary cavities on 

fracture surface. Cavities are present on both large and 

small grains. Cavity size on one grain is not constant. 

Fig. 4.27 Two grain boundary cavities cavities on different faces 

of one grain are of different sizes. Only certain faces 

of some grains are cavitated. (Series B, A1203 tl2). 

Fig. 4.28 Arrays of two grain boundary cavities showing ligaments. 

Triple point cavities are also present. (Series:a, A1203 

(12) • 

Fig. 4.29 Tensile surface - arrays of two grain boundary cavities 

on either side of a crack. (Series B, A1203 tI2). 

Fig. 4.30 Array of two grain boundary cavities on fracture surface 

cavities are small, very closely spaced, and form 

lines. (Series C, A12 0'3 82). 
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Fig. 4.31 -1 Cavity spacing, b, as a function of peak stress, b ~«a • 

Fig. 4.32 Triple point cavities on fracture surface. (Series D, 

Fig. 4.33 Schematic of cavity morphology as a function of peak 

stress and failure time. 

Fig. 4.34 Partially crept sample broken at room temperature showing 

formation of cavities at an early stage. Transgranular 

fracture is also apparent. 

1/2) • 

Fig. 4.35 Fracture surface in compressive area. Note absence of two 

grain boundary cavities. (Series B, Al203 #2). 

Fig. 4.36 Room temperature fracture surface of low stress region -

note absence of two grain boundary cavities. 

Fig.4.37 A) Tensile surface showing grain boundary sliding. 

( Ser ies B, A1203 #2). 

B) Tensile surface - large grain has slid outwards. 

Note grain boundary ledges (white lines). (Series A, 

Fig. 4.38 Optical micrograph of fracture sample showing color change 

Fig. 5.1 

Fig. 5.2 

from grey to white associated with tensile surface. 

Schematic of inclusion (large grained region) showing 

principal directions. 

Normalized stress, pi/aCD as a function of grain size 

ration, C. Increasing C 1s equivalent to increasing vis-

eoslty. 
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Fig. 5.3 Normalized peripheral stresses, pm/a as a 
co 

function 

of 0, for" )-". p m 

_________ ~F~i,g • 5. 4 Normaliz.ed_peripher.al_s.tresses-,-pf!!/a--a:;-as-a-f-unc-t-1on----~ 

of a, for" '" O. 
P 

Fig. 6.1 Stresses arising from sliding of wavy grain boundary 

(after Raj and Ashby, Ref. 11). 

Fig. 6.2 Comparison of predicted and experimental results, P vs. 

Fig. 6.3 Crack through poorly sintered area after ...... 66% t f • 

' . . 
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APPENDIX I 

A crack propagation model has been developed by Evans22 in which 

the crack propagation time at constant stress is given by 

2Kn 
c 

t "" -2-2---­
a Y v (n-2) 

... 0 

[Kn: 2 - Kn: 2] 
i f 

(AI) 

Crack sizes are easily measured and thus it is preferrable to 

exp.ress Eq. (AI) in terms of initial and final crack sizes in order to 

determine the applicability of the crack propagation model to the 

present problem. 

The stress intensity factor K ... a Y ra and so: 

ta nynv (n-2) 
... 0 ---.....;;--_ .. 

2Kn 
c 

The final crack size is therefore; 

a -f 
1 + 

(n-2 )/2 a
i 

1 1 
(n-2 ) /2 - ~(n-~2~)~/~2 

a
i 

a
f 

tv (n-2) a y o CD 

2 Kc 

-2/(0-2) n 

(A2) 

(AJ) 

It is thus possible to compare experimental observations of crack 

growth with Eq. (AJ). 

As previously noted there is considerable uncertainty in the 

choice of a value for Vo and results will be presented for two choices 

of vo; 5 x 10-5 mls and 10-5 m/s. The value of the exponent n is 5. 

The crack in Fig. 6.3 is assumed to have been nucleated at the 

circular defect and to have propagated through the m~tr1x under a 

stress a ... ,... 140 MPa for the entire failure time of 789 s. The initial 

defect size is thus"" 13 J.Lm; ai is half the defect size, i.e., 
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The final crack size, af ' can then .be calculated to 
p 

be ..... 8.5 IJ.m when vo" 5 x 10-5 mls and ..... 65 IJ.m when Vo = 10-5 m/s. The 

measured value ofaf is ..... 32 "IJ.m. 

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

propagated through a further unsintered area. In this case, (J ..... 170 -

MPa, t =- 600 s, ai ..... 16lJ.mand af ..... 28lJ.mwhen Vo = 1O-5m/ s (Eq. (A3) 
p 

cannot be used in ~his case if Vo = 5 x 10-5 m/s). The measured value 

of af is ..... 65 IJ.m. 

The predicted af in the first case is thus conservative i.e., 

a f (65 IJ.m) > a f (32 IJ.m) compared to the underesti-
pred ic ted measured 

mation of crack size (af' =- 28 IJ.m, af 
predicted measured 

= 65 IJ.m) in the 

second case where the crack has propa~ated through a defective area. 
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