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ABSTRACT 

Fine grained polycrystalline al na has been deformed in creep at 

Cavities with equilibrium and crack-like morphologies have been observedw 

distributed non uniformly throughout the material. The role of 

cavities during creep has been described. A transition from equilibrium 

to crack-like morphology has been observed and ated with a model 

based on the influence of the surface to boundary diffusivity ratio and the 

local tensile stress. The contribution of cavitation to the creep rate 

and total creep strain has been analyzed and excluded as the princi 

cause of the observed non-linear creep rate, 



lo INTRODUCTION 

The high temperature deformation of ceramics is y accompani 

by the nucleation and growth of cavities at grain boundari 

of the cavities is evidently detrimental to the creep performance~ since 

the cavities are both the ultimate origin of creep rupture2 and a ial 

source of enhanced deformation. A detailed understanding of ty evolu= 

tion during creep is thus of paramount importance to the predi on 

h·igh temperature performance of polycrystarline ceramicso Creep experi 

which provide a basis for developing the requisite comprehension are de~ 

scribed; experiments that include measurements the deformation behavior 

and observations of the dominant cavity morphologies. The material 

for the study is a fine grained alumina~ devoid of amorphous phasest 1 

ected 

lr' 
I 

which the comprehensive diffusivity data needed to carrel 

tions with cavitation models are available3•4• 

the observa~· 

The measurements and the cavity observations are reported in the rst 

section. The observations are then compared with the predi ons of di 

fusive cavitation models, to establish the merit of such models for charac-

terizing cavitation in this class of polycrystal. Finally, the models are 

used to examine the influence of cavi tion on the creep deformation under 

various conditions of stress and temperature. 

2. RESULTS AND OBSERVAT 

Deformation tests were conducted on exural specimens at constant 

displacement rates. The plastic strain levels achieved in the were 

determined from the separation of scribes placed on the side surface of 

tThe material was a hot pressed Al 203/0o25% MgO with an average grain size 
of rv2]Jm. 



. 5 the spec1men . In each test, steady state behavior (as mani t by a 

constant deformation load) was es ished, and it was ensured that t 

major contribution the total strain was in the s 

regime. The steady state deformation characteristics, deduced from the 

test results are summarized in figure 1. The strain rates, E
00

, are 

typified by the conventional relation, 

{l) 

where the exponent, n , of the app1 i stress, a , is 
00 

1.8,andthe 

activation energy Q is ~460 KJ/mole. Inspection of the data indicated 

that the deformation was not compatible with the existence of a stress 

threshold (a frequently invoked interpretation of exponen n > 

The non-linearity of the deformation is presumed, therefore, to reside 

in the non-linearity of the dominant deformation mechanism. Grain growth 

occurred during the tests at the highest temperature (from ~2]Jm to ~4]Jm) 

but the change in structure was also excluded as the origin of the non-

linearity~ because incremental displacement rate tes 

ture) gave identical values for the stress exponent. 

(at constant struc-

Most of the test specimens were subjected to an ultimate s in of 

0.07, at the maximum outer fiber strain location. The s imens were 

then polished down to various levels beneath the surface in order to ob-

serve the cavity distributions created in the sample~ as a function of 

the distance from the neutral axis. Appreciable cavity formation was 

invariably observed at the larger strain levels and, in all instances, 

the cavity distributions were inhomogeneous (figure 2): an observation 

of major significance to the interpretat·ion of creep rupture. The cavity 



morphologies and the cavitation strains exhibited some important trends 

th both the steady s te s level and the temperature@ ·influence 

of s is demonstra by comparing figures 2a and , which indi 

typical cavity distributions at a strain of 0.07, a test temperature of 

1750 K and stresses of 80 and 8 MPa respectively, At the lower stress 

the strain contributed by the cavities is rvOo03 ('l,eD rv40% the total 

pla ic strain). The dominant morphology consists of equiaxed, triple 

point located cavities, as indicated by the schematic in gure 2dD These 

cavities are of essentially constant curvature and can thus re~· 

garded as the equilibrium-shaped analogy of the lenticular diffusion ere~ 

ated cavities frequently observed in metals on two grain junctions9
o At 

the higher stress, the fraction of the total strain contributed by the 

cavities is smaller (rv20%)~ and a substantial proportion of the cavities 

exhibit elongated morphologies. Closer examination indicated two charac~ 

teristic elongated cavities; cavities that occupy an entire grain facet 

and cavities that extend partially across a grain facet, commencing from 

a ple point (figure 2b). The latter exhibit a tip morphology (figure 3) 

typical of crack-like cavities; cavities predicted to exist for conditions 

wherein relatively slow rates of surface diffusion limit the formation of 

an equilibrium shape10 . These crack-like cavities presumably become 

stabilized in the form of facet-sized cavities after extending into the 

opposite triple junction (figure 2b). The tests at the lower temperatures. 

l650K~ exhibit the same characteristics, but there appears to be a reduced 

tendency for crack-1 ike cavity formation at comparab 1 e stress 1 evel s. and 

a smaller net contribution to the strain from the cavitation. Regions in 



which the crack-like cavities are aligned in essentially colinear a 

ar~ also a frequent observation at the higher s ( gure 4a). In 

zone of maximum s in (figure 4b) coalesced cavities are occasionally 

observed. These are undoubtedly the origin of microcracks and hence, 

are rrecursors to rupture. 

Several specimens were fractured at room temperature foll ng high 

temperature creep deformation~ and the in-plane morphology of the es 

was examined. Some lipsoidal cavities these grain junctions were evi~ 

dent, but many of the cavities extended fully across the grain facet 

grain junctions. The cavity fronts generally exhibited a small monotonic 

curvature. There was no evidence of 'finger-like' cavity growth 11 • 

The grain boundaries vJere examined before and after deformation by 

employing TEM and STH1 tech:1iqucs. Amorphous ·phases were not ted 

(either at two grain or three grain junctions) and no signi cant segrega~ 

tion of MgO at the grain boundaries could be identified within the STEM 

resolution capabilities. Spinel particles were also an infrequent occur-

renee. Most grain boundaries were featureless, but a small fraction (~0,1) 

exhibited periodic structures (figure 5) similar to those observed by 

Carter et a 112 
0 

3, DISCUSSION 

The deformation measurements and the cavity observations indicate 

several important behavioral trends. The first significant observation 

is the inhomogeneous nature of the cavity distribution, particularly at 

the larger stress levels. This non-uniformity derives from the influence 

material inhomogeneity in the nucleation and initial growth of the 



cavities. The evol on of inhomogeneous cavity and resul 

creation of macrocracks is the principal theme h 
. 8 t e compan1on paper 

Probable sources inhomogeneity are local i 1 i in di 

dral angle or the diffusivity along the cavity s (such that small 

values of these parameters encourage cavity sion8). Boundaries with 

periodic structures (figure 5) are, for example. likely 

dihedral angles than the general boundary and it is, 

exhibit l 

signi cant 

that such boundaries have not been observed to in cavities. Bounda es 

with an excess of impurity species in solid sol on (MgO or Si02) could 

exhibit the smaller than average diffusivi es or dihedral angles needed 

to encourage local cavitation. 

The transition from equilibrium to crack ike cavities 

is a phenomenon with substantial implications. An anal is of the transition, 
13 

recently proposed by Chuang et aL s indicates a l·imit on equ"il ibriurn cavity 

growth imposed by the ratio of the surface diffusivity to the grain boundary 

diffusivity. Implicit in the occurrence of a transition is the existence 

of diffusive crack-like cavities with a near tip morphology that is essen­

tially independent of the initial equ·ilibrium cavity shape12 • 

In the following ions. a detailed analysis of observed crack-li 

cavity morphologies is conducted, in order to establish c in the 

transition model. Finally. the influence of the cavitation on the creep 

strain is examined, with emphasis on the deviations from linearity intro­

duced by the cavitation. 



Jo] T.he Cavity Shape 

The near·~ti p sha 'j i cavities by ·ion is 

d'l prima di ty al and 

cavity velocity, but 

cavity shape13 •14 • 

atively independent of the initial, equilibrium 

The specific shapes observed 1 ike es 

. gure 6) are thus examined in il in order to 

conformance th predi ions of the di ive cavity 

(The cavity les are.used the s ha i nves ion, by'assu~ing in 

each case that the cavity fronts exhi bH: a smaTI monotonic cur·vature: 

rather than the sinusoidal shape characteristic of finger-like growth •. 

The observed cavity fronts are consistent with this assumption. so, 

h t . t' n computations of the critical wavelength for the growt a per urba 1on 

indicate values > 2~m. i.e. of the order of the grain 'length, whi 

is t~o large to per~it finqer development under th~ present test· i ons). 

An explicit prediction of the model is an expression for the cavity width 

w in the fully established crack-like growth mode1 13• 

3 °s 8 sys~ 
w "' 8 

3/2 

kTv 

where D5o5 is the surface diffusion parameter. Y
5 

is the 

~ the atomic volume. ~ the dihedral angle and v is the s 

(2) 

energy, 

tip velocity. The rate of propagation of the cavities in the crack··l ike 

mode is approximately constant8•15 (See Appendix). Cavity shape anal is 

has thus been confined to well developed crack-like cavities. A typical 

example is the cavity shown in figure A 

An upper bound w on the width 

of such fully developed cavities is predicted from eqn. (2) by assumi 



that the cavities have been extending continuously, at constant velocity, 

from the initial attainment of steady-state deformation. Measurements 

the dihedral angle obtained from several cavities indi that 

By adopting this value for the dihedral angle and by 'introduci previously 

3 4 ( ~ scoK 0 " 2 5 1 0-2l 2 ,~ l determined values' 1 for other parameters at I o , 5 us o 
0 m s 

A 

n 2 2 lo-30 3 
,)U "' • 0 m I ) the upper bound cavity width, w , can 

be predicted. For the cavity shown in figure 6 the upper bound value of 

the cavity width is 224 nm. compared th a meas nm. For 

each case, examined in this way, the measured width was always less than 

the upper bound value and within a factor of 3. Considering the uncertainty 

in the diffusion parameter, these correspondences are considered to be 

sufficiently close to confirm that the observed crack-like cavities had 

indeed formed by a diffusive mechanism~ with surface diffusion as the ra 

limiting step. 

3.2 The Transition 

The transition from the equilibrium to crack-like cavity roorphology 

is dependent upon the stress level. the relative cavity size and the ratio 

6 of the surface to boundary diffusivities8•13 • The location of this 

transition is plotted in figure 7 for a temperature of l550K (0.15<6<0.5) 3. 

The experimentally observed cavities can be placed on the transition diagram 

to examine conformance with the prediction. This is achieved by adopting 

the following procedure. Colinear arrays of crack-like and equilibrium 

cavities nearly normal to the strain axis are identified (e.g. from figures 

2 and 4). The cavity size ratio within the array is determined by direct 

measurement and the position on the transition diagram is located and plotted. 

The results are indicated on figure 7 for results obtained at 1550K; open 



circles represent a of equilibrium-shaped cavities and closed circles 

refer to crack-li At thi transit·ion 

line mental ions cavi 

types. However, at other temperatures, the mode ·1 was less )succes 1, 

The reasonable correlations both the predicted crack-like cavity 

sha and the it ion condi on \rJith t t tions 

c to sive mode"! as a ti ive of 

cavi ion ·!n A'l ';)0 It is a 
,) 

implied by the cavity growth models. 

3.3 Def'orrilation 

When cavities develop ing deformation, ion ratE~ 

is inevitably enhanced. It is important to ascertain the extent of is 

enhancement under various conditions of imposed stress and temperature and 

to identify influences upon the s s exponent of the deformation 

The non-linearity will be firstly examined by applying the relations 

the creep strain induced by the various cavitation processes deri in 

the Appendix. The creep strain rate relations for cavitation have 

derived for uniform cavity arrays" It is noted that thtc~se mu be 
.~4-.• ~ 

bound estimates for inhomogeneous cavitation, because of growth con ints 

imposed by the creep rate of the surrounding non-cavita structure8. 

The influence of cavitation on the non-linearity of creep in the 

test is found to be minimal. This can be appreciated by noting that the only 

non linear strain rate relation is that which pertains during the ion 

of crack-like cavities at low stress levels: a s for which ' s 0: 



1 o~ 

Yet, ·inspection of the cavity morphologies at any instant during the deforma-

tion process (figure 2a) indicates that ion of cavities propagating 

in the crack-like mode is relatively sman (5 to 20%). Hence, since the 

total strain contribution from the cavities is <30%, it is implausible to 

anticipate a creep exponent in the presence cavitation that 

~1.2. The observed non-linearity of the creep ra n ~1.8 ·is thus 

concluded to originate primarily from a non-l'i near c mechanismo The 

most likely origin of the non-linearity resi l ll I i 1 limitations; 

concerned with the vacancy creati nihilation process at 

boundar-ies, or with impediments to grain boundary sl·idh1g (as , unspeci-

fied)16. It is tempting to invoke the non-linearities con ined in dislo­

cation models of grain boundary creep17• But. it is di cult to envisa 

on the basis of the present observations that a sufficient fra ion of 

boundaries can be described by a discrete dislocation array permit such 

models to be applied with confidence. This is clearly an issue that meri 

further investigation. 

The extent of the deformation attributed to the cavitation can be 

predicted from models of uniform cavity arrays. The predictions are summa~ 

zed in figure 8. in terms of the parameter R • the cavitation creep 

rate relative to the Coble creep rate and f • the ratio of the crack 

length to crack spacing. For a typical value of I'J (i'J l). figure 8 

shows that the proportion of the cavitation creep attributed to the growth 

of crack-like or full-facet cavities is less than that derived from equili­

brium shaped cavities, by a factor of ~3. This prediction is <in substantia·! 
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agreement with the observations summarised in figure 2. However, a quanti­

tative correlation between theory and experiment would be considerably com­

plicated by the mixture of cavity morphologies typically observed, and the 

resultant tendency for the development of local constraints. Additional 

study is thus needed before the contributions of cavitation to the deforma­

tion can be adequately predicted. 

4. CONCLUSIONS 

Non-linear creep behavior (n ~1.8) has been observed in a fine grained 

hot-pressed, polycrystalline A1 2o3;0.25% MgO. At all stress levels, cavities 

were observed to nucl at grain triple junctions. At lower stress levels, 

creep cavities were predominantly equiaxed; whereas at higher stress levels, 

cavities frequently evolved into crack-like configurations and subsequently 

extended fully across the grain facets. However, the proportion of the 

creep strain attributable to cavitation was higher in the specimens deformed 

at the lower stress levels. Under all testing conditions, the cavitation 

was inhomogeneous and cavity coalescence was encountered at large strains. 

Such behavior was attributed to variability in the dihedral angle or the 

surface diffusivity. 

The observed crack-like cavity shapes and the transition from equili­

brium to crack-like morphology was shown to be consistent with models of 

diffusive cavity growth that allow changes in cavity shape when the surface 

diffusivity becomes too small to maintain uniform curvature. This correla­

tion has important implications for the prediction of creep rupture8• 
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The contribution to the total creep strain was derived for three di 

ferent arrays of cavities. Each model predicted linear behavior at the 

s levels used in the present tes ~ discounting cavitation as 

the source of the observed non-linearity (a common misconception). The 

non-linearity is thus attributed to the actual deformation mechanism (·i.e., 

interface limita ons or grain boundary sliding thresholds). 
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APPENDIX 

RATES DUE TO CAVITATION 

Deformation can occur the growth of cavi es in a ng 

structure. When the cavity distributions are in the form of uniform a 

the cavity induced deformation can be su imposed onto the general creep 

deformation to obtain an approximate measure of the total creep strain. 

More complex behavior pertains in the presence of appreciable inhomogen ty. 

Deformation rates can be deduced for each of the following cavity morpholo-

gies; the expansion of equilibrium cavities, the extension of crack-like 

cavities and the thickening of full facet-sized cavities. The results for 

each will be compared with the creep rate due to grain boundary diffusion, 

as a basis for estimating their relative importance. 

1. Eguilibrium cavities 

The deformation induced by equilibrium-shaped triple point cavities 

is given by 8 

8 = L 3Db cSbD ~) 
\ kTb

2 I 
0 

[0
00

- (1-f)o
0
J 

(1-f) 3 

where f = a/b. cS is the rate of separation of adjacent grains due to the 

(A 1) 

deposition of matter (from the cavities) onto the intervening grain bounda­

ries and o
0 

is the sintering stress, 

where h(~) is a function that depends on the dihedral angle. The sinterin9 

stress is only significant immediately after nucleation when a is very smalL 

Thereafter, it can be effectively neglected Then. for f ~ 0.3. typical of 

the present observations, eqn. (Al) reduces to; 
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( 1-f) 

The ratio of the deformation rate to that for Coble creep is thus; 

2 

Requ " -Jir (£i (H) 3 

(A3) 

(A4) 

where g is the grain diameter. This ratio is plotted in figure 9 for a 

cavity located at each tr·iple point (grv'\"2 bL 

2. Crack-like cavities 

The deformation rate induced by an array of colinear crack-like cavities 

can be derived from the expression for the velocity, 

v
213 (l6/3)(1-f) 3

Ll + v113 2(1-f) = [a
00

b/y
5
sin(l¥/4)] (A5) 

where v 
~ . 13 

= vkTb'
1

/Dsc\Ys~i, and for the deformat1on 

8 = 4i/3(ososys<J 
'\ kTb3 sin(l¥/4) (A6) 

Substituting v from eqn (A6) into eqn (A5) two solutions obtain for the 

deformation rate. At low stress, aoob/y
5
<1, 

. 
0 -

(aoob/ys)2 

(1-f) [sin(l¥/4)] 
(A7) 

This is the only result that yields non-linear behavior. However, the stress 

level at which this deformation rate pertains is lower than that employed in 

the present tests and generally too low to be of practical significance. At 



higher stresses~ objy5 > 109 

(A8} 

The ratio of this creep rate to that for Coble creep is thus; 

Rcrack (t)2 /j 
(A9) -~~---===~ 

(1-f) 3 

This result is also plotted in figure 9 g ~ b for a typi ca 1 6 of l, 

3o facet sized cavities 

The deformation rate induced by an array of full facet cavities, shown 

schematically in figure 9a, growing by surface dHfusion can dedved if 

the cavity shape remains fixed, and the surface tangent is relatively posi-

tion invariant. The surface flux along the cavity, due to its curvature. 

is given by; 

(AlO) 

and ~ = YsQ/r where r is the radius of the curvature of the surface. 

To conserve matter the velocity of the cavity surface ·in the direction 

of the applied tensile stress is 

y = - (A 11) 

·Combining eqnso (AlO) and (All) and noting that the curvature, 1/r , is 

~d2y/dx2 we obtain 

. 
y = ( (A 12) 
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This integral equation can be solved for steady-state conditions (constant 

to the boundary conditions; (i) the flux at the cavity is 
c' ':l 

zero (i.e., dJy/dxJ = 0 x = 0), (ii) the cavity "iS symmetdc about its 

center (i.e .• dy/dx = 0 at x = 0) and (iii) that the cavity shape at the 

intersection with the grain boundary must satisfy the dihedral angle require­

ments (i.e., at x =a dy/dx is tan [~/2- n/3]). The solution for the surface 

curvature of the cavity is; 

(Al3) 

The surface curvature (l/r
0

) at the grain boundary intersection point (x=a) 

+ tan [~/2-TI/3] 

a (Al4) 

The stress along the grain boundary separating adjacent cavities is 

dictated by the grain boundary diffusivity and the level of the applied 

stress. For uniform thickening between cavities, the stress is characterized 

by the relation 2; 

(Al5) 

where x is now measured from the center of the grain facet. This differential 

equation can be solved subject to the boundary conditions; (i) the flux at the 

grain facet center is zero (do/dx = 0 at x = 0) and (ii) the stress at the 

cavity intersection must be continuous (a= Y /r at x = b - a). The solu~· s 0 

tion is; 



(A 16) 

The average stress over the intervening facet is thus; 

<a> = 1/(b-a) j:~:))dx 
0 

(1~17) 

This is related to the applied stress by; 

<a> = a I ( 1 -f) 
00 

(Al8) 

The displacement rate thus becomes; 

(Al9) 

Conservation of matter requires that; 

y = 8;2f (A20) 

The final expres~ion for the thickening rate deduced from eqns. (A14). (Al9) 

and (A20) is thus; 

8 
= (3Db0 ~\ [a co - {y sf a )tan[\f /2 - n /JJ] 

kTb2 ) (1-f) [1 + f/2(1-f) ] 
(A21) 

The ratio with respect to Coble creep for a typica'l stress "level (a >>Y
5
/a) 

is then; 

(A22) 

The growth of full-facet cavities differs from that for the other cavity 
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morphologies in that the relative spacing f remains invariant during the 

deformation. The choice of b~ g and f are thus interrelated" Some typical 

results (f ~ 005, b ~ g; f ~ 0025, b ~ 2g) are plotted in figure 9 for ~ 1 
l 0 
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FIGURE CAPTI 

gure l. Creep data for hot pressed alumina deformed in a 3 point 

bend mode. Stress exponent~ n = 1.8. 

Figure 2. Cavity shapes and distrtbutinns after deformation at high and 

low stress levels. 

a. SEM image of section showing crack-like and full 

cavities. 

b. Schematic of crack-like and full facet cavities. 

c. SEM image of section showing equilibrium shaped cavities, 

o = 8 MPa, T =1750K. 

d. Schematit of equilibrium shaped cavities. 

Figure 3. TEM of crack-like cavity showing Chuan~ and Rice growth behavior. 

o = 60MPa. T = 1750K. 

Figure 4. Arrays of crack-like and full facet cavities. 

a. TE~1 image of colinear crack like cavities. o = 80MPa, 

T = 1750K. 

b. SEM imaoe of coalesced full facet cavities, o = 40MPa, T = 1750K. 

Figure 5. An example of a grain boundary exhibiting periodicity .. 

Figure 6. A crack-like cavity. 

a. TEM image, o = 100 MPa3 T = 1750K. 

b. Schematic. 

Figure 7. Cavity transition diagram. Crack-like cavities are predicted 

above the shaded region, equilibrium cavities below. • represents 

observation of crack-like cavities. o represents observations of 

equilibrium cavities. The shaded region corresponds to the solu­

tion of equation (3) for 0.15</1,<.0.5. 
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Figure 8. Cavity deformation ratio diagram relative to Coble creep for 

the diffusive growth of equilibrium, crack-like and full 

cavities for~= 10 

Figure 9. Schematic diagram of full facet cavity array model 

a. Cavity array. 

b. Individual full facet cavity. 

Co Stress distribution along linking boundary. 

d. Cavity tip geometry" 
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