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An experimental study was conducted of the role of cracks in the creep-rupture behaviour of a 
polycrystalline alumina with glassy grain-boundary phase at stress regimes and temperatures 
at which failure is anticipated to occur from pre-existing flaws. Samples were tested without 
and with artificial flaws in the form of slots or indentation cracks. All three sample types 
exhibited non-linear creep. The relative rate of increase in creep rate with increasing dimension 
of slot-depth greatly exceeded the corresponding increase in specimen compliance, as 
expected for non-linear creep. An analysis of the data indicated that the observed creep 
behaviour was primarily controlled by crack-enhanced creep with a minor contribution from 
elastic creep by crack growth. Very poor correlations were found for the stress dependence of 
the creep rate and time-to-failure. In terms of Monkman-Grant behaviour, good correlations 
existed between creep rate and time-to-failure, independent of stress and size of the slots or 
indentation cracks. Because failure originated from pre-existing flaws, the experimental 
findings of this study suggest the existence of a failure mechanism referred to by the present 
authors as "crack-enhanced creep fracture". 

1. In t roduct ion 
The successful utilization of structural ceramics in 
high-temperature applications will critically depend 
on their stress-rupture behaviour, i.e. their time-to- 
failure under load, at temperatures sufficiently high 
that creep deformation occurs concurrently with the 
development and growth of cracks responsible for the 
time-dependent fracture. A number of recent studies 
have focused on the basic mechanisms which underlie 
the creep-rupture of structural ceramics, including the 
propagation of pre-existing cracks, the nucleation of 
new cracks, the development of the damage (i.e. the 
microcracks) which accompanies macro-crack growth 
and the role of any glassy phase present at the grain 
boundaries [1-9]. 

The specific mechanism of failure due to 
creep-rupture appears to be a function of the stress 
level [3]. At high stresses, failure is controlled by the 
growth of pre-existing cracks. The stress dependence 
of the failure time is governed by the dependence of 
the rate of crack growth on the stress intensity factor. 
Quinn [6] observed that, for a polycrystalline alumi- 
nium oxide, the measured value of the exponent for 
the dependence of crack velocity on stress intensity 
factor agreed very well with the value inferred from the 
dependence of time-to-failure on applied stress in 
creep-rupture. This suggests that at least for the ex- 
perimental conditions selected by Quinn, the time-to- 
failure was controlled by the growth of pre-existing 

cracks. In terms of the findings of the present study, it 
should be noted that the data of Quinn showed a very 
large scatter in the times-to-failure at any given stress 
level. This is also expected for failure from pre-existing 
cracks, in direct analogy to the large scatter in failure 
times observed for the static fatigue of brittle materials 
at ambient temperatures under environmental condi- 
tions where crack growth is controlled by mechanisms 
of stress corrosion. It should be noted also that for 
stress-rupture controlled by the growth of pre-existing 
cracks, a direct inverse relationship between time-to- 
failure and creep rates is not expected. For instance, 
the data of Wiederhorn et  al. [5] for an alumina with 
a glassy grain-boundary phase show an excellent cor- 
relation between creep rate and stress at a given 
temperature, whereas the corresponding data for the 
time-to-failure as a function of stress show a much 
greater degree of scatter. In the view of these authors 
this suggests that in the experiments of Wiederhorn 
et  al. [5], creep deformation and the time-to-failure 
are governed by different independent mechanisms. 
Clearly, because both creep and the rate of growth of 
pre-existing cracks at high-temperature are governed 
by stress-dependent thermally activated processes, 
general correlations are to be expected between data 
for creep rate and time-to-failure, but no direct cor- 
relation is expected from specimen to specimen. 

At lower stress levels, failure occurs from the nucle- 
ation and the creep-constrained growth of cracks [3]. 
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In this case the stress dependence of the time-to-failure 
will be governed by the stress dependence of the creep 
deformation. Creep rate and time-to-failure will ex- 
hibit the typical Monkman-Grant [10] type of rela- 
tionship. The rate of creep deformation for specimens 
of the same batch are expected to show good correla- 
tion with the magnitude of stress. For this reason, 
because crack growth is creep controlled, times-to- 
failure are also expected to show good correlations 
with stress and are not expected to exhibit the extens- 
ive data scatter observed for failure by the growth of 
pre-existing flaws. Indeed, for a fine-grained poly- 
crystalline alumina (A1SiMag 838, General Electric 
Company) used in an earlier study for the effect of 
multiple crack growth on strain-rate sensitivity, the 
present authors [11] found correlation coefficients of 
0.87 and 0.88 for the dependence of creep rate and 
time-to-failure on stress, respectively. The correspond- 
ing correlation for the relationship between creep rate 
and time-to-failure was also quite good, with a cor- 
relation coefficient of 0.87, which strongly suggests 
that the rate of growth of the failure-initiating crack 
was controlled by the accompanying creep process. 
More recently, however, similar measurements were 
made on another relatively coarse-grained poly- 
crystalline aluminium oxide with a glassy grain- 
boundary phase, subjected to stress levels which were 
a substantial fraction of the short-term fracture stress 
at which failure would be expected to occur from the 
growth of pre-existing flaws. Very poor correlations 
were found for the stress dependence of the creep rate 
and time-to-failure, yet good correlation existed be- 
tween creep rate and time-to-failure. Poor correlation 
between time-to-failure and stress is expected for sam- 
ples with a wide variation in the size of the pre-existing 
flaws. However, failure from pre-existing flaws can 
occur from diffusional or other processes at the crack 
tip and does not require the existence of a creep 
process. For this reason the excellent correlation be- 
tween creep rate and the time-to-failure, at least at first 
sight, appeared somewhat surprising. However, such 
correlations can be reconciled if the failure-originating 
cracks by some mechanism(s) contributed to or took 
an active part in the creep process itself. One such 

mechanism is crack-enhanced creep, originally sugges- 
ted by Weertman [12] and pursued further by two of 
the authors of this paper [13, 14]. A further mech- 
anism by which cracks can contribute to the creep 
process is based on the effect of cracks on the effective 
elastic properties of a solid. The growth of cracks leads 
to an increase in time-dependent elastic strain under 
load. This mechanism of creep, referred to as elastic 
creep, was originally suggested by Venkateswaran and 
Hasselman [15], and formulated further by  Suresh 
and Brockenbrough [16-] and experimentally verified 
by the present authors [11, 17]. In order to investigate 
the possible contribution of cracks to the creep pro- 
cess, a study was conducted of the creep-rupture 
behaviour of the coarse-grained alumina ceramic with 
glassy phase referred to above, using samples with 
deliberately introduced precracks. It is the purpose of 
this paper to report these results. 

2. Experimental procedure 
2.1. Materials 
The polycrystalline alumina selected for this study 
consisted of AD-94 alumina (Coors Porcelain Com- 
pany, Golden, CO), and was nominally identical to the 
alumina used in the study conducted by Quinn [6]. 
This alumina consists of nominally 94% alumina and" 
a glassy grain-boundary phase with silicon, calcium, 
zirconium and magnesium as primary constituents. 
The scanning electron micrograph shown in Fig. 1 
indicates that this alumina is nearly fully dense with 
grain sizes ranging from 1.5-13 gm and an average 
value of about 5-6 gm. Fig. 2 shows the distribution of 
magnesium, which represents an indication of the 
distribution of the glassy phase. It appears that the 
glassy phase is distributed in a highly heterogeneous 
fashion in the form of almost equi-dimensional inclu- 
sions contained within pockets of the alumina matrix 
phase and in the form of thin films along the grain 
boundaries. 

The test samples for this alumina were in the form of 
as-fired circular rods about 50 mm in length with a 
diameter of ~ 6.25 mm. The samples were tested in 
the as-fired condition without additional surface treat- 
ment with the exception that prior to testing all 
samples were annealed at ~ 825 ~ for 6-7 h. 

Figure 1 SEM fractograph of AD-94 alumina. 
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2.3. Test procedures 
The specimens were tested in four-point bending with 
inner and outer spans of 10 and 40 mm, respectively. 
The specimen holder consisted of graphite, the load 
to the specimens being transferred by graphite pins 
which were permitted to rotate freely in order to keep 
extraneous stresses to a minimum. Testing was done 
in identical equipment to that used for earlier studies 
[11, 17] and consisted of an environmental chamber 
resistively heated with tungsten mesh heating elements 
in an argon atmosphere. The environmental chamber 
was contained within the load frame of an electro- 
hydraulic closed-loop mechanical tester. The displace- 
ment of the actuator and the resulting load were 
transferred via graphite push-rods and water-cooled 



Figure 2 Distribution of magnesium within AD-94 alumina. 

bellows to the specimen and load-cell, respectively. 
The displacement of the actuator during the period of 
mechanical loading was measured using a displace- 
ment gauge held against the actuator outside the 
environmental chamber. This gauge, with a range of 
approximately 4 ram, permitted measurements of the 
displacement to an accuracy of a few micrometres. 
By making a separate measurement of the elastic 
displacement of the total load train at the test temper- 
ature without the specimen, the displacement of the 
loading points of the specimens could be obtained by 
the appropriate subtraction. For the test specimens of 
this study the elastic displacement of the test speci- 
mens and the load train were about equal. The dis- 
placement as a function of time was recorded with an 
x - y  recorder. The data for displacement at a given 
load were converted to stress and strain using the 

. theory for bending of homogeneous beams. Creep 
rates were determined from the slope of the creep- 
strain versus time curves at the point in the curve 
corresponding to the secondary creep regime. 

Governed by the results of preliminary experiments, 
appropriate loads and test temperatures were selected 
to result in times-to-failure of a few minutes to ~ 1 h. 
In comparison to other literature studies on the 
stress-rupture behaviour of structural ceramics, these 
failure times place the results of this study in the high- 
stress regime, with failure times governed by the 
growth of pre-existing cracks. 

Precracks were introduced in the specimens in two 
ways: one set was prepared by introducing slots of 
varying depth into the samples using a 15 cm dia- 
meter, 1 mm thick diamond blade; the other set of 
samples was pre-cracked by introducing indenta- 
tion cracks using a Vickers hardness indentor with 
indentation loads ranging from 0-400 N. These pre- 
cracked specimens were subjected to creep deforma- 
tion under conditions identical to those described 
above. Furthermore, their effective elastic behaviour 
(i.e. their compliance, defined as r i P  where v is the 
relative displacement between the inner and outer 
loading points and P is the load) was measured at 
room temperature at a constant displacement rate of 
0.5 mm rain -~. For both the measurement of creep 

and compliance the notched specimens were oriented 
such that the notch was in that section of the specimen 
subjected to tensile loading with the crack front per- 
pendicular to the direction of the applied load. The 
indented samples were oriented such that the indenta- 
tion was located on the line of maximum tensile stress 
on the specimen surface. 

In order to determine possible changes in the effect- 
ive Young's modulus due to the growth of cracks 
during creep, a number of specimens without pre- 
cracks were deformed to about 80%-90% of the 
failure strain at the temperature and load level of the 
creep tests. The effective Young's modulus of these 
specimens was then obtained at room temperature 
from load-displacement data obtained in four-point 
bending with the specimen orientation identical to 
that for the high-temperature tests. 

The fracture toughness at the test temperature of 
1225 ~ was determined by first introducing cracks 
into the specimen surface at room temperature using 
the indentation method over a range of indentation 
loads, followed by measuring the failure load at 1225 
at a displacement rate of 0.5 mm min- :. The fracture 
toughness was then calculated from the failure load by 
the method of Chantikul et al. [18]. 

In order to estimate the initial size of the failure- 
initiating crack, the stress required for rapid fracture 
was determined at 1225 ~ using a displacement rate 
of 0.5 mm min- :. 

Following deformation and/or fracture, the speci- 
mens were examined by scanning electron microscopy 
for evidence of crack formation and other micro- 
structural changes. 

3. Results, discussion and 
conclusions 

Fig. 3 shows typical creep curves for a range of stress 
values. In general, the creep behaviour exhibits the 
expected primary, secondary and tertiary creep. The 
range of the secondary regime, however, appears to be 
a relatively small fraction of the total creep deforma- 
tion. This suggests that rather than representing struc- 
ture-invariant creep, the secondary regime for these 
data may actually consist in the merging of the prim- 
ary and tertiary creep regimes. The creep data re- 
ported represent the minimum values of creep rate at 
the inflection point between the primary and tertiary 
regime. 

Fig. 4a-c show the experimental results for the 
stress dependence of the creep rate and time-to-failure 
and the Monkman-Grant plot, respectively, for the 
alumina specimens of this study deformed at 1225 ~ 
The corresponding slopes of the least-squares straight 
line through the data were 2.4, -0 .14 and -0.66, 
with correlation coefficients of 0.40, 0.54 and 0.89, 
respectively. Clearly, the stress exponent of 2.4 indic- 
ates that the creep is non-linear. No attempt will be 
made to pin-point the exact mechanism. It is expected 
that the glassy phase plays a primary role. As indic- 
ated by the results of Lange et al. [7], Hsieh [8], 
Wiederhorn et al. [5] and Dryden et al. [9], creep 
deformation involving a glassy grain-boundary phase 
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Figure 3 Typical creep curves for AD-94 alumina at 1225 ~ for 
three different stress values. 

is a function of its composition and degree of de- 
vitrification and whether the stress is tensile or 
compressive. Stress-dependent cavitation and crack 
growth contributing to stress-enhanced and elastic 
creep represent non-linear mechanisms of creep [13, 
15, 16], may also have played a significant role. This 
mechanism also may have played a role in the present 
data because the value of strain for which the creep 
rate is reported already represents the onset of tertiary 
creep, due to the merging of the primary and tertiary 
creep regimes as discussed earlier. 

The data for the stress dependence of the creep rate 
and time-to-failure presented in Fig. 4a and b show a 
great deal of scatter relative to the least-squares-fit 
straight line of the data and an almost order of 
magnitude variation in both creep rate and time-to- 
failure at any given value of stress. Such a degree of 
scatter in time-to-failure is not unexpected for fatigue 
failure under constant stress, controlled by crack- 
growth. But a corresponding scatter in creep data 
must be regarded as unusual. At first sight such scatter 
could be attributed to inconsistent experimental 
conditions. This effect, however, was not observed for 
other alumina materials investigated by these authors. 
Specimen-to-specimen variation should be considered 
as a distinct possibility, in particular, variation in the 
content of the glassy phase. At the high-stress regime 
of these studies, the failure time is expected to be 
governed by the growth of pre-existing cracks, rather 
than the nucleation and creep-constrained growth of 
new cracks. Even so, the creep rate and the time-to- 
failure are expected to exhibit correlations as both are 
expected to be affected by the viscous flow of the 
glassy grain-boundary phase. The growth of the fail- 
ure-initiating flaw most likely will occur in glass-rich 
regions. The dimensions of such glass-rich regions, 
however, are expected to vary from specimen to speci- 
men. Coupled with variation in the size of the failure- 
initiating flaw precursor, a large degree of scatter in 
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Figure 4 Experimental data for the creep-fracture behaviour of 
AD-94 alumina at 1225 ~ (a) stress dependence of creep rate; 
(b) stress dependence of time-to-failure; (c) Monkman-Grant plot of 
creep rate and time-to-failure. 



times-to-failure is expected, as indicated by the experi- 10 .4 
mental data. Creep deformation, however, is a func- 
tion of the glass content of the specimen as a whole. 
Specimen-to-specimen variation in glass content is 
expected to be smaller than the variation in the local 
concentration of the glass content within any one _ 10 s 

specimen. For this reason, the degree of data scatter in ! 

the rate of creep deformation is expected to be smaller 
than the corresponding scatter in timesrto-failure. 
This is not borne out by the experimental data for this 
alumina. In fact, the much higher correlation for the " 

10 .6 
Monkman-Grant  plot presented in Fig. 4c suggests a 
direct inverse relationship between creep rate and 
time-to-failure for any given specimen. As perceived 
by these authors, such a correlation suggests that the 
failure-initiating crack itself plays a role in the creep 
process. For this reason it is appropriate to examine 
the experimental results for the creep behaviour of 
samples with slots or indentation cracks. 

Fig. 5a-c show the creep rate, time-to-failure and 
the Monkman-Grant  behaviour for the slotted sam- 
ples tested over a range of slot sizes at 1225 ~ The 
data presented in Fig. 5 indicate that the creep rate 
rises very rapidly with increasing slot depth. Even at 
values of slot depth small compared to the specimen 103 
diameter, the creep rate is significantly higher than for 
the non-slotted specimens. It should be pointed out 
also that these slotted samples also exhibit the typical = 
primary, secondary and tertiary creep behaviour ob- _= 
served for the non-slotted samples shown in Fig. 4. ~ 
The increase in creep rate due to the presence of the ~o, 102 
slot must be attributed primarily to the high stress .~ 
concentration in the immediate vicinity of the notch. ~- 
This, coupled with the non-linear nature of the creep 
process, leads to a large increase in creep rate. In 
general, the data in Fig. 5 represent experimental 

101 
proof for the concept of crack-enhanced creep [12, 0.0 
13]. As expected, the time-to-failure, as shown in (b) 
Fig. 5b, decreases with increasing slot depth. It is 
interesting to note that the scatter in data for the rate 
of creep and the time-to-failure as a function of crack 
depth reflect the similar scatter in the data observed 
for the unslotted specimens presented in Fig. 4a and b. 
This scatter must be reflective of the heterogeneous 
nature of the material of this study and of com- 
positional variation from specimen-to-specimen. Of 
particular interest is that this scatter in data is signific- 
antly reduced once the data are presented on the _'~' 1~ 
Monkman-Grant  plot of Fig. 5c. Again, a one-to-one = 
correspondence between the creep rate and the time- ' 
to-failure for any given specimen is strongly indicated, l- 
which lends credibility to the hypothesis that the rate " 
of creep is affected by the presence of the crack. 

The data for the specimens with the indentation 1~6 
cracks as a function of indentation load are similar to 
those obtained for the slotted samples, as shown by 
the data presented in Fig. 6a-c, for the creep rate, 101 
time-to-failure and Monkman-Grant  behaviour. (el 
Fig. 7 shows the experimental data for the independ- 
ently determined radius of the surface crack measured 
from a flat polished surface. Again, the creep rate and 
time-to-failure show a degree of scatter similar to the 
scatter observed for the as-received and slotted 
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Figure 5 Experimental data for the creep-fracture behaviour of 
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alumina as a function of indentation load. 

samples and a much better correlation for the 
Monkman-Grant behaviour. 

Fig. 8a and b show the experimental results for 
the effect of the slots or indentation cracks on the 
specimen compliance as a function of slot depth or 
indentation load, respectively. Fig. 8a includes the 
dependence of the compliance determined experi- 
mentally by Bush [19] for slotted circular rods of 
aluminium subjected to three-point loading adjusted 
for the loading conditions and sample dimensions for 
this study and the differences between the Young's 
moduli of the alumina of this study of ~ 340 GPa and 
the aluminium of Bush's study taken as 73 GPa. This 
adjustment to Bush's equation should result in an 
error of no greater than 20% [20]. In fact, the agree- 
ment between the compliances obtained in this study 
and those based on the modified Bush equation is 
fairly good. It is of interest to note that a discontinuity 
exists between the data for zero slot depth and the 
data point obtained by extrapolation of the experi- 
mental data to zero slot depth. It is thought that this 
discrepancy is the result of "damage" in the form of 
microcracks introduced during the notching opera- 
tion, which extend into the matrix phase ahead of the 
front of the notch. 

The data of Fig. 8 indicate that rapid change in 
compliance with increasing notch depth occurs only 
after the notch depth-to-diameter ratio has attained 
a value of about 0.2, which for the diameter of the 
specimens of this study corresponds to a notch depth 
of about 1.2 mm. Similarly, an indentation load of 
about 200 N is required before the compliance be- 
comes significantly affected by the presence of the 
indentation crack. From Fig. 7, this value of indenta- 
tion load corresponds to a value of average crack 
radius of about 0.3 ram. 

The measurement of the fracture toughness by the 
method of Chantikul et  al. [18], resulted in values of 
1.91, 1.93 and 1.94 MPam ~/2 at 1225 ~ for samples 
with indentation cracks introduced at loads of 162, 
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of failure could not be equivocally determined. In 
order to circumvent this problem, a specimen was 
subjected to creep at a stress of 17.2 MPa for a period 
of ~ 3 rain, and cooled to room temperature prior 
to fracture. Fig. 9 shows SEM-fractographs near the 
position of maximum tensile stress and approximately 
25, 50 and 75% of the diameter towards the outer 
surface subjected to maximum compression. These 
fractographs show distinct differences. Those near the 
site of maximum tensile stress are typical of fracture 
surfaces produced at high temperature by intergranu- 
lar crack propagation. Viscous flow of the glassy 
phase is also evident. In contrast, those nearer the 
compressive surface are typical of fracture surfaces 
which result from transgranular fracture expected for 
crack propagation near room temperature. These ob- 
servations indicate that the total fracture surface res- 
ulted from fracture at two different temperatures. The 
high temperature fracture was produced by sub-crit- 
ical crack propagation. The remainder of the fracture 
surface resulted from the fast fracture of the specimen 
at room temperature. Additional observations indic- 
ated that this particular crack had propagated ap- 
proximately 60% along the total diameter of the 
cross-section during high temperature creep, with the 
remainder occurring at room temperature. Similar 
observations on other specimens indicated that crack 
propagation prior to fracture can extend over a signi- 
ficant fraction of the cross sectional area of the  
specimen. 

For  a general analysis of the creep and fracture 
behaviour data of this study, the general equation for 
the effect of crack depth on specimen compliance for a 
circular rod subjected to bending as determined by 
Bush [19], shown graphically in Fig. 8a after adjust- 
ment for the specimen geometry and loading condi- 
tions of this study, will be assumed to be valid. The 
compliance, c, of the specimens of this study, in terms 
of the ratio of the deflection at the inner loading points 
to the load as a function of crack-depth can therefore 
be expressed by 

c = 10511 + 5.46(a/D) 2"5 

250 and 350 N, respectively. These data suggest the 
existence of a slight R-curve effect, i.e. increasing 
fracture toughness with increasing crack length. 
However, from the perspective of the experimental 
uncertainty it will be assumed that the fracture tough- 
ness was independent of crack length with a value of 
1.93 M P a m  1/2. 

The mean stress required for fracture of the un- 
slotted specimens at 1225 ~ under conditions of rapid 
loading was found to be 60.3 MPa with a standard 
deviation of 6.2 MPa. 

SEM fractography of the surfaces of specimens 
subjected to creep and fracture under load gave results 
which were not totally clear-cut. Possibly as the result 
of the flow of the glassy phase, little or no distinction 
could be made between the surface features of the 
fracture surface subjected to sub-critical and fast frac- 
ture. For  this reason, the size of the crack at the onset 

+ 30.2(a/D) 7] x 10 -9 m N  -1 (1) 

where a is the crack-depth and D is the specimen 
diameter. 

The Mode I plane-strain stress intensity factor, K~, 
can be obtained by noting that the strain energy 
release rate, G, is related to the change in compliance 
with increase in crack length by 

K, = [GEl(1 - ~2)]1/2 (2) 

where E is Young's modulus, ~t is Poisson's ratio and 

G = PZ(dc/da) /2B (3) 

where P is the specimen load and B is the crack width. 
For  the slot geometry of the samples of this study, the 
crack width, B, is related to the crack depth, a, and the 
specimen diameter, D, by 

B = 2(Da - a2) 1/2 (4) 

The term dc/da can be obtained from Equation 1, and 
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Figure 9 SEM fractographs of AD-94 alumina subjected to interrupted creep deformation at 1225 ~ and stress value of 17.2 MPa, followed 
by fracture at room temperature, (a) at position of maximum tensile stress, and at fractional positions along the diameter equal to 
approximately (b) 25%, (c) 50% and (d) 75%. 

when combined with Equations 2, 3 and 4, the ex- 
pression for K~ becomes 

K~ = (10-9{pzE[1432(a/D)l's + 22 193(a/D) 6] }/ 

4D(1 - pZ)(Da - -  Cl2)1/2) 1/2 (5) 

Because of its complexity, it is more convenient to 
solve Equation 5 graphically. Fig. 10 shows the K~ 
value for the specimens of this study as a function of 
aiD for a range of loads P. 

A lower bound for the effect of cracks on creep rate, 
i.e. crack-enhanced creep, can be obtained by noting 
that for linear creep the relative increase in creep rate 
due to the presence of cracks is equal to the-corres- 
ponding increase in specimen compliance. From 
Equation 1 this yields 

~ = ~o[1 + 5.46(a/D) 2"5 + 30.2(a/D) 7] (6) 

where ~o is the creep rate in the absence of cracks. For 
non-linear creep the relative rate of creep is greater 
than the relative increase in compliance, as shown 
by Weertman [12] for a two-dimensional plate with 
Griffith cracks. 

The contribution of crack growth to the creep rate, 
i.e. elastic creep, can be derived by noting that the 
outer-fibre strain, era, between the inner loading points 
in four-point bending from beam-bending theory [21] 
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Figure 10 Mode I stress intensity factor for slotted AD-94 alumina 
samples as a function of ratio of slot depth-to-diameter as calculated 
from the modified equation of Bush for values of load, P, of 5, 30, 50 
and 100 N, which corresponds to values of outer fibre stress of 3.1, 
18.4, 30.7 and 61.4 MPa, respectively. 



can be derived to be 

~;m = 6PD{105[-1 + 5.46(a/D) 25 

+ 30.2(a/D)V]}/Z(3Ld - 4d 2) (7) 

where L is the distance between the outer loading 
points, and d is half the difference between the outer 
and inner loading spans. Differentiating Equation 7 
with respect to time results in the elastic creep rate, ~o~, 
due to crack growth 

~el = 6PD(t{ lO5[13.64(a/D)  15 + 211.49 

(a/D) 6 ] } /2(3Ld - 4d 2) (8) 

where ~i is the rate of crack growth. 
For an assessment of the dominant mechanism of 

creep, it will be assumed that the crack geometry in the 
creep specimens corresponds to the geometry of the 
slotted specimens. 

The initial flaw size at 1225 ~ can be determined 
from Equation 5 (i.e. Fig. 10), using the mean rapid- 
fracture stress of 60.3 MPa and the value of fracture 
toughness of 1.93 M P a m  1/2, to correspond to a value 
of aiD of approx. 0.04, which for a specimen diameter 
of O-= 6.25 mm, yields a value of crack depth of 
0.25 ram. This value of flaw depth is thought to corres- 
pond to the dimensions of a pocket of glass as shown 
in Fig. 2, plus the length of any glassy film which 
extends along the grain boundary from the pocket of 
glass. Because of the viscous nature of the glassy phase 
such a combination of glass pocket and viscous glassy 
grain boundary acts as an effective crack. Comparison 
with the data of Fig. 5a for the rate of creep as a 
function of relative notch depth suggests that a crack 
depth of 0.25 mm is sufficiently large for crack- 
enhanced creep to make a significant contribution 
to the rate of creep even at the onset of the creep 
deformation. 

The crack size at the instance of failure during the 
creep experiment can be calculated in a similar fash- 
ion. For instance, at a stress of 18.6 MPa, the flaw 
depth at failure with the aid of Fig. 10 can be deter- 
mined to correspond to a value of the flaw depth- 
to-diameter ratio of about 0.52, in support of the 
evidence presented in the scanning electron micro- 
graphs of Fig. 9. Again, comparison with the data for 
the creep rate for the slotted and pre-cracked speci- 
mens presented in Figs 5a and 6a suggests that crack- 
enhanced creep has made a significant contribution 
to the total creep deformation of the as-received 
specimens. For the above value of crack depth and 
specimen diameter the change in specimen compliance 
calculated from Equation 1 is about 2.54 
x 10 -7 m N  -1, which corresponds to a value of creep 
strain of about 0.014%. The total value of measured 
creep strain at failure was of the order of 0.16%. This 
implies that the contribution of elastic creep by crack 
growth contributed approximately 9% to the total 
creep strain. This suggests that for the present ex- 
periments elastic creep by crack growth made only a 
minor contribution to the total creep strain. At the 
higher stress values, at which failure occurs at smaller 
crack sizes, the relative contribution of elastic creep 
will be even lower. This conclusion was supported by 

the finding that for the slotted specimens for which the 
creep process was interrupted no significant increase 
in the specimen compliance could be determined with- 
in the accuracy of the measurement. For this reason, 
the significant increase in the creep rate due to the 
presence of the slots or indentation cracks must be 
attributed to the mechanism of crack-enhanced creep. 
It is anticipated that elastic creep could have made a 
significant contribution if the creep process had in- 
volved multiple crack formation such as observed by 
the present authors in earlier studies [11, 17], causing 
much larger changes in specimen compliance. Such 
multiple crack formation, however, was not observed 
to have occurred in the specimens of this study. 

A few final remarks are in order regarding the 
correlations between creep rate and time-to-failure. 
As already noted, an inverse relationship is expected 
between creep rate and time-to-failure, regardless of 
whether failure occurred from pre-existing flaws or 
from creep-constrained flaw nucleation and growth. 
For this reason a Monkman-Grant  type of relation- 
ship is to be expected. The same relationship is ex- 
pected to hold for crack-enhanced creep resulting 
from the presence of cracks of sufficient size or density 
that the creep rate is significantly increased over the 
creep rate in the absence of cracks. These authors wish 
to refer to this phenomenon as "crack-enhanced creep 
fracture". Creep deformation by the phenomenon of 
elastic creep by crack growth is also expected to 
exhibit a Monkman-Grant  type of behaviour as the 
time-to-failure is an inverse function of the rate of 
crack growth, whereas the corresponding rate of creep 
is directly proportional to the rate of crack growth. 
Conventional creep (in the absence of crack growth), 
crack-enhanced creep and elastic creep by crack 
growth all are expected to exhibit better correlations 
between creep rate and time-to-failure than between 
stress and creep rate or time-to-failure, as demon- 
strated by the three sets of data of this study. 
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