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The early stages of creep cavitation in sintered alumina are characterized using small-angle 
neutron scattering (SANS). It is found that the initial cavity density is of the order of 
1011 cm -3, and that the average initial pore is approximately 60 nm in radius. The 
incubation time for nucleating additional pores during subsequent creep is extremely 
short, in agreement with the theory based on the "precipitation" of grain-boundary 
diffusing vacancies. Pore density at constant stress and temperature is a linearly increasing 
function of time, as predicted by classical nucleation theory. However, a local stress of 
10-2E is required to achieve the measured nucleation rate. Cavities are observed to lie 
primarily on two-grain junctions in linear arrays, with an average cavity radius of 
approximately 60 nm. It is hypothesized that the cavities nucleate at grain boundary 
ledges which provide the necessary local stress concentrations. Calculation of the 
individual cavity growth rate yields a zero or near zero value. This suggests a rapid 
transient growth period following nucleation which quickly decreases to a negligible 
growth rate. 

1. Introduction 
The failure of ceramics under constant stress at 
elevated temperatures frequently involves either 
crack growth to a critical size, or the coalescence, 
of grain boundary microcracks. The latter are 
thought to develop by means of nucleation (where 
necessary), growth, and coalescence of grain 
boundary (GB) pores. From the point of view of 
lifetime prediction models, the most difficult 
stages of this sequential process involve the nucle- 
ation and growth of the cavities. 

Both ceramists and metallurgists have 
considered this problem theoretically [1-6] with 
most progress to date having been made in terms 
of pore growth. For this reason, it is often 
assumed that pores either pre-exist, or nucleate 
continuously, so that the time to form an inter- 
granular microcrack is approximately that required 
for a pore to grow across a grain facet. Evans and 

Rana [1], for example, have recently developed 
such models for grain boundary (GB) microcrack 
development through pore growth involving diffus- 
ive (clean GB) or viscous (GB glassy phase) 
mechanisms, as appropriate. When more than one 
pore per facet is involved, coalescence may occur, 
and assumptions regarding the initial pore density 
are required. 

Despite the difficulty of the problem, some 
progress has recently been made in analysing pore 
nucleation. In particular, Raj [3] and Raj and 
Ashby [6] have modelled the formation of cavities 
as a hypothetical solid state reaction, in which 
vacancies cluster together and "precipitate" a 
cavity. By applying the classical Becker-Doring 
[7] nucleation theory, the steady-state rate of 
cavity nucleation, dN/dt, was calculated, where N 
is the number of cavities and t is time. Although 
the theory postulates that cavities form at second 
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phase grain boundary particles, the latter are 
simply local stress raisers; in materials without 
such particles, the same basic analysis should hold, 
but the cavities will nucleate at sites such as triple 
points or grain boundary ledges. It is interesting 
that the theory predicts an incubation period in 
order to produce a vacancy cluster of critical 
(stable pore) size by atomic and diffusion 
processes. 

Two points about such theories should be 
noted: first, their output is simply the rate of 
cavity nucleation; second, the latter is usually very 
complicated. For example, the theory of Raj [3] 
turns out to depend on such difficult-to-assess 
factors as the local tensile traction driving nucle- 
ation within the boundary, the maximum number 
of possible nucleation sites per unit area, the geo- 
metrical shape factor for a critical cavity, the grain 
boundary surface energy, and the relevant coef- 
ficient of grain boundary diffusion. 

Pore growth theories, although similarly 
complex, are more numerous, and the factors on 
which they depend are somewhat easier to evalu- 
ate [1, 5]. Assumptions are still required regarding 
pore shape, initial pore size, and pore distribution, 
with the final result being the cavity growth rate, 
da/dt, where a is the cavity radius. A number of 
such theories have been developed, with each 
required in order to deal with the particular com- 
bination of circumstances involved in cavity 
growth. These circumstances are concerned prin- 
cipally with the nature of the creep process itself, 
the operative stress regime, whether or not 
growing pores interact, and the actual mode of 
cavity growth (viscous; plastic; constrained or un- 
constrained diffusive). 

Two problems recur in evaluating the applic- 
ability of pore nucleation and growth theories: 
(a) most experimental techniques are literally 
incapable of measuring the individual predicted 
parameters dN/dt and da/dt, i.e. the two factors 
cannot be separated; (b) most experimental tech- 
niques are relatively insensitive to microstructural 
changes during the most interesting and important 
early stages of cavity development. Density 
measurements, for example, suffer from both of 
these deficiencies. Similarly, transmission electron 
microscopy (TEM) will characterize the size and 
number of individual small cavities, but the tech- 
nique samples such small volumes of material that 

statistical extrapolation to a large ensemble of 
pores is difficult. What is required is a technique 
which directly measures dN/dt and da/dt 
individually and simultaneously for a very large 
number of pores, and whose range of size dis- 
crimination spans the earliest stage of pre-pore 
vacancy clustering (~> 2 nm diameter) and the late 
stage of pre-crack pore interaction (~ 100nm 
diameter). The only current experimental tech- 
nique which meets these rather stringent require- 
ments is small-angle neutron scattering (SANS). 

The objective of this paper is to report the 
results of a study aimed at characterizing, by 
means of SANS, the early stages of pore develop- 
ment in a simple, well characterized ceramic whose 
creep behaviour is well understood. The validity of 
the experimental data is carefully explored, and 
the results are compared both with existing theor- 
etical concepts, and with complementary TEM 
observations. Implications for improved pore 
development models are discussed. 

2. Experimental details 
2.1. Creep tests 
Creep specimens were fabricated from sintered 
alumina* doped with MgO, which was obtained in 
6.4mm diameter rods, and in two different grain 
sizes (20 and 37/lm average diameter). The creep 
specimens, designed for compressive loading, were 
right-circular cylinders 6.4mm in diameter and 
12.7 mm long. The specimens were tested in the 
as-sintered condition. Creep testing was performed 
in a servo-hydraulic testing machine at 1600~ in 
a titanium gettered argon atmosphere. In order to 
determine the lifetime-stress behaviour, a series of 
creep tests were run to failure at compressive stres- 
ses ranging from 140 to 255 MPa. A second series 
of tests, run at a compressive stress of 140MPa, 
were terminated at times ranging from 3.6 x 102 to 
3.6 x 104sec; specimens were rapidly cooled to 
room temperature under load, and then unloaded. 
The relationship between the stress rupture tests 
and the interrupted tests is illustrated in Fig. 1. 
The interrupted tests, which included material of 
both grain sizes, were used in the SANS measure- 
ments described below. 

2.2. SANS measurements 
Following creep, 5mm x 12.7mm flats were 
ground and polished on opposite sides of the speci- 

*The specific alumina employed was Lucalox, manufactured by the General Electric Lamp Glass Division, Cleveland, 
Ohio, USA. 
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Figure l Plot of compressive 
stress against time to failure 
illustrating the position of the 
terminated creep tests in rela- 
tion to the failure curve. 

mens. This procedure yielded specimens approxi- 
mately 3.7mm thick, as measured between the 
parallel flats. Two undeformed control samples, 
one of each grain size, and a sample held at 
1600~ for 3.6 x 104sec under zero load, were 
also prepared. The final polishing was performed 
such that grain pull-out was minimized and a 
similar surface finish was achieved on each speci- 
men. 

The neutron scattering measurements were per- 
formed on the 30m instrument at the National 
Center for Small-Angle Scattering Research at Oak 
Ridge National Laboratory [8]. The incident 
neutron wavelength, X, employed was 0.475 nm. 
The scattered intensities were measured on a two- 
dimensional position-sensitive detector centred 
around the primary beam. Measurements taken at 
specimen-to-detector distances of 9 m and 16.5 m 
yielded intensity data at scattering vectors, q, from 
0.036 to 0.2nm -1, where q = 47rsin0/X and 0 is 
the Bragg angle. The scattered intensities were cor- 
rected, as described in [9], for the following para- 
sitic scattering effects; electronic background, 
scattering from the empty specimen holder, and 
non-uniform detector sensitivity. The corrected 
intensity data were radially averaged and then con- 
verted to a macroscopic differential scattering 
cross section, d2;/d~2, by calibration in reference 
to the well-characterized scattering cross section of 
voids in an irradiated aluminium sample [10]. 

2.3. Electron microscopy 
A single specimen was crept for 1.2 x 104sec, 
approximately five percent of life, at 1600~ 
under a compressive stress of 140 MPa. Following 
creep, the specimen was cooled to 23~ under 
toad and then fractured, again under compressive 
loading. Two-stage replicas were made of the frac- 
ture surfaces and examined in a transmission elec- 

tron microscope. For comparison purposes, 
replicas of a specimen fractured at room tempera- 
ture without prior creep were also examined. Since 
the replicas were taken from as-fractured surfaces, 
i.e. no surface altering technique, such as polishing 
or etching, was performed prior to replicating, the 
replicas were expected to yield an accurate repre- 
sentation of the size and shape of any cavities 
exposed, as well as their location. 

3. Results and analyses 
Figs. 2a and b show the two-dimensional scattering 
patterns obtained from specimens crept for 3.6 x 
102 and 3 .6x l04sec ,  respectively. Isotropic 
scattering, similar to that obtained in the uncrept 
blanks, was observed during the early stages of 
creep. As creep progressed, however, anisotropic 
scattering gradually developed, with the 
isointensity contours being slightly elongated in 
the direction perpendicular to the compressive 
stress axis. This indicates an elongation of the 
scattering centres (assumed to be cavities) in the 
direction parallel to the compressive stress axis. 
Although a slight anisotropy did exist in scattering 
patterns taken from the latter stages of creep, 
intensity-angle data were obtained by radially 
averaging the two-dimensional data. This pro- 
cedure has been used previously on anisotropic 
data [9, 11] and is justified for obtaining cavity 
parameters averaged over all orientations perpen- 
dicular to the incident neutron beam. 

Previous SANS investigations of grain boundary 
cavitation [9, 11, 12] have employed subtraction 
techniques in which the scattering from an as- 
received sample is subtracted from that of the 
crept or fatigued samples. In this manner, scatter- 
ing due to grain boundaries, dislocations, external 
surfaces, and stable precipitates is removed. In- 
coherent scattering is also removed by this tech- 
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Figure 2 Isointensity contour maps of SANS data from alumina samples crept for (a). 0.1 h (e = 0.0016) and (b) 10 h 
(e = 0.0775). 

nique; what remains is solely the scattered 
intensity produced by the creep or fatigue process. 
The major disadvantage of this procedure is that 
information is lost with regard to the initial state 
of the material being studied. This has not proved 
to be a problem in the metallic systems studied 
[9, 11, 12], since it is generally accepted that few, 
if any, cavities exist prior to creep or fatigue. In 
ceramics, however, the initial cavity density is 
often quite high. It would be advantageous to be 
able to characterize the initial cavity distribution, 
as well as that produced by creep or fatigue. To do 
this, however, the initial condition of the material 
must be well characterized so that the scattering 
contribution from features other than cavities can 
be determined. It was for this reason that Lucalox 
alumina was chosen for study. Specifically, the 
chemistry of its grain boundaries has been the sub- 
ject of extensive study and characterization, the 
results of which are summarized as follows. 

Relevant studies have included both Lucalox 
and several similar high purity, MgO-doped 
aluminas. As early as 1972, Marcus and Fine [13], 
utilizing Auger electron spectroscopy (AES), 
showed that intergranular regions in Lucalox are 
rich in segregated calcium, but that the grain 
boundary magnesium concentration probably does 
not exceed the bulk level. Eater, Clarke [14] 
studied the same material using thin-foil X-ray 
spectroscopy with scanning transmission electron 
microscopy. He concluded that calcium is detect- 
able at three-grain junctions, whereas magnesium is 
not, and neither is detectable at two-grain junc- 
tions. 

These findings support the more definitive 
TEM-scanning Auger microprobe work of Johnson 
and Stein [15] and Johnson [16], who determined 
that grain boundary magnesium was present in 
concentrations greater than the bulk only in large 
(several /~m diameter) MgA1204 spinel particles, 
usually located at triple points. Magnesium which 
lay on grain boundary facets between the latter 
particles was just barely detectable, and appeared 
to be present at approximately the bulk level. Cal- 
cium, however, was definitely concentrated at, and 
uniformly distributed over, the grain boundaries at 
an average level greatly in excess of the bulk con- 
centration. Despite this, TEM revealed no micro- 
scopic calcium-rich grain boundary precipitates; 
likewise, no magnesium-rich precipitates, aside 
from the large triple point spinels, were reported, 
either. Furthermore, the observed decrease in cal- 
cium with sputtering did not seem to result from 
preferential etching of second-phase precipitates, 
but was interpreted in terms of a very localized 
and uniform equilibrium segregation. When speci- 
mens were annealed at higher and higher tempera- 
tures (up to 1900~ the calcium concentration 
decreased, while the segregated nature of the 
distribution remained. This suggests that if any 
precipitates were present originally, the elevated 
temperatures attending creep would, if anything, 
tend to resolutionize and disperse them. 

In studying magnesium depth profiles in a simi- 
lar MgO-doped alumina using AES, Taylor e t  al. 

[17, 18] reported very localized magnesium enrich- 
ment at grain boundaries, in addition to the large 
spinels which also were present. Johnson [19] 
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Figure3 Comparison of the differential 
scattering cross section of a specimen held 
at temperature under zero load with that of 
an as-received specimen. 

subsequently proved that preferential sputter etch- 
ing of the spinels actually led to the erroneous 
conclusion of excess grain boundary magnesium. 
Results similar to those of Taylor et aL, [17, 18] 
have recently been reported by Franken and 
Gehring [20], and may have a similar (preferential 
etching) explanation. 

It should be emphasized that none of the TEM 
[15, 21] or STEM [14] studies of Lucalox or MgO- 
doped alumina have reported any evidence of grain 
boundary precipitates, other than the obvious 
large spinels. In a private communication, Clarke 
[22] has explained that the latter do cover a sig- 
nificant range in size, from slightly submicron to 
nearly 10gm in diameter. However, they are rela- 
tively infrequent, and there "certainly are not 
numerous small precipitates on two-grain facets." 
Heuer et al., [21] are equally explicit in stating 
that on the basis of their TEM studies of MgO- 
doped alumina, grain boundaries appeared to be 
free of detectable second phase, except for large 
spinel particles located at triple junctions in 
materials with excess MgO. Finally, no SEM 
fractography work to date involving Lucalox has 
shown any evidence that either crept or uncrept 
intergranular fracture facets are populated by 
resolvable ( ~ 30 nm diameter) precipitates. 

The results summarized above indicate that any 
small angle scattering observed from Lucalox 
would not be due to precipitates. Although the 
large spinel precipitates could provide scattered 
intensity in the small angle region through 
multiple refraction, their density is so low that any 
contribution would not be detectable. Scattering 
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measurements of alumina single crystals [23] have 
indicated that the incoherent scattering and the 
surface scattering are both below background 
levels, and unable to contribute to the scattered 
intensity. A previous study by Roth [24] has also 
eliminated grain boundaries as a possible source of 
scattering. Cavities are therefore concluded to be 
the only microstructural features in Lucalox which 
should contribute to scattering at small angles. 
Thus, in the data analysis it was assumed that all 
of the scattering was due to cavities. Scattering 
from precrept material was attributed to the initial 
cabity distribution. If a significant portion of this 
initial scattering should somehow originate from 
sources other than cavities, the results would tend 
to over-predict the actual initial cavity population. 
The scattering changes experienced during creep 
would remain valid, however. 

The scattering measured from a sample held for 
10h at 1600~ under zero load provides experi- 
mental support for the hypothesis that precipita- 
tion did not occur during creep. Comparison of its 
scattered intensity with that of an as-received 
blank, Fig. 3, indicates a very slight reduction dur- 
ing exposure. If precipitation had occurred, the 
scattered intensity would be expected to increase 
dramatically. Since this obviously did not occur, 
we feel justified in concluding that the scattering 
increase observed during creep was due to cavity 
formation. 

3.1. Radius of gyration 
It is evident from Fig. 4 that the scattering obeyed 
Guinier's Law [25, 26], i.e. the natural logarithm 
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Figure 4 Plot of In (dZ/d~2) against q2 for crept samples 
of fine grained alumina illustrating the existence of the 
Guinier region at low q. 

of  the macroscopic  differential  scattering cross 

section (dZ/dg2) was propor t iona l  to q2, for q ~< 

0 . 0 5 4 n m  -1. In this region dZ/dg2 can be wr i t ten  

as: 

in (dZ/da) = A - -  q 2 R ~ / 3  (1) 

where A is a constant  and R G is the radius o f  

gyrat ion.  For  an ensemble of  spherical cavities 

wi th  a dis t r ibut ion o f  sizes, the condi t ions  

assumed for data analysis in this s tudy,  the radius 

of  gyrat ion is given by 

R~ = 3(RS)/5(R 6) (2) 

where R is the cavity radius and ( ) denotes  an 

averaging over the ensemble.  Values o f  RG,  deter- 

mined  by  fi t t ing the scattering data for 

0.0368 nm -1 ~< q ~< 0.054 nm -a to Equa t ion  1, are 

presented in Table I and Fig. 5. Surprisingly, the 

radius o f  gyrat ion was found  to be unaf fec ted  by 

creep, exhibi t ing a value slightly greater than 

60 nm for all o f  the creep samples and the cont ro l  

samples alike. 

3 . 2 .  P o r o d  r a d i u s  

F r o m  Fig. 6 it is clear that  Porod 's  Law [27] is 

obeyed  by the data at large q, i.e. In (dN/dg2) i s  

propor t iona l  to q-4.  Since the measured data 

ex tended  into bo th  the Guinier  and Porod regions, 

it was possible to evaluate the invariant*,  as well as 

the Porod constant? ,  and thus determine  the 

Porod radius (Rp)  f rom 

f q2 d~/dg2 dq 
3 

Rp = (3) 
rr lira q4dN/dg2 

Values o f  Rp  calculated in this manner  are listed in 

Table I. As observed for Ra, Rp was found  no t  to 

vary significantly f rom sample to sample. 

3.3. Cavity volume fraction 
The invariant is direct ly  related to the cavity 

vo lume per unit  volume of  sample (Ve/V) by 

V c 1 c ~ 2 d Z  
V - 2 7 r ~ o S J o  q ~ - ~ d q  (4) 

TABLE I Cavity parameters calculated from the SANS data 

Sample e(%) t(h) R G (nm) Rp (nm) Ne/V(cm -3) Ve/V 
Fine grain 
Fine grain 
Fine grain 
Fine grain 
Fine grain 
Fine grain 
Fine grain 

Coarse gram 
Coarse grain 
Coarse gram 
Coarse gram 
Coarse gram 
Coarse gram 
Coarse gram 
Coarse gram 
Coarse gram 

As-received 59.4 58.2 1.51 X 1011 1.10 X 10 -4 
10h at temp. 61.5 60.9 0.854 • 10 n 0.905 X 10 -4 

0.160 0.10 61.9 60.9 1.16 • 10 n 1.22 X 10 -4 
0.260 0.33 63.5 70.3 0.742 X 10 n 1.21 • 10 -4 
0.800 1.00 62.1 63.2 0.903 X 1011 1.07 • 10 -4 
2.70 3.33 61.7 55.8 1.91 • 101~ 1.55 X 10 -4 
7.75 10.3 60.2 59.6 2.56 • 101~ 2.54 X 10 -4 

As-received 62.5 67.4 0.823 • 1011 1.18 • 10 -4 
0.080 0.10 61.8 60.1 1.14 • l0 n 1.16 • 10 -4 
0.120 0.33 62.1 66.7 0.766 • 10 H 1.06 • 10 -4 
0.300 1.00 62.2 57.5 1.38 X 10" 1.23 • 10 -4 
0.978 3.33 61.9 64.1 1.11 X 10 H 1.38 • 10 -4 
1.68 6.00 62.7 71.8 1.33 • 10 n 1.68 • 10 -4 
3.38 8.75 61.6 69.4 1.64 X IO n 2.04 • 10 -4 
1.94 10.0 62.5 70.1 1.68 • 10" 2.22 • 10 -4 
7.52 10.0 64.9 69.5 2.41 • 1011 3.79 • 10 -4 

*The invariant was calculated by numerical integration of the scattering data. Extrapolated values were used for dZ/ds2 
in the Porod and Guinier regions. 
tThe Porod constant is defined as the limit of q4 d2/dS2 as q approaches infinity. 
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Figure 5 Dependence of the radius of gyration, 
RG, on creep time. 

where Ap is the scattering length density differ- 
ence between a cavity and the matrix. The cavity 
volume fraction, plotted as a function of time in 
Fig. 7, increased during creep. With the exception 
of one point, which had an unusually high strain, 
the data for both grain sizes appear linear with a 
slope of 3.33 x 10-9sec -1 and an intercept of 
1.087 x 10 -4. Ve/V has also been found to be a 
linear function of strain in this material [28]. How- 
ever, the slopes were found to vary with grain size 
in this case. Extrapolation of the data to zero time 
suggests that a cavity volume fraction of approxi- 
mately 1 x 10 .4 was present prior to creep. This 
value is in good agreement with the Ve/V values 
obtained from the uncrept "standards. Cavity 
volume fraction increased by a factor of from 2.5 
to 3.8 at a strain of 7 to 8%. 

3.4. Cavity n u m b e r  
The number of cavities per unit volume (Ne/V) 

6 i i i r i AL2D 3 , 
Q T = 1600~ 
b,. ~ o-= 140 MPA 
~ , ' ~ o  t : 10,0 h 

4 - 4 ~  oSDD = 16,50m 

2 AL203 
r = 16O0~C .I~ q~ 
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Figure 6 Plot of ln(d2/d~2) against lnq for fine grained 
alumina illustrating Porod behaviour at high q. 
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was calculated from 

Ne 3Vc 
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V 4rrVR~ 

The cavity density was found to increase during 
creep, indicating that cavity nucleation was occur- 
ring continuously. A two-fold increase in Ne/V 
had occurred at 7 to 8% strain. Although the data 
in Fig. 8 exhibit considerable scatter, a linear 
dependence on time with a slope of 3.13 x 
106cm-3sec -1 and an intercept of 9.70 x 
101~ -3 is apparent, A linear dependence of 
Ne/V on creep strain has also been identified [28]. 

3.5. Cavity size distribution 
Cavity size distributions were obtained from the 
SANS data by the analytical method developed by 
Fedorova and Schmidt [29]. In this method, the 
cavity distribution function, N(D), is related to the 
differential scattering cross section by 

1 [ 4d~ ] 
N(D) : ~ fo [q ~-'~(q)-- C4I ~5(qD)dq (6) 

where 

~(X) = c o s 2 X ( 1 - - 2 ~  ) 2Sx2X(1--~-SX2) 

(7) 
and D is the cavity diameter and C4 the Porod 
constant. Equation 6 was numerically evaluated 
using the measured dI;/d~2 values over the q range 
available and extrapolating the dN/d~2 values in 
the low q regime by the Guinier approximation, 
and by the method developed by Brill and 
Schmidt [30] in the high q regime. In Fig. 9 
experimental d1~/d~2 values for two different 
sample conditions are plotted in the functional 
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Figure 7 Cavity volume per unit volume against 
creep time for alumina of  both  grain sizes. The 
solid line is a least-squares fit. The dashed lines 
represent one standard deviation. 

form of the integrand of Equation 6, q4d%/d~2, 
along with the extrapolations utilized at both low 
and high q. Absolute values of N(D) were deter- 
mined from the condition [9] 

foTrD2N(D)dD _ C4 
27r~02 (8) 

which equates the total spherical surface area of 
N(D) with the surface area determined independ- 
ently from the Porod constant. It should be noted 
that in the use of the Fedorova and Schmidt [29] 
method and in the normalization procedure used 
for calculating absolute values of N(D), it has been 
assumed that the voids are spherical. Although 
anisotropy in the two-dimensional scattering pat- 
tern was observed in some instances, the TEM 
results, which are presented below, indicate that 
the deviation from spherical symmetry is small, 
thus supporting the assumption of spherical 
cavities. 
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The evolution of the cavity distribution for the 
two grain sizes is illustrated in Figs. 10 and 11. In 
both cases the cavity density increased with creep 
strain, as evidenced by the increased magnitude of 
N(D), but the average cavity size did not change, 
as evidenced by the absence of any lateral shift or 
expansion of N(D). This behaviour is consistent 
with the lack of variation observed in Re  and R w 
Page et al. [9] have observed similar N(D) 
behaviour in copper samples fatigued at elevated 
temperatures. 

3.6. Transmission e lec t ron mic roscopy  
The failure of uncrept Lucalox alumina at room 
temperature proceeds by roughly equal fractions 
of intergranular and transgranular modes. The frac- 
ture obtained after prior creep was also of mixed 
intergranular and transgranular mode, but numer- 
ous cavities were observed on the intergranular 
portions of the fracture surface. In general, the 

Figure 8 Number of  cavities per unit volume 
against creep time for alumina of  both grain 
sizes. The solid line is a least-squares fit. The 
dashed lines represent one standard deviation. 
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Figure 9 Extrapolat ion of the  SANS data  into the Guinier 
and Porod regions. 

cavities were spherical, with a diameter in the 
range of 100 to 300nm, and were not associated 
with the large spinel precipitates. A number of 
cavities situated at three and four grain junctions 
were observed; an isolated cavity at a three-grain 
junction is shown in Fig. 12. The majority of the 
cavities, however, were situated on two-grain junc- 
tions and were present in closely spaced linear 
clusters, as shown in Fig. 13. In many instances 
one end of the cluster was located at or near a 
three-grain junction. Gradients in cavity diameter 
were generally not observed within a cluster of 
cavities. Interestingly, a transition in fracture 
mode from intergranular to transgranular often 
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Figure 10 Evolution of  the cavity size distr ibution with 
creep strain in fine grained alumina. 
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Figure 11 Evolution of  cavity size distr ibution with creep 
strain in coarse grained alumina. 

occurred across the line of the cluster. This tran- 
sition made many of the clusters appear initially as 
though they were located at three-grain junctions, 
although subsequent close examination identified 
these as two-grain junctions. Intergranular cracks, 
obviously formed by the coalescence of numerous 
small cavities, were also observed. 

4. Discussion 
The particular microstructure of a ceramic, or 
more precisely the presence and dispersion of grain 
boundary phases, is thought to control the 
operative cavitation mechanism. As summarized in 
Section 3, numerous microstructural studies 
indicate that second phases, with the exception of 
the large spinels located at some triple points, are 
not present on the grain boundaries of Lucalox. 
For this microsctructural type, cavities are pre- 

Figure 12 Two stage replica of  Lucalox fracture surface 
illustrating an isolated creep cavity located at a triple 
junct ion.  



Figure 13 Two stage replica of Lucalox fracture surface illustrating a duster of creep cavities lying along a two-grain 
facet. The upper end of the cluster in (a) is located on a three-grain facet. 

sumed to nucleate primarily near triple junctions 
and grow along grain facets by vacancy diffusion 
[1 ]. It will be shown that this simplified view con- 
flicts with the observations of this study. 

However, prior to the detailed discussion of 
cavity nucleation and growth rates it is necessary 
to review the initial cavitation state since it, as well 
as microstructure, influences subsequent cavita- 
tion. The SANS results indicate that the as- 
received material contained approximately 1 x 
1011pores cm -a of  approximately 120 nm average 
diameter, corresponding to a pore volume fraction 
of  1 x 10 -4. It is likely that many of  the cavities 
present in the as-sintered condition were situated 
in the matrix and hence were unable to participate 
in the failure process. Transmission electron micro- 
scopy studies of  sintered alumina [31 ] confirm the 
presence of  intragranular as well as intergranular 
pores. The size of  the pre-existent pores observed 
by TEM (100 nm) is also consistent with the SANS 
results, 

4.1. Incubation time 
An incubation period, during which conditions are 
established for steady state nucleation [3], is 
characteristic of  most nucleation processes. In the 
present case, incubation corresponds to the finite 
time required to form an embryo of  a critical 
number of  vacancies along a two-grain junction. 

Cannon and Sherby [32] earlier have shown 
that for Lucalox alumina of 14 to 30~lm grain 
size, compressed in a temperature-stress regime 
almost identical to the present case, deformation 
behaviour is consistent with Nabarro-Herring 
(lattice diffusion) creep, probably combined with 
Coble (grain boundary) creep. Although not rate 

controlling, considerable grain boundary sliding 
has been observed under these conditions; some 
dislocation activity also may occur. Since lattice 
diffusion is slower than grain boundary diffusion, 
the former probably controls the overall creep rate, 
while the latter is principally involved in the nucle- 
ation of  local grain boundary cavities. Raj [31 has 
calculated that for boundary diffusion, a lower 
bound on the cavity incubation time can be esti- 
mated according to 

r~Fv 
q - ( 9 )  

48bDb 

where r e is the radius of curvature for the surface 
of  a cavity of critical size, F v is a function of 
cavity geometry, 5b is the grain boundary width, 
and D u is the grain boundary self diffusion coef- 
ficient. Approximate values for 8 b and D b for 
Lucalox can be obtained from the literature, and 
are 8.Snm [33] and 1 x 10-tSm2sec -1 [34], res- 
pectively. 

In order to derive r e and Fv, the following situ- 
ation is envisioned. First it is known that the grain 
boundaries of  sintered aluminas such as Lucalox 
are faceted [33, 35], i.e. they possess more or less 
regularly spaced ledges. If such a grain boundary, 
oriented as shown in Fig. 14a and loaded in com- 
pression (oo), is able to slide, then there will exist 
a normal tensile stress, an, across the face of  the 
ledge [36, 37]. Calculations [37] indicate that the 
ledge constitutes a stress raiser on the order of 2 
to 3 times. There will thus be a possibility for a 
cavity to nucleate on the ledge (Fig. 14b); whether 
it forms depends on the magnitude of on against 
the energy (%) of  the free surface o f  the cavity. If  
we assume that the initial cavity is lens shaped, its 
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Figure 14 Nucleation of pores at grain boundary ledges under compressive loading. (a) Generation of tensile stresses 
(a n) at GB ledge during GB sliding. (b) Nucleation of pores at GB ledge during GB sliding; a = pore/GB dihedral angles. 

critical radius of  curvature is given by [3] 

2% 
r e - (10) 

an 

At 1600~ 7s for A1203 is approximately 1 J m  -2 
[38], and assuming an-~ 3 times [37] the remote 
applied stress ( a . ) o f  140MPa, we find that rc~- 
48 nm*. 

The only other parameter required to deter- 
mine the incubation period is Fv, which is given 
by [5] 

Fv = 2 - - 3 c o s a + c o s a a  (11) 

where a is the equilibrium angle at the cavity grain 
boundary intersection, as defined in Fig. 14b. In 
order to estimate a, it is necessary to consider the 
relationship between % and the grain boundary 
surface energy TaB, i.e. 

")teB_ 
2cosa (12) 

7s 

For most materials, 7GB/3's ~ 0.5, which means 
that a must be on the order of  75 ~ or more, and 
that the cavity geometry would be almost 

spherical, in agreement with the present experi- 
mental results. For a = 75 ~ F v = 1.24. 

Based on these parameters, Equation 9 yields 
an incubation time of  ~0 .004sec .  As noted by 
Raj [3], this calculation is at best a lower bound 
estimate, and in fact is probably low by several 
orders of magnitude, since the concurrent disso- 
ciation of clusters below the critical size has been 
neglected. However, even allowing for this, the 
point of  the calculation is that incubation in the 
present instance should be extremely rapid, i.e. 
certainly requiring no more than a few seconds. 
This is precisely what is observed experimentally, 
as shown in Fig. 8, in which extrapolation of  N 
against t to time zero yields an initial pore density 
which is consistent with the density determined 
for the as-received sample. A significant incubation 
time would produce a finite difference between 
the extrapolated and measured values, which 
clearly is not observed. 

4.2. Nucleation ra te  
All current cavity nucleation rate theories [2 -5 ]  

*Since a n is expected to decrease with time, approaching the remote applied stress, the critical radius should also be 
time dependent, approaching a limiting value of - 15 0 nm. 
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derive from the earlier Raj and Ashby [6] analysis, 
and yield essentially the same result. The 
nucleation event envisaged in the theory involves 
grain boundary diffusion of vacancies, which form 
clusters (pores) as gain boundary precipitates. 
However, the same energetics apply [5] to nucle- 
ation at other kinds of sites such as ledges. The 
nucleation rate a in this case is given by [5] 

ri = z (4rr% sin a/an ~24/a)D b 6 b n 0 exp [-- 4rrTs 3 

x F,,/3o2nkT] (13) 

where z is Zeldovich's factor (-~ 10-2), ~2 is the 
atomic volume (4.15 x 10 -29 m3), no is the number 
of available nucleation sites per unit area of grain 
boundary, k is Boltzmann's constant, and T is the 
temperature. 

In order to evaluate the expression for r~, two 
parameters, no and Fv, must be determined; F v has 
already been estimated above as ~ 1.24. The 
former can be estimated from the initial void 
population, which (Fig. 8) is 1011cm-a. If it is 
assumed that there are perhaps 1000 times as 
many potential nucleation sites as are actually 
occupied prior to creep, and if N e / V  is trans- 
formed to NJ(un i t  area of grain boundary), then 
no is found to be 3 x 101am -2. Although this is 
quite a rough estimate, Equation 13 will be seen to 
be much more sensitive to the values selected for 
factors within its exponential term. 

In particular, the data in Fig. 8 indicate that 
= 3.13 x 1012m-asec -1. However, the theor- 

etical nucleation rate, based on the preceding esti- 
mates of the parameters relevant to Equation 13, is 
tens of orders of magnitude lower than this value. 
Since the pre-exponential term appears totally 
incapable of accounting for such a large discrep- 
ancy, it is necessary to reconsider the exponential 
factors F v and %. To produce numerical agree- 
ment with the experimental results, either F v 
would have to equal ~ 1 x 10 -s, compared to its 
estimated value of 1.24, or on would have to be 

30o~, instead of the proposed 3o=. 
In the first case, F v = I x 10 -s would require 

a --- 2.5 ~ which essentially corresponds to a thick 
sheet of vacancies; this also would mean, based on 
Equation 12, that TGB ~ 2%. Neither of these 
implications seems reasonable, since both TEM 
and SANS indicate that the cavities are nearly 
spheroidal, and grain boundary surface energies, 
especially for ceramics, are almost always less than 
the intrinsic surface energies. 

With regard to the second possibility, 30o= is 
equal to ~ E/100, or alternatively, ~ 10 times the 
bend strength. This is in good agreement with the 
conclusion of Argon et  al. [39] that stresses in 
excess of 4 x 10-3E are necessary for thermal 
nucleation of cavities. The likelihood of this situ- 
ation obtaining is not unreasonable, since bending 
strengths are based on largest-flaw statics, which 
would not be involved in the scale of events at a 
grain boundary ledge. Furthermore, theoretical 
calculations [39] have indicated that stress concen- 
trations of 10 to 20 can indeed be generated at 
grain boundary irregularities during grain 
boundary sliding. The duration of the stress con- 
centration is quite short, however, hence nucle- 
ation and early growth would have to be rapid. 

The preceding discussion suggests that local 
stresses of 10-2E are required to achieve the 
measured nucleation rates through thermal proces- 
ses. This stress level is also approaching that 
required for athermal nucleation. It is conceivable, 
then, that microfracture at the grain boundary 
ledge could be the initial step in cavity nucleation. 

4.3. Growth rate 
In an earlier study of high temperature fatigue of 
copper, Page et  al. [9] were able to calculate the 
growth rates or; individual voids from small-angle 
scattering data. They demonstrated that when 
both the total cavity volume, Ve/V,  and the num- 
ber of cavities, N e / V ,  can be written in the form 
A t  n, where t is time andA and n are constants, the 
volume, v, of an individual cavity can be expressed 
in the same form. In addition, the constantA and 
exponent n for individual pore volume can be 
found from the requirement that, at time t 

No, 
d -~-(t ) 

f 2 A ( t -  t') n dt' at '  (14) 

In other words, for 

V~ _ C'~" 
V 

Arc - B t  m (15) 
V 

v = A [  n 

Equation 14 becomes 

= f t  A ( t - -  t ')  n d(Bt'ra) dr '  (16) Ct 1" 
d t '  d O  
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Having obtained C, B, p, and m from SANS data, 
A and n can be determined from 

and 
p = n + m (17) 

C = mBA[3(m,n + 1) (18) 

The data in Figs. 7 and 8 suggest that both the 
increase in total cavity volume and the number of 
cavities generated during creep are linear in time, 
i.e. p = m = 1. Thus, the individual cavity volume 
is constant, n = 0, and the growth rate of an indi- 
vidual cavity, dv/dt, is equal to zero. 

Finding dv/dt = 0, though unexpected, is con- 
sistent with other experimental results. In particu- 
lar, both R G and Rp were found to be relatively 
constant during creep. Furthermore, the cavity 
size distributions, Figs. 10 and 11, did not show 
broadening or lateral shift as creep progressed. 

The concept of a zero growth rate, if taken 
literally, implies that the cavities nucleate at a 
given size and do not enlarge following nucleation. 
A more reasonable description is that rapid 
transient growth, models of which have been 
developed for both creep [40] and fatigue [41], 
occurs following nucleation, with the growth rate 
decreasing dramatically with time. If the time 
period of the transient growth is small enough it 
will appear as though the cavities nucleated at 
their final size. In either case, the results imply 
that nucleation, and not growth, is the primary 
controlling phenomenon. Thus, the use of a model 
which includes cavity nucleation is essential if the 
creep failure of Lucalox is to be understood and/ 
or predicted. 

As discussed previously, the earlier work of 
Cannon and Sherby [32] indicates that both 
Nabarro-Herring and CoNe creep mechanisms 
were operative during the present testing. The zero 
or near-zero steady-state cavity growth rate 
observed in this regime suggests that cavitation 
must play only a minor role in the deformation 
process. Applying the analysis derived by Raj [42] 
for the separation of cavitation and creep strains 
to the experimental Ve/V data (corresponding to a 
density change, Ap/p, of 3.8 X 10 -4 at an axial 
strain, ez, of 0.08) yields a value of approximately 
5 x 10 .3 for the ratio of the cavitation strain to 
the creep strain, ea/%. Thus cavitation is indeed 
responsible for only a small fraction of the total 
strain, and conversely, it is likely that creep strain 
controls the cavitation process. 

4.4.  Cavi ty  siting 
Analysis of pore nucleation [3] suggests that in the 
absence of grain boundary singularities such as un- 
deformable precipitates, cavitation in ceramics will 
tend to occur predominantly at grain boundary 
triple points, and especially at second phase par- 
ticles which tend to lie at such sites. In the present 
case, TEM indicates that nucleation does not seem 
to occur at the spinels located at four-grain junc- 
tions, and is only occasionally observed at triple 
points. The most common situation is represented 
by more or less evenly-spaced (50 to 100nm 
separation) 100nm diameter pores. One end of 
this distribution frequently is near a triple point, 
the rest of the cavities being lined up on a two- 
grain facet. The obvious questions are: (a) Why are 
the pores on two-grain facets; (b) why are they 
lined up; (c) why is their spacing so regular. At this 
point, it is not possible to answer these questions 
with certainty; however, it is possible to infer what 
may be happening. 

It seems evident that there must be some sort 
of singularity present systematically on the grain 
boundaries in order to account for the regular pore 
spacings. Transmission electron microscopy of 
sintered aluminas [33, 35] suggests that the 
required structures are grain boundary ledges, 
which can have widely different step heights and 
spacings, ranging from 5nm up to more than 
100nm. The existence of such ledges provides a 
reasonable basis for the presence on facets of 
pores via the nucleation mechanism outlined in 
Fig. 14, while the regular spacing of lines of pores 
has at least two possible explanations, which can 
be envisioned as follows. First, the ledges them- 
selves may be jogged (Fig. 15a), in effect creating 
lines of potential pore nuclei which are activated 
during grain boundary sliding. Alternatively, non- 
jogged ledges may be intercepted by dislocation 
bands or twins, thereby creating jogs (Fig. 15b). 
The line of a dislocation band or twin would then 
correspond to a line of pores. 

The stress intensification of a ledge will not be 
maintained indefinitely during creep, since grain 
boundary vacancy diffusion during sliding will 
gradually smooth out such singularities. As this 
happens, the driving force for pore growth will 
diminish; if the ledges which provide pore nuclei 
are of similar height, equilibrium will be obtained 
at roughly the same time, hence same size, for all 
pores in a given ledge/jog complex. Pore nucle- 
ation at ledges is also consistent with the continu- 
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Figure 15 Possible origins o f  linear arrays of  pores (P) on two grain junct ions .  (a) Sliding o f  naturally-jogged GB ledges. 
(b) Sliding o f  GB ledges jogged by dislocation bands  or twins. 

ous nucleation which was observed, since the 
stochastic nature of  grain boundary sliding would 
continually activate new nucleation sites. 

5. Conclusions 
The following conclusions can be drawn from the 
results obtained in the present investigation. 

1. Continuous nucleation of pores occurs dur- 
ing creep even though a high density o f  cavities is 
present in the as-sintered material. 

2. The pore density is linear with time, which is 
consistent with nucleation theory.  Furthermore,  

the measured nucleation rate matches the 
theoretical value if a local stress of  ~ 10-2E is 
assumed. 

3. The absence of  an incubation time in the 
SANS data is consistent with the very short 
incubation time predicted by theory.  

4. The apparent steady-state growth rate of 
individual cavities is near zero. This suggests the 
presence of  a brief transient growth period 
immediately following nucleation. 

5. Small angle neutron scattering indicates an 
average pore diameter of  approximately 120nm. 
The diameter observed in the TEM correlates well 
with the SANS measurements. 

6. The cavities are located on two and three 
grain junctions,  but  primarily in clusters on two- 
grain junctions.  
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