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It has been theorized that stochastic grain boundary sliding (GBS) is the primary driving
force for the nucleation, growth, and coalescence of cavities located on the grain
boundaries of polycrystalline ceramics undergoing creep. This paper reports on the results
of co-ordinated measurements of both GBS and creep cavitation during the creep of a
single-phase alumina. Constant compressive stress creep experiments were performed at a
temperature of 1600 ◦C, and stress levels of 70, 100, and 140 MPa. Small angle neutron
scattering measurements (SANS) show that cavities nucleate continuously due to creep at
all three stress levels, and that since negligible cavity growth was measured, creep
cavitation appears to be ruled by a nucleation rather than a growth process. Also, at a
constant creep temperature, the number and volume of cavities measured was observed to
decrease with a decrease in the applied stress. GBS displacements reported in Part 1 of this
paper [1] are related to the number of cavities nucleated per unit volume and shown to
relate directly, thereby providing experimental evidence that GBS may act as the driving
force for creep cavitation. C© 1998 Kluwer Academic Publishers

1. Introduction
The bulk damage process due to creep observed in struc-
tural ceramics generally includes the stress-induced nu-
cleation, growth, and coalescence of cavities located on
grain boundaries [2–4]. These cavitation events even-
tually lead to crack formation and mechanical failure,
either through bulk damage accumulating to form a
critical flaw [5], or through the formation of a micro-
crack which grows subcritically (through continuous
cavity nucleation) eventually leading to failure [5, 6].
Parameters such as applied stress, temperature, envi-
ronment, and microstructure have been shown to affect
the specific mechanisms by which advanced ceramics
fail because of creep damage [7, 8].

In striving to understand and predict creep dam-
age and failure in ceramics, researchers have stud-
ied and modelled the creep cavity [9–12] and creep
crack [5, 6, 13–15] nucleation and growth processes.
Although these works represent significant progress
in understanding damage and failure due to creep, for
eventual component lifetime prediction, creep cavita-
tion in structural ceramics must be understood in terms
of its process driving force. Grain boundary sliding
(GBS) has been suggested as the driving force for

creep cavitation, whereby stress concentrations arise
at various critical areas, such as triple points, second-
phase particles, and ledges on the grain boundaries pro-
viding the required local tensile stress for cavity nu-
cleation and growth to occur [9, 16–18]. Previously,
direct experimental evidence supporting the hypoth-
esis that GBS is the driving force for creep cavita-
tion has been published only for metal bicrystals or
very large polycrystals undergoing creep [19, 20]. As
early as 1959, Intrater and Machlin [19] reported that
during a GBS study on copper bicrystals, they ob-
served the number of cavities nucleated to increase
linearly with increasing GBS displacement. They also
noted that the cavities nucleated at ledges created on
the grain boundaries by slip planes. In a later experi-
ment, Flecket al. [20] measured the number of cav-
ities per unit area to increase linearly with the mag-
nitude of GBS displacement on copper polycrystals
with a 530µm grain size. In addition, they also noted
that each cavity observed was associated with a grain
boundary particle and that an incubation time was re-
quired before cavity nucleation was detected. This in-
cubation time was related directly to a critical GBS
displacement.

0022–2461 C© 1998 Kluwer Academic Publishers 5049



P1: SDI/SNG P2: SDI/JCR P3: PNR/JCR QC: PNR 70121 November 26, 1998 11:22

Although numerous GBS and creep cavitation stud-
ies have been reported and reviewed in the metallurgy
literature [21, 22], there are only a few reports in the
literature of GBS [23–35] and creep cavitation [4, 12,
36–38] measurements performed on ceramic materials.
The primary goal of the majority of the GBS measure-
ments reported [26–35] was to determine the overall
contribution of GBS to the total creep strain of the
ceramic specimen. The GBS behaviour, kinetics, and
effect on the resultant cavitation processes were not in-
vestigated. As such, GBS has historically been regarded
primarily as a deformation mechanism in ceramic ma-
terials, and not studied as a potential driving force to the
damage and failure processes observed during creep.

Recently, Blanchard and Page [1, 23–25] reported on
a new measurement technique using a machine vision
system that enables the measurement of GBS displace-
ments on individual polycrystalline grain boundaries
with respect to creep time. Initial measurements were
performed on a single-phase alumina undergoing creep
at a temperature of 1600◦C and a stress of 140 MPa.
These data showed that GBS in a ceramic is history in-
dependent over creep time on individual boundaries and
that GBS is a stochastic process. These findings sup-
port previous contentions [39, 40] that GBS provides a
transient driving force for a continuous cavitation pro-
cess. In addition, Blanchard and Page [24] calculated
strains resulting from GBS on individual grain bound-
aries reaching 4000% (corresponding to a strain rate of
2× 10−2 s−1). The measurement of these large grain
boundary strains provided preliminary experimental
evidence supporting calculations performed by Raj [16]
and Argonet al.[9], who showed that localized stresses
5 to 20 times the remote applied stress were required
in order to nucleate stable creep cavities. Raj [16] and
Argonet al.[9] also concluded that GBS was required in
order to generate those localized stress concentrations.

In order to relate GBS to the creep cavitation phe-
nomenon, effectively simultaneous measurements of
both processes during a given experiment would be re-
quired. Until recently, obtaining statistically significant
creep cavitation data has been difficult. Microscopy
techniques on fracture surfaces (scanning electron mi-
croscopy; SEM) or thinned material sections (transmis-
sion electron microscopy; TEM) have been used to pro-
vide information regarding cavity shape, spacing, and
location, and on the evidence of microstructural fea-
tures associated with the creep cavities such as grain
boundary ledges [41]. However, the very small sam-
pling dimensions allowed on a fracture surface or thin
foil do not provide statistically significant data regard-
ing cavitation behaviour in the material bulk. Precision
density measurements, while providing the total cavity
volume, do not allow one to distinguish between the
cavity nucleation and growth processes. The only ex-
perimental technique that can measure microstructural
changes of the size of a nucleation event (2–200 nm)
[12] and distinguish between the cavity nucleation and
growth processes by measuring the number and size of
the cavities on a statistically significant scale, is small-
angle neutron scattering (SANS).

SANS offers a number of advantages in performing
detailed studies of creep cavitation in metals and ceram-

ics, as pointed out by Chan and Page [6]. Specifically,
neutrons have a low absorption and may thus penetrate
sufficiently thick samples to provide data from a vol-
ume sizeable enough to result in statistically signifi-
cant data. In addition, because neutrons are available
with relatively long wavelengths, double diffraction is
avoided. Finally, SANS permits the measurement of to-
tal volume, number, and size of the scattering centres,
which in this case are creep cavities.

It has been demonstrated that SANS is in fact a pow-
erful tool for characterizing creep cavitation in metals
[42], and more recently in ceramics [4, 12, 36–38]. In
fact, the extensive work in characterizing creep cavita-
tion in ceramics by Page and co-workers [4, 12, 36–38]
has revealed unexpected results that confirm the im-
portance of understanding the nucleation, growth, and
coalescence processes in a variety of ceramics cov-
ering a range of stress and temperature. For example
[12], although creep cavitation was observed in all three
materials studied, cavitation in a low-stressed, glassy-
phase AD99 Al2O3 (AD99 Alumina, Coors Porcelain
Co., Golden, CO) and a single-phase Al2O3 (Lucalox®,
General Electric Lamp Glass Division, Cleveland, OH)
material was found to be nucleation-controlled where
cavities nucleated continuously with little subsequent
growth. On the other hand, it was observed that NC203
SiC (NC203 SiC, Norton Company, Worcester, MA)
cavitated during creep through a growth-dominated
process where cavity nucleation took place early in the
creep process, but the ultimate lifetime was controlled
by cavity growth and coalescence.

The purpose of this paper is to present creep cavi-
tation measurements from experiments performed at a
temperature of 1600◦C and at stress levels of 140, 100
and 70 MPa on a single-phase alumina, and to corre-
late these results with the GBS measurements reported
previously in Part 1 of this paper [1]. The GBS mea-
surements made on individual grain boundaries over
creep time were reported [1] to provide further insight
into the GBS process and were discussed in terms of
the GBS kinetics. Although similar cavitation measure-
ments using SANS have been performed, this paper
will include new data which corresponds directly to the
GBS measurements reported. As such, the GBS and
creep cavitation phenomena will be related.

2. Experimental procedure
2.1. Material
Lucalox® Al2O3, with an average grain size of 17µm,
was selected for this study because of its relatively large
equiaxed grains and glass-free grain boundaries, char-
acteristics which together provided for fewer complica-
tions when digitizing the microstructures. Lucalox® is
composed of 99.9% pure Al2O3 doped with MgO as a
sintering aid. Although MgAl2O4 spinel particles have
been identified at triple points [43], the microstructure
of Lucalox® is relatively clean and free from any glassy
phase or regular second-phase precipitates.

2.2. Specimen preparation
Compressive creep specimens were machined into right
circular cylinders, 1.27 cm in length and 0.64 cm in
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diameter. The specimen ends were ground and lapped
flat and parallel to within 5µm.

For the purpose of characterizing creep cavitation,
the right circular cylinder creep specimens were creep
tested (to be described) as-machined. After compres-
sive creep testing, 0.5× 1.27 cm flats were ground and
polished to a mirror-finish on opposing sides of each
compression specimen. This provided specimens ap-
proximately 0.39 cm thick for SANS measurements.

2.3. Creep tests
Compressive creep tests were performed on the as-
sintered, machined specimens in a titanium-gettered ar-
gon atmosphere at 1600◦C using a dead-weight-loaded
machine. Specimens were tested under stress levels of
140, 100 and 70 MPa for creep cavitation measure-
ments.

In order to perform the desired GBS measurements
with respect to creep time (as described in Part 1 [1]
of this paper), the creep tests were interrupted periodi-
cally, thereby effectively thermally cycling the samples.
Therefore, in order to be able to compare directly the
creep cavitation and GBS measurements, the creep tests
performed for SANS characterization were thermally
cycled identically to those tests performed for the GBS
measurements. Specifically, the 140 MPa tests were run
in 30-min cycles, where the specimen was heated to
1600◦C, loaded for 30 min, and cooled under load.
Four specimens were crept at 140 MPa for 1, 2, 3 and
4 30-min cycles, respectively. The 100 MPa tests were
run for 1, 2, 3 and 7 60-min cycles, and the 70 MPa tests
were run for 1, 2 and 3 180-min cycles. Also, one spec-
imen was tested under a 70 MPa load for 1080 min to
observe the creep cavitation behaviour at a larger strain
level.

2.4. Cavitation measurements
The cavitation measurements were performed on the
30 m small-angle neutron scattering spectrometer at the
National Center for Small-Angle Scattering Research
at Oak Ridge National Laboratory (ORNL). A descrip-
tion of the facility has been given by Koehler [44]. A
bank of pyrolytic graphite crystals provided an incident
neutron wavelength,λ, to the samples of 0.475 nm.
The scattered neutron intensities were measured on
a position sensitive 64× 64 cm detector with resolu-
tion element dimensions of 1× 1 cm. The detector
was centered around a beam stop to arrest the pri-
mary transmitted beam. The incident and scattered neu-
tron beams both traveled in evacuated paths. The ex-
periments were performed at sample-to-detector dis-
tances of 6 m and 16.12 m. These two detector po-
sitions resulted in intensity measurements at scatter-
ing vectors,q, from 0.041 nm−1 to 0.700 nm−1 where
q= 4π sinθB/λ andθB is the Bragg angle. The mea-
sured neutron intensities were corrected, as described
by Blanchard [25], for unwanted background arising
from electronic background, scattering from the sample
holder, and scattering from the baseline microstructure.
The corrected scattering intensities were radially aver-

aged and converted to a macroscopic differential scat-
tering cross section, d6/dÄ, by normalizing the data to
a well-characterized irradiated aluminium sample con-
taining voids with a known scattering cross section [45,
46]. The normalization procedure to obtain d6/dÄ
versusq is described in detail by Hendrickset al.
[45].

2.5. Density measurements
Because the SANS data did not extend completely
into the Guinier scattering region (the importance of
which will be discussed later), precision density mea-
surements were performed to obtain the cavity vol-
ume in each specimen. In order to measure accurately
such small changes in specimen density, a technique
based on Archimedes’ principle was used, as described
by Ratcliffe [47]. Measurements were performed by
weighing an uncrept blank specimen and the crept spec-
imens both in air and diethylphthalate. The immersed
weights were obtained using a flask with a copper cylin-
der surrounding the specimen to reduce thermal gradi-
ents. The density changes resulting from creep,1ρ/ρ,
were then calculated as follows

1ρ

ρ
= 1− W(w − w1)

w(W −W1)
(1)

whereW andw are the weight of the crept specimen
and the uncrept blank in air, respectively, andW1 and
w1 are the weight of the crept specimen and uncrept
blank in liquid, respectively. This technique provided
for measurements of density changes on the order of 1
part in 106.

3. Creep cavitation results and analysis
3.1. Scattering curves
The effect of creep on the scattering curves, ln (d6/dÄ)
versusq, is shown in Fig. 1. When compared to the
uncrept baseline specimen, the specimen crept for
420 min under a 100 MPa load exhibited a significant
increase in scattering. In addition, data gathered at both

Figure 1 Differential scattering cross section, d6/dÄ, as a function of
the scattering vector,q, for an uncrept baseline specimen and a specimen
crept under a 100 MPa stress for 480 min. An increase in scattering due
to creep cavitation and good overlap of data at both detector positions is
demonstrated.
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detector positions are plotted to show the good agree-
ment obtained in the region where there is aq overlap.
These data are representative of all the SANS measure-
ments made on the crept specimens.

A number of microstructural features, such as precip-
itates, pre-existing pores, and grain boundaries, could
contribute to the increase in scattering at small angles.
Therefore, it was necessary to determine if microstruc-
tural features other than creep cavities contributed to
the differential scattering cross-section. Pageet al.[37]
performed a SANS study on Lucalox® alumina crept
under similar conditions used in this study. They con-
cluded that creep cavities were the only microstruc-
tural feature that contributed significantly to scattering
at small angles. It is therefore assumed that all increases
in d6/dÄ measured in this study may be attributed to
creep cavitation.

3.2. Radius of gyration
As shown in Fig. 2, the SANS data were observed to
follow Guinier’s law [48] at small values ofq, specifi-
cally, for q≤ 0.063 nm−1, ln (d6/dÄ) is proportional

Figure 2 ln d6/dÄ versusq2 for a specimen crept under a load of
100 MPa illustrating the Guinier region at low values ofq.

TABLE I Creep cavitation measurements

Applied Grain
stress size ε RG Rp Rp

a Nc/V Nc/Va

(MPa) (µm) (%) (nm) (nm) (nm) Vc/V Vc/Va (cm−3) (cm−3)

140 17 0.14 54 b b b 8.0× 10−5 b b

140 17 0.36 54 84 959 6.8× 10−5 7.7× 10−4 2.7× 1011 2.1× 109

140 17 0.88 57 80 453 1.9× 10−4 1.1× 10−3 8.8× 1011 2.8× 1010

140 17 1.08 54 65 1050 5.1× 10−5 8.3× 10−4 4.4× 1011 1.7× 109

100 17 0.14 53 186 3042 1.3× 10−5 2.1× 10−4 4.7× 109 1.8× 107

100 17 0.36 48 80 1484 1.4× 10−5 2.6× 10−4 6.5× 1010 1.9× 108

100 17 0.48 57 86 1224 2.2× 10−5 3.1× 10−4 8.2× 1010 4.0× 108

100 17 1.26 55 73 822 2.1× 10−4 2.4× 10−3 1.3× 1012 1.0× 1010

70 17 0.47 51 52 592 2.1× 10−5 2.4× 10−4 3.5× 1011 2.7× 109

70 17 0.86 55 71 392 6.8× 10−5 3.7× 10−4 4.4× 1011 1.5× 1010

70 17 1.00 55 73 756 4.1× 10−5 4.2× 10−4 2.5× 1011 2.3× 109

70 17 5.50 55 82 1189 2.6× 10−4 3.8× 10−3 1.1× 1012 5.3× 109

aObtained from precision density measurements.
bNo data was obtained due to the very low signal-to-noise ratio within the Porod region in SANS data.

to q2. In the Guinier region, the differential scattering
cross-section can be expressed as

ln
d6

dÄ
= ln A− q2R2

G

3
(2)

whereA is a constant andRG is the radius of gyration.
The radius of gyration may further be defined as

R2
G =

3〈R8〉
5〈R6〉 (3)

where R is the spherical cavity radius for a group of
spherical cavities with a distribution of sizes and〈〉
represents an average over all of the cavities. The ra-
dius of gyration was found by determining the slope of
the ln (d6/dÄ) versusq2 line, mG, at lowq values as
follows

mG = −R2
G

3
(4)

The values listed forRG, obtained by fitting the exper-
imental data using linear regression to Equation 4, are
listed in Table I. The reader should note that the data
were not observed to extend completely into the Guinier
region (as will be discussed later). This could result in
an underestimation of the true value ofRG. Within the
error of measurement, the radius of gyration appears to
remain relatively constant at a value of≈ 54 nm over all
three stress levels at varying test times. This is demon-
strated in Fig. 3, whereRG is plotted versus strain for
the specimens tested at 140, 100 and 70 MPa. Page
et al. [37] also observed thatRG remained constant in
Lucalox® tested under similar conditions, although at
a slightly larger value of∼ 60 nm. Note, though, that
Pageet al. [37] performed their SANS measurements
down toq= 0.036 nm−1, slightly smaller than the lower
limit of q= 0.041 nm−1 used in these experiments. The
data gathered by Pageet al.[37] likely extended further
into the Guinier region, thereby likely providing a more
accurate estimate ofRG.
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Figure 3 Radius of gyration versus specimen strain for specimens tested
at 140, 100 and 70 MPa.

Figure 4 Log d6/dÄ versus logq for a specimen crept under a load of
100 MPa illustrating Porod behavior at high values ofq.

3.3. Porod radius and the invariant
As shown in Fig. 4, the SANS data were observed to
follow Porod’s law [49] at high values ofq, specifically
where ln (d6/dÄ) is proportional toq−4. Because the
data were measured in both the Porod and Guinier re-
gions, the invariant and Porod constant were evaluated
and used to determine the Porod radius (Rp) as follows

Rp = 3

π

(∫ ∞
0

d6

dÄ
q2dq

)(
lim

q→∞q4 d6

dÄ

)−1

= 3

π

Q0

P
(5)

whereQ0 is the invariant andP is the Porod constant.
The invariant was evaluated by numerically integrating
the scattering data. Values of d6/dÄ were obtained
by extrapolating into the Guinier and Porod regions.
The definition of the Porod constant is the limit of
q4 (d6/dÄ) as q approaches infinity. The values of
Rp calculated in this way are listed in Table I. Fig. 5
demonstrates that the value ofRp remains essentially
constant with respect to specimen strain for all three test
loads. Since the two measures of cavity size,RG andRp,
remained constant at all three stress levels, negligible
cavity growth was observed at these test conditions.

Figure 5 Porod radius versus specimen strain for specimens tested at
140, 100 and 70 MPa.

Figure 6 Cavity volume fraction versus creep time for specimens tested
at 140, 100 and 70 MPa. The solid lines represent a least-squares fit.

3.4. Cavity volume fraction
The volume fraction of creep cavities,Vc/V , was found
using the following equation

Vc

V
= 1

2π2(1ρs)2

∫ ∞
0

d6

dÄ
q2dq (6)

where1ρs is the difference in scattering length den-
sity between a cavity and dense Al2O3 (1ρs= 5.75×
1010 cm2). The cavity volume fraction determined in
this manner is plotted versus creep time in Fig. 6 and
versus creep strain in Fig. 7 for all three test loads. In
addition, these values are listed in Table I.

The cavity volume fraction is observed to increase
linearly with creep time, as shown in Fig. 6. In addi-
tion, the slope of the least-squares line was observed
to decrease as the applied stress decreased from 140
to 70 MPa. When plotted versus specimen strain (ε)
(Fig. 7), Vc/V was also observed to increase linearly
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Figure 7 Cavity volume fraction versus creep strain for specimens tested
at 140, 100 and 70 MPa. The solid line represents a least-squares fit of
the data excluding the point at a strain of 5.5%.

(with the exception of the point atε= 5.5%) with the
least-squares line fit to the data produced at all three
test loads. As observed in Fig. 7, strain was found to
normalize the effect of stress onVc/V . Pageet al. [37]
have also observed linearly increasing relationships be-
tweenVc/V versus time and strain in Lucalox® tested
under similar conditions.

3.5. Cavity number
The number of cavities per unit volume,Nc/V , was
obtained as follows [37]

Nc

V
= 3Vc

4πV R3
p

(7)

The values ofNc/V calculated in this manner are listed
in Table I. The number of cavities per unit volume is
plotted versus creep time in Fig. 8 and versus creep
strain in Fig. 9.Nc/V is shown to increase linearly with
time for the 140, 100 and 70 MPa test loads, although
the slopes were observed to decrease dramatically be-
tween 100 and 70 MPa. When plotted versus creep
strain in Fig. 9,Nc/V appears to exhibit a linearly in-
creasing behaviour with all three test loads (again with
the exception of the pointε= 5.5%) with strain once
again normalizing the effect of stress. Again, previous
work by Pageet al. [37] has shown linearly increas-
ing Nc/V with both creep time and strain in Lucalox®

tested under similar conditions.

3.6. Density measurement results
The results of the precision density measurements are
shown in Fig. 10 asVc/V versus specimen strain for

Figure 8 The number of cavities per unit volume versus creep time for
specimens tested at 140, 100 and 70 MPa. The solid lines represent a
least-squares fit.

Figure 9 The number of cavities per unit volume versus creep strain for
specimens tested at 140, 100 and 70 MPa. The solid line represents a
least-squares fit of the data excluding the point at a strain of 5.5%.

the specimens tested at 140, 100 and 70 MPa. Values of
Vc/V are observed to increase linearly with creep strain
as with the values ofVc/V obtained using SANS mea-
surements (Fig. 7). Although, when referring to Table I,
where values ofVc/V obtained from both density and
SANS measurements are listed, it is apparent that a
larger volume fraction of cavities resulted from the
density measurements compared to the SANS measure-
ments, in most cases, an order of magnitude larger. It is
hypothesized that the larger values ofVc/V obtained by
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Figure 10 The cavity volume fraction obtained from precision density
measurements versus creep strain for specimens tested at 140, 100 and
70 MPa.

the density measurements suggest the presence of larger
cavities, possibly caused by cavity growth and coales-
cence, and possibly some grain boundary cracks, which
lie above the cavity size detection limit of the SANS
technique (∼ 0.3–0.5µm). Support for this hypothesis
is found by referring to the photomicrographs of the
cavitated microstructures of these specimens after creep
testing [41], which documented the existence of many
cavities equal to or greater than 0.5µm in diameter.

The values ofVc/V generated from the density mea-
surements were also used to calculate the invariant for
each specimen using Equation 6, and the Porod radius
was recalculated using Equation 5. Values ofRp calcu-
lated in this manner are listed in Table I and are plot-
ted versus specimen strain for specimens tested at 140,
100 and 70 MPa in Fig. 11. The Porod radius found us-
ing density measurements also remained constant with
strain, as with theRp values obtained using SANS data
(Fig. 5), although the magnitudes ofRp values were
generally an order of magnitude larger than those cal-
culated from SANS data. These largerRp values are ex-
pected based on the largerVc/V values obtained from
the precision density measurements.

Figure 11 Porod radius determined from precision density measure-
ments versus specimen strain for the specimens tested at 140, 100 and
70 MPa.

Figure 12 The number of cavities per unit volume versus creep time
obtained from precision density measurements for specimens tested at
140, 100 and 70 MPa. The solid lines represent a least-squares fit.

Values ofNc/V were also calculated from the pre-
cision density data using Equation 7. These data are
listed in Table I and are plotted versus creep time in
Fig. 12. The trends are similar to those observed using
SANS data (Fig. 8). SpecificallyNc/V is observed to
increase linearly with time for all three test loads, and
the slopes of the least-squares fits decrease between
100 and 70 MPa. Therefore, although the actual values
obtained forVc/V , Rp andNc/V were different using
SANS and precision density measurements, the trends
observed in the precision density data support the data
obtained from SANS measurements.

3.7. GBS and cavitation measurements
Based on previous modelling efforts and limited ex-
perimental data from metal bicrystals, it has been hy-
pothesized that GBS provides the driving force for
creep cavitation in ceramic materials undergoing creep.
Experimental evidence supporting this hypothesis is
shown in Fig. 13 as the number of cavities measured per
unit volume versus the corresponding GBS displace-
ment (cumulative averagedyGB) measured on compa-
rable Lucalox® specimens undergoing creep at stresses
of 140 and 70 MPa. Although there is some scatter in
the data, the number of cavities per unit volume ap-
pears to increase with increasing cumulative average
dyGB measured for corresponding test times. Because
the relationships between bothNc/V (Fig. 8) anddyGB
[1] with time were linear, a least-squares linear approx-
imation was used to describe the observed trend of in-
creasingNc/V with dyGB. The lines resulting from the
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Figure 13 Number of cavities per unit volume versus the corresponding
cumulative averagedyGB.

least-squares analysis are as follows for the 140 and
70 MPa tests.

140 MPa

Nc

V
= 1.0× 1012 cm−3µm−1dyGB+ 1.8× 1010 cm−3

(8)

70 MPa

Nc

V
= 2.9× 1011 cm−3µm−1dyGB+ 1.6× 1011 cm−3

(9)

The direct correspondence betweenNc/V and dyGB
supports the contention that GBS is the driving force
for creep cavitation.

4. Discussion
4.1. Creep cavitation behaviour
To the best of the authors’ knowledge, only one other
study of creep cavitation in Lucalox® using SANS has
been reported in the literature [12, 37]. In the work
performed by Pageet al. [12, 37], they observed that
creep cavities nucleated continuously throughout the
creep life of Lucalox® (whereNc/V was linear with
both creep time and strain) with little subsequent cavity
growth. They concluded that the time to fracture for
Lucalox® was therefore governed by nucleation and
not growth kinetics [12].

In this study, both the radius of gyration and Porod
radius were observed to remain constant with respect
to creep time and strain for all three test loads. In

addition, both the volume fraction of cavities and the
number of cavities per unit volume were observed to
increase linearly with creep time and strain. When plot-
ted versus creep time, the slopes of theNc/V andVc/V
least-squares lines decreased with a decreasing applied
stress. These data are all in agreement with the obser-
vations made by Pageet al.[12, 37] and further support
their conclusions that creep in Lucalox® is ruled by a
cavity nucleation rather than growth process.

The effect of the magnitude of applied stress on the
creep cavitation behaviour was a decrease in the slopes
of theNc/V andVc/V versus creep time lines with de-
creasing applied stress. The remote applied stress is re-
lated to the localized stresses that give rise to cavitation,
therefore, one would expect that as the applied stress
decreased, the GBS activity (rate or sliding distance)
would decrease, and creep cavitation would occur to
a less severe degree. This expected decrease in cav-
itation is shown experimentally both as lowerNc/V
and Vc/V values at a given creep time for the lower
applied stress levels. In addition, the GBS rates mea-
sured at 140 and 70 MPa were 1.3× 10−4 µm s−1 and
6.0× 10−5 µm s−1, respectively [1]. This decrease in
GBS rate with a lower applied compressive stress is
consistent with the idea that GBS is the driving force
for cavitation, as resultingNc/V andVc/V values were
lower for the 70 MPa test at a given creep time.

4.2. Correlation of GBS and creep cavitation
As discussed previously, it has been proposed by a
number of researchers [9, 16, 18, 50] that the localized
stresses that arise due to GBS play a direct role (act-
ing as the driving force) in the nucleation and growth of
creep cavities. Previously, direct experimental evidence
for this hypothesis had been published only for metal
bicrystals undergoing creep [19, 20]. Specifically, In-
trater and Machlin [19] observed the number of creep
cavities to increase linearly with increasing GBS dis-
placement on copper bicrystals. In addition, Flecket al.
[20] also noted that the number of cavities per unit area
on a grain boundary increased linearly with the magni-
tude of GBS displacement.

The results of this study have revealed that the num-
ber of cavities per unit volume correlate directly to
the cumulative average GBS displacement,dyGB, as
shown in Fig. 13 for polycrystalline Lucalox® under-
going creep at 140 and 70 MPa. These findings are
significant, as experimental evidence now exists for a
polycrystalline ceramic undergoing creep that supports
the contention that GBS is the driving force for creep
cavity nucleation.

Referring to the model developed by Chan and Page
[51], they showed theoretically that the number of cavi-
ties nucleated per unit volume,Nc/V , is directly related
to GBS displacement as follows

Nc

V
= FU (t)

〈x〉 (10)

whereF is the number of cavities nucleated per unit vol-
ume in one sliding event,U (t) is the average cumulative
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GBS displacement, and〈x〉 is the average sliding dis-
tance per sliding event.U (t) was previously defined in
Equation 5 in Part 1 [1] of this paper for the 140 MPa
specimen. Therefore, Equation 10 can be altered to read

Nc

V
= F [ f (dyGB)cum]

〈x〉 (11)

Unfortunately,F , the number of cavities nucleated per
unit volume in one sliding event, is essentially an un-
measurable parameter, thus preventing a true evalua-
tion of the model with the measured data. Neverthe-
less, the relationship in Equation 11 does show a direct
correlation betweenNc/V anddyGB. This correlation is
also confirmed experimentally in Fig. 13 and described
empirically in Equations 8 and 9. Based on the mi-
crostructural [41] and quantitative data presented for
this system, it is summarized that during compressive
creep, GBS appears to provide the driving force for
creep cavities to nucleate, primarily on two grain facets.

The results of this work raise yet another important
question; does grain boundary sliding also provide the
driving force for cavity growth during creep? It is pos-
sible to use the SANS results to examine this question.
If both the cavity volume fraction and the cavity density
can be written in the formAtn, wheret is time andA
andn are constants, then the volume of an individual
cavity,v, can also be expressed in this form. The con-
stant,A, and the exponent,n, for the individual cavity
volume can be determined from the requirement that,
at timet

Vc

V
(t) =

∫ t

0
A(t − t ′)n

[
d

Nc

V
(t ′)
]
[(dt ′)]−1dt ′ (12)

The Vc/V and Nc/V data in Table I were fitted to an
Atn form. Equation 12 was then solved using Equa-
tions 17 and 18 of Ref. 37 and the functional depen-
dencies of the 100 MPa and 70 MPaVc/V andNc/V
data. (Although the SANS generated data were used,
use of the density measurement generated data would
not significantly alter the results.) The 140 MPa data
were excluded because of the large uncertainty in the
fit brought about by the availability of only three data
points. This procedure yielded an individual cavity vol-
ume that was proportional tot−1.3 at 100 MPa andt0.7

at 70 MPa. Differentiating with respect to time yielded
the following cavity growth rates

dv

dt
∝ t−2.5 (13)

at 100 MPa and

dv

dt
∝ t−0.3 (14)

at 70 MPa.
The negative time exponents in Equations 11 and

12 are evidence of a transient growth process. Similar
transient growth has been observed during compressive
creep of a hot-pressed silicon carbide [38] and a liquid-
phase-sintered alumina [4]. The presence of transient

cavity growth suggests that the cavities are growing
in response to a transient stress, such as that obtained
during grain boundary sliding. It thus appears that grain
boundary sliding also provides the stresses responsible
for much of the cavity growth process.

The final point to be discussed relates to the relatively
high applied stresses and short test times used in this
study. Normal service conditions for high temperature
structural components would likely use loads one or
two orders of magnitude lower than those used in these
experiments with components running for thousands of
hours. Are the creep mechanisms observed in the ac-
celerated tests performed representative of creep that
would occur in service? Recently, tests more closely
imitating service conditions have been performed on
Al2O3 and Si3N4 [52]. Based on microstructural obser-
vations, the results show that GBS and creep cavitation
behaviour appear to be similar to that reported here,
where creep cavities nucleate, grow, and coalesce to
form facet-sized cavities, and eventually lead to failure,
suggesting that the accelerated tests reported here are
relevant to the creep mechanisms observed in service
conditions.

5. Conclusions
Creep cavitation measurements performed on speci-
mens crept at stresses of 140, 100 and 70 MPa revealed
significant information about the cavitation behavior
in Lucalox®. Specifically, SANS measurements re-
vealed that cavity volume increases linearly with spec-
imen strain. The number of cavities per unit volume
also increase with strain, while the cavity size remains
constant, indicating that cavity nucleation, not growth,
dominates the creep cavitation process in Lucalox® un-
der these conditions. Cavity volume and number were
shown to decrease with a decrease in applied stress.

GBS displacements measured on comparable test
specimens [1] to those used in this study were correlated
with results of the cavitation measurements. The direct
correlation between the number of cavities nucleated
per unit volume and the cumulative average GBS dis-
placement provides experimental evidence that GBS is
the driving force for creep cavity nucleation. In addi-
tion, the transient cavity growth observed suggests that
GBS also appears to provide the stresses responsible
for cavity growth.
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