JOURNAL OF MATERTALS SCIENCE 22 (1987) 2521-2528

The effect of cyclic creep on grain-boundary

cavitation in ceramics

R. A. PAGE, J. LANKFORD

Department of Materials Science, Southwest Research Institute, San Antonio, Texas 78284, USA

Small-angle neutron scattering has been used to characterize the cavity distribution in crept
samples of a hot-pressed silicon carbide, which contained a thin continuous amorphous
phase, and a sintered alumina, which contained no amorphous phase. The compression creep
experiments were performed under cyclic loading at 1600° C and a frequency of 0.33 Hz.
Comparison of the cavitation rates under cyclic loading with previously measured rates under
static loading indicates that cavitation in the silicon carbide was unaffected by the cyclic load-
ing, while the cavity volume fraction and the cavity size in the alumina were slightly increased
by the cyclic loading. The results suggest that 0.33 Hz is too slow a frequency to affect the
stress distribution and thus cavitation in the glassy phase containing silicon carbide, but it

is rapid enough to accelerate cavitation in the absence of a glassy phase. This hypothesis

is supported both by experimental results from other ceramic and metal systems and by calcu-

lations of characteristic stress relaxation times,

1. Introduction

The utilization of ceramics as high-temperature struc-
tural components will necessarily subject the ceramic
materials to long-term creep loading. Failure under
these conditions is likely to occur by the nucleation,
growth, and coalescence of grain-boundary cavities.
In addition to the static loading, many applications
will also impose some degree of cyclic loading, either
due to vibration or start-up shut-down cycles. Studies
of metallic materials [1, 2] suggest that differences
between the static and cyclic behaviour can exist. Simi-
lar studies of the effect of cyclic loading on cavitation
in ceramics have not yet been reported.

Any detailed study of cavitation kinetics, at a mini-
mum, requires the measurement of nucleation rates
and growth rates such that the nucleation and growth
processes, which occur simultaneously, can be separ-
ated. Precision density measurements, scanning elec-
tron microscopy, and transmission electron micro-
scopy are unsatisfactory for this purpose; precision
density measurements cannot separate the nucleation
and growth events, scanning eclectron microscopy
using intergranular fracture techniques does not have
enough resolution for investigating nucleation and
early growth, and transmission electron microscopy of
thinned foils does not provide sufficient statistical
accuracy because of the very small volume of material
examined. Small-angle neutron scattering (SANS), on
the other hand, has proved to be a powerful technique
for cavitation studies. Saegusa et al. [3] and Page et al.
[4], in the initial studies of grain-boundary cavitation,
demonstrated the unique ability of SANS to provide
the desired nucleation and growth rates as well as the
cavity-size distributions. Since these initial studies,
SANS has been successfully utilized to characterize
grain-boundary cavitation in a number of metallic
[5-7] and ceramic [8—11] systems.
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This paper presents the results of a SANS charac-
terization of cavitation in two ceramics subjected to
cyclic creep loading. Comparison of these results with
those previously reported for static loading [9, 10]
provides a means of identifying the effect of periodic
loading and unloading on cavitation. The effect of the
cyclic component of loading on creep rate is also
presented.

2. Experimental details

The objective of this study was to determine the effect
of periodic loading and unloading on cavitation kin-
etics. To accomplish this, the cavitation behaviour of
specimens exposed to cyclic loading will be compared
to previously reported results obtained under static
loading [9, 10]. For this to be a valid comparison it was
necessary to duplicate, as closely as possible, the con-
ditions of the earlier creep tests. Thus, the materials,
creep testing procedures, and SANS measurement
procedures described below are identical to those
employed in the previous tests, with the one exception
being the use of a cyclic load in the present tests
instead of the static load used in the earlier tests.

2.1. Materials

Two relatively simple ceramics, a hot-pressed silicon
carbide (NC 203, Norton Company, Worcester,
Massachusetts) and a sintered alumina (Lucalox,
General Electric Lamp Glass Division, Cleveland,
Ohio) were selected for this study. These two ceramics
differed from one another in both grain size and grain-
boundary microstructure. The hot-pressed silicon
carbide had an average grain size of approximately
5um. Previous results of TEM, Auger, and micro-
probe work [10, 12] suggest that a glassy phase rich
in aluminium and oxygen was present as a thin con-
tinuous grain-boundary film in the silicon carbide.
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The sintered alumina had an average grain size of
approximately 30 um. Previous detailed studies of
its grain-boundary microstructure [13-21] have ident-
ified large MgAl, O, spinel particles, usually located at
triple points, and calcium segregation to the grain
boundary, but have failed to identify a grain-boundary
glassy phase of either a continuous or discontinuous
nature.

2.2. Creep tests

Compression creep specimens were fabricated in the
form of right-circular cylinders, 6.4 mm diameter and
1.2 mm long. Specimen ends were ground and lapped
flat, and parallel to within 5 ym. Similar preparation
was performed on the loading platens, which were
fabricated from 12.7mm diameter rods of sintered
«-SiC (Carborundum Company, Niagara Falls, New
York). The silicon carbide specimens and the alumina
specimens were tested in the as-hot-pressed and as-
sintered conditions, respectively.

Cyclic creep testing was performed at 1600°C in a
servo-controlled hydraulic test machine equipped with
a controlled environment (titanium gettered argon)
resistance furnace. The loading cycle (Fig. 1) was
made up of a linear ramp of 0.5 sec duration from o,
10 Oy, @ 1.0 sec hold at o,,,,, a linear ramp of 0.5 sec
duration from o, to ¢, and a 1.0sec hold at .
The cyclic waveform was thus symmetrical, i.e. the
loading and unloading rates were identical as were the
hold times at o, and o,,,, with a frequency of
0.33 Hz. The value of ¢,,,, was the same as the stress
employed in the earlier creep studies [9, 10]: 605 MPa
for silicon carbide and 140 MPa for alumina. ¢, was
kept as low as possible (R = 0.1 for SiC and 0.25 for
Al,O;, where the stress ratio R is defined as the ratio
of the minimum cyclic stress to the maximum cyclic
stress, thus for static loading, R = 1.0) while still
providing enough load to maintain alignment; ¢,,;, =
69 MPa for silicon carbide and 34 MPa for alumina.
Cyclic creep tests were run for times ranging from
1.8 x 10* to 2.6 x 10°sec for silicon carbide and
1.8 x 10° to 7.1 x 10*sec for alumina. Once the
desired test duration had been achieved, the specimens
were rapidly cooled to room temperature while being
held at o,,.
2.3. SANS measurements
Following creep, Smm x 12.7mm rectangular flats
were ground and polished on opposite sides of the
specimens. This procedure yielded specimens approxi-
mately 3.7 mm thick, as measured between the parallel
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flats. Final polishing was performed such that grain
pull-out was minimized and a similar surface finish was
achieved on each specimen. As-received control sam-
ples of each material were prepared in a similar fashion.

The small-angle scattering measurements, which
were performed on the 30 m instrument at the National
Center for Small-Angle Scattering Research at Oak
Ridge National Laboratory, utilized an incident neu-
tron wavelength, A, of 0.475nm and sample to detec-
tor distances of 9 and 16.5 m. This scattering geometry
yielded intensity data at scattering vectors, ¢, from
0.037t0 0.2nm ™', where ¢ = 4= sin 6/4 and 20 is the
scattering angle. Parasitic scattering effects arising
from electronic background and the empty specimen
holder as well as non-uniform detector sensitivity were
corrected for as described by Page er al. [4]. The
corrected data were radially averaged, and then con-
verted to a macroscopic differential scattering cross-
section, dX/dQ, by calibration in reference to the scat-
tering cross-section of voids in a well-characterized
irradiated aluminium sample [22].

3. Data analysis

Small-angle scattering may be produced by a variety of
sources, e.g. dislocations, precipitates, grain-boundary
glassy phases, surfaces, and cavities. Therefore, before
information on cavitation can be obtained from the
SANS data it is necessary to remove that portion of
the scattered intensity which arises from sources other
than cavities. To accomplish this, scattering from
an as-received sample is subtracted from that of the
crept samples. In this manner, scattering due to dis-
locations, external surfaces, stable precipitates, and
the grain-boundary second phase is removed. Inco-
herent scattering is also eliminated by this subtraction;
what remains is solely the scattered intensity produced
by the creep process. If the precipitates and grain-
boundary second phase are stable at the test tempera-
ture, then it can be correctly assumed that the scat-
tered intensity produced by creep is the result of cavity
nucleation and growth alone. This has been shown to
be the case for both of the materials used in this study
[9, 10]. Hence, in all data analysis procedures, the
scattered intensity resulting from creep is assumed to
originate entirely from cavities.

Standard methods for analysing small-angle scat-
tering data were used to determine the radius of
gyration, Rg, the Porod radius, R, the cavity volume
per unit volume, ¥,/¥V, and the number of cavities per
unit volume, N,/V. The equations employed in the
analyses are presented in the Appendix.
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4. Results The most straightforward way of determining the

The radially averaged scattering from samples sub-
jected to cyclic creep was similar to the scattering from
statically loaded samples [9, 10]. Guinier’s law [23] was
obeyed at small values of ¢, as shown in Fig. 2, and
Porod’s law [24] was obeyed at large values of ¢, as
shown in Fig. 3. Because the data extended into both
the Guinier and Porod regions, it was possible to
determine the radius of gyration, Ry, the Porod
radius, R, the cavity volume per unit volume, V,/V,
and the number of cavities per unit volume, N,/V, for
both the silicon carbide and the alumina samples.

4.1. Hot-pressed silicon carbide

The cavity parameters obtained from the neutron
scattering measurements of the hot-pressed silicon
carbide specimens subjected to cyclic creep are pres-
ented in Table I. Corresponding parameters obtained
under static loading {10] have been included in Table
I for comparison. The time shown in Tables I and II
is the total time of the test for both static and cyclic
specimens. It is worth mentioning again that the only
difference between the cyclic and the static tests was
the inclusion of periodic loading and unloading and a
one second hold time at o,

min *

effect of the cyclic loading component is to compare
the cyclic and static behaviour using the time at o,,,, as
the normalizing parameter. For static loading, the
time at o, is simply the total test duration, while for
the cyclic loading used in these experiments, the time
at 0., is one-third of the total test duration. Using
this comparison procedure, any difference in behay-
iour can thus be ascribed to the effect of cyclic loading.

The minimum creep rates found using the above
comparison method were 2.9 x 1077 and 2.3 x
10~"sec™! for static and cyclic loading, respectively.
Similarly, the cavity volume fractions, the cavity
densities, and the cavity radii are compared in Figs 4
to 6. It is obvious from these curves that when com-
pared on the basis of time at maximum load, the
cavitation behaviour, as well as the creep behaviour,
of the cyclically loaded silicon carbide samples was
indistinguishable from the statically loaded samples.
Linear behaviour was observed in the log—log plot of
cavity volume fraction against time at o, (Fig. 4)
with the volume fraction being expressed as

V.

7 = 82 x 10700 )

In (dx/dQ)
O

Figure 3 Plot of In (dZ/dQ) against In g illustrating Porod
behaviour at high ¢ for cyclically crept specimens. The
silicon carbide and alumina specimens were crept for 24 h
(¢ = 0.837%) and 19.8h (¢ = 3.88%), respectively. The

solid lines represent the linear fit to the data in the Porod
region with a slope of — 4. ((O) Hot-pressed silicon carbide,
(O) sintered alumina.

2523



TABLE I Cavity parameters for hot-pressed silicon carbide under cyclic and static creep conditions. Static results are from Page ef al.

(10]

Maximum R Time Strain Rg R, V.V NV
stress (h) (%) (nm) (nm) (107%) (10%¥m=)
(MPa)

605 0.11 0.5 0.198 48.9 53.3 0.901 1.42
605 0.11 3.0 0.367 51.6 26.2 1.00 13.3
605 0.11 6.0 0.545 53.0 36.6 1.53 7.45
605 0.11 24.0 0.837 56.4 50.9 3.59 6.48
605 0.11 48.0° 1.27 58.6 59.5 5.75 6.50
605 0.11 72.0 2.51 61.1 73.2 10.1 6.13
605 1.0 0.17 0.181 49.3 33.0 0.310 2.06
605 1.0 0.75 0.523 51.8 39.5 1.82 7.05
605 1.0 3.0 0.644 49.8 34.5 2.18 12.6
605 1.0 6.0 1.15 53.9 524 5.18 8.62
605 1.0 12.0 1.69 53.5 524 6.09 10.1
605 1.0 25.0 3.10 56.3 61.8 7.77 7.87

where 1 is the time at maximum stress in seconds. The
number of cavities per unit volume increased rapidly
during the initial stages of creep (Fig. 5), reaching a
density of approximately 10 m~* at approximately
3 x 10%sec. At this point nucleation appeared to
cease, and the pore density either remained constant
or decreased slightly during additional creep. Both the
radius of gyration and the Porod radius were found to
increase with increasing creep time (Fig. 6). The Porod
radius exhibited the largest change, increasing from
approximately 30 nm during the early stages of creep
to approximately 60 nm during the latter stages.

4.2. Sintered alumina

The cavity parameters obtained from the neutron scat-
tering measurements of the sintered alumina speci-
mens subjected to cyclic creep are presented in Table
II along with the previously obtained results for static
loading {9]. Plots of cavity volume fraction, cavity
density and radius of gyration against time at maxi-
mum load are presented in Figs 7 to 9. Although
considerable sample to sample variation is present in
the data, these plots suggest that the cavitation behav-
iour of the sintered alumina was measurably affected

by the cyclic loading. Minimum creep rates under the
two loading conditions were comparable, however.
Based on the time at ¢, , the minimum creep rates for
cyclic and static loading were 1.6 x 107°and 1.4 x
10 °sec™', respectively.

As shown in Fig. 7, cyclic creep produced a slightly
higher cavity volume fraction than static creep for an
equivalent length of time at o,,,. Linear behaviour
was observed for both loading conditions in log—log
plots of cavity volume fraction against time at o,
with the volume fraction being expressed as

v
ﬁ = 3.7 x 1077/ )
for cyclic loading, and as
|4
T/“— = 3.7 x 107807 3)

for static loading, where ¢ is the time at g,,,,, in seconds.
Similarly, the cavities produced by cyclic creep were
larger than those produced during static creep, as
demonstrated in Fig. 9. In both cases the radius of
gyration was independent of time, however, R; was
approximately 80nm under cyclic creep and only

TABLE II Cavity parameters for sintered alumina under cyclic and static creep conditions. Static results are from Page et al. [9]

Maximum R Time Strain R; R, |404 NV
stress (h) (%) (nm) (nm) (107%) (10"m~%)
(MPa)

140 0.25 0.5 0.119 814 94.6 2.20 0.620
140 0.25 1.0 0.070 82.1 101.4 3.61 0.824
140 0.25 3.0 0.397 81.9 101.3 2.02 0.459
140 0.25 6.0 0.914 81.7 100.5 7.93 1.86
140 0.25 12.0 1.78 80.5 93.9 8.79 2.54
140 0.25 19.8 3.88 81.7 101.1 28.7 6.65
140 1.0 0.33 0.120 62.1 66.7 0.94 0.756
140 1.0 0.33 0.260 63.5 70.3 1.07 0.735
140 1.0 1.0 0.300 62.2 57.5 2.64 3.32
140 1.0 1.0 0.800 62.1 63.2 1.50 1.42
140 1.0 33 0.978 61.9 64.1 4,14 3.75
140 1.0 3.3 2.70 61.7 55.8 447 6.14
140 1.0 6.0 1.68 62.7 71.8 7.14 4.61
140 1.0 8.8 3.38 61.6 69.4 10.7 7.64
140 1.0 10.0 1.94 62.5 70.1 12.5 8.66
140 1.0 10.0 7.52 64.9 69.5 28.2 20.1
140 1.0 10.3 7.75 60.2 59.6 14.4 16.2
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Figure 4 Cavity volume fraction against time at maximum
stress for both (a) cyclic and (@) static loading of hot-
pressed silicon carbide. The solid line is the fit to the static
data from Page et al. {10].
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slightly above 60nm for static creep. The Porod
radius, although not plotted, was also independent of
time and larger for cyclic creep than for static creep.

Although cyclic creep produced a higher volume
fraction of cavities and larger cavities, it appeared to
produce a slightly lower cavity density than that
observed under static creep (Fig. 8). Linear least-
squares fits of the two data sets yielded the following
expressions for cavity density:

N,

—VE = 1.0 x 10%4/¥m3 4
for cyclic loading, and
% = 3.1 x 10%%m™? (5)

for static loading.

5. Discussion

The results of this work indicate that the critical par-
ameter controlling creep in silicon carbide exposed
to periodic unloadings is not the number of loading
cycles, but rather the length of time the material is
under load. In other words, the cavitation parameters
and the minimum strain rate observed under cyclic
loading were identical to those observed under static
loading when the comparison between the two load-
ing conditions was based on the time at peak load.
Because the cavitation and strain rates were unaf-

10°

fected by the periodic loading, it appears that the
creep lifetimes of silicon carbide components that
experience such periodic unloadings at similar tem-
peratures and cyclic frequencies could be accurately
estimated from more easily obtained static creep
results.

However, it is possible, perhaps even likely, that
cyclic loading of this and similar ceramics under cer-
tain conditions will produce cavitation whose kinetics
cannot be interpreted in terms of static tests. The
distinctive characteristic of these ceramics is the
presence of a continuous, glassy, intergranular film, in
which cavitation occurs via a viscous hole growth
process [10]. In the present instance, testing was per-
formed at a relatively high temperature, and at a
relatively slow cyclic rate. Under such conditions, it is
expected that cavitation would proceed in a more-or-
less equilibrium fashion, i.e. it should be relatively
easy for the cavities to maintain the size and density
which they would achieve under an equivalent (total
time at stress) static case. Indeed, Kawai et al. {25],
measured static and cyclic fatigue lifetimes for Si; N,
and SiC containing glassy grain-boundary films;
cycling was performed at intervals of minutes, and it
was found that lives under such conditions were as
predicted by static lifetime measurements. As most of
these periods were probably consumed by the nuclea-
tion and growth of cavities, this would be compatible
with the present findings.

Figure 5 Number of cavities per unit volume against time
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at maximum stress for both (2) cyclic and (@) static load-
ing of hot-pressed silicon carbide. The solid line is the fit to
the static data from Page et al. [10].
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Figure 6 Cavity radius, as measured by R; (open symbols) and R,
(solid symbols) against time at maximum stress for both (a, a)
cyclic and (O, ®) static loading of hot-pressed silicon carbide. The
solid lines are fits to the static data from Page et al. [10].

Recently, however, Fett et al. [26], measured static
and cyclic fatigue lives of hot-pressed (glassy grain-
boundary) Si; N, at the relatively low temperature of
1200°C, and the quite rapid frequency of 30Hz.
Under these conditions, in which the glass is expected
to be highly viscous, crack growth was retarded with
respect to static load predictions. Fett ez al. [26], pos-
tulated that the retardation was related to the inability
of the glassy ligaments located behind the crack tip to
relax during the high-frequency cycling. Similarly, the
nucleation and growth of grain-boundary cavities in
the glassy phase, both of which are driven by the
normal stresses across the cavitating boundary, may
be markedly altered at lower temperatures and/or
higher frequencies. However, in contrast to the crack
growth results, cavitation is expected to increase as a
result of the transient stresses.
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Ll [
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Figure 7 Cavity volume fraction against time at maximum stress for
both (a) cyclic and (@) static loading of sintered alumina. The solid
and dashed lines are least-squares fits to the static and cyclic data,
respectively.
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In the case of the alumina material studied, the
chosen test conditions were adequate to reveal clear
differences in the kinetics of cavitation for cyclic
versus static loading. As this ceramic possesses no
intergranular film, void nucleation and growth takes
place by means of grain-boundary diffusion [8, 9]. The
vacancies congregate at local stress concentrations,
usually grain-boundary ledges, nucleating cavities
which grow until the local stress is relaxed. Weertman
[27] has shown that cavities located near boundary
serrations or ledges can experience stresses an order of
magnitude greater than the applied stress, provided
the frequency is high enough to preclude significant
stress relaxation. Under these conditions, accelerated
cavitation is to be expected.

In order to determine if the slightly larger cavity
volume fraction and the larger cavity size obtained
during . cyclic creep of the alumina could be due to
reduced stress relaxation, it is necessary to compare
characteristic stress relaxation times with the imposed
cyclic frequency. The characteristic time, f,, for stress
relaxation through grain-boundary diffusion is given
by [28, 29]

3
§ = (1 — vkTL ©)
40D, 6, G

where v is Poisson’s ratio, k is Boltzman’s constant, T’
is temperature, Q is the atomic volume, D,§, is the
grain-boundary diffusivity, G is the shear modulus,
and L is the characteristic diffusion length. Because of
the complex nature of cavity nucleation and growth,
at least three different stress concentration mech-
anisms, each with its own characteristic diffusion
length, need be considered when estimating cyclic
effects. Cavity nucleation is thought to occur at stress
concentrations produced at grain-boundary ledges
during boundary sliding [23]. The characteristic length
for the relaxation of the stress at the ledge is the ledge
height, which has been estimated [28] to be approxi-
mately 10nm. Solving Equation 6 with the material
constants listed in Table III and L = 10nm yields
a characteristic time of 3 x 107 "sec. Raj [29] has
suggested that transient stresses also can result from
the presence of the cavities and from the sliding of
nonplanar grain boundaries. The characteristic length
for relaxation of the stress concentration due to the
presence of the cavities is simply one-half of the cavity
spacing, which has been estimated to be approximately
100 nm [9], while that for the grain-boundary sliding
transient can be taken [29] as one-half of the grain size,
which is approximately 30 um. Solving Equation 6
with these values of L yields characteristic times of
4 x 10~°and | x 10°sec for relaxation of the stress
due to the presence of the cavities and due to grain-
boundary sliding, respectively.

TABLE 111 Material constants for sintered alumina (Lucalox)
at 1600°C

Constants Values

Q 42 x 107%m’
D, 6, 27 x 107¥m’s™!
G 1.182 x 10°MPa

k 138 x 1072JK™!
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Figure § Number of cavities per unit volume against time
at maximum stress for both (a) cyclic and (®) static load-
ing of sintered alumina. The solid and dashed lines are
least-squares fits to the static and cyclic data, respectively.
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It is obvious from these characteristic times that the
0.33 Hz frequency employed in this study was far too
slow to affect stress relaxation at grain-boundary led-
ges. One would thus not expect cavity nucleation to be
significantly affected by the cycling, as was observed.
The stress concentration due to the presence of the
cavities also relaxes much too quickly to be affected by
the 0.33 Hz cycling. The grain-boundary sliding tran-
sient, however, due to its large diffusion distance,
exhibits a relaxation time that is much larger than the
cycling time. It thus appears that 0.33Hz is fast
enough to limit the stress relaxation that occurs during
grain-boundary sliding, and it may be through this
mechanism that the cavity size and volume fraction
are increased by cycling.

Although the results presented in this paper do not
demonstrate dramatic effects of cyclic creep on grain-
boundary cavitation, it must be remembered that the
frequency employed in these tests was quite low. Stud-
ies of metallic materials [1, 7, 30] and the previously
mentioned ceramic materials [25, 26] show that the
cyclic effects increase at increasing frequencies. Clear-
ly, it would be very interesting to extend the present
work on cyclic cavitation in ceramics to lower tem-
peratures and higher frequencies.

10°

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

1. Periodic unloadings coupled with short hold times
at reduced load had no effect on either the cavitation
rate or the minimum creep rate in a hot-pressed silicon
carbide. The parameter controlling creep damage in
this material was the amount of time at maximum
load, rather than the number of loading cycles.

2. Periodic unloadings coupled with short holds at
reduced load had a significant effect on cavitation in a
sintered alumina, although no effect on the minimum
creep rate. The total cavity volume fraction and the
average cavity size were both increased by cyclic load-
ing.

3. The hot-pressed silicon carbide deforms primar-
ily by viscous creep, and it is postulated that the
lack of a significant cyclic creep effect is due to the
relatively high temperature and low cyclic frequency
employed.

4. Estimates of diffusional relaxation times for alu-
mina suggest that a cyclic frequency of 0.33 Hz is fast
enough to retard the relaxation of stresses resulting
from grain-boundary sliding, and thus facilitate cavity
growth.

Figure 9 Cavity radius, as measured by R, against time at
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maximum stress for both (a) cyclic and (®) static loading
of sintered alumina. Note that R is independent of time in
both loading conditions.
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Appendix. Scattering evaluation

If the measured data extend into both the Guinier [23]
and Porod [24] regions, the scattering curves can be
extrapolated such that the range of ¢ from zero to
infinity is covered, and thus the invariant can be
evaluated. For the case of a dilute distribution of non-
interacting scatterers the invariant is proportional to
the total cavity volume as

w dZ

47tf ~—q¢*dg =

y
3 2 Ve
TS) 8w'(Aa)" 57

(AT)

where Ag is the scattering length density difference
between a cavity and the matrix.

Having determined the invariant, it is possible to
determine the Porod radius from

G [ ¢dz/d)
P lim ¢*(d=/dQ)

(A2)

In Equation A2 the Porod radius is equal to (R*}/
{R*», where R is the void radius and { ) denotes an
average over the ensemble.

A second measure of the size of the pores, the
radius of gyration, was calculated from the slope of
In (dX/dQ) against ¢ in the Guinier region as

dx R ,
For spherical scatters, the square of the radius of
gyration is equal to 3(R® »/5¢R®». Hence, both R, and
R are moments which lie toward the high end of the
size distribution. The Porod radius, which represents
the smaller of the two, was used to calculate the num-
ber of cavities from
N, 3y,

V = R A9

p

(A3)
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