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ABSTRACT

Creep fracture of ceramic materials frequently occurs by the nucleation, growth,
and coalescence of grain boundary cavities. Results of recent experimental studies
of cavitation kinetics in compression crept ceramics are presented to illustrate the
transient nature of cavity nucleation and early growth. The transient character of
cavitation arises primarily due to the dependence of both cavity nucleation and early
cavity growth on the stochastic process of grain boundary sliding. Possible
mechanisms for the observed transient behavior will be presented and implications
discussed.
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INTRODUCTION

The operative cavitation mechanism in ceramics is thought to vary with the grain
boundary microstructure (Evans and Rana, 1980); diffusive cavity growth occurring
when glass-free grain boundaries are present and viscous cavity growth occurring in
the presence of a glassy grain boundary phase. The initial treatment of diffusive
cavity growth was provided by Hull and Rimmer (1959). Many corrections and
modifications have since been made to Hull and Rimmer's analysis; these include
numerical corrections of the original model (Weertman, 1973; Speight and Harris,
1967; Speight and Beere, 1975; Skelton, 1966) as well as extension of the model to
include cyelic loading (Skelton, 1966; Weertman, 1974), matrix constraint (Raj and
Gosh, 1981; Rice, 1981; Hsueh and Evans, 1981), surface diffusion (Chuang and Rice,
1973; Chuang et al., 1979), power law creep (Beere and Speight, 1978; Needleman and
Rice, 1980; Chen and Argon, 1981), and grain boundary sliding (Chen, 1983) effects.
The growth of cavities in a viscous film was first analyzed by Raj and Dang (1975).
Subsequent modifications have included matrix constraint effects for viscous cavity
growth under both tensile (Marion et al., 1983) and compressive (Chan et al., 1984)
loading.
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One commonality throughout most of the cavity growth models is the use of steady-
state or equilibrium stress conditions in the growth rate derivations. Cavity
nucleation models, on the other hand, have generally had to include large stress
transients, induced by grain boundary sliding, in order to obtain realistic prediction
of nucleation kineties (Nix, 1983). The apparent dependence of cavity nucleation on
the highly stochastic process of grain boundary sliding has led to the consideration of
cavity nucleation as a stochastic process as well (Argon, 1983; Page and Chan,
1987). It is obvious that if one assumes that cavity nucleation occurs as a result of
grain boundary sliding transients, then the initial growth kinetics of a cavity should
be dictated by the stress and sliding rate transients present at nucleation and not by
the equilibrium stress conditions employed in most of the growth models.
Unfortunately, although transient growth effects have been examined (Raj, 1975;
Weertman, 1979; Argon et al.,, 1980), these models do not provide an adequate
treatment of the conditions present immediately following a nucleation event. It
could easily be argued that the short durations of the transient conditions would
make any growth during these periods relatively unimportant. It is the purpose of
the paper to refute this argument, at least for ceramic systems, by demonstrating,
through the use of both experimental results and theoretical treatments, that the

transient conditions can have an important and measurable effect on cavity growth °

rates, and in so doing demonstrate a need for the inclusion of nonequilibrium stress
conditions in cavity growth rate derivations.

CAVITY NUCLEATION

Prior to any discussion of the possible effects of transient stress and sliding
conditions -on cavity growth in ceramiecs it is necessary to justify any such discussion
by demonstrating that transient conditions are likely responsible for cavity
nucleation in ceramies. Fortunately, ample evidence supporting this hypothesis is
now available. Previous studies of compressive creep in silicon carbide (Page et al.,
1984; Lankford et al., 1986) and alumina (Lankford et al., 1986; Page et al., 1987;
Page and Lankford, 1983; Page et al.,, 1984) have demonstrated that significant
cavity nucleation takes place during creep, even in ceramies that contain residual
porosity left over from processing. As illustrated in Figure 1, cavity nucleation in
these ceramic systems is frequently continuous and can be expressed in the form

N
c_ ..b
v - at (1)

where Nc/V is the number of cavities per unit volume, t is the creep time and, for a
given applied stress, a and b are constants. Values of b ranging from 0.19 to 1.0 have
been observed in the ceramic systems for which nucleation data are available (Page
et al., 1984a, b; Lankford et al., 1986; Page et al., 1987; Page and Lankford, 1983).
These results are quite similar to the b values of 0.38 to 1.0 that have been observed
in a number of metallic materials (Greenwood, 1969; Gittens, 1967; Chen and Argon,
1981) and they are also similar to the probable time dependency of grain boundary
sliding. This latter observation is significant since a recent sliding induced cavity
nucleation model (Page and Chan, 1987) relates the cavity density directly to the
number of stochastic grain sliding events, as given by

_V_Q = Cou'(t) @)

where Co is a constant that depends on temperature but not on time and u'(t)
represents the mean value of the number of grain boundary sliding events at time t.

The cavity siting and morphology are also consistent with sliding induced cavity
nucleation. Observed cavity densities are often relatively high (Page et al., 1984a, b;
Lankford et al., 1986; Page et al., 1987; Page and Lankford, 1983), suggesting that
cavitation must occur on two grain facets, as well as along three grain junctions.
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Fig. 1. Number of cavities per unit volume vs creep time for

a hot-pressed silicon carbide, NC203, and two sintered
aluminas, AD99 and Lucalox (Lankford et al., 1986).

The presence of cavities on two grain facets has been confirmed by direct observa-
tion with both transmission electron microscopy (Lankford e_t al., 1986; Page et al.,
1987; Page and Lankford, 1983; Page et al., 1984) and scanning electron microscopy
(Lankford et al., 1986; Page et al., 1987). These observations have also shown that
the cavities are predominantly present in closely spaced cl}xsters and that the
cavities in a cluster are frequently all of equal or nearly equal size. The presence of
clusters of cavities of nearly equal size seems to support Argon"s hypothesis (Argon,
1983, 1982) that cavity nucleation can only oceur when a grain boundary segment
containing potential nucleation sites slides rapidly. Addltlor}a_lly, f]upp (1985) ar'xd
Wiederhorn et al. (1986) have observed clusters of creep cavities situated at grain
boundary ledges; these ledges would presumably act as stress concentrators during
sliding events.

. : 13
The obsqzrved cavity nucleation rates are quite high, sometimes exceeding 10
nuclei/m%/s (Page et al., 1984a, b; Lankford et al., 1986; Page _et al., 1987)_. In the
absence of stress concentrations, thermal nucleation theory predicts nucleation rates
which are tens of orders of magnitude lower than the observed values gPage et ?l.,
1984). However, due to the strong stress dependence of the nucleatl.on. equat.:lon
(Argon et al., 1980; Raj and Ashby, 1974; Raj, 1978; Evans et ?1" 1980). it is possible
to obtain the observed nucleation rates with stress concentrations ranging from 3 to
20 (Page et al., 1984; Chan et al,, 1986), depending on the sh.alpe of the nucleated
cavity. Chan et al. (1986), by considering the time depgndencxes of both'the shear
stress relaxation along the boundary and the relaxation of the resultmg‘ stress
concentration at the ledge by grain boundary diffusion, were able to describe the
stress concentration due to a ledge as

. A 3
_f—z-l-)-" ’;at = sinecose{i [1 - axp(-t/tgp) ] )

x exp (-t/t.) exp (-2x/h) - cote}

where o_ is the applied stress, h is the ledge height, X is the ledge spacing, 8 defines
the angfe between the boundary and the applied stress, x is the distance frqm the
ledge, tgg is the characteristic time for boundary relaxation, and t, is the
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characteristic time for diffusional relaxation of the elastic stress concentration.
Realizing that for the concentrated stress to be effective it must be present for a
time at least equivalent to the cavity incubation time, Chan et al. (1986) evaluated
Eq. (3) for t=t;, where t; is the incubation time for cavity nucleation. As
demonstrated by Figure 2, the result of this evaluation indicated that large stress
concentrations could remain until t, provided the proper ledge height to spacing
ratio (h/x) was present.
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Fig. 2 Stress concentration factor at an 8 nm high grain
boundary ledge as a function of ledge height to
spacing ratio evaluated at the incubation time
for cavity nucleation (Chan et al., 1986).

Although not providing definitive proof, the results presented above clearly support
the contention that ereep cavity nucleation in ceramies requires the development of
a stress concentration at a specific microstructural feature, such as a tripe point,
ledge, or particle, through grain boundary sliding. It would thus be expected that the
initial growth of a nucleated cavity would be determined by the transient stress and
sliding conditions that are present immediately following nucleation. It will be
shown in the following section that the transient conditions, although often of very
short duration, can contribute significantly to the overall growth of the cavities.

CAVITY GROWTH

Estimates of cavitation kinetics based on small-angle neutron scattering
measurements of a number of different ceramies crept under compressive loading
(Page et al., 1984a, b; Lankford et al., 1986; Page et al., 1987; Page and Lankford,
1983) have shown that the volume of in individual cavity can be expressed as

V= atns (4)

where t is the time from nucleation,and a and 8 are constants, with 8 ranging from
0.0 to 0.62. Previous measurements of cavity growth rates in ceramics have, thus,
resulted in either a zero growth rate (Lankford et al., 1986; Page et al., 1987; Page
et al., 1984), corresponding to 8=0, or a growth rate that decreases with time (Page
et al., 1984; Lankford et al., 1986; Page et al., 1987), corresponding to 0 < 8 < 1.0.

2798

AD99, 1500C

70+ AD99, 1150

Lucalox, 1600C

NC203, 1600C

Cavity Radlus, nm
g8

30
20
10}
el v 0
10% 104 5x10% 10°
Time, s
Fig. 3 Evolution of the individual cavity radius with time (Lankford

et al., 1986). Time denotes the elapsed time since cavity
nucleation and r, is the critical cavity radius.

The observed cavity growth behaviors are illustrated in the plot of cavity radius vs
time after nucleation provided in Figure 3. It should be noted that in the sy§tems f.or
which no apparent cavity growth was observed, i.e., g=0, the coqstant cavxty. radius
was much larger than the estimated critical cavity radius. .S.mce the estimated
critical cavity radius was thought to be accurate, the condition of 8=O.has been
interpreted (Page and Chan, 1987) as indicating the presence of a very rapid growth
transient of short duration immediately following nucleation. It was further
concluded that the length of the growth transient must have been so short that the
experimental measurements could not detect it.

The experimental measurements presented above clearly show cavity growt!l in these
ceramics systems as a transient, rather than a steady-state process. T}’us can be
further demonstrated by comparing the experimentally measured cavity growth
behavior with model predictions. Chan et al. (1984), treating the constrained growth
of cavities in a material containing a continuous glassy grain boundary phase (as in
the AD 99 and NC 203 materials of Figure 3), envisaged cavities growing on
boundaries oriented parallel to the applied compressive stress in response.to a 1oc§1
boundary normal stress that arose due to grain boundary sliding. In the}r analysis
Chan et al. (1984) were able to relate the average normal stress, s acting on the
cavitating boundary to the grain boundary sliding rate, u, as

_ 33un
°n T "2d
where nis the viscosity of the glassy phase and d is the grain diameter. By combining

Eg. (5) with an earlier treatment of viscous hole growth by Raj and Dang (1975) it
was possible to relate the cavity growth rate, R, to the sliding rate as

&)

h2(2/3 12 - 8 nR?) (3340 _ 24k(1-0.94" 2)]
= S > = = (6)
121R8 122(0.96a 2 - Tna” - 0.23 o 4 - 0.72]

2799



where h is the thickness of the glassy phase, ¢ is the cavity spacin 2 i
shape factor, vy is the surface energy, K is a constant relatedytopthe rga’tfo olfst!}anec;:;tiz
boundary, surface and interfacial energies, and o' is the ratio of the cavity radius to
th.e.cav1ty spacing. When viewed in this manner, it is clear that the grain boundary
§lxdmg rate provides the driving force for cavity growth during compressive creep. It
is evident from Figure 4 that if one considers only steady-state sliding, then
agreement between the measured cavity growth rates and those predicted by ;:‘.q. (6)
is observed only in the latter stages of the growth process. The constrained growth
model (Ch.an et al., 1984), from which Eq. (6) was derived, thus does not do an
adequate job of modeling the time dependence of the experimentally measured
growth rate in the initial transient region. Similarly, diffusion based steady-state
models (Hull and Rimmer, 1959; Weertman, 1973; Speight and Harris, 1967; Speight
and Beere, 1975) also fail to describe the observed growth behavior. ’
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Fig. 4 Comparison of the calculated and measured cavity

volume (Page and Chan, 1987). Both the experimental
and theoretical curves are for AD99 alumina crept
at 1150°C and 220 MPa.

The obsgrvations of continuous cavity nucleation accompanied by limited growth
from which the transient growth behavior is obtained are neither an artifact of the
‘measu‘rement technique nor unique to the -particular systems or conditions
investigated. Studies of cavitation in a number of metallic systems using techniques
other than small-angle scattering have shown similar behavior (Needlam and
Gladman,. 1980; Chen and Argon, 1981). It must, therefore, be concluded that stress
and/qr sliding transients do indeed influence initial cavity growth. Furthermore, the
transient growth regime can be responsible for a substantial portion of the total
observed growth. Predictions based solely on steady-state growth could thus be
expected to underpredict cavity size and overpredict creep lifetime.

The experimental measurements presented above clearly show cavity growth in these

cerami(; systems as a transient process. The results also indicate that a very wide
spread in the length of the transient growth event is possible, e.g., in some systems
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transient periods lasting on the order of hours hzve been observed while in others the
transient period is so short that the cavities appear to nucleate at their final size. If
It is assumed that the transient growth resuits from the presence of transient
stresses, then the characteristic time, t,, for the relaxation of these stresses through
grain boundary diffusion is given by (Raj, 1975; Chan et al., 1986)

_ (1-v kTL3
¢ = (1ov)kTl 0
c 4D, 6,6
b”b
where v is Poisson's ratio, k is Boltzman's constent, T is temperature, @ is the atomie
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, a minimum of three
different stress concentration mechanisms, each with its own characteristic diffusion
length, could contribute to transient cavity growth. As discussed previously, cavity
nucleation in the ceramic systems for which the transient growth behavior has been
observed is thought to occur at stress concentrations produced at grain boundary
ledges during boundary sliding. The characteristic length for the relaxation of the
stress at the ledge is the ledge height, which has been estimated (Chan et al., 1986)
to be approximately 10 nm. Raj (1975) has suggested that transient stresses also can
result from the nucleation of the cavities and from the sliding of nonplanar grain
boundaries. The characteristic length for relaxation of the stress concentration due
to nucleation of the cavities is simply one-half of the cavity spacing, which has been
estimated to be approximately 100 nm (Page et al., 1984a, b; Lankford et al., 1986;
Page et al., 1987; Page and Lankford, 1983), while that for the grain boundary sliding
transient is ong half of the grain size (Raj, 1975), which can range from 2 to 30 um.

Due to the L i

dependence of t, in Eq. (7), a very wide range for the transient
duration could be expected depending upon which relaxation mechanisms were
contributing. Order of magnitude estimates of t, for the ceramic systems being
discussed range from approximately 1077 sec to 10 ° sec and 107 sec for relaxation
of the stresses due to grain boundary ledges, cavity nucleation, and grain boundary
sliding, respectively. Either of the former two relaxation mechanisms could thus be
responsible for the extremely short transients that resulted in cavities that appeared
to nucleate at their final size, while the latter relaxation mechanism could be
responsible for the longer duration transients that lasted up to a few hours prior to
the onset of steady-state growth.

SUMMARY

The presence of transient cavity growth has been demonstrated for a number of
ceramic systems. It has been argued that the transient growth is a direct
consequence of the transient stress and sliding conditions that are present
immediately following cavity nucleation. Since transient growth can account for a
significant portion of the overall growth, accurate treatments of transient behavior
must be developed if we hope to fully understand damage development in ceramic
systems. Furthermore, more complete analytical treatments of transient growth
behavior may provide an explanation of the creep-fatigue effects that have recently
been observed in ceramics (Fett et al., 1986; Page and Lankford, 1987). Although
complete analytical treatments of transient stress and sliding effects are expected
to be quite difficult, their importance cannot be overemphasized for, as Nix (1983)
pointed out, the intimate link that exists between cavity nucleation and early growth
and the creep process itself is probably responsible for the correlation that has been
observed between fracture time and minimum creep rate in many structural
materials.
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