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INTRODUCTION

Addition of SiC whiskers to polycrystalline Al,O3, has been shown to improve
mechanical properties of the matrix,! including creep resistance.23 Recent work#S has shown
that the observed reinforcement was due to the pinning of grain boundaries by the whiskers,
and therefore, to a partial or complete inhibition of grain-boundary sliding (GBS), the principal
plastic deformation mechanism for fine-grained Al,O5 at low stresses. The SiC whiskers
exhibited no plastic deformation whatsoever at any temperature.

The precise creep mechanisms active for the composites with increasing whisker content is
still a matter of discussion. In a previous publication,’ a study of creep in compression was
made on SiC,,/A1,05 samples, obtained from different manufacturers, which contained a wide
range of whisker concentrations. In that work, it was concluded that for partial volumes of
whiskers, V,, larger than 15%, the whiskers effectively impede grain-boundary sliding,
causing a change in the deformation mechanism from GBS to pure diffusional creep (PD),
without significant changes in diffusional kinetics. However, for stresses over a critical stress _
O, which was lower for composites containing larger amounts of glassy phase, the whiskers
enhanced cavitation resulting in severe damage formation.

An important finding was that the creep rates exhibited by samples containing more than
15 vol%, despite having very different nominal matrix grain sizes were nearly equal , The ratio
of the creep rates of the composites to that of the matrix, was larger than calculated from creep
equations for GBS and PD. Under constant temperature and diffusion mechanisms, grain size,
d, is the only significant materials parameter:
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where £ is the strain rate, d is the grain size, and o is the applied stress, with p being 2 or 3,
and n the stress exponent.5 In light of Equation 1, the extra creep reinforcement might be
understood if the composite behaved as if it had larger grain size than the nominal reported
value. A tentative explanation was that the matrix grain size in the creep equation should be
replaced by another microstructural parameter, called effective grain size, d,g, that was
proposed to be related to the available space for the matrix grains between the whiskers.

In the present paper, creep data are re-analyzed to clarify the evolution of the plastic
deformation mechanisms and to extend the understanding of the physical meaning of the
effective grain size concept. A model is proposed to relate d.¢ to the space between whiskers.

MATERIALS, CREEP BEHAVIOR, AND CREEP PARAMETERS

Compressive creep experiments were conducted in an inert atmosphere on samples
fabricated at Argonne National Laboratory, ANL, and Oak Ridge National Laboratory, ORNL.
Composite materials contained up to 30 vol% chemically etched whiskers, and no sintering
additives, thus clean grain boundaries have been documented. The whiskers had typical
lengths of 10 um and diameters of approximately 1 um. Further data on processing techniques
and microstructural development can be found elsewhere.47

Throughout this paper, the samples are referred to by the manufacturer, ANL or ORNL,
followed by a number that represents the whisker volume percent.

Figure 1 compares creep rates obtained for composites with those of polycrystalline Al,O3
from the same source. Initially, these data have been analyzed with respect to a classical creep
equation:

&= Ao )

where A depends principally on temperature and grain size.6

Table 1 contains the n and A values determined by linear regression. Pure alumina
samples yield constant n values of 1.3 over the whole stress range. The stress exponent for
ANLS5 was 1.8 over the entire stress range. However, the data of Figure la could be fit
equally as well by n = 2.6 for lower stresses and 1.3 at high stresses. ANL15, ORNL20, and
ANL30 composites exhibited a stress exponent that changed from n = 1.0 to n > 2, depending
mainly on stress. An estimate of the stress at which the change occurred (o, critical stress) is
also included in Table 1.

Microstructural evidence showed that the n > 3 regime found in samples with more than
15 vol% of whiskers corresponded to accelerated creep as a result of damage formation: the
whiskers act as stress concentration sites that promote the formation of cavities. Lower n-
regimes were governed by a series of steady states, for which classical creep models were
applicable. An evolution from GBS to PD with increasing whisker content was proposed. For
lower whisker content samples (ANLS5), some GBS is possible. The low stress regime for
ANL15, ORNL20 and ANL30 is purely diffusional, because whiskers effectively pin grain
boundaries. These conclusions were also supported by microstructural observations.

Finally, it was found that diffusional processes controlling plastic deformation remained
essentially unchanged with the addition of SiC whiskers. For pure AOs, grain boundary
diffusion of the specie Al3+ is creep-rate controlling, implying a dependence of d-3 with the
grain size.8
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Figure 1. Strain rate vs. stress plots of compressive creep results obtained in (a) ANL a_nd Cp)
ORNL matrixes and composites at 1400°C in argon. Significant creep rate reduction in

composite is observed.




Table 1: Creep Parameters.

Transition
Samples d (um) ny A, G (MPa) n, A,
ANLO 1.8 1.3 7.9x10-8
ANLS 2.8 2.6 4.5x10-11 60 1.3 1.4x10-8
ANL15 3.3 0.9 1.0x10-8 100 3.4 3.9x10-14
ANL30 1.5 0.9 5.0x10°9 170 5.9 4.0x10-20
ORNLO 1.5 1.3 1.3x10°7
ORNL20 20 1.3 1.3x10°9 160 54 1.0x10-18

ANALYSIS OF CREEP RESULTS BY CLASSICAL EQUATIONS

Creep of ALO,

Stress exponents ranging between 1 and 2 have been reported for monolithic Al,0;.
These values depend on grain size, impurity content, and test conditions.S In our experiments,
n was equal to 1.3 for both ANL and ORNL samples. GBS accommodated by diffusional
transport of matter was considered to be the dominant mechanism of plastic deformation.8

Ashby and Verrall® established a model for steady-state creep based on diffusion-
controlled grain-boundary sliding:

98(c -0, )QDeﬁ
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where o, is a threshold stress, Q is the atomic volume, Deff is the effective diffusion
coefficient, and k and T have their usual meanings. When the creep-rate-controlling transport
takes place through the grain boundaries, the efféctive diffusion coefficient depends on d-1, so
the strain rate is proportional to d-3, as stated before. The difference between the experimental
stress exponents from the predicted n = 1 for diffusional flow is ascribed to the fact that the
threshold stress was not taken into account. In fact, an alternative explanationn of a stress
dependent n is that the threshold stress is altered by the addition of whiskers. Instead of

Equation 2, we consider the dependence:
3, n -

where B is a grain-size-independent parameter, and the subscript m refers to parameters of the
matrix. If we assume n = 1, it is possible to estimate the threshold stress, by plotting d3¢ vs.
o, to determine By, and Gy, (Figure 2), together for ANL and ORNL pure Al,O3 matrixes.
When normalized by grain size, the agreement between the of creep rates of both samples is

excellent. Regression analysis resulted in:

B,=(1.66 + 0.11)x10-¢ um3MPa-1s-! Oym) = 3.3 % 2.5 MPa.




Creep of Composites

Addition of small concentrations of whiskers to the matrix could initially change the
threshold stress because the whiskers pin the grain boundaries. When tested at high enough
stress, n = 1.3 for ANLS, the same value that was found for the pure matrix. In that range, the
increment in the threshold stress due to the whiskers can be neglected in comparison with the
applied stress, thus explaining the same exponents. At low stresses, G, is significant compared
with the applied stress, and the value n = 2.6 is a mathematical artifice.

Using Equation 4, we can calculate B and ¢, for the composite, denoted with the subscript
¢ (Figure 2):

Bo=(1.65 + 0.30)x10-6 pm3MPa-ls-1 Gyey = 27.0 = 20.0 MPa.

The agreement found in B values is very good, confirming that the diffusional kinetics are
unchanged. The only effect of the whiskers is the increase in the nominal threshold stress,
recognizing the large scatter.
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Figure 2. Normalized strain rate (d3 &) vs. stress linear plots to estimate threshold stresses
in monolithic Al,03 and in 5 vol.% composite.

With 15 vol% or more of SiC whiskers, the evolution of the creep mechanism from GBS
to PD is complete. The whisker concentration is large enough to establish a thrcsho}d stress
that is higher than the critical value'©,. For ¢ < G, the creep controlling mechanism is purely
diffusional. The composite creep results should then follow the equation:10
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In Table 1, the low-stress regime of ANL15, ORNL20 and ANL30 are characterized by
n=l.

ANALYSIS OF CREEP-RATE REDUCTION
Theory

When GBS controls creep, there can be some contribution of PD to the strain rate. On the
contrary, when GBS is impossible, PD controls alone. Consquently, creep of Al,0O; is
governed mainly by Equation 3, whereas creep of composites with more then 15 vol%
principally follows Equation 5. Those are extreme situations of GBS and PD, respectively. In
samples with intermediate loading of whiskers, the creep equation is a combination of
Equations 3 and 5, because the effective stress in GBS is reduced by ©,, making both
contributions to the strain rate comparable.

We define the grain-size-normalized creep-rate reduction (creep remforcement) R, as:

d’e
R= ”;f" (6)
d ¢

c C

with p = 3 in our study. The theoretical creep reinforcement, denoted by t, due only to the
progressive change of creep mechanism, from Equations 3, 5 and 6:

d, (& +&,pp ) l.140- 0
R(V, = 5%) = m(GBS) m(P2) m) @
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for samples with low whisker content, and:
3
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for composites with higher whisker content. Figure 3 is a plot of Equations 7 and 8. From
Equation 7, and for stresses over G,, R, falls rapidly to values close to 1. In samples with
more than 15 vol% of whiskers (Equation 8) the creep reinforcement grows to values close to
8 for stresses that are high enough such that the threshold stress of the matrix can be neglected.

Experiments

To determine experimentally the creep reinforcement factor R, for ANLS, we have plotted
normalized strain rates versus stress for the Al,0; samples and for ANLS (Figure 4). Athigh
enough stress, in the range for which o, is negligible for both materials, creep rates fall on the
extrapolation, resulting in R = 1, equal to theoretical calculations for ¢ > 100 MPa (Figure 3).

The R, factors for ORNL20, ANL15, and ANL30 composites, calculated for
¢ = 40 MPa through Equation 6, from the data plotted in Figure 1, and the grain sizes in
Table 1, are contained in Table 2.




Substantial differences from the theoretical factor = 7 are observed between R, and R, for
Vw2 15%. Additionally, the absolute creep rates of each of the three samples are very similar,

despite differences in nominal grain size and whisker content.
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Figure 3. Theoretical creep reinforcement calculated through Equations 7 and 8
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Table 2. Experimental Creep Reinforcement Factors R, for Composites with V,215%

SAMPLE: ANLI1S ORNL20 ANL30
R,: 10 60 140

e

EFFECTIVE GRAIN SIZE

At a fixed temperature, with constant diffusional kinetics, grain size is the only significant
materials parameter. However, in light of the above discussion with regard to R and
normalized £, the nominal grain size is not the important materials parameter. We can define
an effective grain size, d g,

R 1/3

€
d.=d . &)
L ¢ R,

Measured effective grain sizes (dpeas.), calculated from Tables 1 and 2 are listed in Table 3.

Table 3. Effective Grain Size Values for Composites with V,215%

SAMPLE: ANLI1S5 ORNL20 ANL30
dmeas.(l»’-m) 3.7 4.0 4.0

Several authors have claimed that when the amount of whiskers added to a matrix is large
enough, the whiskers form a network that can control some mechanical properties.1! Anelastic
creep recovery behavior in an Al,03/SiC composite has been explained using this concept.12
One tentative explanation of the physical meaning of d.¢ correlates it with the dimensions of the
network of stiff whiskers inside of which deformation of the matrix takes plasce.

A two-dimensional model can be easily developed to estimate the section of the free space,
d', into the square cells of an homogeneous distribution of cylindrical reinforcements of radius
1, in a concentration that is a partial volume fraction V,,. In Figure 5, the reinforcements are
located at the corners of cells of size ¢, that are smaller as whisker content increases. In this _
model, d' is the diameter of a circle with an area that is proportional to the space available
between the whiskers:

2
d 2 2 2
n’(—-) =A (¢ —nr) 10)
2 .
Additionally, the partial volume fraction of whiskers is:
2
nr
V,=—7% (1D
14




\V, = 30%

Figure 5. Distribution of different partial volumes of whiskers of radius r in cells of size £, following
the model proposed.

From Equations 10 and 11, the analytical form of d' is:

(12)

where V, is the partial volume of the matrix. The function is represented in figure 6, for
several values of the parameter . If the equivalent circle area is equal to the £2-xr2, then
o = 2. The values in Table 2 for d g of the composites are plotted in Figure 6 for differentt
diameters of the whiskers.
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Figure 6. Plot of Equation 12, for different values of a (numbers). Circles represent deff values
for ANL15, ORNL?20 and ANL30, relative to whisker radius of 0.75 and 0.50 yum.




For ANL1S, a =2 forr=0.75 um. For a given r, the value of o increases as the amount
of whiskers increases. Such behavior can be a consequence of the difficulty of obtaining good
dispersions when the whiskers loading is high. The whisker radius is an important parameter.
As r decreases, ¢ increases.

CONCLUSIONS

Addition of small amounts of stiff reinforcement (SiC whiskers) to a polycrystalline Al,0,
matrix partially inhibits grain boundary sliding because of an increase in threshold stress.
When the concentration of whiskers is high enough, a pure diffusional mechanism takes over
the control of plastic deformation of the composites. For higher whisker loadings, the
materials creep properties depend on a microstructural feature different from the nominal grain
size. A tentative correlation of this effective microstructural parameter with the spacing
between the whiskers was established through a model.

Acknowledgments

The authors thank A. Bravo-Leén for his support in developing the ideas related to
increase in threshold stress by the addition of whiskers. Work in Spain was supported by the
Spanish Ministerio de Educacion y Ciencia, under CICYT Project MAT91-0978. Work
supported by the U.S. Department of Energy, BES, under contract W-31-109-ENG-38.

REFERENCES

1. P.F. Becher and G.C. Wei, Toughening behavior in SiC-whisker-reinforced alumina, J. Am. Ceram. Soc., 67
[12] C-267-C-269 (1984).

2. A.H. Chokshi and JR. Porter, Creep deformation of alumina matrix composites reinforced with SiC-
whiskers, J. Am. Ceram. Soc., 68 [6) C-144-C-145 (1985).

3. AR. DeArellano-Lépez, F.L. Cumbrera, A. Dominguez-Rodriguez, K.C. Goretta, and J.L. Routbort,
Compressive creep of SiC-whisker-reinforced AlyO3,J. Am. Ceram. Soc., 73 [5] 1297-300 (1990).

4. H.-T. Lin and P.F. Becher, High-temperature creep deformation of alumina-SiC-whisker composites, J. Am.
Ceram. Soc., 74, [8] 1886-93, (1991). ' '

5. AR. DeArellano-Lépez, A. Dominguez-Rodriguez, K.C. Goretta, and J.L. Routbort, Plastic deformation
mechanisms in SiC-whisker-reinforced alumina composites, J. Am. Ceram. Soc., 76 [6] 425-32 (1993).

6. W.R. Cannon and T.G. Langdon, Review: Creep of ceramics, Part I: Mechanical properties, J. Mater. Sci.,
18, 1-50 (1983). '

7. S.M. Smith, R.O. Scattergood, J.P. Singh, and K.R. Karasek, Effect of silica and processing enviroment on
the toughness of alumina composites, J. Am. Ceram. Soc., 72 [7] 1252-55 (1989).

8. A.H. Heuer, N.J. Tieghe, and R.M. Cannon, Plastic deformation of fine-grained alumina (AlpO3): basal slip
and unaccommodated grain boundary sliding, J. Am. Ceram. Soc., 63, [1-2] 53-58 (1980).

9. MF. Ashby and R.A. Verrall, Diffusional flow and superplasticity, Acta Merall., 21, 149-63 (1973).

10. J.P. Poirier, "Creep of Crystals", Cambridge Earth Sicence Series, Cambridge, U.K., (1985).

11. J.R. Porter, Dispersion processing of creep-resistant whisker-reinforced ceramic-matrix composites, Mater.
Sci. Eng., A107, 127-32 (1989). :

12. W. Gu, J.R. Porter, and T.G. Langdon, Evidence of anelastic recovery in silicon carbide-whisker-reinforced
alumina, J. Am. Ceram. Soc., 77 [6] 1679-81 (1994).




