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ABSTRACT

High-temperature constant load and constant strain rate compressive tests have
been performed on AI203 reinforced with different concentrations of SiC whiskers.
The samples were obtained from three sources, but contained whiskers from the
same source. The temperature range was from 1300 to 1500° C and experiments
were conducted in air and argon. Strain rates varied from 3x10-8to 5x10.5 s-,1with
stresses between 3 and 500 MPa. Stress exponents were found to vary between '1
and 5 and depended on microstructure, whisker concentration and stress,
indicating a change in the mechanism controlling plastic deformation. Change from
diffusional creep to a damage accun',_ulationmechanism was supported by TEM
observations on samples as-received and deformed both in the n=l regime and in
the n=5 regime. Degradation of SiC whiskers occurred when testing in air.
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INTRODUCTION

Addition of whiskers to ceramic matrices has resulted in substantial improvement in
room temperature fracture toughness. In particular, the composite system
consisting of SiC whisker reinforced alumina, SiCw/AI203, has been the subject of
extensive measurements of fracture toughness [1], room temperature strength [2],
and creep resistance for a variety of whisker concentrations and experimental
conditions [3-6]. Ali investigations have shown that these properties are enhanced
compared with monolithic alumina. The improvements in fracture toughness and
strength have been attributed to crack deflection/interface debonding, crack
bridging, and whisker pull out. High-temperature deformation was controlled by
grain boundary sliding (GBS). Dislocations played no significant role. Improved
creep resistance resulted from the pinning of grain boundaries by the SiCw.

Thus, SiCw reinforced alumina is a quite interesting composite to be studied for
hlgh-temperature structural applications. Poor chemical stability in oxidizing
atmospheres is, however, a serious limitation to the applicability of this



composite[3,6]. The objectives of this study were to investigate the effects of
/ . fabrication and microstructure on the high-temperature deformation rate. To this
" end, SiCw/AI203 specimens were obtained from three sources and were deformed

in compression at constant load and constant strain rate at high temperatures.
Samples were deformed in argon, in o;der to avoid the complications of chemical
degradation of the whiskers, and in air.

EXPERIMENTAL PROCEDURE

Materials,,

Polycrystalline alumina reinforced with a different concentrations of SiC whiskers
was obtained from ARCO, Greer, SC (ARCO), Oak Ridge National Laboratory, Oak
Ridge, TN (ORNL), and Argonne National Laboratory (ANL). The powders were
mixed with various additives (proprietary) and hot-pressed at approximately
1800°C. The SiC whiskers contained in ali of the composites were obtained from
Advanced Composite Materials Corp., Greer, SC. Grain sizes and volume % SiCw
are shown in Table I.

TABLE 1

SAMPLE VOL% SiC GS (p.m)

ARCO0 0 3.2
ARCO5 6 1.6
ARCO15 18 1.5
ARCO25 30 1.5

ANL0 0 1.8
ANL5 5 2.8
ANL15 15 3.3
ANL30 30 1.5

ORNL20 20 1.5-2

Transmission electron microscopy, TEM, scanning electron microscopy, SEM, and
optical metallography were performed on as-received specimens to determine the
initial microstructures. Figure 1 shows a TEM micrograph which indicates that the
specimens are fully dense [7]. Optical microscopy (Figure 2) shows that the
distribution of whiskers, for high whisker Ioadings, is not homogeneous. Increasing
whisker concentrations can result in greater difficulty in producing a homogeneous
dispersion of the whiskers [8]. lt is important to note that variability exists between
the microstructures as a result of the complex and difficult processing technology
required to produce high-fiber-content ceramic composites on a commercial scale.

E,.xpedmentaiTechnieues

Compressive deformation tests [6,9], constant load (creep) and constant strain rate
(CSR), have been performed on 5 x 2 x 2 mm specimens from 1300°C to 1500°C in
argon and air atmospheres.



Figure 1. TEM of as-received ARCO5.

Figure 2. Optical micrograph of polished as-received ANL30.
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Fracture surfaces of deformed samples were observed by SEM. TEM was used to
examine sections of deformed samples that were cut 45° from the compression
axis, ground, dimpled, and ion-milled to produce the thin foils necessary for TEM.

RESULTS

Steady-state creep results and related microstructural observations for ali ARCO
specimens have been published [6]. The stress exponents values, n, were - 1-2,
the activation energy was 511 :!:46 kJ/mol, and openings at grain boundary triple
points were observed in TEM of the deformed microstructures. These findings led
to the conclusion that unaccomodated GBS occurred in the range of stress,
temperature and atmosphere explored. SEM performed on a fracture surface of a
sample deformed in air (Figure 3) showed an irreversible degradation of the
material due to a reaction between SiC and oxygen at high temperatures. At
higher stresses TEM observations showed an increase in cavitation at triple points
that preceded cavity growth and linkage, which resulted in microcracking typical of
damage accumulation.

Creep tests on ANL samples with 5% whisker content resulted in n = 2, in accord
with the ARCO results for the same composition. However, for higher whisker
contents (15 and 30%) the strain rate, E, versus stress, _, data showed an
increasing slope, indicating a change in the deformation mechanism (from n -1 to
n = 4-5). This is illustrated in Figure 4. lt is to be noted that the CSR and the creep
results overlap providing evidence for the test reproducibility. Results for the higher
whisker Ioadings of the ARCO composite also indicated a change of n, but it was
somewhat less dramatic than that shown in Figure 4 for the ANL composite.

Figure 5 shows _ vs. _ plots for CSR tests on compositions = 18 vol% SiCw
obtained from the three sources. Again, the agreement between CSR and creep
tests is excellent. Experiments performed on ARCO15 material prepared such that
the compression direction was both parallel and perpendicular to the hot-pressing
direction indicated that orientation effects were not significant. While the physical
interpretation of the stress exponent in the damage accumulation region (higher
stresses) is not clear, it is, nevertheless, obvious that the deformation behavior of
the materials is different. In particular, the stress at which damage accumulation
becomes important appears to depend on sample source, and hence fabrication
and microstructure. Several authors [3,7,10] have clai_ned that the amount of
glassy phase [11,12] introduced during processing is the m_Linfactor contributing to
these differences, lt is possible that the amount and type of glassy phase
influences both the transition stress and the shape of the tr=_nsitionto the damage
accumulation region.

TEM has been performed on most deformed specimens. The microstructures of ali
crept samples for n2 2 examined showed cavities nucleating at triple points, and
cavity growth and coalescence to form microcracks. Whiskers prevented
catastrophic fracture. Figure 6 is a TEM micrograph of ARCO15 deformed in a CSR
test at high stress. Extensive microcracking is obsGrved. Crack bridging and
pullout are observed. CSR deformed specimens having lower whisker
concentrations do not contain as extensive microcracking networks as do those
samples having h!gher whisker Ioadings. The microstructures of the deformed
composite containing 5% SiC whisker concentration are ider;tical for CSR and
creep samples. However, the microstructures of the deformed composites
containing higher whisker loadings depend on the stress level. Microstructures of
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Figure 3. SEM of ARCO5 deformed in air at 1400°C.
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Figure 4. High-temperature deformation in creep (filled symbols) and constant
0 °strain rate (open symbols) for 14 0 C in argon for ANL5 and ANL30.
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Figure 5. Constant strain rate data obtained at 1400°C in argon for samples
obtained from sources indicated in legend. Par and perp refer to specimens

compressed parallel and perpendicular to the hot-pressing direction.

Figure 6. TEM of ARCO15 deformed to ¢ = 0.09 (210 MPa maximum stress) at CSR
at 1400°C in argon.
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Figure 7. TEM of ORNL20 deformed in creep at 1400°C in argon.

crept samples (Figure 7) exhibited much less microcracking than CSR deformed
samples because the stress levels of the CSR tests were much higher.

DISCUSSION

The results of CSR an_ creep tests are in excellent agreement° This confirms the
use of a constitutive equation, _ = cn, to describe high-temperature deformation in
these whisker-reinforced ceramic composites.

Composites of ali whisker Ioadings produced by ali three laboratories exhibit stress
exponents which change from n = 1-2 to higher values. This transition indicates
that the deformation mode changes. TEM and SEM confirm the mechanical
measurements. For lower stresses, deformation occurs by GBS, some of which is
unaccommodated, with cavities nucleating at grain boundary triple points.
However, at higher stresses, cavities link to form microcracks and deformation
proceeds by a damage accumulation mechanism, resulting in higher stress
exponents. Catastrophic fracture was inhibited by the whiskers.

The behavior in the high-stress region (damage accumulation) is approximately the
same for the various samples, despite differences in composition and grain size.
That is, the & in creep, or _ in CSR tests are, within about a factor of three, equal for
each of the samples.

The behavior in the low-stress region does, however, depend on both the whisker
content and sample source. The transition between the GBS and the damage
accumulation mechanism is much more pronounced for samples having higher



, ' o whisker concentrations, lt is certainly possible that the AI203 matrix dominates the
deformation properties for low SiCw concentrations. The addition of larger
concentrations of whiskers, while increasing creep resistance for lower stresses,
contributes more intergranular defects such as glassy phase and voids. In
addition, higher whisker concentrations will result in higher stress concentrations
which may promote damage.

There is a subtle effect of fabrication on the transition from GBS to damage
accumulation. This may relate to the amount, type, and distribution of glass phase
and will be investigated further. Future developments of these composites must
seek a compromise between reinforcement and defects introduced by whiskers.
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