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ABSTRACT 

ZrO 2-Al203/SiC whisker-reinforced composites, with whisker volume fractions 

of 0 to 28%, fabricated both by powder and precursor processing, have been 

deformed at temperatures of 130O-15OO0C under constant compression rates of 

1.7 x 10-5 to 6.8 x 106 s-1. Above 1400°C, a stress at which the work-hardening 

rate became zero could be measured and correlated with whisker content. On the 

other hand, at 1300°C all samples broke within the elastic regime. At 135OoC, 

increased whisker content appeared to inhibit fracture, so plastic behavior was 

obtained for samples containing 28% Sic. In the range of temperatures and 

compression rates, noted above, stress exponents were determined and tentatively 

correlated with microstructural features and their evolution during plastic 

deformation. 

INTRODUCTION 

Fabrication and mechanical properties of the system Al203-ZrO2, k n o w n  as 

ZTA, have been of interest in the last few years [1,2]. ZTA shows enhanced fracture 

toughness (KI, = 10 MPa-mm) at room temperature [3] and is a promising materid 



for high-temperature applications [4], although its strength is reduced because of 

microcracking, one of the micromechanical toughening mechanisms [5]. Most 

results on ZTA room-temperature mechanical properties show a strong dependence 

on the volume fraction of each component, the ratio of tetragonal to monoclinic 

21-02, and 21-02 grain size [2]. 

In parallel, the addition of ceramic whiskers as reinforcements for a variety of 

ceramic matrixes has shown interesting mechanical properties at both room and 

elevated temperatures [SI. Some of the now classical systems, such as Al2O3SiCw, 

have been widely studied [7,8]. The enhanced room-temperature fracture proper- 

ties (both toughness and strength) of whisker-reinforced composites were explained 

by the combined action of three toughening mechanisms, debonding bridging, and 

pull-out [SI, which resulted in a maximum KI, of 8 MPa-rnm. The recent literature 

has improved our understanding of the role of the whiskers in the reporting of 

reduced creep rates measured in samples containing these stiff filaments [lo-121. 

Partial inhibition of grain-boundary sliding (GBS), the main creep mechanism in 

fined-grained ceramics [13], is considered responsible for the enhanced creep 

resistance. For high stresses and compression rates, damage is produced in the 

vicinity of whiskers because they act as stress concentration sites, and diffusion 

cannot accommodate strain. The whiskers form a network that prevents brittle 

fracture of the samples. 

The possibility of improving fracture toughness and fracture strength made the 

study of ZTA-SiC, composites [ 141 particularly interesting. Initial results 

indicated that a fracture toughness of up to 11 MPa.mm could be achieved while 

retaining significant strength [3]. Examination of the high-temperature behavior of 

this system naturally follows as a research effort. The aims of this study are to 
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establish the temperature ranges of creep and provide a preliminary view of the 

microstructural role of 21-02 and Sic whiskers in creep mechanisms. 

MATERIALS 

Two kinds of ZTA-based Sic whisker composites, both containing 5.5 vol.% 

ZrO2, have been studied. Additionally, they contained 0, 10, and 28 vol.% Sic 

whiskers. 

In one case, the samples were processed by wet mixing raw powders (pd- 

samples). The A1203 was in the form of a-Al2O3 and the ZrO2 powder was in the 

form of monoclinic high-purity m-ZrO2 with a typical grain size of 0.5 pm. In a 

second case, processing was carried out by a sol-gel technique with an A1203 

solution and a ZrO2 precursor (pc- samples). The slurry was calcined, screened, 

and dried. This latter procedure should result in better mixing of the components. 

In both cases, Sic whiskers were added in the correct proportion. Densification was 

achieved by uniaxial hotcpressing of the green bodies at 1600°C. The name of each 

specimen includes a number that specifies the volume fraction of Sic. Full density 

was obtained for all composites except pc-2TA28 (93%). 

Microstructure was studied by SEM and TEM, with computer-aided image 

analysis. Polished surfaces of as-received and deformed specimens, thermally 

etched in air at 1450°C, revealed grain morphologies of the type shown in Fig. 1. 

TEM samples were prepared by standard techniques (dimpling, ion-beam milling, 

etc.), and observations included grains, whiskers, dislocations, pores, cracks, and 

glassy phases. Some features are shown in Fig. 2. More details on microstructural 

features of ZTA ceramics are provided in Ref. 15. Grain sizes of the as-fabricated 

samples are included in Table I. 
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MECHANICAL TESTS 

All materials were deformed in an Instron 1185 machine, in air, at 1300- 

1500°C under uniaxial compressive constant crosshead speeds; initial strain rates 

were 1.7 x 104 to 6.8 x 104 s-1. 

To establish the sensitivity of the strain rate to stress, changes in compression 

rates were made at constant temperature, and stress was measured when the 

work-hardening rate reached zero. Note that a zero work-hardening stress does 

not mean a deformation steady state. The latter is appropriate only when 

microstructure is unchanged. The stress exponents (n) were calculated from the 

creep equation & = Aon where & is the strain rate, CT is the stress, and A is a 

parameter that depends principally on temeprature and grain size [lSI. 

RESULTS AND DISCUSSION 

Typical stress vs. strain plots are shown in Figs. 3a and b. A summary of 

results in terms of maximum stresses before fracture and zero work-hardening 

stresses follows. 

Maximum stresses between 1300 and 15OO0C, at 1.7 x 106 s-1 compressive 

strain rate, for all specimens, are detailed in Table II, which also indicates whether 

fracture (frac.), fracture after some softening (mix.) or no fracture with measurable 

flow stress (flow) was observed. At the lowest temperature, all specimens fractured 

in the elastic regime. At 1350°C, samples containing 40% whiskers fiactured after 

exhibiting some plastic flow regime, while samples with 28% whiskers behaved 

plastically. 

For the pd-processed materials, the addition of whiskers did not significantly 

change the maximum stress at a given temperature. However, at 1300 and 1350°C, 
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there was increase of >lo0 MPa from pc-ZTAO to pc-ZTAlO. As stated before, pc- 

ZTA28 materials have high porosity (7%), which accounts for their poorer 

mechanical response. However, this result must be combined with the observation 

of a larger reduction of grain size in pd-composites than in pc-composites due to the 

addition of whiskers. Previous results showed that the composites fabricated from 

powders have larger A1203 grain sizes and larger 21-02 particle sizes than 

composites fabricated from precursors [E]. Several authors have demonstrated 

that larger ZrO2 particles result in reduced strength due to microcracking [21, 

consistent with our observations. 

The observation that addition of 28 vol.% Sic suppresses brittle fracture at 

135OOC in the pc-material is an indication that whisker reinforcement inhibits 

microcracking. The inhibition of brittle fracture is particularly effective with high 

whisker loadings. Some authors claim that microstructures containing whiskers 

are more damage-tolerant [11,17]. 

Above 14OO0C, all compositions deformed plastically, and flow stresses (with 

extended zero work-hardening regimes) that developed even up to 20% strain were 

determined for all samples. These stresses are also summarized in Table 11. 

Because of its poorer density, the pc-2TA28 composite exhibited the lowest 

flow stresses at all temperatures. For a fixed fabrication process, whisker loading 

did not significantly affect flow stresses. However, one must consider that grain 

size is normally reduced because of the addition of whiskers [10,12]. Models of 

creep mechanisms in which the transport of matter [ 161 predicts that the strain- 

rate dependence is proportional to l/dp, with p = 2 to 3, or that the stress is 

proportional to dP at a constant E. Taking the values in Table I, one should expect 

that ZTAlO samples would be 5 to 10 times softer than their matrices, and that 



6 

pd-ZTA28 would be 15 to 60 times softer than its matrix. Values in Table I1 show 

that the composite materials are stronger than expected. 

Finally, all other compositions based on the precursor-fabricated matrix 

showed higher flow stresses than the powder-fabricated samples, despite their 

smaller grain sizes. Such results indicate that precursor fabrication is a promising 

technique, and that some balance between whisker addition and grain-size 

reduction is needed to  obtain the optimal mechanical properties. 

An example of experiments to calculate stress exponents is given in Fig. 4. The 

values of n are listed in Table I11 and are typically close to or higher than 2 (3 and 4 

in some cases) and increase with increasing temperature. Results for creep 

mechanisms of ZTAO can be found in Ref. 15. 

Several creep mechanisms might be responsible for high stress exponents, but 

most are related to  dislocation activity [16]. Microstructural analysis (Fig. 5) 

revealed that no detectable dislocation activity and that damage is present as 

described in previous publications on ZTA and A1203-SiCw [10,15]. Damage is 

produced, but the whiskers prevent fracture from the damage. Zero work- 

hardening states of plastic deformation are then established and flow stresses are 

measured, but increases in compression rates produce smaller changes in flow 

stress as the result of damage production, thereby providing a possible explanation 

for the higher stress exponents. 

CONCLUDING REMARKS 

Literature on composites shows that microstructure is the key for obtaining 

good mechanical properties [18]. Because toughening mechanisms are multiple and 

synergistic, this is very important in a three-component system. In particular, 
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there are many critical factors for each of the phases: A1203 grain size, ZrO2 

particle size and distribution, whisker distribution and nature of whiskedmatrix 

interfaces, etc. 

This study has identified the plasticity temperature range in ZTA-based 

composites in compression at strain rates of = l o 4  s-1. It has also shown that 

precursor-processed ZTA composites have higher flow stresses than those of 

powder-processed composites. A natural following step is to complete the 

characterization of the Sic composites, extending the range of experiments to lower 

stress and slower compression rates, in order to identifj, the role of diffision- 

controlled creep mechanisms. 
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TABLE I. Grain Size (pm) of ZTA-SiC Composites 

0 Si% vol.% 10 Sic v01.8 28 Sicw vol.% 

Powder proc. (pd-1 

Precursor proc. (pc-> 

4.7 

2.6 

1.9 

1.2 

1.1 

1.3 
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TABLE II. Maximum Stresses at 1.7 x 106 s-1 Compressive Strain Rate 

Temp. ("C) Processing Sic vol. % Stress (ma) 

1300 

1350 

1400 

1450 

1500 

0 
0 
10 
10 - 
28 
28 

0 
0 
10 
10 
28 
28 

0 
0 

10 
10 
28 
28 

0 
0 

10 
10 
28 
28 

10 
10 
28 
28 

385 frac. 
434 frac. 
404 frac. 
573 frac. 
394 frac. 
290 frac. 

231 fiac. 
296 frac. 
230 mix. 
400 mix. 
205 flow 
163 flow 

95 flow 
157 flow 
$6 flow 
143 flow 
84 flow 
75 flow 

51 flow 
54 flow 
50 flow 
65 flow 
48 flow 
32 flow 

36 flow 
48 flow 
32 flow 
18 flow 
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TABLE 111. Stress Exponents at or above 1400OC 

Temp. ("C) Process Sic vol.% n 

1400 

1450 

1500 

* 
Pd- 
Pc- 

Po 

Pd- 

pir 
Po 

Po- 

* 
Pd- 
Po- 

Po 

10 
10 
28 
28 

10 
10 
28 
28 

10 
10 
28 
28 

2 
1.7 
2.5 
2.1 

2.6 
2.2 
4.5 
2.9 

3 
2.5 
3.5 
3 
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Fig. 2. TEM photomicrograph of pd-ZTA28, showing details of microstructure. 
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Fig. 3. Stress vs. strain plot of mechanical tests for (a) pc-ZTAlO and 

(b) pd-ZTA28 showing maximum stresses before fracture and zero 

work-hardening stresses. 
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Fig. 4. Stress vs. strain plot of mechanical tests for stress exponent determination 

in pd-ZTAlO. 
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Fig. 5. TEM photomicrograph of pd-ZTA28 after deformation at 1400°C, showing 

severe damage (crack) indicated by arrows. 


