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Abstract: A&Os-Zr02 composites prepared from calcined technical alumina and 

monoclinic zirconia showed typical microstructural evolution in repeated ther- 
mal-shock cycling tests. Circular stress contours were seen after the 5th cycle and 

microfissures appeared after 20 cycles. However, the composites retained 24& 

470 kg/cm? strength after 20 cycles. Both ZrOz and A1203 were hydrolysed on 
autoclave treatment. ‘(‘ 1996 Elsevier Science Limited and Techna S.r.1. 

1 INTRODUCTION 

Zirconia-alumina composites (ZAC) have excellent 
strength, toughness and thermal-shock resistance 
properties. ‘.2 Room temperature applications in 
the form of abrasives3 cutting tools, ball bearings4 
as well as high temperature applications, e.g. metal 
pouring nozzles, furnace construction materials5 
are of significance. The zirconia dispersed phase 
may be present in the monoclinic or tetragonal 
form. The former phase contributes to micro- 
cracking toughening’ and the latter phase is 
responsible for the stress-induced transformation- 
toughening effect. ’ During cooling from sintering 
temperature or on quenching of the composite, 
stresses and strains develop in the material because 
of the t 4 m Zr02 transformation and also the 
thermal expansion mismatch* between alumina 
and zirconia. As a result, the strength, toughness* 
and thermal-shock resistance of the composite 
increase. On repeated thermal cycling, micro- 
cracks and fissures develop. 

Zirconia is susceptible to water and degrades by 
a multi-step process comprising chemisorption of 
water, hydroxylation, transformation of Zr02 and 
formation of cracks.9*10 Incorporation of alumina 
or mullite or other solutes into zirconia suppresses 
its hydration-related degradation.‘iPi4 
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The effect of repeated thermal-shock cycling on 
the strength and microstructure of two Al@- 
Zr02 (Y203) composites and the effect of hydra- 
tion by autoclave treatment on these composites 
are presented in this article. 

2 EXPERIMENTAL 

Alumina, zirconia(m) and yttria were the raw 
materials. Two batch compositions were prepared 
from them (Table 1). Batches were wet ground in a 
pot mill for 30 h, dried and sieved. Bars of dimen- 
sions 78 x 18x(4-5) mm3 were prepared by uniaxial 
pressing at 650 kg/cm2 followed by isostatic press- 
ing at 3 165 kg/cm2 pressure. The samples were 
fired in an oil fired furnace at 1580-1600°C and 
soaked for 1.5 h. 

The surface of the sample was ground with SIC 
powder (180-600 mesh), and annealed at 1140°C 
for 30 min. 

The bars were subjected to repeated thermal 
cycling between 1200°C and room temperature in 
drought-free atmosphere. In each cycle the sample 
was held for 30 min at 1200°C before being 
quenched. The strengths of the samples were mea- 
sured in an Instron machine before and after the 
thermal-shock test. 
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Table 1. Batch compositions 

Raw material 
Sample 

AZ1 (wt %) AZ2 (wt %) 

A1203 84.0 69.0 
ZrO2hl 14.5 29.5 

y2°3 1.5 1.5 

Fractured and polished surfaces of samples were 
etched by 20% HF at room temperature and seen 
under a scanning electron microscope. The pow- 
dered samples were subjected to X-ray diffraction 
analysis (XRD). 

The bar samples were autoclaved at 170°C under 
7 kg/cm* steam pressure for 10 and 20 h, res- 
pectively. These were visually examined, ground to 
-200 mesh (B.S.S.) powder, diluted with KBr, 
pressed into discs and their IR spectra were 
recorded. 

3 RESULTS AND DISCUSSIONS 

The crystalline phases in the as-fired samples, those 
subjected to 15 thermal-shock cycles and those 
after 10 h of autoclaving were identified by the 
XRD technique. The results are shown in Table 2 
and Eig. 1, Comparison of the heights of peaks at 
74.4 A and 73.7 A for Zr02 (t) and Zr02 (m), 
respectively, revealed that thermal-shock cycling 
caused almost complete transformation of tetra- 
gonal zirconia to the monoclinic variety. In the 
autoclaved samples, conversion of m + t form, 
occurred to a different extent. At the end of 10 h 
autoclave treatment, AZ1 contained (m) Zr02 as 
the major phase and (t) ZrOz as the minor, whereas 
AZ2 contained (t) ZrOz and (m) ZrO, in almost 
equal proportion. In all the samples a-AlzOs was 
detected (by 42.4” 28 /2.08 A peak) in correct pro- 
portions with the batch compositions. 

Polished section micrographs of the samples, 
AZI, before thermal-shock, after 5 and after 20 

Table 2. Crystalline phases in as-fired, quenched and 
autoclaved samples 

Conditions AZ1 
Samples 

AZ2 

As-fired 

Quenched 

(1) -ZH (t) -ZM 
A, (m)-ZT A, (m) -ZL 

(m)-ZH 
(t) -ZL 

Autoclaved (10 h) 

Z, Zr02; A, A1203; H, High cont.; M, Medium cont.; L. Low 
conc.;T, Trace; (t),Tetragonal; (m), Monoclinic. 

thermal-shock cycles are shown in Fig. 2(a)-(d). 
The bright phase is Zr02, dark phase is pore and 
the alumina matrix is grey coloured. After 5 cycles, 
a peculiar feature of circular contour formation 
around pores was observed, these happened to be 
stress contours. The thermal expansion mismatch 
between a-AlzOs (8.1-9.1 x 1O-6/“C) and (t) Zr02 
(at = 11.6x10-6/“C, ct = 16.8~1O-~/“C) aggra- 
vated the stress and caused contour formation. 
Pores served as sink for absorption of stress and 
strain. The effect of thermal-shock in the initial few 
cycles probably gave rise to this type of spherulite 
formation as a result of the accumulation of stress 
around pores before being absorbed there. The 
contrast of the stress contours was better revealed 
in the back-scattered image (Fig. 2(c)), compared 
with the secondary electron image (Fig. 2(b)). 
This suggested that the scattering of electrons was 
affected by stress contours. Stress/strain contours 
other than circular geometry were also shown by 
Wunderlich and Riihle, I5 as well as by Claussen 
and Jahn.t6 

On further thermal cycling, the stress exceeded 
the stability limit and got released with the forma- 
tion of microcracks. Consequently, microfissures 
were evident after 20 cycles (Fig. 2(d)). It was 
shown earlier2 that pore size increased with the 
progress of thermal-shock cycling and pseudoplas- 
ticity developed in the samples. 

The autoclaved samples were free from crazes 
and cracks. The infrared spectra of the ground 
material (AZ1 and AZ2) are shown in Fig. 3(a) and 
(b). There are peaks at 460 cm-’ for Zr02, at 

14.15” 

74.58” 
74.55” 

(e) 

ti 

Diffraction angle (28”) -+ 

Fig. 1. High angle XRD peaks of samples: as-fired (AZ1 = 
a, AZ2 = b); quenched for 15 cycles (AZ1 = c, AZ2 = d); 

autoclaved for 10 h (AZ1 = e, AZ2 = 0. 



Microstructure of’ A1103-Zr02 composite 

Fig. 2. SEM micrographs of AZ1 sample: (A) secondary electron image of as such sample; (B) secondary electron image of sample 
after 5 quench cycles; (CT) back-scattered image of sample after 5 quench cycles; (D) back-scattered image of sample after 

20 quench cycles. 

650 cm-’ probably caused by the Al-O-Al bond, 
at 1090 cm-’ probably the result of the Al-0-Zr 
coupling, at 1630 cm-” for the bending vibration 

of OH-’ group and at 3500 cm-’ for the stretching 
vibration of absorbed water. After heating the 
autoclaved samples at lOOO”C, the peaks at 
1630 cm--’ and 3500 cm-’ persisted (Fig. 3(c)). But 
after heating at 1200°C for 1 h these two peaks at 
1630 cm-’ disappeared (Fig. 3(d)). 

Sen and Thiagrajant7 also observed the dis- 

appearance of the 1630 cm-’ IR absorption peak 
of Al-hydroxide on heat-treatment at 12OO”C, 

which existed, however, even at 1000°C. Actually, 
bauxite and gibbsite lost their hydroxyl groups 
between 1000 and 1 lOO”C,‘s Zr(OH), decomposed 
between 300 and 500°C and fused before 900°C. 
No hydroxyl group retention was possible at 
1000°C for Zr(OH)4. So, hydroxylation of both 
Zr02 and A1203 probably took place during auto- 
claving. The 1090 cm-’ peak in the present case 

was probably not caused by the Si-0-Si bond, but 
by the Al-0-Zr coupling. 

4 CONCLUSIONS 

Thermal-shock resistance and hydration resistance 

of alumina-zirconia composites were found to be 
good. The strength degraded on thermal-shock 
cycling even from the 3rd quench cycle and steadily 
decreased with the progress of quench cycles. 

An interesting phenomenon of circular stress 

contour formation around pores was revealed after 
the 5th cycle in AZ1 sample. With an increasing 
number of cycles, the stress was released with the 
formation of microcracks. Microfissures developed 
after the 20th cycle. Despite this, the sample 
retained 438 kg/cm2 load bearing capacity. 

On autoclaving the samples at 170°C-7 kg/cm2 
steam pressure, hydration of both alumina and 
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Fig. 3. Infrared spectra of autoclaved and heat treated AZ1 
and AZ2 samples: (a) AZ2, autoclaved 10 h; (b) AZI, auto- 
claved 10 h; (c) AZ1 autoclaved, heat treated at IOOO’C, 2 h; 

(d) AZ1 autoclaved, heat treated at 12OO”C, 1 h. 

zirconia was observed and confirmed by infrared 
spectroscopy. The autoclaved samples were free 
from crazes and cracks. 
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