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Formation and sintering of 75 mol % 
alumina/25 mol % zirconia (2-3.5 mol % yttria) 
composite powder prepared by the hydrazine 
method 
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AI203/Y203-doped ZrO2 composite powders with 25 mol % ZrO2 have been prepared by the 
hydrazine method. As-prepared powders are the mixtures of AIO(OH) gel solid solutions and 
amorphous ZrO2. The formation process leading to ~-AI203/t-ZrO2 composite powders is 
investigated. Hot isostatic pressing has been performed for 1 h at 1500~ under 196 MPa. 
Dense ZrO2-toughened AI203 (ZTA) ceramics with homogeneous-dispersed ZrO2 particles 
show excellent mechanical properties. The toughening mechanism is discussed. 

1. Introduction 
Zirconia-toughened alumina (ZTA), in which ZrOz is 
present as a secondary dispersed phase, has attracted 
much scientific and technological interest in recent 
years because of its enhanced toughness and strength. 
The mechanical properties of ZTA depend mainly on 
the amount of ZrO2 addition, the size of ZrO2 grains, 
and the relative content of t-ZrO2. Two important 
mechanisms, i.e. microcrack toughening [1, 2] and 
stress-induced transformation toughening [3, 4] have 
been proposed to explain the increased toughness of 
ZTA. The former and the latter are the major pheno- 
menon when the dispersed ZrO2 particles are mono- 
clinic and tetragonal, respectively. To improve the 
mechanical properties of ZTA, various approaches, 
such as mechanical mixing of powders [-5], reactive 
sintering [5], hot isostatic pressing [6], sol-gel syn- 
thesis [7], evaporative decomposition of slurry [8], 
and spray-ion-coupled plasma (ICP) technique [9], 
have been reported in the literature. It has previously 
been reported that in the ZrOz-AI203 system, a 
new powder preparation method using hydrazine 
monohydrate was developed for the formation and 
sintering of composite powders up to 50mo1% 
AlzO3 [10, 11]. In a further recent study [12], we 
reported that A10(OH) gel solid solutions containing 
up to ~ 10 tool % ZrO2 were formed. The present 
paper deals with the formation and sintering of 
75 mol % A1203-25 mol % ZrO2 (2-3.5 mol % Y203) 
composite powders prepared by the hydrazine 
method. 

* Author to whom all correspondence should be addressed. 

2. Formation 
Four compositions, denoted A-D, were chosen for 
this study (Table I). Anhydrous aluminium chloride 
(A1C13, 99.9% pure), anhydrous zirconium chloride 
(ZrC14, 99.9% pure), yttrium chloride (YC13"6H20, 
99.95% pure), and hydrazine monohydrate ((NH2)2" 
HzO, 80%) were used as starting materials. The first 
two and the third were adjusted in concentrations of 
0.5 tool 1-1 and 0.1 mol 1 1 aqueous solutions, respec- 
tively, by dissolving in distilled water. The mixed 
aqueous solution (pH = 2) was stirred with a magnetic 
stirrer for 30 min at room temperature, and then hy- 
drazine monohydrate was added dropwise to the 
mixed solution at 60 ~ with stirring, until the result- 
ing suspension reached pH = 8. After completion of 
the addition, the suspension was heated for 1 h at the 
same temperature. The products were separated from 
the suspensions by centrifugation, washed more than 
ten times in hot water to remove adsorbed hydrazine 
and chloride ions (tested by adding a silver nitrate 
solution), and then dried at 120~ under reduced 
pressure. The average particle size of the starting pow- 
ders, determined by transmission electron microscopy 
(TEM), was ~ 5 nm (Fig. 1). 

The starting powders and heated specimens were 
examined by X-ray diffraction (XRD) using nickel- 
filtered CuK~ radiation. All starting powders showed 
the XRD patterns of A10(OH) gel as shown in Fig. 2a, 
although the lines were weak in intensity in compari- 
son with those of pure A10(OH) gel (Fig. 2b) prepared 
by the present method. Differential thermal analysis 
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TABLE I Chemical composition of starting powders 

Composition (mol %) 
Starting 
powder A1203/ZrO2/Y203 Y203/(ZrO2 + Y203) 

A 75/24.50/0.50 2.0 
B 75/24.38/0.62 2.5 
C 75/24.25/0.75 3.0 
D 75/24.13/0.87 3.5 
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Figure 3 DAT curve for powder C. 

Figure 1 Transmission electron micrograph of powder C. 
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Figure 2 X-ray diffraction patterns for (a) powder C, and (b) pure 
A10(OH) gel. 

(DTA) was conducted in air at a heating rate of 
10~ ~-A1203 was used as the reference. 
The DTA curve of powder C is shown in Fig. 3. 
Other starting powders gave the same curve as with 
powder C. Two successive endothermic peaks below 
400~ can be attributed to the dehydration of 
absorbed water and hydrated water. An endothermic 
peak at 400-550~ resulted from the release of the 
hydroxyl group from A10(OH) gel. Exothermic peaks 
at 860 960 ~ and 1275-1375 ~ as will be described, 
were found to result from the crystallization of t-ZrO2 
and the transformation of 0- to ~-A1203, respectively. 

Table II shows the phase developments with in- 
creasing temperature for powder C. During the course 

of dehydration of A10(OH) gel, it became amorphous 
to X-rays. No significant changes in structure were 
observed up to 750~ y-AI203 and t-ZrO2 crystal- 
lized slowly above 750 ~ and at 860-960 ~ respec- 
tively. The latter phase grew rapidly above l l00~ 
with the transformation of 7- to 0-A1203. A sample, of 
composition of 90 A1203/10 ZrO2 (3 Y203) mol %, 
was prepared by the present method. This sample is 
termed "sample z". No peak resulting from the crystal- 
lization of t-ZrO2 in this sample was observed in the 
DTA curve. This result suggests that sample z was 
A10(OH) gel solid solution containing ZrO2. Accord- 
ingly, it can be concluded that the starting powders 
were the mixtures of A10(OH) gel solid solution and 
amorphous ZrO2. Fig. 4 shows the intensity of the 
main characteristic XRD line (1 1 1) of t-ZrOz with 
increasing temperature for powder C and sample z. 
The important fact in powder C is that the formation 
of t-ZrO2 proceeded in two steps: (I) crystallization of 
free amorphous ZrO; and (II) decomposition of 7- 
A1203 solid solution. The 7- to 0-AlzO3 transforma- 
tion occurred slowly at 1100-1310 ~ The formation 
of a-A1203 was recognized above 1275~ A com- 
posite powder of ~-A1203 and t-ZrOa was produced 
when heated at 1375~ The lattice parameter of 
7-A1203 from each starting powder, as well as in 
A10(OH) gel, could not be determined, because of its 
weak and wide XRD lines. From the results of DTA 
and XRD analysis, the reaction process can be sum- 
marized as shown in Fig. 5. 

3 .  S i n t e r i n g  

Sintering was performed by hot isostatic pressing 
(HIP) using argon gas as the pressure-transmitting 
medium. Before HIP, the ~-A1203/t-ZrO2 composite 
powders were prepared by calcining for 1 h at 1350 ~ 
They were pressed into pellets at 196 MPa and then 
isostatically cold-pressed at 392 MPa. The green com- 
pacts, covered with boron nitride powder, were sealed 
in a Pyrex-glass tube under vacuum. HlPing condi- 
tions were as follows: (1) heating rate of 400 ~ h-  1, (2) 
increasing pressure rate of ~ i80 M P a h - t  above 
800~ and (3) sintering for 1 h at 1500~ under 
196 MPa. Table III shows the characteristics of the 
sintered ZTA. Bulk densities, after lapping with a 
diamond powder, were verified by the Archimedes' 
method. They showed a constant value (~ 4.41 g cm-3) 
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TABLE II Phases identified for specimens quenched after heating to various temperatures for powder C 

Phase identified 

550-750 ~ 750-860 ~ 860-1100 ~ 1100-1275 ~ 1275-1310 ~ 1310-1375 ~ 1375-1400 ~ 

Amorphous 7-A1203 

y-AI203 y-AlzO3 0-A1203 
y-A]203 0-AlzO 3 ~-A1203 

0-A1203 c~-A!203 
t-ZrOz a-Al203 t-ZrO2 

t-ZrOz t-ZrO2 
t-ZrO2 
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Figure 4 Intensity of the (1 1 1) line for t-ZrO; from (a) powder C, 
and (b) sample z. 

regardless of the starting composition. The contents of 
t-ZrO2 (m-ZrOz) in ZTA were measured by the XRD 
technique on the fracture surfaces [13]. The ZTA with 
2 and 2.5 mol % YzO3 contained the m-ZrO2 phase; 
the contents were 14 and 8 vol % for the former and 

TABLE II I  Characteristics of ZTA ceramics 

Starting Bulk Phase a 
powder density 

(g cm- 3) 

A 4.41 
B 4.41 
C 4.41 
D 4.40 

c~-A1203, t, m(14 vol %) 
a-A1203, t, m(8 vol %) 
c~-A1203, t 
~-A1203, t >> C 

at = t-ZrOz, m=m-ZrOz,  and C = C-ZrOz. 

the latter materials, respectively. The ZTA containing 
3 mol % Y2Oa was a composite material of 0~-AlaO3 
and t-ZrO2. The relative density of the ZTA estimated 
from the theoretical densities of a-A1203 and t-ZrOz 
(3 mol % Y/O3) [14] was 99.8%. For the 3.5 tool % 
Y203 composition, a very small amount of c-ZrOz 
was present in addition to the two other phases. Fig. 6 
shows scanning electron micrographs for the fracture 
surfaces of ZTA. Microstructures were changed little 
for compositions; the grain size of ~-A1203 was 1.5 pm 
and intergranular and intragranular ZrO2 of 0.47 gm 
and 0.3 gm in sizes, respectively, were observed. 

After the sintered ZTA materials were cut with 
a diamond saw, they were lapped with a diamond 
powder (nominal size 1-2 gm). Test-bar samples for 
mechanical measurements were 3 mm high, 3 mm 
wide, and 20 mm long. The fracture toughness, K~c, 
measurements were made by the microindentation 
technique [15, 16] with a 490 N Vickers load. Three- 
point bending strength was measured with a 16 mm 
span and a Crosshead speed of 0.5 mmmin -1. Fig. 7 
shows the K~c and bending strength of ZTA as a func- 
tion of Y203 addition. The Km decreased linearly 
from 6.6 to 5.5MPam 1/z with increased Y203 

Dehydration Crystallization 
AIO(OH){sslg el o >Amorphous o > 

400-550 C 750-850 C 

Amorphous ZrO2(3 mol % Y203 ) 
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Transform ation 
B-AI2Os o > c~-AI203 
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Decom position 
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-q 
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] 
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Figure 5 Reaction process leading to ~-A1203-t-ZrO2 composite powder. 
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Figure 6 Scanning electron micrographs for fracture surfaces of ZTA ceramics from powders (a) A, (b) B, (c) C, and (d) D. 
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Figure 7 ((2)) Fracture toughness and (Q) bending strength of ZTA 
ceramicsas a function of Y203 addition. 

addition. The behaviour of Kic agreed with data 
(6.7 4.8 MPam 1/2) reported previously [17]. As de- 
scribed earlier, the t- and m-ZrO2 particles enhanced 
the toughness by creating the stress-induced trans- 
formation toughening [3, 4] and by extending the 
pre-existing microcracks [t, 2], respectively. Accord- 
ingly, the major toughening mechanism in this study 
was probably stress-induced transformation toughen- 
ing, and the contribution of the microcrack extension 
was relatively small. The average strength of the ZTA 
with 2 mol % Y203 was 638 MPa. It increased to the 
maximum of 1050 MPa with 3 tool % Y203. The re- 
sults can be explained in terms of the increased t-ZrO2 
phase (86 ~ 92 --* 100 vol %) with increased Y203 
addition. The strength decreased in the ZTA with 
3.5 mol % Y203. This effect is probably due to the 
presence of c-ZrO2 in which the strength is weak. 
Lange [18, 19] fabricated ZTA ceramics in the com- 
position of up to 30 vol % (35.2 tool %) ZrO2 with 
2 mol % Y203 and in 30 vol % ZrO2 with 3 mol % 
Y203 using submicrometre-sized powders prepared 
by ball-milling. Sintering techniques were hot-pressing 
(1600~ h) [18] and post-HIP (1500~ MPa/ 
1 h) [19]. For this earlier work, the maximum strength 
was 869 MPa in the ZTA fabricated from the 70 vol % 
A1203/30 vol % ZrO2 (3 mol % Y203) powder. Be- 
cher [17] prepared the composite powder with the 
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same composition as described by Lange 1-19-1 by 
a sol gel technique and reported that the strength 
of the ZTA fabricated by vacuum hot-pressing 
(1425 1550 ~ was 740 MPa. Thus, the ZTA ceramics 
from powder C in the present study were found to 
show excellent mechanical strength. 

4. Conclusions 
Composite powders with 75 tool % A1203/25 tool % 
ZrO2 (2-3.5 tool % YzO3) have been prepared by the 
hydrazine method. As-prepared powders are the mix- 
tures of A10(OH) gel solid solutions and amorphous 
ZrO2, Reaction process leading to ~-AlzO3/t-ZrO2 
composite powders can be summarized as shown in 
Fig. 5. ZTA ceramics (99.8 % of theoretical) containing 
3 mol% Y203 have been fabricated by hot iso- 
static pressing for 1 h at 1500 ~ and 196 MPa. The 
texture shows the microstructure consisting of homo- 
geneous-dispersed fine ZrO2 particles. The ZTA gives 
5.8 MPam 1/2 and 1050 MPa for fracture toughness 
and bending strength, respectively. The results present 
the excellent mechanical properties. 
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