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The AI203-ZrO 2 eutectic composition was rapidly solidified, forming amorphous and 
crystalline structures. The as-quenched material was crushed and pressed into pellets which 
were sintered conventionally or with microwaves. Conventional and microwave sintering at 
temperatures up to 1600~ resulted in a microstructure where 100-200 nm Zr02 grains were 
present intergranularly in the 0~-AI203 grains. Larger Zr02 grains (,-~ 1 ~m) were found 
intergranularly. The as-quenched lamellar structure spheroidized during sintering at high 
temperatures. Boron contamination of the powders resulted in more homogeneous and dense 
as-fired samples but promoted the Zr02 tetragonal-to-monoclinic transformation, which was 
attributed to increased grain boundary diffusivity. Conventional sintering at low temperatures 
resulted in the formation of "rods" of an AI2Q3-rich phase which grew from a low-melting 
B203-rich liquid. 

1. Introduction 
Rapid solidification processing (RSP) is a technique 
used to generate materials with unusual microstruc- 
tures and properties which cannot be obtained 
through other synthesis methods. Most of the work in 
this area has been on metallic systems since Duwez 
et al. [1] discovered in 1960 that splatting a liquid 
metal against a cold substrate resulted in the forma- 
tion of a metallic glass. Sarjeant and Roy [2] first 
applied this technique to various oxides in 1967. 
Quench rates reported for rapid solidification of oxi- 
des range from 103 to l09 Ks  -1 [3,4]. 

Rapid solidification rates suppress diffusion in both 
the liquid and solid and hence curb the formation of 
the equilibrium phases and microstructures found in 
slowly cooled materials. Materials produced through 
rapid solidification have several advantages. First, 
increasing the solidification rate results in a smaller 
size. Second, the grains are chemically homogeneous 
and have limited or no grain boundary segregation of 
impurities. Third, faster quench rates can extend the 
terminal solid solubility of the primary phase. Finally, 
metastable phases can be quenched-in from a melt, 
including supersaturated or amorphous materials. 

The fine-grained or amorphous structure of rapidly 
solidified materials will not necessarily be retained 
after densification, which typically involves sintering 
at high temperatures. Microwave sintering is a tech- 
nique in which the samples are heated rapidly to high 
temperatures to promote densification and reduce 
grain growth [5, 6]. We examined the compaction 
behaviour and microstructural features of convention- 
ally sintered and microwave-sintered rapidly solidified 
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powders of the eutectic composition in the 
A1203-ZrO2 system. 

2. Experimental procedure 
Technical-grade commercial powders of 61.9 mol % 
(57.4wt %) ~-A120 3 and 32.1mo1% (42.6wt %) 
monoclinic ZrO 2 (m-ZrO2) were mixed and pressed to 
form rods of ~ 6 cm length and 1 cm diameter. The 
rods were suspended above a twin-roller solidification 
device and were heated with an oxyhydrogen torch. 
Liquid droplets formed on the end of the rod and were 
allowed to drop between the rollers, rotating with 
surface speeds of ~ 10 m s- 1 Fig. 1 shows a schematic 
diagram of the rapid solidification device. 

The as-quenched materials were ball-milled in 
ethanol overnight with A120 3 or B4C media, dried 
and then sieved through 45 gm. The resultant starting 
powder was composed of angular and sharp particles 
with a large size distribution. The materials milled in 
B4C transformed from a white powder to a light grey 
colour. The powders were cold-pressed at 350 MPa 
into 1.27 cm diameter, 4 mm thick discs and then 
sintered for 2 h at 1200, 1400 and 1600 ~ The heating 
rate was ~ 10 ~ min-  1. 

Other samples were microwave-sintered at 1400, 
1600 or 1650~ The average ramp time to the high 
temperature was 10-15 min. The samples were not 
held at Tma x. The microwave furnace consists of a 
2.45 GHz, 6 kW generator and a 2 ft 3 (5.7 x 10-2m 2) 
resonant cavity. Temperature was measured with a 
multichannel optical fibre thermometer. The com- 
pacted samples were examined by X-ray diffraction 
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Figure 1 Schematic diagram of rapid solidification device. 
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Figure 2 X-ray diffraction pattern of as-quenched material. Peaks 
correspond to ~ + 6-A1203 and tetragonal ZrO 2. 

and SEM. Bulk density was measured using the 
Archimedes principle. 

3. Results and discussion 
3.1. As-quenched materials 
The as-quenched samples are nanocrystalline or sub- 
microcrystalline, as seen in the X-ray diffraction trace 
of Fig. 2. The peaks index to tetragonal ZrO 2 (t-ZrO2) 
and a mixture of (6 + cz)-Al203. Amorphous material 
is also present as seen by the large, amorphous hump 
present in the low-angle region. This is in agreement 
with other results found for these materials [7-9].  The 
TEM micrographs in Fig. 3 show several of the micro- 
structures observed in the as-quenched materials in 
different regions of the sample. A nanocrystalline and 
amorphous structure is shown in Fig. 3a and b. A 
eutectic solidification microstructure with lamellae of 
both A120 3 and ZrO 2 is present in Fig. 3c. The 
microstructural variety is a result of differing local 
solidification conditions, which arise due to the rollers 
progressively becoming scratched and gouged during 
repeated runs. 
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Figure 3 TEM micrographs of the as-quenched material: (a) nano- 
crystalline region, (b) amorphous region, (c) fine lamellar eutectic 
microstructure. 

3.2. C o n v e n t i o n a l  s in ter ing  
Microstructural differences between materials milled 
with AI203 and B4C during conventional sintering are 
seen in Fig. 4a and b respectively. Both materials were 
heated to 1200~ for 2 h. The material milled in 
AI203 shows no features and the coarse and angular 
nature of the starting material is clearly seen. No 
sintering has occurred. The phase assemblage consists 



Figure 4 SEM of conventional sintering at 1200~ for 2 h for 
material milled in (a) A1203, (b) B4C. 

of t-ZrO 2 and (x-AI20 3. All of the 5-A120 3 in the as- 
quenched material has transformed into the cx-phase. 
For  the material milled in B4C, small nucleation 
events are observed in the starting material. Small 
nuclei which range from 200-800 nm occur homogen- 
eously on the surface. This can be attributed to the 
BaC contamination in the powder which has oxidized 
to form B20 3 and CO 2 at high temperatures. Fig. 5 
shows the phase diagram for AlzO3-B203 [10]. At 
1200 ~ a liquid phase is present for compositions of 
> 18 tool % B203, yielding equilibrium between the 

9AlzO3-2BzO 3 solid phase and a BzO3-rich liquid 
phase. Cooling from this two-phase region would 
yield a two-phase solid mixture of 9AlzO3.2B20 3 and 
2AI203'BzO 3 for compositions between 18.2 and 
33.3 tool % B20 3. Both phases are orthorhombic and 
have d spacings which are indistinguishable from each 
other in our X-ray patterns due to the low concentra- 
tions. 

Further evidence for the presence of a liquid phase 
is shown in the material heated to 1400 ~ shown in 
Fig. 6a. "Rods" of an Al203-rich phase, whose com- 
position was determined by energy-dispersive spectro- 
scopy in the SEM, are dispersed with small, round 
grains of ZrOz. The rods are several micrometres long 
and about 200 nm in diameter. Rod-type growth is 
often found in systems in which a small amount of 
liquid is present. At 1600 ~ the microstructure con- 
sists of small ZrO 2 grains (light phase) ranging from 
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Figure 5 A1203-B203 phase diagram El0]. 
Figure 6 SEM of material milled in B4C and conventionally sin- 
tered for 2 h at (a) 1400 ~ (b) 1600 ~ 
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TABLE I Bulk densities of conventional and microwave- 
sintered materials 

Temperature Milling medium Time Density 
(~ (h) (g cm- 3) 

Conventional 
1200 A1203 2 82.0 

B4C 2 70.0 
1400 A1203 2 88.0 

B4C 74.0 
1600 B4C 2 95.3 

Microwave 
1400 A1203 -a 69.5 

B,C -" 78.5 
1600 A1203 a 88.4 

B4 C _a 
1650 AI/O 3 _a 88.4 

B,C a 78.2 

aNot held at Tm. x. 

200 nm to 1 gm in diameter dispersed in the AI20 3 
matrix (dark phase), as shown in Fig. 6b. 

The densities of the sintered samples are listed in 
Table I. Higher sintering temperatures and the pre- 
sence of boron increase the bulk densities. We have 
achieved densities as high as 95% of pth for conven- 
tional sintering at 1600 ~ Small additions of boron 
to A120 3 have been found to significantly increase the 
density of sintered A120 3 [1t].  X-ray diffraction res- 
ults show that the retention of t -Z rO/ i s  significantly 
influenced by the presence of boron in the sample, as 
listed in Table II. The amount of t-ZrOz is found from 

1-12-1 

It(1 1 1) 
ft = it(i  1 1) + Ira(1 1 1) --}- Ira(1 1 1) (1) 

where It(1 1 1) is the intensity of the (1 1 1) t-ZrO 2 
peak, Im(1 1 1) is that of the (1 1 i) m-ZrO2 peak and 
I m (1 1 ]-) that of the (1 1 1) peak of m-ZrO z. At a 
temperature of 1200 ~ without boron the sample is 
100% t-ZrO2 while the boron-contaminated sample 
has only 44%. At progressively higher sintering tem- 
peratures, the fraction of retained t-ZrO2 reduces 
further until only 17% is present after sintering at 
1600 ~ 

The higher fraction of m-ZrO 2 in the boron-con- 
taminated samples can be explained by three factors: 

(i) the elastic modulus of the At203"B203 compound is 
thought not to be as high as for pure A1203, thereby 
reducing the elastic constraint of the matrix surround- 
ing the ZrO2 grains; (ii) the presence of boron in ZrO 2 
promotes the t ~ m transformation; and/or (iii) the 
presence of the liquid phase enhances grain-boundary 
diffusivity and promotes grain growth. When t-ZrO 2 
is heated grain growth is also accompanied by the t-m 
phase transformation at a critical grain size and tem- 
perature [13]. Factor (ii) seems unlikely as boron has 
limited solubility in ZrO2. Buchanan and Wilson [14] 
have studied the effect of adding AI20 3 and B20 3 to 
yttria-stabilized ZrO 2 and found that significant den- 
sification resulted from liquid-phase sintering, but no 
transformation was observed in the ZrO2 phase. 

3.3. Microwave sintering 
Interparticle sintering occurs during microwave 
sintering, as shown in Fig. 7a. The high degree of 
surface porosity can be attributed to the rather large 
and irregular starting material. Higher magnifications 
shown in Fig.  7b and c show 1-2 ~tm At20 3 grains 
with intra- and intergranular ZrO 2 grains. The intra- 
granular ZrO 2 has a very fine grain size, ranging from 
100-200 nm, whereas the intragranular ZrO 2 is-coar- 
ser, of the order of 0.5-1 gm. This larger A120 3 grain 
size is a result of not adding a grain growth inhibitor 
to the starting material before solidification pro- 
cessing [15]. 

The intragranular ZrO 2 is thought to be a result of 
the solidification synthesis. It is well known that rapid 
solidification processing can produce supersaturation 
of one component in the other. High degrees of super- 
saturated ZrO 2 in the A120 3 would precipitate in the 
grains at higher temperatures. These precipitates 
would be inhibited from growing further due to long- 
range diffusional problems as well as physical confine- 
ment in a well-crystallized region. Heuer et aI. 1-16] 
have reported the synthesis of intragranular 8 vol % 
t-ZrO2 in A120 3 by hot-pressing sol-gel derived ma- 
terials for 30 min at 1500 ~ The intragranular ZrO 2 
averaged 0.5 ~tm and 85% of the A120 3 grains were 
> 10 gm, In their study, rapid grain growth of the 

A120 3 enveloped the ZrO2 which prevented further 
growth. Virtually all of the ZrO2 grains were inter- 
granular at higher fractions of ZrO 2. Our materials 

T A B L E I I X-ray diffraction results for conventional and microwave-sintered materials 

Temperature Medium Phases present 
(~ 

Percentage 
tetragonal 

Conventional 
1200 A1203 

B4C 
1400 B4C 
1600 B4C 

Microwave 
1400 A1203 

B,C 
1600 A1203 
1650 B4C 

t-ZrO 2 + ~-A1203 100 
oc-A1203, (t + m)ZrO 2, Al203-B203 phases* 44 
cx-A12Os, (t + m)ZrO2, AI203- B203 phases 31 
~-AleO3, (t + m)ZrO z, AIeO 3- B203 phases 17 

(x-AlzO3,(t + m)ZrO2 90 
c~-AlzOs,(t + m)ZrO/, A1203- B203 phases 20 
~-A12Os,(t + m)ZrO2 31 
a-A12Os,(t + m)ZrO2, A1203- B203 phases 17 

* Combination of 9A1203-2B203 and 2A12Os'B203 
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Figure 8 Backscattered SEM micrographs of microwave sintering 
for i0min  at 1650~ for (a) boron-contaminated and (b) un- 
contaminated material. 

Figure 7 SEM micrographs of microwave sintering at 1600 ~ show- 
ing (a) large voids, (b) interparticle sintering and (c) ZrO 2 
grains in the AIzO 3 matrix. 

have 38 vol % ZrO2 and possess a high population of 
intragranular ZrO 2, suggesting that some arose from 
precipitation of supersaturated AI20 3 grains. 

For microwave sintering at 1650~ the boron- 
contaminated sample shows a greatly reduced amount 
of surface porosity, as shown in the backscattered 
SEM micrograph in Fig. 8a. There are still some large 
pores, but the microstructure is remarkably homogen- 
eous. The shapes of the irregular starting powders are 
not apparent, in contrast to the uncontaminated 
sample shown in Fig. 8b. In both cases, the AI20 3 and 
ZrO2 are spherical but are larger for the boron con- 
taminated sample. The 1400~ sintered microstruc- 
ture of the Samples with and without the boron are 

shown Fig. 9a and b, respectively. The subgrain struc- 
ture for both consists of regions of lamellar eutectic 
colonies. The rod-like structure of the A1203-B20 3 
phase is not present in these microwave sintered ma- 
terials, due to the inherent brief thermal cycle of 
microwave heating. The sample is not at a high 
enough temperature for the amount of time needed to 
grow A1203-B;O 3 rods. In addition, there is no evid- 
ence for liquid phase sintering at this temperature as 
the surface porosities of samples with and without 
boron are similar. 

The densities of the microwave-sintered samples do 
not display the same dramatic increase with temper- 
ature as do the conventionally sintered materials. The 
highest density was found for sintering at 1650 ~ with 
the A120 3 milling media at 88% of Oth. It appears that 
liquid-phase sintering is not achieved for the brief 
tirne-temperature cycle of this sintering technique. 

The amount of t-ZrO z retained in the samples 
shows the same trend as with the conventionally 
sintered material, as shown by the X-ray data 
in Table II. At 1400~ there is 90% t-ZrO2 which 
reduces to 17% at 1650~ Although the rod-like 
growth of AI20 3 B20 3 is not observed, the phase is 
present and significantly reduces the t-ZrO 2 content. 
Thus, growth of the ZrO z grains appears to be from 
higher grain-boundary diffusivities due to the presence 
of the A12Oa-B20 3 liquid (factor (iii) from above), and 
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expressed for the A1203-milled materials as 

~ t_ZrO2 = 0.60 exp(64"66 kJ m~ - : )  
R T  (2) 

and for the boron-contaminated materials as 

% t -Zr02 = 0.66exp( 50"08 k J m ~  ~ -  -j (3) 

The activation energies are low compared to activa- 
tion energies for cation diffusion in ZrO2, which are of 
the order of 100 kJ mol-11-17]. These activation ener- 
gies can be related to the grain-boundary diffusivities 
for growth of the ZrO 2 phase. As expected, the activa- 
tion energy for the boron contaminated sample is lower 
than for the uncontaminated sample, which can be 
attributed to the presence of an AI203 B203 liquid. 

Figure 9 Backscattered SEM micrographs of microwave sintering 
for 10min  at 1400~ for (a) boron-contaminated and (b) un- 
contaminated material. 
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Figure 10 Amount  of t -ZrO z in ([]) B4C (boron)-contaminated and 
(I~) uncontaminated (alumina) samples as a function of sintering 
temperature. 

not the reduction of the elastic modulus of the sur- 
rounding material (factor (i) from above). 

The amount of t-ZrO/ retained in the samples 
conventionally sintered and microwave-sintered is 
plotted against reciprocal temperature, as shown in 
Fig. 10. A linear relationship is found which can be 
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4.  C o n c l u s i o n s  
The as-quenched microstructures of the eutectic com- 
position in the AlzO3-ZrO / system are composed of 
amorphous and crystalline regions. Conventional 
sintering results in low densities of the pure material. 
Boron contamination, introduced from milling media, 
promotes nucleation and growth from the liquid 
phase of "rods" of a A1203-B20 3 phase from the 
liquid. Conventional ,sintering at high temperatures 
results in nanosize ZrO z grains embedded in the 
A120 3 phase and high densities were achieved due to 
liquid-phase sintering. For microwave sintering, inter- 
particle sintering is seen at 1600~ and the micro- 
structure is composed of nanocrystalline grains of 
ZrO2 intragranularly present in micrometre-sized 
A120 3 grains and micrometre and submicrometre 
grains of ZrO2 intergranularly dispersed. Backscat- 
tered SEM images show the presence of lamellar 
eutectic colonies at 1400~ which spheroidize at 
1650~ for both boron-contaminated and pure ma- 
terial. The activation energy for growth of the ZrO 2 
phase was higher in the boron-contaminated then in 
the uncontaminated sample. This was attributed to a 
higher grain-boundary diffusivity due to the presence 
of an A1203-B20 3 liquid phase during sintering. The 
bulk densities for both sintering procedures have not 
been optimized. Obtaining a finer particle size dis- 
tribution of the milled, as-quenched material will res- 
ult in higher densities. 
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