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Abstract 

Al,O,/Y-TZP composite powders ( Y-TZP-rich) 
were prepared by baN milling submicron-sized 
alumina and coprecipitated nano-sized Y- TZP 
powders. The den$cation behavior of the composite 
powder compacts is studied and it is shown that the 
shrinkage rate is reduced at lower temperatures and 
the composites continue to shrink at elevated 
temperatures compared to single phase tetragonal 
Y-TZP. Compacts of the composite powders 
isostatically pressed at 25OMPa at room temperature 
show duplex pore size distributions due to the presence 
of alumina, and it is these unusual pore size distri- 
butions, rather than the stresses arising from the 
dtrerential sintering of the secondary particles that 
are believed to be the source of the retarded denstfi- 
cation during constant rate heating. In spite of the 
retarded denstfication behavior, the composite 
powder compacts containing not higher than 30 
vol.% alumina, can be sintered in 2 h to above 98% 
of the theoretical density at 1550°C. 

of matrices (or composites) is retarded by sec- 
ondary large particles (inclusions).6-‘3 Numerous 
models have been proposed to account for this re- 
tarded densification of the matrix by the sec- 
ondary phase. I421 The early models’“‘7 proposed 
a hydrostatic tensile stress (back stress), believed 
to counter the normal sintering stress, as the main 
factor affecting densification. It was later pro- 
posed ‘*,I9 that the tensile stress was too small to 
be the source of retarded densification; instead, 
the enlargement of pre-existing cracks in the 
compacts as a result of the tensile stress during 
sintering was considered to retard densification. 
Recently a numerical mode120,21 stated that the 
dense non-deformable region around high-aspect 
ratio reinforcements and between closely spaced 
reinforcements constrained the shrinkage of the 
adjacent, porous matrix, and thus led to the 
formation .of large voids and cracks. These 
models, in spite of differences in the densification 
retardation mechanisms, all rely on the effect 
of stresses due to the presence of the secondary 
particles. 

1 Introduction 

Alumina/Y-TZP particulate composites are of 
great interest because of their improved mechani- 
cal properties, such as strength, toughness and 
hardness.ie5 In particular, alumina-doped Y-TZP 
materials show unusually high fracture strength.5 
These composites, however, show limited densifi- 
cation when pressureless sintered&‘j and require 
hot-pressing or post-hipping to achieve density 
levels suitable for practical application. 

The retarded densification of particulate com- 
posites has also been attributed to the suppressed 
grain growth of the matrix grains during sinter- 
ing,2223 because it was believed that grain growth 
enhanced densification.24 

Conventionally, the phase of higher content and 
smaller particle size is termed the matrix phase 
and the one of lower content and larger particle 
size is the secondary phase. The sintering behavior 
of particulate composites has been studied exten- 
sively, and it is well known that the densification 

The proposed stress models are based mostly on 
the experimental results for composites with very 
large inclusions as secondary phases, i.e. with size 
ratios of the inclusions to matrix larger than 
100.‘“~‘1,‘3,21 However, many practical particulate 
composite systems do not use large size secondary 
phase particles, so as to avoid large defects in mi- 
crostructure. For example, in the A1203/Y-TZP 
system the size ratio of the second phase to matrix 
is generally less than 10. For systems of inclusion 
size to matrix size ratios of around 10, the 
retarded densification may not be caused by stress 
alone, as the stresses brought about by the 
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secondary phase are somewhat limited for small 
secondary particle size and size ratio. 

Recent reports25,26 have shown that the back 
stress model17 does not work in the Zr02 inclu- 
sions/ZnO matrix system. In their system, the size 
ratios of ZrO, to ZnO matrix varied from about 3 
to 30. They proposed that in addition to the inter- 
action between secondary particles and the matrix, 
the packing properties near the secondary parti- 
cles may contribute to the retarded densification 
in the matrix. 

In the present study on Al,O,N-TZP composites, 
a possible alternative factor affecting densification 
of composites is identified and a microstructural 
model based on this finding is introduced. 

2 Experimental 

Alumina powder (Sumitomo Co., AKP-50) with 
an average particle size of about 0.23 ,um as mea- 
sured by gravity sedimentation by the supplier 
was used. Y-TZP (3 mol% yttria stabilized tetrag- 
onal zirconia polycrystals) powder was obtained 
by a coprecipitation method using zirconium oxy- 
chloride and yttrium chloride as starting materials 
and ammonia as the precipitation medium. The 
copreciptation process is described briefly as fol- 
10~s:~~ (1) a mixed solution of zirconium oxychlo- 
ride and yttria chloride with proper Y3’/Zr4+ was 
prepared; (2) the mixed solution was added to an 
ammonia solution which resulted in coprecipita- 
tion: the pH value was kept above 9.5; (3) the co- 
precipitates were repeatedly washed to remove Cl- 
until the Cl- content in the filtrate became less 
than 10 ppm; (4) the coprecipitated cake was 
dispersed and dried in an oven at 110°C; (5) the 
powder was calcined at 750°C for 120 min. To 
avoid the formation of hard agglomerates, the co- 
precipitates of mixed hydroxide were thoroughly 
dispersed with a 30 min ultrasonic treatment 
before drying and calcination. The average primary 
particle size (equivalent to the crystallite size) of 
the 3Y-TZP powder is about 22 nm as measured 
by the X-ray diffraction line broadening method 
and/or by measuring the specific surface area by 
BET method (assuming a spherical shape for the 
particles). 28 Alumina-Y-TZP composite powders 
were prepared via ball milling for 4 h in a plastic 
jar using alumina balls as milling media. Five 
batches of the composite powders were prepared, 
containing 0, 10, 20, 30, and 40 vol.% alumina, 
and labelled accordingly as ZAO, ZAlO, ZA20, 
ZA30, and ZA40 respectively. Figure 1 is a typical 
TEM photomicrograph of ZA30 powder after ball 
milling, showing a mixture of submicro-sized 
Al203 and nano-sized Y-TZP crystallites. 

Fig. 1. TEM micrograph of mixed AI,03N-TZP composite 
powder. 

The composite powders were uniaxially dry 
pressed at 50 MPa, followed by cold isostatic 
pressing at 250 MPa, and the binder (1.5% 
polyvinyl alcohol) in the green compacts was 
burnt out by heating up to 700°C for 2 h. The 
pore size distributions of the pressed compacts 
were measured by mercury porosimetry (Model 
9200, Micromeritics, USA) which detects pores in 
the size range 300 pm-3 nm. 

The shrinkage behavior of the samples was 
measured with a dilatometer at a constant heating 
rate of lO”C/min up to 155O”C, followed by hold- 
ing at this temperature for 2h. Densities of the sin- 
tered samples were measured by the Archimedes 
method in distilled water. The microstructure of 
the sintered bodies was observed with scanning 
electron microscopy (SEM, EPMA-8705, Shi- 
madzu) on the ground and polished surfaces after 
thermal etching at 1300°C for 150 min. 

3 Results 

3.1 Duplex pore size distributions in the compacts 
Figure 2 shows the pore size distributions of the 
composite powder compacts after isostatic press- 
ing at 250 MPa. The pure Y-TZP compact 
exhibits pore size distribution with only one peak 
illustrating an agglomerate-free state in the com- 
pact. 27 Addition of alumina to the Y-TZP powders 
results in two peaks in the pore size distribution (a 
duplex distribution). The peaks at smaller pore 
sizes (Pore I I 0.03 pm) are the inter-primary par- 
ticle pores of the zirconia particles as the zirconia 
powders are much finer than the alumina powder. 
Those at larger size (Pore II > 0.03 pm) are the 
result of the presence of the alumina particles. 
There are two possibilities for the larger pores. 
They may be formed between alumina particles 
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Fig. 2. Pore size distributions of the composite powder compacts at 250 MPa. 
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Fig. 3. Volume contents of (H) total pores, (A) Pore I and 
(0) Pore II in the composite powder compacts. 

(inter-alumina particle pores) and/or formed be- 
tween alumina particles and Y-TZP matrix (inter- 
alumina-zirconia particle pores). The former are 
predicted to be present since agglomerates may 
also develop from the submicron-sized A&O, par- 
ticles if the agglomerates are not fully dispersed 
especially when the alumina content is high, the 
latter are sure to exist because the A&O,, particles 
or agglomerates are surrounded by nano-sized Y- 
TZP particles at relatively low contents. 

Increasing alumina content in the composite 
powders leads to a volume increase of porosity 
(Pore II) and a decrease of porosity (Pore l), 
while the total pore volume remains essentially 

0.06 
g 
2 0.04 
.c! v) 
g 0.02 CL 

. ..-- 

.-- k-d- 

0 IO 20 30 40 

A1203 vol 1 

Fig. 4. Effect of alumina content on the size of (A) Pore I 
and (0) Pore II in the compacts. 
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Fig. 5. Densification curves of the composites during con- 
stant rate heating of 10Wmin up to 155OT and holding at 

1550°C for 2 h. 

unaffected, as shown in Fig. 3. In addition to the 
pore volume, the average pore sizes (Pores I and 
II) also increase slightly along with increasing alu- 
mina content, as shown in Fig. 4. 

3.2 Retarded densification of the composite 
The densification curves in Fig. 5 show the re- 
tarded densification behavior due to the presence 
of alumina, especially at and beyond 20 vol.%. At 
the lower temperatures, the shrinkage rates 
decrease with the increase of alumina content. At 
higher temperatures and during the high tempera- 
ture hold, the shrinkage rates increase with the 
increase of alumina content, as shown in Fig. 6 
and, more clearly, in Fig. 7. Although similar final 
densities can be obtained for composite compacts 
containing not more than 30 vol.% of alumina 
(see Fig. 5) when sintered at 1550°C for 2h, the 
shrinkage rates during constant rate heating and 
holding depend on the alumina content in the 
composites. 

3.3 Pore structure change during densification 
During sintering, the pore volume and size change 
as densification proceeds. At relatively low tem- 
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Fig. 6. Shrinkage rate versus temperature during constant 
rate heating for the composites. 

peratures, the change is due mainly to the volume 
decrease and slight size increase of Pore I. This 
corresponds to the shrinkage of the green com- 
pacts in the early stages of sintering, especially for 
those with low content of alumina. Beyond 
11 WC, there is only one peak (Pore II and size 
increased Pore I) left as shown in Fig. 8, and the 
volume diminution (Fig. 9) and size increase (Fig. 
10) of the pores continue to relatively high tem- 
peratures, which is more evident for the materials 
with a higher alumina content. 

3.4 Microstructure development of the composites 
Figure 11 shows the photomicrographs of Al,O,/ 
Y-TZP composite bodies sintered at 1550°C for 2 
h. For single phase Y-TZP the microstructure is 
uniform and the grains are submicron-sized 
(0.3-0.5 pm). Addition of Al,O, particles to the 
composites leads to a less uniform microstructure: 
the black particles of relatively large size are A&O3 
and the matrix is Y-TZP, as verified by energy 
dispersive spectroscopy. Both Al,O, and Y-TZP 
matrix grains in the sintered bodies have grown 
compared to the powder forms: Y-TZP grains 
have grown as in the single phase materials by a 
factor of greater than 10 and the grain sizes are 
almost independent of the alumina content. The 
A&O3 grain sizes became larger as the A&O, 
content increased, and the rate of increase de- 
pended on A&O3 content. So the size ratio of 
alumina to Y-TZP particles becomes larger for 
higher A1203, content in the final sintered bodies. 
Even for ZA40, however, the size ratios in the 
final sintered bodies were less than 10, that is to 
say that A1,OJ grains grew at a slower rate than 
Y-TZP. 

In spite of the grain size differences for different 
Al,O, contents, the sintered bodies were dense and 
no pores were formed in the vicinity of the larger 
A&OS, particles, in contrast to results of Tuan” 
and Sudre’3T21 in their particular systems. 
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Fig. 7. Shrinkage rate versus alumina content during constant 
rate heating at various temperatures. 

4 Discussion 

4.1 Densification retardation by duplex pore size 
distribution 
The effect of bimodal pore size distributions on 
the viscous sintering of single phase uniform gel 
compacts has been discussed by Scherer.14 Altered 
sintering stress in this system results from the in- 
teraction between large and small pores. However, 
a gel compact with uniform composition is differ- 
ent from a particulate system of mull ti phase form 
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Fig. 8. Pore size distributions of 30 vol.% Al,O,N-TZP com- 
posites during constant rate heating at (a) room temperature, 

(b) 115O”C, (c) 1250°C. 
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Fig. 9. Pore volume versus temperature during constant rate Fig. 10. Pore size versus temperature during constant rate 
heating. heating. 

such as has been studied in this paper. The viscous 
sintering mechanism of a single phased gel with- 
out phase and/or grain boundaries cannot be used 
to explain the solid state sintering behavior of the 
present multiphased particulate system. 

The presence of large pores in the compacts 
implies that the particle packing conditions in the 
multiphase system have been changed. The pores 
of large sizes (Pore II) may be formed among large 
alumina particles (inter-alumina particle pores, 

Fig. 11. SEM micrographs on polished and thermally etched surfaces of sintered composite bodies at 1550°C for 120 min, con- 
taining (a) 0, (b) 10, (c) 20, (d) 30 and (e) 40 vol.% A&O,. 
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Fig. 12. Microstructure model for the removal of different kinds of pores; (A) pores in compacts; (B) removal of Pore I at 
relatively low temperature; (C) Pore Ila begin to shrink and Pore IIb become unstable due to the grain growth of Y-TZP as 

temperature increases, and (D) Pores II were eliminated at a high temperature, e.g. 1550°C. 

named as Pore IIa), or between alumina particle(s) 
and numerous small zirconia particles (inter-alu- 
mina-zirconia particle pores, named as Pore IIb), 
as can be seen in Fig. 1 and shown schematically 
in Fig. 12(A). Pores I can be removed during sin- 
tering at relatively low temperatures, while Pores 
IIa will not shrink appreciably due to un- 
favourable kinetic conditions at low temperatures 
with large alumina particles surrounding the pores. 
Thermodynamically, Pores IIb may be stable at 
low sintering temperatures as such pores are coor- 
dinated by many very small zirconia particles rela- 
tive to the alumina particle (Fig. 12(B)), and such 
pores, as analyzed by Lange,29 will not shrink at 
relatively low temperatures before the zirconia par- 
ticles begin to grow substantially. With the in- 
crease of temperature, when the densitication pro- 
cess of pure Y-TZP has been completed, Pores IIa 
will begip to shrink and with the growth of the zir- 
conia particles the coordination number of Pores 
IIb will decrease and such pores will also become 
unstable and start to shrink (Fig. 12(C)). So the re- 
tarded (and enhanced) densification of the com- 
posite powder compacts at relatively low (and 
high) temperatures, compared to single phase Y- 
TZP, can be understood. As temperature increases 
to a certain threshold, e.g. 155O”C, both Pore IIa 
and Pore IIb in the compacts are removed (Fig. 
11, as modelled in Fig. 12(D)) and the sintered 
densities were rather high when the Al,O, content 
was not higher than 30 vol.%. 

However, the composite powder compact of 
ZAlO shows a very similar densification behavior 
with single phase Y-TZP. This is believed to be 
due to its relatively low amount of alumina. At 
this low content, Pores II are relatively few, and 
Pores IIb prevail in the compact as compared to 
Pores IIa. However, nano-sized zirconia grains 
grow readily28 when heated above the calcination 

temperature of 750°C. Hence the thermodynamic 
requirements for the shrinkage of pores IIb can be 
easily satisfied at a relatively low temperature of 
about 1050°C (Fig. 6). As a result the densifica- 
tion rate of ZAlO was not affected significantly. 

4.2 Effect of tensile back stress 
The retarded den&cation of ceramic powder com- 
pacts with heterogeneities (inclusions), as a special 
example of composite powder compacts, has been 
modelled by calculating the hydrostatic tensile stress 
in the powder matrix. is’7 The tensile stress is ex- 
pected to oppose the sintering stress and therefore 
impede densiflcation. The concept of back stress has 
been used”,” to explain the limited achievable final 
density of a composite compact of Al,O,, or Y-TZP 
with very large A&O, particles of 200 pm by local 
difference in density, grain size or chemical compo- 
sition. The back stress concept was developed2’T2’ 
for the system of large ZrO, particles in an A&O, 
matrix. The size ratio of secondary particles to ma- 
trix grains was higher than 100 and the large parti- 
cles were irregularly shaped or even elongated. The 
stress caused by the inclusions in matrix may either 
be compressive or tensile. Densilication and grain 
growth in the compressive region were promoted 
and formed a so-called non-deformable network. 
This non-deformable network constrained the 
shrinkage of the adjacent porous region by exerting 
tensile-stress opposing den&cation. However, there 
are three ways where the effect of compressive 
and/or tensile back stress on densification may be 
limited in our system. First, the alumina particle size 
and the size ratio of alumina particles to Y-TZP 
matrix in the present system are much smaller as 
compared to those used by Tuanlo~” and Lange;20*2’ 
although the stress arising from the secondary parti- 
cles (or inclusions) is independent of their size,3o 
nonetheless as analysed3’ and experimentally 
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observed by others, the defects (or cracks) are much 
easier to form around larger inclusions than around 
smaller. Secondly, the matrix of Y-TZP in this study 
is very porous and nano-sized, so the tensile stress 
that resulted from the Al,O,, during den&cation 
could be effectively absorbed and relaxed by micro- 
structural modification (particle rearrangement, and 
plastic flow), especially at the initial and intermediate 
stage of sintering. Thirdly, the secondary A&O3 par- 
ticles are basically equiaxed and well dispersed in 
matrix (Fig. 1 I), so the so-called non-deformable 
network20,21 would not form in microstructure and 
the densification rate in the matrix is expected to be 
basically the same throug:hout the specimen. 

5 Summary 

This study shows that the densification of the Y- 
TZP powder compacts with the addition of alu- 
mina particles (size ratio of Al,O, to Y-TZP is 
about 10) is retarded by the presence of larger alu- 
mina particles. The alumina particles impede the 
shrinkage of the composites at relatively low tem- 
perature I 1300°C) at which the single phase Y- 
TZP undergoes the major shrinkage, and lead to 
enhanced densification rate at and above 1300°C. 
Almost full densification is achieved at 1550°C. 
The retarded densification behavior of the com- 
posites are related to the duplex pore size distribu- 
tions in the green compacts because of the pres- 
ence of relatively large alumina particles. The 
presence of inhomogeneities, i.e. larger pores in 
the compacts for the composite powders, in addi- 
tion to the smaller pores which the single phase Y- 
TZP contains, appears t’o be the main reason for 
the retarded densification of the composites from 
both the thermodynamic and kinetic point of 
view. Back stress effects resulting from secondary 
Al,O, are argued to be less significant. 
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