
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  2 9 ( 1 9 9 4 )  1 2 1 - 1 2 4  

Sintering characteristics of microfine zirconia 
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In this paper the sintering characteristics of yttria-doped zirconia microfine powder are 
investigated by measuring shrinkage and shrinkage rate curves of powder compacts. The 
experimental results show that there is a transition point in the shrinkage-temperature curves 
and two peaks appear in the shrinkage rate-temperature curves. These results provide further 
support for the idea that the sintering of microfine zirconia powders is a two-stage process. In 
the first stage, sintering of the powder compact is mainly dominated by inner-sintering in 
agglomerates and in the second stage, sintering will occur among densified agglomerates. The 
microstructure of agglomerates during sintering is also studied by TEM and provides evidence 
that the transition point in the shrinkage-temperature curve is the end of the first sintering 
stage. Furthermore, the relationships between sintering characteristics and powder parameters 
are investigated. It is found that the shrinkage rate in the first stage is related to the primary 
grain size of the powder, and in the second stage it is related to agglomerate size. The effect 
of agglomerates on the sinterability of microfine ZrO2 powder can be directly evaluated by the 
difference of shrinkage rate between the two sintering stages. Experiments also show that the 
shrinkage rate can be influenced by heating rate. A rapid heating rate would result in 
difficulties in the second sintering.stage. 

1. I n t r o d u c t i o n  
Zirconia ceramics with excellent mechanical proper- 
ties have been of interest to ceramic scientists in the 
last decade [1, 2]. Zirconia ceramics such as TZP, 
which has a toughness of up to 18 M P a m  1/2 [3], can 
only be prepared from microfine zirconia powder. But 
owing to the agglomeration of powder, using micro- 
fine zirconia powder does not certainly mean that the 
powder compact can be easily sintered to high density 
at a relatively low temperature as expected [4]. Stud- 
ies show that an inhomogeneous microstructure is 
formed either in powder compacts or in sintered 
ceramics when hard agglomerates exist in the powder 
[5, 6]. Usually it is necessary to increase the sintering 
temperature to achieve high density, and as a result, 
poor microstructures may be formed owing to grain 
growth and non-uniform distribution of pores [7, 8]. 
For this reason, many studies have been made to 
reduce or eliminate agglomeration of microfine pow- 
ders [9-11]: for instance, using alkoxide precursors to 
prepare microfine powder, which has better sinter- 
ability by forming soft agglomerate [10], helps to 
improve sinterability. 

The effects of agglomerates on powder behaviour, 
like compaction behaviour and sinterability, are de- 
pendent on the structure of the agglomerates. Ex- 
periments show that the compaction behaviour of 
microfine powder is related to its sinterability [12]. If 
the agglomerates can be broken in compaction, it will 

not affect the sinterability of the microfine powder. 
Van de Graaff [13] studied the compaction behaviour 
of microfine zirconia powder prepared by different 
routes and found that agglomeration can be evaluated 
by the hardness of the agglomerate. Some agglomer- 
ates can be broken by a relatively low compaction 
pressure, i.e. the soft agglomerates; and some cannot 
be broken, i.e. the hard agglomerates. If agglomerates 
can be broken in compaction, there will be a transition 
in the compaction curves as shown in Fig. 1. The 
compaction pressure at which the agglomerates are 
broken can be defined as the hardness of the agglom- 
erates. These experiments provided a way to differ- 
entiate the soft and hard agglomerates. 

Differentiating hard agglomerate from soft agglom- 
erate is only one step in understanding the effect of 
agglomerates on the sinterability of a powder. Rhodes 
[14] investigated the relationship between sinter- 
ability and agglomerate size and showed that the 
sinterability can be improved by reducing agglomer- 
ate size. Dynys and Halloran [15] studied the micro- 
structure of ZrO2-A120 3 ceramics and concluded that 
hard agglomerates will result in inhomogeneous 
microstructure in the powder compact and a decrease 
in shrinkage rate during isothermal initial-stage 
sintering. Lange [5, 7]'investigated the sintering beha- 
viour of microfine ZrO 2 powder by measuring the 
pore distribution o f  a powder compact during 
sintering, and applied pore coordination number 
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theory [16] to explain the effect of agglomerates on 
sinterability and related microstructure. According to 
his explanation, the driving force for densification is 
related to the pore coordination number: the pore 
coordination number within agglomerates is low and 
is easily eliminated during sintering, while the pore 
coordination number between agglomerates is related 
to the size and morphology of agglomerates. Some 
pores with a high pore coordination number cannot 
be eliminated even at high temperature. However, 
these works seem to be qualitative analyses of the 
effect of agglomerates on the sinterability of microfine 
powder, and they have not established the relationship 
between sinterability or sintering characteristics and 
the parameters of  microfine powder. In this paper, we 
try to provide a method to directly investigate the 
sintering characteristics of microfine zirconia powder, 
and expect to establish the relationship between 
sintering characteristics and powder parameters. 

2. E x p e r i m e n t a l  procedure  
The microfine zirconia powder investigated in this 
paper was prepared by the sol gel method. It con- 
tained 3.0 tool % yttria. Powder A and Powder B 
were prepared in different process conditions and were 
different in powder characteristics. The powders were 
first mixed with 0.5 wt % organic binder and then 
isostatic wessed into bars at 250 MPa. The bars were 
cut into cylinders with diameter 7 mm and length 
15 mm. The shrinkage curves of powder compacts 
were measured in a thermal expansion analyser from 
room temperature to 1450~ at a selected heating 
rate. A computer was connected with this thermal 
expansion analyser and the differential of the E 

8 0  
shrinkage curve plotted as a shrinkage rate curve. The 
BET specific area was measured by the nitrogen 
absorption method and the agglomerate size distribu- = ~- 
tions were determined by the light-dispersion method. 
The morphology and microstructure of powder before 
and after sintering at selected temperatures were ob- 
served by an EM400 transmission electron micro- 
scope. "~ 
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microfine powder should be a two-stage process. This 
experiment provides a direct observation on this phe- 
nomenon. 

We also can see that the transition in shrinkage 
curves is related to the two peaks in the shrinkage rate 
curves. The transition appears in the range between 
these two peaks and becomes more obvious when 
there is a difference of intensity between these two 
peaks. If we define a transition point Tt in the 
shrinkage curve, then the temperature of this point 
can be determined by relating it to the lowest point 
between two peaks in the shrinkage rate curve. The 
definition of this point can be considered as the end of 
the first sintering stage and the beginning of the 
second stage. Shi and Yen I-8] observed the sintering 
of agglomerated microfine ZrO2 powder by 
measuring the pore distribution of the powder com- 
pact and found that this inner-sintering ended at 
elevated temperature. In Fig. 2, we obtain the temper- 
ature of the transition point as 1050 and 1175 ~ for 
powders A and B, respectively. To test this definition, 
we observed the microstructure of powder A before 
sintcring and after sintering at the transition temper- 
ature (1050 ~ Fig. 3 is the morphology of powder A 
calcined at 650 ~ We can see agglomerates which 
consist of small grains, and pores can clearly be seen. 
Fig. 4 show the microstructure of the same powder 
sintered at 1050 ~ The agglomerates can also be seen 
clearly, but have now been fully sintered, only pores 
between agglomerates being left. 

From these experiments and analyses, we can con- 
clude that there are two main characteristics of the 
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Figure 1 Relative density of microfine ZrO 2 powder compact 
versus compaction pressure 1-13]. 
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3. Results and discussion 
3.1. Dens i f i ca t i on  process of  m ic ro f i ne  

z i rcon ia  p o w d e r s  
In experiments, we first measured the shrinkage and 
shrinkage rate curves of two microfine zirconia pow- 
der compacts, A and B. Fig. 2 shows the shrinkage and 
shrinkage rates of these two powder compacts against 
sintering temperature. It can be seen that there is a 
transition appearing at elevated temperature in the 
shrinkage curve, which can be considered to be a 
dividing point for two densification processes, and this 
transition is more obvious in curve A than in curve B. 
The shrinkage rate curves consist of two peaks. Two 
peaks in the shrinkage curve certainly mean that this 
densification is a two-stage process. Many papers 
[5-8] have investigated the sintering of microfine 
ZrO2 powders by measuring the pore distribution or 
observing the microstructure of the powder compact, 
and have concluded that the sintering of agglomerated 
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Figure 2 Linear shrinkage and shrinkage rate versus sintering 
temperature for microfine ZrO z powders: (--) sample A, (.") 
sample B. 
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Figure 3 Morphology ofmicrofine ZrO 2 powder calcined at 650 ~ 

T A B L E  I BET specific surface area and primary grain size of 
microfine ZrO z powder 

Sample BET specific surface Primary grain size (pm) 
area (m 2 g -  1) 

A 72.1 0.014 
B 31.5 0.03 
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Figure 5 

Agglomerate size (pm} 

Agglomerate size distributions of powders A and B. 

Figure 4 Microstructure-of microfine ZrO 2 powder sintered at 
1050 ~ 

sintering process of microfine z r o  z powder, i. e. a 
transition point in the shrinkage curve and different 
shrinkage rates in different sintering stages. 

powder, the higher the shrinkage rate in the first 
sintering stage; the smaller the agglomerate size of 
powder, the higher the shrinkage rate in the second 
sintering stage, i.e. the shrinkage rates in the first and 
second sintering stage are related to the primary grain 
size and agglomerate size, respectively. These results 
suggest that in agglomerated microfine powders, 
higher B E T  specific surface areas do not certainly 
mean a good sinterability. The sinterability should be 
related to both primary grain size and agglomerate 
size. 

In previous discussion, we considered the transition 
point as the end of the first sintering stage. Since the 

sintering rate in the first sintering stage is related to 
the primary grain size of the powder, it is easily seen 

3.2. Re la t i onsh ip  b e t w e e n  s i n t e r i n g  ~ ~' ' ; 
charac ter is t i cs  and p o w d e r  parameters  

In Fig. 2 we can see that the transition temperature 
and shrinkage rate are different for powder A and 
powder B. The shrinkage rate of compact A in the first 
sintering stage is higher' than. that of compact B, and in 
the second sintering stage it is lower than that  Of 
compact B. We also can see that the temperature of 
the transition point in curve A is lower than that in 
curve B. If we related these characteristics to the 
powder parameters, we could find the relationship 
between them. The main parameters of microfine 
powder which usually concern us are the BET specific 
surface area and the agglomerate size distribution. 
Table I gives the BET specific surface area of powder 
A and powder B. The calculated grain size of the 
powders is also listed. Fig. 5 shows the agglomerate 
size distribution of the powders. We can see that the 
primary grain size of powder A is smaller than that of 
powder B, but its agglomerate size is larger than that 
of powder B. If we compare these results with the 
results obtained from Fig. 2, the relationship between 
sintering characteristics and  powder parameters can 
be found: the smaller the primary grain size of the 

that the smaller the grain size, the lower the ending 
temperatui?e of first sintering stage, i.e. the lower the 
temperature of the transition point. This exactly re- 
flects the situation in curve A and curve B in Fig. 2. 

For  relating the shrinkage rate of the powder com- 
pact in the first and second sintering stages to the 
grain size and agglomerate size of the powder, respect- 
ively, if we consider that the agglomeration of micro- 
fine ZrO 2 powder can be expressed by the difference 
between grain size and agglomerat e size, then it 
should also be expressed by the difference in shrinkage 
curves between the first and second sintering stages. 
This means that the effect of agglomerates on the 
sinterability of microfine z r o 2  powder can be evalu- 
ated by this difference in shrinkage rate. We can define 
A c as the agglomeration coefficient of microfine Z r O  2 

powder.  Then A c can be simply expressed by the 
equation 

,~ S 1 - S 2 
' ;  A c = 

S a  

where S 1 and Sz are the maximum shrinkage rates in 
the first and second sintering stage, respectively. The 
higher the value of A~, the more serious the effect of 
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agglomeration on the sinterability of microfine Z r O  2 

powder. 

3.3. Effect of heating rate on sintering 
of microfine ZrOz powder 

In experiments, we also found that the density of 
sintered ZrO 2 ceramics is affected by the heating rate. 
This result is also reported in other papers [t]  and a 
slow heating rate is preferable for sintering a microfine 
ZrO 2 powder compact to high density. Fig. 6 shows 
the shrinkage curves of compact B at different heating 
rates. It can be seen that the heating rate has an 
obvious effect on shrinkage in both first and second 
sintering stages, and this effect becomes more obvious 
in the second stage. However, the transition-point 
temperature remains nearly unchanged with increase 
of heating rate. 

The structure of agglomerated microfine powder 
compacts during sintering is schematically illustrated 
in Fig. 7. The compact consists of small packing units 
(agglomerates). For agglomerates first sintered and 
densified at a rapid rate, as we observed before, a 
tensile stress should be produced between sintered 
agglomerates and cause them to break away from the 
surrounding matrix, leaving gaps between them [5]. 
This should result in difficulty in sintering in the 
second stage. An increased heating rate might increase 
the tensile stress between agglomerates and cause 
agglomerates to break away more easily, just as the 
quenching of ceramics in water results in thermal 
stress and microcracking, and would certainly cause 
more difficulties in sintering in the second stage. 

The fact that the temperature of the transition point 
is nearly unchanged with increase of heating rate 
means that the first stage of sintering should not be 
affected by heating rate for inner-sintering in agglom- 
erates. The decrease of shrinkage rate might be the 
result of agglomerates breaking away from the sur- 
rounding matrix, and would equal a slight dilatation 
of the powder compact. 

4. Conclusions 
1. The linear shrinkage and shrinkage rate curves 

can effectively evaluate the whole sintering process of 
microfine ZrO 2 powder. The results show that the 
sintering of microfine powder compacts can be divi- 
ded into two stages. 
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Figure6 Linear shrinkageand shrinkage rate curves of powder 
compact B at different heating rates: (--.) 1 ~ -1, (--) 
5 ~ rain- 1. 
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Figure 7 Schematic illustration of structure of agglomerated 
powder compact. 

2. In the sintering of microfine ZrO 2 powder com- 
pacts, the shrinkage rate will be different in different 
sintering stages: in the first stage the shrinkage rate is 
determined by the primary grain size of the powder, 
and in the second stage it is related to agglomerate 
size; the difference of shrinkage rate between the two 
stages can effectively evaluate the effect of agglomer- 
ates on the sinterability of the powder. 

3. A transition point in the sintering of microfine 
ZrO2 powder has been defined. The definition of this 
point is the end of the first sintering stage, and this is 
only related to the primary grain size of the powder. 

4. In sintering, the heating rate can affect the 
densification of the powder compact. The reason for 
this is that a rapid heating rate will result in tensile 
stress between early-sintered agglomerates and the 
surroundings, and cause them to break away from the 
surrounding matrix more easily. 
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