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Abstract 

A model is describedfor the denstjication of ceramics 
and particle-reinforced ceramic-matrix composites 
when the degree of shrinkage is large. A rule of 
mixtures model can be used to describe the degree of 
denstjication in cases where there is no interfacial 
reaction between the reinforcement and the matrix. 
These models are illustrated by the reaction sintering 
of sialon and of sialon with titanium nitride, and also 
by the sintering of clay containing silicon carbide. 
The extent of linear shrinkage and also the rate of 
denstjication decrease with increasing volume frac- 
tion of reinforcement and these eflects are explained 
on the basis of the model. The correspondence 
between the data and the model allow the prediction 
of shrinkage in particle-reinforced composite sys- 
tems where there is no interfacial reaction during 
the denst@cation process. 0 1997 Elsevier Science 
Limited. 

1 Introduction 

Densification of covalent ceramics without addi- 
tives is extremely difficult due to the low diffusivity 
in the solid state following from the nature of 
bonding in such materials. To overcome these dif- 
ficulties, compounds are added which create a 
liquid phase during densification and this process is 
referred to as liquid phase sintering or LPS. The 
major advantage of this technique is the speed with 
which full densification can be achieved; it is widely 
used in the fabrication of, for example, silicon 
nitride and related ceramics. 1A 

During LPS the liquid formed must wet the solid 
particles, and particle movement and densification 
occur initially by capillary pressure. Kingery’ pro- 
posed that densification in the presence of liquids 
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occurs by three distinct processes, an initial stage 
of particle rearrangement, a second step of solution 
and reprecipitation, and a final stage of pore clo- 
sure. Although there have been many modifica- 
tions of the original Kingery model (see for 
example Handwerker and Blendel,2 German6 and 
Li Nan7 the essential features of the approach 
remain valid. 

There is an extensive amount of work which has 
been carried out on LPS systems of interest in 
structural engineering ceramics2~4~8-1 1 where the 
extent of shrinkage varies from a few percent up to 
about 40%. However, the above discussion and 
literature is based on monolithic materials whereas 
the present paper will examine ceramic matrix 
composites (CMC) and the influence of the addi- 
tion of secondary phases on the shrinkage beha- 
viour of structural engineering ceramic materials 
where liquid phases are present. 

2 Theory 

2.1 Shrinkage 
Densification is related to both starting density and 
linear shrinkage as follows, 

. ps = (‘$)3 (1) 

where ps is the sintered sample density, ps is the 
green sample density and AL/Lo the linear shrink- 
age. The relationship of volumetric to linear 
shrinkage, S, is given by 

AV 
_+=3s 
vo (2) 

for small values of shrinkage. For larger values, the 
shrinkage will be given by, 
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g= 1 - (1 - s)3 

For a cylindrical sample with shrinkage along the 
diameter and the length of the sample 

+(l-$))‘(l-~) (4) 

2.2 Composites 
The volume fraction of a particulate second phase 
present in a composite is an important factor in 
sintering and resultant shrinkage, and the shape 
and size of the reinforcing phase may also influence 
the sintering behaviour of the matrix material. A 
simple model for particulate composites can be 
proposed based on the rule of mixtures. The rule of 
mixtures gives 

(g),= (g&l -f) (5) 

where the subscripts c and m refer to composite 
and matrix, respectively, and wherefis the volume 
fraction of reinforcing phase in the solid phase in 
the solid phases of the composite; that is, the 
shrinkage of the composite after sintering is equal 
to the shrinkage that would be found in the isola- 
ted matrix times the matrix volume fraction in the 
solid phases of the composite. The above equation 
is only applicable to composites where no inter- 
facial reaction occurs. 

3 Experimental 

Samples of sialon matrix composites were prepared 
using Cookson Zyalon Ltd, Syalon grade 201 
(z= 0.75) and G oo e df 11 ow Metals titanium nitride 
as the reinforcing phase. The composition of all 
materials used is given in Table 1. The sialon pre- 
cursor powder and the appropriate amount of the 
reinforcing phase were wet-milled in iso-propanol 
using alumina milling media for 24 h. The resulting 
slip was dried and subsequently dry-mixed for I h. 

The sialon/reinforcement mix was uniaxially 
pressed to a pressure of 3 MPa into cylindrical 
compacts approximately 1Omm in diameter by 
20mm in height. This initial pressing was followed 
by an isostatic pressing to a pressure of 250MPa. 
The green samples were weighed and their exact 
dimensions noted. 

The green compacts were packed in a powder 
bed of Cookson Minerals Ltd Syalon grade 401 
(z = 3) in a graphite crucible and fired in a graphite 

Table 1. Experimental materials 

Material Source Composition Mean particle 
(wt%) size (pm) 

Kaolin ECC SiOz=47 Not 
clay International A1203 = 38.3 determined 

Fe203 = 0.5 
K20/Na20 = 0.8 

HzO= 13.3 
Silicon Goodfellow Sic = 99.0 5 and 40 

carbide Metals (Fez03=0.15 
SiOz = 0.85) 

Titanium Goodfellow TiN=99.5% 20 and 45 
nitride Metals 

Syalon 201 Cookson S&N4 = 80.3 8 
Zyalon ‘AIN’ = 3.4 

A1203 = 8.3 
Yz03 = 8.0 

element furnace under 1 atmosphere of nitrogen. 
All samples were heated at a rate of 60”Cmin1, 
and samples containing titanium nitride were fired 
at 1650°C for 2 h. All samples were furnace-cooled. 
After firing, the samples were carefully removed 
from their powder bed and weighed. The dimen- 
sions of the sintered samples was measured and 
their density determined using the Archimedes 
method. 

Samples of clay with silicon carbide reinforce- 
ment were prepared from ECC International, 
Grade D china clay and Goodfellow Metals Ltd 
silicon carbide. The green preparation was the 
same as that for sialon composites. The test sam- 
ples were fired in situ in a Thermal Sciences Ltd 
TMAl500 thermo-mechanical analyser at various 
heating rates and maximum temperatures as 
detailed in the Results section below. 

All samples were analysed by X-ray powder dif- 
fraction to confirm that no alteration had occured 
in the reinforcing phase by reaction during sinter- 
ing. 

4 Results and Discussion 

Experimental results on sintering of monolithic 
sialon (Cookson Minerals Ltd, Syalon grade 201) 
show that shrinkage is homogeneous along both 
the diameter and length of the sample during the 
course of sintering. It is well established that sin- 
tering of sialons of this type occurs by a liquid- 
phase mechanism. 2-4 Around 20% linear shrink- 
age on both the diameter and the length of the 
specimen is observed for fully densified samples 
in agreement with the green density values and 
eqn (1). 

In the case of composite materials, the change in 
dimensions during the course of sintering is 
strongly dependent on the volume fraction of the 
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reinforcing phase and its chemical compatibility 
with the matrix. The changes in sample dimensions 
of composite materials are compared with those 
predicted by the model in Fig. 1 for the case of 
sialon-TiN. Sialon reinforced by different percen- 
tages of TIN was used to study the shrinkage 
behaviour as this system shows no chemical reac- 
tion during the course of sintering. With additions 
of TIN, it is necessary to adjust the sintering tem- 
perature to attain near theoretical density. All 
experiments were carried out at temperatures 
between 1600 and 1750°C in a nitrogen gas atmos- 
phere and samples were embedded in sialon pow- 
der to minimize weight loss during the course of 
sintering. Sintered sample densities are 97-99% of 
theoretical. Figure 1 also shows that within experi- 
mental error, shrinkage along the diameter of the 
specimens is equal to that along the length as was 
observed for monolithic sialon. Volume measure- 
ments before and after sintering carried out on 
these materials are presented in Fig. 2 showing 
agreement between the experimental and the theo- 
retical values of eqn (5). 

Particle size of the reinforcement has an effect on 
sintering. Two different batches of TIN powder 
with average particle sizes of 45pm and 20pm 
were used to reinforce the sialon matrix. The effect 
of the larger particle size was to increase by 30- 
50°C the sintering temperature which was neces- 
sary to achieve density equivalent to that of the 
specimen with smaller TIN particle size. Experi- 
mental observations show that there is no effect of 
TiN particle size on the degree of shrinkage after 
sintering, and for a constant amount of TIN the 
rate of shrinkage increases with increasing TIN 
particle size in contradiction to previous work on 
this system.” The discrepancy results from the 
experimental methods employed in the two stud- 
ies. Whereas Herrman et al.” measured only the 
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Fig. 1. Relation between linear shrinkage and TIN volume 
fraction in sialon/TiN composites. 
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Fig. 2. Relation between volume shrinkage and amount of 
second phase in sialon matrix composites with TiN. 

isothermal shrinkage, it is clear from the present 
study that a significant part of the total shrinkage 
takes place during heating to the isothermal hold 
temperature. For larger reinforcement particle 
sizes, the shrinkage is almost complete during 
heating and so the rate measured in the isothermal 
part of the cycle is apparently low. In the present 
work, the maximum sintering rate was recorded. 

The behaviour of this model system in which an 
inert nitride is sintered in a sialon matrix supports 
the simple rule of mixtures densification model 
applied to a liquid-phase sintering system and is 
consistent with the behaviour of the monolithic 
matrix. Syalon 201 is, however, a reaction sintering 
powder mixture in which the individual compo- 
nents react during densification to form a sialon 
matrix of a specific composition. During the reac- 
tion, therefore, the volume of liquid phase active in 
promoting densification may vary. As this is a 
highly specific set of circumstances, it was decided 
to investigate a more conventional system to fur- 
ther test the present model of composite sintering. 

The china-clay/Sic system was therefore chosen 
to evaluate the effect of reinforcement and also to 
further study the effect of reinforcement particle 
size on sintering. Phase diagrams of the kaolin clay 
used in this study12 show that the solidus tempera- 
ture is at 1310°C where the amount of liquid phase 
is approximately 30% for the amount of alkali 
present (Table 1). 

TMA equipment was used to study the instanta- 
neous dimensional changes in length of the sample 
during the course of sintering. The results for 
monolithic clay sintered at 20”Cmin-1 to 1480°C 
for 30min show that the overall linear shrinkage is 
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around 20%, part of which is due to loss of struc- 
tural water and to phase changes, and that the 
main dimensional change is not isothermal but 
occurred on heating. Similar experiments were 
performed on clay containing 10, 20 and 30% sili- 
con carbide. The densification behaviour in all of 
these samples is the same but the total amount of 
shrinkage, and rate of densification change with 
the volume fraction of reinforcement. Data for all 
of the composites show that linear dimensional 
change is essentially complete during the heating 
cycle with a negligible amount of shrinkage at iso- 
thermal sintering temperature. Under the condi- 
tions used in these experiments there is at least 
30% of liquid phase present and this suggests 
therefore that the simple rule-of-mixtures model, 
which applies to the LPS system sialon/TiN, also 
applies to sintering by vitrification in the case of 
clay-based systems. 

The experimental results on clay/Sic mixtures 
indicate that linear shrinkage decreases with 
increase of SIC volume fraction as seen in Fig. 3. 
This figure shows that around 35% reduction in 
the linear shrinkage follows when china clay is rein- 
forced by 30% SIC and that the results of shrinkage 
reduction in the presence of inert reinforcements 
are in good agreement with the values calculated 
using the rule-of-mixtures model [eqn (5)]. The 
results also reveal that there is no influence of sili- 
con carbide particle size on the degree of densifi- 
cation as it appears that clay reinforced by different 
amounts of SIC with 5 pm or 40 pm particle size 
has the same degree of shrinkage. This is consistent 
with the data reported above for sialon/TiN and is 
in agreement with the simple model based on a rule 
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Fig. 3. Relation between shrinkage and volume fraction of 
Sic in clay/Sic sintered to 1480°C. 

of mixtures provided that the reinforcement 
volume fraction is sufficiently low that particles of 
reinforcement do not influence one another. All 
samples presented in Fig. 3 were sintered to almost 
theoretical density. 

5 Conclusions 

It has been shown that a description of sintering of 
particle-reinforced composites, where large extents 
of densification occur and no interfacial reaction 
occurs between the matrix and reinforcement, can 
be made in terms of a simple rule of mixtures 
approach 

The model is illustrated by sialon-titanium 
nitride and clay-silicon carbide composites which 
show the effects of variation of the reinforcement 
volume fraction and of the mean particle size. In 
the former case the process of densification occurs 
by liquid-phase sintering with a rearrangement 
stage during heating followed by solution/re-preci- 
pitation to form the /3’-sialon matrix. In the clay- 
silicon carbide system densification occurs by vitri- 
fication in the presence of a significant liquid frac- 
tion and the system is almost completely densified 
during the heating cycle to the optimum sintering 
temperature. 
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