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Abstract 

The sintering of particulate composites consisting of a fine-grained zinc 

oxide matrix and < 10 volume percent of coarse silicon carbide inclusions was 

investigated at 725°C under a uniaxial stress of z 250 kilopascal. Data for 

the densification and creep rates of the composite were compared with those 

for the unreinforced matrix. The inclusions cause a drastic reduction in the 

measured density and creep rates. They have a greater effect on the densifi

cation process, however; the ratio of the densification rate to the creep rate 

of the composite is approximately half that of the unreinforced compact. The 

factors that cause the reduction in this ratio are present from the very early 

stage of sintering. The consequences of the present data for the processing 

of polycrystalline ceramic matrix composites are discussed. 
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I. Introduction 

Conventional, pressureless sintering is potentially a more economical 

process for fabricating ceramic matric composites, compared to hot pressing 

or hot isostatic pressing techniques. Considerable difficulties are often 

encountered, however, in sintering composites to the high matrix density 

normally required for many technological applications. Thus, numerous 

efforts, both theoretical and experimental, have been made within the past 

five years to understand these difficulties at a fundamental level so that 

the conventional sintering process can be better applied to the fabrication 

of composite materials. Most theoretical work employed a model system 

consisting of a fine-grained matrix containing coarse, inert, rigid inclusions 

since this is the system of interest for ceramic matrix composites. 

1 2 Rahaman and De Jonghe ' studied the sintering of particulate composites 

containing a polycrystalline matrix (ZnO) or an amorphous matrix (soda-lime 

glass) and inclusions of SiC. For the amorphous matrix composite, the 

densification rate obeyed the rule of mixtures when the inclusion volume 

fraction, vi, was less than 0.1, and could be described very well by 

3 
Scherer's theory of sintering with rigid inclusions for v. > 0.15. 

~ 

Above this value rigid network formation, which was not taken into account in 

Scherer's theory, appeared to be the main cause of the deviation from theory. 

In contrast, the SiC inclusions drastically reduced the densification rate 

of the polycrystalline ZnO matrix composite even at quite low inclusion content 

(>5 v%). Similar data have been obtained recently by Bordia and Raj
4 

for 

5 Ti0
2

-Al
2
o

3 
composites and by Brook et al for Al

2
0

3
-Al

2
o
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composites. The data for the polycrystalline matrix composite can at first 

sight be explained6 in terms of the large viscoelastic backstresses predicted 

by the theories of Raj and Bordia7 and Hsueh et al.
8 

However, Scherer's 

3 



3 9 
theory and an analysis by De Jonghe and Rahaman have cast serious doubts 

on this explanation since they showed that the backstresses were small. Thus, 
'i 

other explanations need to be looked at. 

A number of suggestions have been put forward recently to account for 

the drastic reduction in the densification rates of polycrystalline matrix 

composites. A geometric model proposed by Lange
10 

involved constrained 

sintering of the matrix due to network formation of the inclusions. This 

model cannot readily account for the differences in densification behavior 

between glass and polycrystalline matrices. In addition, it is improbable 

that the inclusions would form a continuous network for v. < 0.1; the data 
]. 

2 of Rahaman and De Jonghe for glass matrix composites show quite clearly 

that network formation is unimportant below this value of v .. 
]. 

Another explanation put forward by Lange11 attributed the drastic 

reduction in the densification rates of polycrystalline matrix composites 

to "damage" (e.g. voids) in the matrix produced by non-uniform densification. 

Damage should be most severe in the matrix regions nearest the inclusions 

where the hoop stresses are largest, but can also result from non-uniform 

packing of the matrix or from the cold compaction process. Since these 

voids may not close, they may limit severely the densification rate and the 

end point density. There is, at present, no direct experimental evidence to 

support this explanation. 

Finally, Bordia and Scherer12 have identified a number of other factors 

that can lead to the drastic retardation of the densification rates in 

polycrystalline matrix composites. These included the competition between 

densification and coarsening, and the development of anisotropies in the 

densification rate and the shear and bulk moduli. The anisotropies result 

from the different stress fields in the radial and hoop directions experienced 

by the shrinking matrix. Competition between densification and coarsening, 

however, is unlikely to be a valid mechanism since it is also present in 

4 



the unreinforced matrix; in addition, when the densification rates in the 

matrix are compensated for grain growth, there is still a large deviation 

13 
from theory. 

The present work entails a study of the effect of rigid inclusions on the 

simultaneous creep and densification of a model polycrystalline powder matrix 

(zinc oxide). A low uniaxial stress is applied to a composite containing 

> 10 v% inclusions to produce measurable creep but almost no change in the 

densification during sintering. It is important to understand how the 

inclusions influence both processes since the transient stresses developed 

during sintering can be relaxed by creep. 

II. Experimental Procedure 

A fine-grained ZnO powder#, average grain size ~ 0.4 ~m, and SiC 

powder*, classified to a narrow size range about an average of~ 12 ~m. were 

used as the matrix and inclusions, respectively. The amount of SiC was chosen 

to give an inclusion volume fraction of 0.1 based on the fully dense composite. 

The powders were mixed in chloroform and stir-dried, then disrupted using a 

mortar and pestle, and finally die-pressed to give composite green compacts 

(6 mm in diameter by 6 mm) with the same matrix density of~ 0.44 of the 

theoretical. For comparison, unreinforced compacts with the same density were 

formed by a similar method. 

The samples were sintered in air for 2 h in a loading dilatometer
14

; the 

instrument allowed the continuous monitoring of the axial shrinkage and the 

application of a constant uniaxial load. 
0 

Sintering was performed at 725 C 

and under uniaxial stresses of 0 and ~ 250 kPa. The mass and dimensions of the 

:Reagent Grade, Mallinckrodt Inc., Paris, KY. 
Union Carbide Corp., New York, NY. 
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samples were measured before and after sintering. In a separate set of 

experiments sintering was terminated after times between 0 and 2 h and the 

dimensions of these compacts were measured using a micrometer. 

III. Data Analysis 

The experiments give data for the axial and radial shrinkage from which 

the true strains in the axial and radial directions, f , and f 
z r' 

respectively, were calculated according to the equations 

f 
z 

f 
r 

d[ ln(L/L ) ]/dt 
0 

(1) 

d(ln(R/R )]/dt 
0 

(2) 

where L and R are the initial length and radius, respectively, and L 
0 

and R are the corresponding time-dependent values. 

The creep strain rate, e , and the volumetric strain rate, c were 
c p 

evaluated according to the relations 

€ 
c 

f 
p 

(2/3)(€ - € ) z r 

PIP ~ -(€ + 2€ ) z r 

where p is the relative density. 

(3) 

(4) 

If D and D are the initial and time-dependent overall density, 
0 

respectively, of the reinforced sample, then the density of the matrix phase 

at any time is2 

D 
m 

D(D - v. D.)/(D - v. D) 
0 LO L 0 LO 

(5) 

where D. is the invariant density of the inclusion phase and v. is the 
L LO 

initial inclusion volume fraction. The volumetric strain rate of the matrix 

is \~ 

c - ( D /D) ( 1 - v. D /D ) ( 6 ) pm LO 0 

The current volume fraction of the inclusion phase, vi, is based on 

the total volume of the compact, which includes the void phase; as the 

void phase disappears during sintering, v. increases. Usually the volume 
L 
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fraction of the inclusion phase is calculated on the basis of the fully 

dense composite, denoted here by vif' 

according to the relation 

Then v. is related to v.f 
~ ~ 

v = 
i 

(7) 

The axial stress on the sample, a , was measured from the constant 
z 

applied load, P, and the change in cross-sectional area of the sample 

according to the relation 

a 
z 

(P/A )exp(-2e ) o r (8) 

where A is the initial area of the sample. For these experiments the 
0 

spring load required to keep the dilatometer pushrod in contact with the 

sample was < 3% of the applied load and was neglected. 

IV. Results 

Figure 1 shows the axial strain, ez, vs time, t, for the unreinforced 

sample and the sample reinforced with 10 volume percent (v%) inclusions (i.e. 

based on the fully dense ·composite). The samples were sintered in air for 2 

h at 725°C and under uniaxial stresses of 0 and 250 kPa (based on the 

initial sample). The timet- 0 represents the beginning of shrinkage and 

the "isothermal" sintering temperature was reached after t = 6 min; each 

curve is the average of two runs under identical conditions and each is 

reproducible to within± 2%. The significant reduction in e for the 
z 

reinforced sample is comparable to earlier observations1 •15 on the same 

system. 

Data for e vs the radial strain, e , are shown in Fig. 2 for the z r 

unreinforced and reinforced samples that were sintered under uniaxial 

stresses of 0 and 250 kPa. The shrinkage of the samples sintered under 

zero stress is almost isotropic. Under the same applied stress, the 

shrinkage anisotropy of the reinforced sample is greater than that of 

the unreinforced sample. 

7 



The relative density of the unreinforced and reinforced samples, p 
u 

and p , respectively, are shown in Fig. 3 as a function of time. The 
re 

theoretical densities of ZnO and a composite of ZnO containing 10 v% SiC 

inclusions are 5.60 and 5.36 g/cm3 , respectively. The drastic reduction 

in the density of the reinforced sample compared to the unreinforced one 

after the same sintering time is very evident. The applied uniaxial stress 

is much lower than the sintering stress (due to reduction in surface area) 

and does not produce any measurable increase in the density.
16 

Figure 4 

shows the creep strain for the unreinforced and reinforced samples, E and cu 

Ecre' respectively, as a function of time; for the uniaxial stress used 

(z 250 kPa for both samples), E and E are approximately the same. 
cu ere 

As pointed out earlier, the current inclusion volume fraction, vi, 

increases·during sintering as the void phase disappears. Equation (7) 

was used to calculate v. as a function of the relative density of the 
L 

matrix, p , and the data are shown in Figure 5. During sintering, p 
m m 

increases from 0.44 to 0.63 which leads to an increase in v. from 0.046 
L 

to 0.066. 

The densification and creep rates of the unreinforced sample (epu and 

€cu' respectively) and of the reinforced sample (€pre and Ecre' 

respectively) were calculated by fitting smooth curves to the data of Figs. 

3 and 4 and differentiating. The results are shown in Fig. 6 as a function 

of p . At a given density both the densification rate and the creep 
m 

rate of the reinforced sample are drastically lower than those for the 

unreinforced material. The extent of the reduction increases with increasing 

density. Grain growth contributes to this reduction but even if the rates 

were compensated for grain growth, the densification rates of the reinforced 

sample would still be drastically lower than what can be reasonably expected 

9 
on the basis of a theoretical calculation of the viscous backstresses. 

The ratio of the densification rate to the creep rate can also be 
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measured. The creep rates f and f were compensated for the change 
cu ere 

in cross-sectional area of the sample [Eq. (8)], and then normalized to a 

constant stress of a 200 kPa by assuming that the creep rate was 
z 

proportional to a . The data for the unreinforced and the reinforced 
z 

samples, i /(3i ) and i /(3i ) respectively, are shown in 
pu cu pre ere ' 

Fig. 7 as a function of p . The data are relatively independent of 
m 

density and this is consistent with earlier work on a number of 

9 polycrystalline and glass systems. An interesting feature is that the 

ratio of the densification to the creep rate for the reinforced sample is 

approximately 2 times lower than that for the unreinforced sample. 

V. Discussion 

It is evident from Fig. 7 that the ratio of the densification rate to 

the creep rate is relatively constant even from the beginning of "isothermal" 

sintering. A small amount of densification occurs during the heat-up stage 

(p increases from the initial value of 0.44 to 0.48) and the corresponding 
m 

data have been excluded. However, it appears unlikely that the ratio of the 

densification rate to the creep rate would change significantly during heat-up. 

Indeed, in constant heating rate sintering which allows a more accurate 

measurement in the earliest stages of sintering, this ratio has also been 

17 found to be constant. It must therefore be concluded that the factors 

leading to the reduction in the ratio of the densification rate to the creep 

rate for the reinforced sample are present from the very onset of sintering. 

A striking aspect of the data is that the time dependence of the creep 

rate is hardly affected by the presence of the inclusions, while the 

densification rate is noticeably decreased (Figs. 3 and 4). In the 

context of expressions for densification and for creep of particulate 

composite systems, this observation restricts the number of possible 

9 



causes ·that may lead to the strong lowering of the densification rate 
.t ~. ~ 

.,. 't ,• 
·by a relatively low volume fraction of inclusions. For a powder compact 

creeping under a low uniaxially applied stress, the creep rate may be 

d 
9,16 

expresse as 

E 
c 

(9) 

where K is a constant, D is a diffusion coefficient, k is the Boltzmann 

constant, T is the absolute temperature, X is the average pore spacing, 

n is a constant that depends on the mechanism of mass transport (e.g. 

n 3 for grain boundary diffusion and n = 2 for volume diffusion), a is 
a 

h 1 . d . . 1 A. • • • f. . f 18, 19 t e app ~e un~ax~a. stress, ~ ~s a stress ~ntens~ ~cat~on actor , 

and ~ is the creep viscosity. Similarly, defining the sintering stress, 
c 

~. as an equivalent externally applied stress, then the densification rate 

may be expressed as 

f - ~~~ p p 

* where ~ is the densification (or bulk) viscosity. 
p 

(10) 

The sintering stress may be modified by a number of factors, including 

the hydrostatic backstresses from rigid inclusions. Model considerations 

11 . 3 , 9 1 h h . . d as we as exper~ments suggest strong y t at t e creep v~scos~ty an 

the densification viscosity are intimately related. Although the creep 

viscosity and the densification viscosity have as yet not been measured 

independently for ceramic powder compacts, it is plausible that the 

indifference of the initial creep viscosity to the presence of the dispersed 

phase should be similarly reflected in the initial densification viscosity. 

It can therefore be argued that the relative decrease in the initial 

densification rate resides in the decrease of the sintering stress, ~. rather 

(In a number of earlier publications, e.g. ~eferences 1,2,9 and 16, the 
sintering stress was written as ~/<P while in others, e.g. reference 8, the 
same stress was written as ~. The current symbolism for the equivalent 
externally applied stress is now adopted; the mean grain boundary stress will 
now be ~<Prather than~.) 

10 



than in an increase in the densification viscosity. Such a decrease must then 

be due to an effect that can be expressed as a quasi-hydrostatic backstress, 

aback' opposing~. However, the backstress resulting from the mismatch 

in the densification strain rate between the matrix and the rigid inclusions, 

a cannot be proposed as being the main component of aback since incl' 

bl d 1 .d . 3 •9 . d. 1 1 h . 1 reasona e mo e cons1 erat1ons 1n 1cate c ear y t at aincl 1s on y 

a viscous backstress, equal to = v.~. where v. is the inclusion volume 
1 1 

fraction. At the same time, it is doubtful that at the low v. considered 
1 

10 
here a constrained network model can be invoked, as pointed out earlier. 

The observation of the decreased densification rate from the earliest 

stages of densification indicates that its causes are also present from the 

beginning, and have to be sought in differences in matrix microstructure 

brought about during the compaction process or in the spacial distribution 

11 of the dispersed phase, along the lines proposed by Lange While 

much work still remains to identify unambiguously the causes of the 

drastic reduction in the densification rate, it could be appreciated that 

the random distribution of the dispersed phase will, in turn, introduce 

spacial variations in the green density of the matrix. Indeed, in die 

compaction, a matrix region with a statistically higher concentration of 

dispersoids will have to be compacted more than the average green density, 

and conversely. Increased spacial variations of the matrix density will 

result in increased differential densification which generally leads to 

a decrease in the overall densification rate. Another possibility, also 

leading to increased differential densification, arises if similar green 

density variations would lead to microcrack formation in the green 

compact upon unloading in die compaction. This microcracking results 

from the differences in the elastic compressibility of regions in the 

compact with different average density and hence different elastic 

moduli, and clearly will be significantly less or absent in slip casting, 

11 



if 'damage from drying shrinkage can be suppressed. It should also decrease 

with increasing green compact strength. Both modelling and experiments need 

to be carried further to consider the consequences of these possibilities. 

All the proposed explanations, however, clearly point in a direction that 

would predict significantly less effects of the dispersed phase on the 

densification of particulate ceramic matrix composites with uniform, 

ordered distributions of the dispersed phase compared to those distributions 

resulting from random mixing, or even more commonly, imperfect mixing with 

clustering. 

VI. Conclusions 

The present work in which a polycrystalline ZnO matrix containing < 10 

volume percent SiC inclusions was sintered under a low uniaxial stress shows 

that the inclusions cause a reduction by a factor of z 2 in the ratio of the 

densification rate to the creep rate. 

When grain growth is taken into account, the inclusions cause a reduction 

in the densification rate (i.e. by a factor of z 2) without seriously affecting 

the creep rate. 

The mechanism that leads to the reduction in the densification rate starts 

operating in the very early stage of sintering. 

Acknowledgement: Discussions with R. J. Brook have been greatly appreciated. 
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Figure Captions 

Fig. 1. Axial strain vs time for unreinforced ZnO (referred to as sample 

U) and ZnO reinforced with 10 v% SiC (sample R) sintering at 725°C under 

uniaxial stresses of 0 and 250 kPa . 

Fig. 2. Axial strain vs radial strain for the experiments described in Fig. 

1. 

Fig. 3. Relative density vs time for samples U and R. 

Fig. 4. Creep strain vs time for samples U and R. 

Fig. 5. Inclusion volume fraction vs the relative density of the matrix for 

sample R. 

Fig. 6. Volumetric densification rate, pjp, and creep strain rate, ec' vs 

relative density of the matrix for the experiments described in Fig. 1. 

Fig. 7. Ratio of the volumetric densification rate to the creep rate 

(normalized at a constant stress of 200 kPa) vs relative density of the 

matrix for samples U and R. 
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