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Ceramic injection moulding compositions incorporating sinterable silicon nitride powder and 
silicon carbide whiskers were prepared by twin screw extrusion using a polypropylene-based 
organic vehicle. Their viscosities in the shear rate range 100 to 1400sec -+ were measured by 
capillary rheometry. The relative viscosity (qr)-ceramic volume loading (V) curve fitted the 
Chang equation 

0.75V/Vmo )  

where Vn~x is the volume loading of ceramic at which viscosity approaches infinity. This 
equation fitted the data for compositions containing ceramic powder as well as particle- 
whisker suspensions and could thus be used to map relative viscosity as a function of filler 
loading for all compositions with 0 to 30% SiC based on the ceramic. 

1. I n t r o d u c t i o n  
The strength and reliability of technical ceramics may 
be improved by two approaches. In the first place 
there is considerable interest in the minimization of 
critical defect size by attention to particle size, shape 
and packing [1]. In the second place, the fracture 
toughness may be increased by the incorporation of 
crack-arresting second phases [2], by transformation 
toughening [3] and latterly by the incorporation of 
whiskers [4, 5]. The reinforcing effect of whiskers or 
fibres may be effective if the whisker/matrix modulus 
ratio is greater than 2 [6]. Although this is not the case 
for silicon carbide whiskers (E ~ 480 GPa) [7] embed- 
ded in a silicon nitride matrix (E ~ 352GPa) [8], 
other toughening mechanisms may be active. In par- 
ticular, the effect of crack deflection at the whisker- 
matrix interface [9] and the absorption of energy by 
whisker pull-out [t0] may contribute to increased 
work of fracture. Furthermore, whiskers may inhibit 
grain-boundary sliding under creep conditions and 
may also have the advantage of reducing grain growth 
during sintering. 

The presence of whiskers in a particle assembly 
unfortunately presents considerable difficulties for 
processing. The approach of particle centres during 
sintering is hindered and therefore full density is not 
achieved without the application of external pressure. 
The arrangement of particles into a useful shape is 
also made difficult by the presence of whiskers and 
much early work relied on slurry processing [11]. The 
injection moulding of composite ceramics is possible 
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[12] and provides a rapid assembly process suitable for 
mass production [13, 14]. 

In the present work, the effect of whisker additions 
on the rheology of ceramic injection moulding blends 
is investigated. The rheological requirements of 
ceramic injection moulding blends in terms of fluidity, 
flow behaviour index and temperature dependence of 
fluidity have been established [15]. Fluidity is strongly 
influenced by ceramic powder loading. Although the 
relationship between relative viscosity of a suspension 
and powder volume loading has been investigated 
thoroughly at low volume loadings [16], at high vol- 
ume loadings (V > 0.5) there are only a few semi- 
empirical equations which fit experimental data. The 
behaviour of particle-rod assemblies is less well 
understood. Milewski [17] has studied the packing 
efficiency of particle-rod assemblies as a function of 
aspect ratio, particle to rod radius ratio and volume 
fraction of rods. Because most relative viscosity- 
volume loading relationships contain V,~++x, the maxi- 
mum packing efficiency, as a constant [18], this work 
may be useful in predicting viscosity. 

2, Experimental details 
2.1. Materials 
Silicon carbide whiskers (Grade SCW 1) were obtained 
from Tateho Chemical Industries, Ako-Shi, Japan. 
The silicon nitride powder was grade Nu-10 from 
Showa Denko Co. Ltd, Tokyo, Japan and was milled 
with 5.0 wt % Y203 concentrate (yttrium concentrate, 
Rare Earth Products Ltd, Widnes, UK) and 5.5 wt % 
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Figure 1 Scanning electron micrograph of  Showa Denko silicon 
nitride powder after milling with sintering ends. 

A1203 as sintering aids at the laboratories of T & N 
Technology Ltd. 

Scanning electron micrographs of the silicon nitride 
powder and the silicon carbide whiskers are shown 
in Figs 1 and 3, respectively. The polypropylene (pp) 
was GY545M from ICI plc and the microcrystalline 
wax was Okerin 1865Q from Astor Chemicals Ltd, 
Middlesex, UK. Stearic acid was purchased from 
BDH Chemicals Ltd, West Drayton, UK. The com- 
positions prepared are given in Table I which also 
includes the exact volume percentage of ceramic cal- 
culated from the mean of four ashing trials after 
mixing. 

The silicon carbide whiskers and silicon nitride 
powder were precoated with stearic acid in a solution 
of carbon tetrachloride. The solvent was then 
evaporated and finally the whisker/powder mixture 
was dried under vacuum. The ceramic mixture and 
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Figure 2 Particle size distribution for silicon nitride powder after 
milling with sintering ends. 

remaining organic constituents were preblended in a 
low-speed rotary mixer (Moritz Chemical Engineering 
Co, UK). This preblend was then transferred to a 
Betol TS40 twin screw extruder with barrel tem- 
peratures (feed to exit) of 210, 215, 225, 2t5~ The 
extrudate was cooled in a water bath and granulated 
after drying. 

Compositions containing silicon nitride only were 
preblended in a Henschel high-speed non-refluxing 
mixer before the twin screw extrusion stage. 

2.2. Rheological measurements 
The flow properties were measured using a Davenport 
capillary rheometer at 225~ Initially, dies of dia- 
meter 1.5 mm and lengths 10, 20 and 35 mm were used 
to obtain an end correction. The latter proved to be 
very small and in the remaining work the 35 mm die 
was used and the end correction was neglected. After 
charging the barrel and waiting 10 min for tempera- 
ture equilibration, the pressure drop over the die was 

T A B L E  I 

Composit ion 0 SN50 SN57.5 SN60 SN63 SN67 CI C2 C3 C4 C5 C6 

Intended 50.0 57.5 60.0 63.0 67.0 50.0 53.0 56.0 50.0 50.0 50.0 
volume 
loading (%) 

Measured 50.2 57.4 60. l 63.0 66.9 50.1 53.2 55.6 50.8 48.8 50.4 
volume 
loading (%) 

SiC whisker 0 0 0 0 0 0.2 0.2 0.2 0.23 0.27 0.30 
fraction of 
ceramic 

SiC (wt%)  . . . .  15.3 15.7 16.0 17.6 20.7 23.0 

Si3N 4 78.5 83.2 84.5 86.1 88.0 63.I 64.7 66.2 63.7 60.4 55.3 
(wt %) 

PP (wt %) 66.7 14.3 11.2 10.3 9.2 8.0 14.4 13.3 11.9 14.4 14.5 14.5 

Wax (wt%) 22.2 4.8 3.7 3.5 3.1 2.7 4.8 4.4 4.0 4.8 4.8 4.8 

Stearic 11.1 2.4 1.9 1.7 1.6 1.3 2.4 2.2 2.0 2.4 2.4 2.4 
acid 
(wt %) 

Measured 1.0 6.5 11.7 16.4 21.2 - 14.8 27.3 35.2 19.4 18.3 30.9 
relative 
viscosity 

Power law 0.7 0.8 0.8 0.8 - 0.5 0.4 0.5 0.5 0.5 0.4 
index, n 
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Figure 3 Scanning electron micrograph of the as-received Tateho 
silicon carbide whiskers. 

measured using a 34.45 or 68 .9Nmm -2 full-scale 
transducer as appropriate, in the shear rate range 100 
to 1400sec ~. This includes the range of shear rates 
encountered in the injection-moulding process. The 
viscosity data were corrected for non-Newtonian flow 
using the Rabinowitsch correction [19]. 

3. Resul ts  and discussion 
3.1. Preparat ion of suspens ion 
The silicon nitride (Fig. 1) was a submicrometre pow- 
der which tended to show agglomerates in the 2 to 
5 ttm region. The particle size distribution obtained by 
a Coulter Counter method (Fig. 2) probably reflects 
the state of agglomeration. The silicon carbide whiskers 
in the form in which they were received are shown in 
Fig. 3. The whiskers have diameters in the range 0.3 to 
t.5/~m and after processing by extrusion they have a 
mean length of 12#m. The length distribution was 
measured on dispersed samples using an optical 

1000- 

microscopy imaging method to be described in full 
elsewhere [20] and not by cursory inspection of scan- 
ning electron micrographs. It is noteworthy that the 
whiskers appear in the undispersed form to have 
greater average length than that measured by imaging 
of a dispersed sample. This illustrates the difficulty in 
assessing length and hence aspect ratio from an undis- 
persed mat of whiskers. On the basis of these measure- 
ments, aspect ratios before processing fall in the 8 to 
40 range but because the whisker length varies from 3 
to 30#m the actual range of aspect ratio is much 
greater. 

The procedure for precoating the whiskers with 
stearic acid considerably assisted the preparation of 
the suspensions [20] and this can be attributed to the 
lubricant action of  carboxylic acid layers [21]. 

3.2. Viscosi ty of Si 3 N4 suspens ions 
The viscosity-shear rate plot for compositions con- 
taining only silicon nitride at a range of volume load- 
ings (Fig. 4) shows that all the suspensions have the 
pseudo-plastic behaviour of a power law fluid and fit 
the relationship 

y/ = k~"-' (1) 

where r/ is the viscosity, 7 is the shear rate, k is a 
constant and n is the flow behaviour index. The flow 
behaviour indices were in the range 0.7 to 0.8 indicat- 
ing that even at high shear rates signs of dilatancy 
were absent. 

It has been suggested that for ceramic injection 
moulding the maximum viscosity at the lower end of 
the shear rate range encountered in injection mould- 
ing (100 sec -~) should be in the region 1000 to 1400 Pa 
sec depending on the capability of the machine and the 
cavity design. In the present work, viscosities which 
had been corrected by the Rabinowitsch correction 
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Figure 4 Viscosity-shear rate plots for silicon nitride suspensions with (A) 50 vol %, ( x ) 57.5 vol %, (D) 60 vol % and ([~) 63 vol % powder. 
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Figure 5 Relative viscosi ty-volume loading curve for (El) the silicon nitride powder  f rom Fig. 4 and �9 the composi te  suspension f rom 
Fig. 7. Shear rate = 143 sec L. 

were recorded at 143 sec-) and compared. The viscos- 
ity of the unfilled polymer blend q0 (composition 0) 
was measured as 16Pasec at 143sec ~. The relative 
viscosities (t/r) of the filled compositions were then 
calculated from 

t/, = ~//t/0 (2) 

and were plotted as a function of volume loading 
(Fig. 5). This curve shows that at high volume load- 
ings of ceramic powder, viscosity approaches infinity. 
A characteristic of this curve is //max, the volume load- 
ing at which the viscosity becomes infinite as particles 
make contact or are inhibited from rotating in shear 
flow. In principle, Vm~x is related to the maximum 
packing efficiency of the powder and is dependent on 
powder characteristics such as particle size distribu- 
tion, particle shape and specific surface area. 

3.3. Prediction of the viscosity of 
suspensions 

A number of expressions have been derived to relate 
relative viscosity to volume loading for concentrated 
suspensions. A characteristic of many such semi- 
empirical equations is that they include a function of 
(Vmax -- V) as denominator. Thus viscosity is related 
to the extra volume fraction of organic vehicle 
(Vm,x -- V) over and above that needed to fill the 
interstices between contacting particles (1 - Vma,). 

Eilers [22] suggested that 

g]r ~--- 1 -}- 1 - -  ~-Vmax/J  (3)  
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Mooney [23] presented the relationship 

t/r = exp 1 - - -kV]  (4) 

where k was taken as 1/Vmax for monosized spheres. 
Chong et al. [24] modified Eilers' equation to produce 
an equation which fits experimental data close to V~n,x 

( 075V/Vm , 
qr = 1 Jr- 1 - -  V I V m a x )  (5)  

Figure 5 shows the experimental data for silicon 
nitride (compositions SN50-SN63) and the best fit of 
Equation 5 obtained by an iterative method. 
Mooney's equation gives V,,a, = 1.2 and is a poor fit 
to data points above V = 0.5, clearly this Vm~ is not 
valid. Eilers gives Vm,x = 0.81 and presents a better fit. 

Chong's equation gives the best fit and Vm,, = 0.75. 
For monosized particles, random close packing would 
give Vm,x = 0.635 [25] and the maximum possible 
ordered packing would be 0.74. The higher value of 
Vmax observed for the silicon nitride powder is expected 
from the wider particle size distribution shown in 
Fig. 1 [26]. 

Theoretical methods of predicting the porosity [27- 
29] or the maximum solids loading [30, 31] of poly- 
disperse systems from powder characteristics have 
been developed. However, application of these theories 
to highly concentrated suspensions is only valid for 
well-dispersed particles [32] and wide discrepancies 
between experimental and calculated theoretical 
maximum solids loadings have been found [33]. 
The analytical methods ignore the effect of particle 
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Figure 6 Contour map for Chong's equation allowing prediction of relative viscosity from a single measurement. Contours are labelled with 
relative viscosity values. 

surface chemistry and particle shape on the packing 
configuration. 

The equation of Chong et al. [24] provides a route 
to the direct prediction of viscosity if Vm,x could be 
predicted from powder properties. However, it should 
be noted that the steep gradient of the relative viscos- 
ity curves in the region which is of interest for injection 
moulding, demands an accuracy in predicted Vm~x of 
about 1 vol % if it is to serve a useful purpose. Prob- 
ably the most serious threat to this accuracy is the fact 
that particle size distribution curves such as that in 
Fig. 2 do not always present data for deagglomerated 
powder. Thus, if intensive mixing devices used in 
preparing ceramic injection moulding formulations 
are more effective in dispersion than the method used 
for deagglomeration in particle size measurement then 
the particle size distribution so obtained would not be 
suitable for calculation of Vmax- 

The excellent fit of  Chong's equation to ceramic 
injection moulding suspensions in the present work 
and also in related work [18, 33] suggests that pro- 
vided the viscosity of the organic binder is known 
under some chosen conditions, a single measurement 
of viscosity of a ceramic moulding suspension yields 
the full viscosity curve. The measured composition 
should fall in the high volume loading regime. This 
avoids the need to prepare a series of blends for each 
new powder or powder batch encountered. The opti- 
mum ceramic powder loading can be selected from a 
single experiment without a knowledge of particle 
characteristics. 

Fig. 6 presents a contour map for the equation of 
Chong et al. for a range of volume fractions relevant 
to ceramic injection moulding (V = 0.55 to 0.65 and 
for a range of Vmax from 0.70 tO 0.76). By making use 
of this map, the relative viscosity curve for a given 
powder can be obtained from one measurement of 
viscosity of a crowded suspension and from this curve 
the volume fraction needed to give a suitable viscosity 
for injection moulding, typically 1000 to 1400 Pa sec 
[15] can be found. 

3.4. Viscosity of composite suspensions 
The problem of selecting a suitable volume fraction of 
ceramic is further complicated by whisker additions 
because a formidable array of possible compositions 
present themselves and a considerable supply of sili- 
con carbide whiskers would be required for exhaustive 
exploration. 

Compositions C1 to C3 were prepared incorporat- 
ing a ceramic content based on 20 vol % SiC whiskers 
80 vol % Si3N 4 powder at various volume loadings in 
the same organic vehicle. Fig. 7 shows the log 
viscosity-log shear rate plots for these compositions. 
The lower overall volume loadings of ceramic were 
necessitated by the inferior packing of the powder-  
whisker blend as expected. The suspension also 
showed pseudoplastic behaviour with the flow 
behaviour index, n, in the region 0.4 to 0.5. 

These suspensions are clearly more pseudoplastic 
than the suspensions containing silicon nitride only, 
despite the fact that they are based on the same 
organic vehicle. There are two possible explanations 
for this observation. It is possible that whisker length 
degradation occurred at high shear stresses resulting 
in a genuinely lower viscosity suspension. It is also 
possible that whisker orientation occurred at higher 
shear rates under converging flow and this reduced the 
viscosity [34, 35]. Once again, viscosity readings at the 
low shear rate end (143 sec -~) were used to construct 
a relative viscosity-volume loading curve, which is 
shown in Fig. 5. Surprisingly, Chong's equation also 
fits these data well giving a much lower Vm~x of 
63.5 VO1%. This reduction from 75 vol % is a conse- 
quence of replacing some of the silicon nitride to give 
a 20 vol % silicon carbide whisker blend. Thus in the 
region of volume loadings of interest in ceramic injec- 
tion moulding, where the two curves are almost paral- 
lel, the 20% whisker substitution means that the 
overall ceramic volume loading must be reduced by 
about 11 vol % to yield the same viscosity as the sili- 
con nitride suspension. 

Previous validations of Chong's equation have used 
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Figure 7 Viscosity-shear rate plots for 20vol % SiC whiskers: 80vol % Si3N 4 powder at ( i )  50vol %, ([3) 53vol % and (0) 56vol %. 

spherical or equaxed particles and the observation 
that data for a particle-rod suspension also agrees 
with the equation is both novel and extends the 
versatility of the relationship. 

Other relative viscosity-volume loading relation- 
ships which have been specified for eliptical particles 
appear to be less satisfactory because they cannot be 
directly applied to a composite system. Brodnyan [36] 
extended Mooneys equation to consider ellipsoidal 

particles 

(2 .5V + 0.399 (p - ' )  ) 
r/, = exp 1 ---~vv 1.48V (6) 

where p is the axial ratio. Similarly Kitano et al. [37] 
has developed an equation for accicular particles. 

1/r = 1 - 0.54 - 0.0125p (7) 
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Figure 8 Viscosity-shear rate plots for 50 vol % ceramic suspension with (rn) 0 vol %, ([3) 20 vol % SiC, (0) 23 vol % SiC, (0)  27 vol % SiC 
and (zx) 30 vol % SiC whisker substitutions based on the Si 3 N 4 content. 
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T A B L E  II 

Composit ion SN50 C1 C4 C5 C6 

SiC whisker 0 0.2 0.23 0.27 0.30 
fraction of 
ceramic 

Measured 50.2 50.1 50.8 48.8 50.4 
volume (%) 

Measured 6.5 14.8 19.4 18.3 30.9 
relative 
viscosity 

V~n~x 0.750 0.635 0.620 0.600 0.584 

Calculated 6.4 14.3 17.0 22.6 29.9 
relative 
viscosity at 
50 vol % 

3.5. Effect  of va ry ing  wh i ske r  c o n t e n t  
With the overall ceramic content held constant at 
50vo1%, compositions SN50, C1, C4, C5 and C6 
were prepared with the whisker content varying from 
0 to 30 vol % ceramic. This allows the effect of increas- 
ing SiC whisker content on viscosity to be studied. The 
viscosity-shear rate plots are shown in Fig. 8 and the~e 
is now clear evidence of  an effect of whisker content on 
flow behaviour index. This may result from whisker 
length degradation during flow in the capillary at high 
shear stress or whisker orientation at high shear rates 
[34, 35, 38]. The actual volume loading obtained from 
ashing results for composition C4 was lower than 
intended, while the volume loading for C5 was slightly 
higher than expected due to mixing losses. For  this 
reason the log viscosity-log shear rate plots for these 
compositions are coincident. Because the relative 
viscosity of a filled suspension is strongly depen- 
dent upon volume loading, the comparison of  sus- 
pensions containing different whisker fractions may 
only be undertaken if each has exactly the same vol- 

/ 

ume loading. Table II shows the exact volume load- 
ings calculated from ashing results, indicating a devi- 
ation of up to 1.2 vol % from the intended 50 vol % 
ceramic content. This small discrepancy results 
in a viscosity measurement which deviates from the 
value at 50vol % ceramic content by 12%. This illus- 
trates the necessity of controlling volume loading 
of ceramic with precision and emphasizes the accuracy 
demanded by prediction of Vm~x from particle charac- 
teristics. 

In order to correct the relative viscosity values for 
these suspensions to correspond to 50 vol % ceramic 
content, the procedure used in Section 3.3 was 
employed. Vma x was calculated assuming a fit to 
Chong's equation and the corresponding relative vis- 
cosity at 50vol % was thereby obtained (Table II). 
The corrected relative viscosity of these suspensions at 
143 sec-~ was plotted against ceramic whisker content 
in Fig. 9. 

The abscissa in Fig. 9 is whisker volume per cent 
based on the ceramic. This curve shows a monotonic 
increase in relative viscosity with increasing whisker 
content. It is fortuitous that whisker contents in the 
20 to 30 vol % region based on the ceramic content are 
effective in producing enhanced toughness [8] because 
viscosity rises steeply above 30%. In Fig. 9 the relative 
viscosity is based on the unfilled polymer blend so that 
for zero whisker content ~/r = 6.4, which value is also 
seen in Fig. 5. A slight decrease in average whisker 
length occurs as whisker content is increased [20]. This 
is inevitable in the processing method employed and 
means that the increase in viscosity with increasing 
whisker content is slightly underestimated. 

3.6. Mapping the viscosity of composite 
blends 

The increase in viscosity afforded by whisker addition 
for a 50 vol % ceramic suspension is described by the 
curve in Fig. 9 and can be fitted to a polynomial to 
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Figure 9 Relative viscosity-whisker content plot for 50 vol % composite ceramic suspension. 
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give 

qr = A + B W  + C W  2 + O W  3 (8) 

in the region 0 to 30 vol % whisker additions where 
W is the volume fraction of whiskers based on the 
total ceramic volume and where r/r is the viscosity of 
a composite suspension divided by the viscosity of 
the binder. Thus for zero whisker loading the relative 
viscosity is 6.4. Although Equation 8 is an empirical 
relationship, it allows the prediction of viscosity over 
a range of whisker contents. The values of the coef- 
ficients in Equation 8 which yield a best fit to the 
experimental data are A = 6.4, B = 10.5, C = -48 .1  
and D = 900.1. 

A considerably more powerful method of mapping 
the viscosity of these suspensions is again to employ 
Chong's equation and to use the contour map in 
Fig. 6 to predict Vmax for the 50 vol % ceramic blends 
with different whisker loadings. Thus each point in 
Fig. 9 can be considered to lie on a separate Chong 
plot of the type shown in Fig. 5. Fig. 10 shows the 
family of Chong plots for these compositions and this 
method allows the prediction of viscosity for any com- 
posite in the useful composition range of 0 to 30% 
whisker addition. 

It is also of interest to see how Vma x varies with 
whisker content. In Fig. 11, Vma x from Chong's 
equation is plotted against whisker content. This 
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Figure 11 V, na~ from Chong's  equation plotted against whisker content. 
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curve gives an indication of how the maximum pack- 
ing efficiency of powder-rod systems varies with com- 
position and can be compared with the results of 
Milewski's experiments [39]. From Milewski's results, 
using an aspect ratio of 16, a ratio (R) of particle 
diameter to fibre diameter of 1 and 25 vol % fibres (the 
nearest composition to that used in the present work), 
the maximum solids loading of 59.9 vol % is predicted. 
This compares reasonably with the Vm, x = 61 VO1% 
found by Chong's equation for the composite system 
for a whisker fraction of 25 vol % from Fig. 11. The 
aspect ratio of whiskers which had been processed by 
this route was measured experimentally and gave an 
average value of 15 [20]. However, the agreement may 
be fortuitous in that the average aspect ratio conceals 
wide variations. 

The curve fits an equation of the type 

gma x = A + B W  + C W  2 (9) 

where W is the whisker volume (%) based on the 
total ceramic volume and A = 0.75, B = -0.616,  
C = 0.211. 

By substituting W = 1 into Equation 9, the curve 
(Fig. 11) is extrapolated to the situation where all the 
silicon nitride powder has been replaced by silicon 
carbide whiskers. Under these circumstances, Vmax = 
0.35. Thus the maximum isotropic packing fraction of 
the processed whiskers is predicted. Milewski [39] 
plotted accumulated packing fraction data for fibres 
as a function of aspect ratio. From his curve an aspect 
ratio of 15 is obtained for rma x = 0.35; a value which 
also agrees with experimentally determined aspect 
ratios for the silicon carbide whiskers after processing 
by twin screw extrusion [20]. Again this agreement is 
partly fortuitous in that the average whisker aspect 
ratio conceals wide variations and that whisker length 
degradation is enhanced at higher whisker contents. 

4. C o n c l u s i o n s  
Ceramic injection moulding compositions containing 
silicon nitride powder with and without silicon carbide 
whisker additions have been prepared. The relative 
viscosity, recorded at the ideal processing temperature 
and at the lower end of the shear rate range encoun- 
tered in injection moulding were found to fit the 
equation of Chong et  al. This was the case for powder 
and composite suspensions. This provided a method 
for the optimization of ceramic volume loading from 
a single viscosity measurement by a contour map 
derived from Chong's equation. 

A similar procedure was used to investigate silicon 
nitride powder-silicon carbide whisker suspensions. 
In this way the viscosity of composite blends of pow- 
der and whiskers could be predicted over the volume 
loading range 0 to Vm~x and for whisker fractions from 
0 to 0.3 based on the ceramic. 
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