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Abstract 

Silicon carbide powders o f  two different particle size 
ch'~tributions were dispersed in water at various pH 
values. The structure ofparticle aggregates in the 
resulting suspensions was determined by rheological 
techniques, particle size analysis, and electrophoretic 
mobilitv. Samples were prepared by slip casting o f  the 
suspensions in moulds o/plaster o/" Paris. 

Relative green densi O, and water content ~[ the 
bodies were measured and a good correlation between 
the properties a/slip-cast bodies and the structure o f  
initial suspensions was observed. 

Zwei Siliziumcarbidpulver mit unterschiedlichen 
Korngr6flenverteilungen wurden in Wasser bei ver- 
schiedenen pH-Werten dispergiert. Die Struktur der 
Agglomerate in dem entstandenen Schlicker wurde 
mit rheologischen Methoden, Korngr6flenanalyse und 
elektrophoretischer Mobilitiitsmessung bestimmt. Die 
Proben wurden durch Schlickergufl in Gipsformen 
hergestellt. 

Bei der Bestimmung der relativen Griindichten und 
der Wassergehalte der Formk6rper wurde eine gute 
Korrelation zwischen den Eigenschqften der Griin- 
k6rper und der Beschqffenheit des Schlickers beo- 
bachtet. 

Des poudres de carbure de silicium avec deux 
dimensions diff~rentes de particules ont ~tk dispersOes 
clans de l'eau h diff~rente5 valeurs de pH. La structure 
des agr~gats dans les suspensions obtenues a OtO 
d~;terminOe par des techniques rhbologiques, et une 
analyse de la taille des particules et de la mobilitb 
OA;ctrophorbtique. Les ~chantillons ont ~t~ pr~parbs 
par slip casting des suspensions dans des moules de 
pl6tre de Paris. 

La densitO brute et la proportion d'eau dans les 

~chantillons ont Ot~ mesurOes, et une bonne correlation 
entre les propriOtbs des composbs obtenus par slip 
casting et la structure des suspensions initiales a OtO 
observOe. 

1 Introduction 

59 

Silicon carbide is being considered for its great 
potential as a structural material for various 
applications: diesel engines, 1 gas turbines, 2'3 in- 
dustrial heat exchangers and high-temperature 
energy conversion systems. 4 Sintered SiC exhibits 
high hardness and strength over a broad range of 
temperatures, excellent erosion and oxidation 
resistance, and good thermal stress resistanceff -6 
However, an important aspect of the fabrication 
sequence which can improve subsequent sintering 
and final properties of bodies, is the achievement of a 
homogeneous structure and a good packing of 
powders at the consolidation stage of the green 
body. Inhomogeneities in green bodies, such as pores 
and agglomerates with different density from the 
matrix, affect the ability to reach high final packing 
densities. An agglomerate with higher green density 
than the matrix will sinter better and shrink more 
than the surrounding matrix, leading to microstruc- 
tures with dense areas surrounded by large cracks 
that will have a detrimental effect on the strength of 
the material, v Similar effects of agglomeration on the 
sintered microstructures have been reported for 
other materials. 8'9 Colloidal consolidation tech- 
niques can, therefore, be used to obtain homo- 
geneous, high-density green compacts.~ o 

The literature concerning slip casting of silicon 
carbide is not extensive. As referred to by Rado, 1~ 
successful casting slips of SiC and other non-oxide 
materials was first explored in a German patent in 
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1936.12 More recently, stabilization and colloidal 
processing of SiC has been studied in aqueous 13-18 
and nonaqueous solvents. 19'2° Degtyareva and 
coworkers 13"~4 studied the influence of pH and 
added clay and silicon on the properties of SiC slips 
and castings. Person et  al. 15'16 and Rizzo et  al. ~8 

have discussed the stabilization of SiC suspensions 
and the sintering of cast bodies. The effect of applied 
pressure on some properties of SiC specimens was 
also evaluated by Rogers 17 in aqueous medium and 
by Haggerty et  a l )  9 and Okuyama et  al. 2° in 
nonaqueous medium. 

The aim of the present work was to evaluate the 
influence of pH on the rheological behaviour, 
suspension stability and slip casting performance of 
two e-SiC powders with different particle size 
distributions. 

2 Experimental 

2.1 Materials and reagents 
The raw materials were two commercially available 
SiC powders, NF0 and NF1 (Elektroschmelzwerk, 
Kempten, FRG). The mean diameters, as given by 
the manufacturer, are 1.2 and 2.8/~m, respectively. 

Solutions of  hydrochloric acid and sodium 
hydroxide were used to adjust the pH values. A 
solution of sodium chloride was used to adjust the 
ionic strength of suspensions in electrophoretic 
experiments. All reagents were p.a. grade (Merck 
Portuguesa Lda, Portugal). 

2.2 Techniques 
The suspensions were prepared by first adding the 
powders to distilled water and hand stirring, 
followed by ultrasonication for 10 min. The pH was 
then adjusted to the required values and ultrasonica- 
tion allowed for more than 10min. The solid 
content  of  suspensions was limited to about  
0.01wt% in electrophoretic measurements and 
particle size analysis; and to 62.5 wt% in rheological 
and slip casting experiments, because of their high 
viscosity at and near the isoelectric point. 

The electrophoretic mobility was measured at 
room temperature using a microscope-type electro- 
phoresis equipment (Mark II, Rank Brothers, 
Cambridge, UK) with a planar silica glass cell and 
blacked platinum electrodes. The ionic strength of 
the liquid medium was adjusted to 0"001M NaC1. 

The floc size distributions (FSDs) of the finer 
powder were determined by using a photosedimen- 
tometer (Lumosed-Retsch, F. Kurt Retsch, FRG) at 
various pH values. 

The rheological properties of suspensions were 
evaluated with a cone-plate viscosimeter (Ferranti- 
Shirley, Ferranti Ltd, Manchester, UK) coupled to a 
personal computer by means of an analog and 
digital I/O board (Data Translation Inc., Harboro, 
MA, USA, DT2805). The flow curves (yield stress 
versus shear rate) were built up by collecting 
1000 points in both branches (up and down). 
Shear rate varied from 0 to 1176.8s -I in a sweep 
time of 10 s. The pseudoplastic behaviour observed 
was analysed under the Bingham approximation 
using the linear part (intermediate 900 points) of 
the down curve. The plastic viscosity and yield stress 
were calculated from the slope and the intercept of 
the straight line with the shear stress axis respectively. 

In slip casting experiments, care was taken to 
avoid air entrapment that could cause casting 
defects. Green bodies were prepared by pouring the 
suspensions into plaster moulds with a plaster :water 
ratio of l:25, to form solid samples 15 x 15 x 
100 mm; samples were unmoulded as soon as casting 
was completed. Samples were then weighed, dried in 
an oven at 110°C for 24 h and then reweighed. The 
green density was measured in a mercury balance 21 
using two pieces from each sample. 

3 Results and Discussion 

3.1 Eleetrophoretic measurements 
The electrophoretic mobility (epm) of NF0 and NF1 
particles was measured to determine how the 
interface potential changes with pH of suspensions. 
The results are shown in Fig. 1. The isoelectric points 
(ieps) of both powders at p H i 2  are in good 
agreement with other values reported in the 
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Fig. 1. The effect ofpH on the electrophoretic mobility (0.001M 
NaCI). 
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literature. ~8'22'23 The surfaces of SiC particles are 
usually covered by a thin film of silica. When this 
film grows, the iep will reach a value near that of the 
silica (pH 2-3-7). 24 In the present case, the SiC 
particles behaved as if they were covered by a SiO2 
film. As the pH is changed from the iep by addition 
of acid or base, the zeta potential will increase. The 
increase in zeta potential (or electrophoretic mo- 
bility) will be limited when maximum adsorption of 
potential determining ion on the particle surface is 
reached. This seems to occur at pH ~ 8. Further 
increase in pH only increases the charge in the liquid 
phase and reduces the potential difference between 
the surface and liquid, resulting in an upward trend 
of this curve for pH values greater than 8. The curves 
show a similar trend, which is not surprising, since 
the powders are different fractions of the same 
material. The major observed difference was at 
pH ~ 8, where particles must exist as individuals, 
which might be due to an increased suspension effect 
resultant from the higher surface/volume ratio of 
finer particles. 2s'26 This effect, due to the existence of 
fixed charges on the particle surfaces and to the 
presence of counter-ions that compensate that 
charge, is expected to increase with decreasing 
particle size. According to Chernoberezhskii, 27 the 
suspension effect is inversely proportional to the 
particle radius. 

3.2 Floc size distributions 
The floc size distributions (FSDs) of NF0 are shown 
in Fig. 2. The floc size (FS) is larger and FSD is 
broader at the iep where electrical double layer 
repulsions are absent and the van der Waals 
attractions dominate. Due to Brownian movements 
particles collide and form aggregates which grow 
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Fig. 2. The effect ofpH on the floc size distributions of the finer 
powder, NF0. 

heavy and sink. The variation of the pH away from 
the iep results in the development of charge on the 
surface of the particles, and repulsive double layer 
forces arise between them, reducing their collision 
efficiency. 28 Consequently, the FS will decrease. 
These results are as expected, according to the 
DLVO theory of colloid stability, 29'3° which is able 
to predict the stability of colloids in polar liquids by 
considering the balance between electrical double 
layer repulsions and van der Waals attractions. 

The finest and narrowest FSD observed at pH 8 is 
in good agreement with epm results and was 
assumed as the particle size distribution (PSD) of the 
powder. With ~83% of its particles having an 
equivalent spherical diameter (esd) smaller than 
0"85 #m, it seems to be much finer than indicated by 
the manufacturer. This difference can be due to the 
proximity of the lower limit of Stokes range where 
the effect of Brownian motion becomes significant 
and the results given by gravimetric sedimentation 
will show a wider PSD than is actually present in the 
submicron fraction. 31 Another inaccuracy source 
results from the time dependence of FS which could 
not be evaluated with this technique. Light scatter- 
ing techniques have been used to study the kinetics 
of Brownian coagulation. 32- 34 Agrawa134 studied 
the kinetics of flocculation of alumina particles in 
dilute suspensions and found a rapid growth in the 
FS at pH near the iep, whereas at pH away from the 
iep there was little or no growth. 

3.3 Rheology 
The Bingham yield stress and plastic viscosity of 
suspensions containing 62.5 wt% solids are reported 
in Fig. 3 as a function of pH. These curves show a 
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Fig. 3. The effect of pH on the yield stress and plastic viscosity 
(62.5 wt% solids). 
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Fig. 4. Relationship between yield stress and electrophoretic 
mobility of the finer powder particles. 
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Fig. 6. The effect of pH on the green properties of the slip cast 
bodies for suspensions containing 62-5 wt% of each powder. 

maximum at pH ~ 2, which corresponds to the iep of 
the powder surfaces. As was discussed previously, 
flocculation promoted by van der Waals attractions 
will be maximum at the iep where the long-range 
electrostatic repulsive forces are absent and where the 
FS also reaches a maximum. As the pH is changed 
from the iep by addition of acid or base, the zeta 
potential will increase, the number of floes and FS 
will decrease, resulting in lower viscosity and yield 
stress values. An increased degree of flocculation 
results in a larger number of floes with lower density 
and higher interstitial pore space occupied by the 
liquid phase. 35 The amount  of liquid between the 
flow unities is lessened and an increase in viscosity 
and yield stress is expected. 

The comparison between the yield stress and 
either the electrokinetic behaviour (Fig. 4), or FS, 
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Fig. 5. Relationship between yield stress and relative maximum 
floc diameter. 

expressed as the relative maximum diameter (Rela- 
tive Dmax., Fig. 5) of the NF0 suspensions, shows 
that they are intimately related. 

The lower values of the rheological parameters 
presented by NF1 can be attributed to its higher 
particle size and lower surface area. 36 

3.4 Casting 
The green density and the water content of the 
samples after unmoulding are presented in Fig. 6. It 
can be seen that the density is at a minimum at or 
near the iep and increases when pH is varied by 
addition of acid or base. In the basic region, values as 
high as 63.62% and 60.62% could be achieved with 
the finer and the coarser powders, respectively. As 
expected, humidity after mould release shows an 
inverse trend. 

There are good correlations between the theologi- 
cal properties of the suspensions and the electro- 
kinetic behaviour of the dispersed particles, the size 
of the flow unities, and the properties of the formed 
bodies, and also between the green density and the 
water content after unmoulding. These correlations 
allow a good relationship to be established between 
the structure of particles in suspension and that of  
the slip cast bodies, and allow determination of the 
opt imum degree of deflocculation. 

The modification of the structure of particles in 
suspension by changing the pH and increasing the 
potential determining ion adsorbed on its surface 
might be the factor responsible for the greater 
density of the cast samples obtained from less 
viscous suspensions. In fact, it has been suggested 35 
that increased deflocculation leads to the decrease in 
the number of floes and an increase in its density. If 
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the  s t r u c t u r e  o f  par t ic les  in s u s p e n s i o n  is t r a n s m i t t e d  

to  the sol id  wall  be ing  f o r m e d  n e a r  the  su r face  o f  the 
m o u l d ,  as p r o p o s e d  for  c lay  37'38 a n d  oxide  systems,  39 

then  a less p o r o u s ,  dense r  b o d y  s h o u l d  result ,  as 

seems to  be the  case. 

4 Conclusions 

T h e  d a t a  a n d  d i s cus s ion  in this p a p e r  enab le  the  
f o l l o w i n g  c o n c l u s i o n s  to  be d r a w n :  

(1) It is poss ib le  to  o b t a i n  re la t ive ly  h igh  dens i ty  

s i l icon c a r b i d e  bod ie s  by  slip ca s t i ng  as a 
basis  f o r  the  p r o d u c t i o n  o f  SiC ceramics .  

(2) T o  ach ieve  this goal ,  s t r o n g  repuls ive  inter-  

par t ic le  p o t e n t i a l s  are  r equ i red ,  w h i c h  c a n  be 

c o n t r o l l e d  by  s u s p e n s i o n  pH .  

(3) T h e  use o f  a f iner  p o w d e r  resu l ted  in h ighe r  

dens i ty  samples .  

(4) T h e r e  are  g o o d  i n t e r c o r r e l a t i o n s  b e t w e e n  the  

e l e c t r o p h o r e t i c  mobi l i ty ,  floc size, p las t ic  

v i scos i ty  a n d  yield stress, g reen  dens i ty  a n d  

h u m i d i t y  a f te r  u n m o u l d i n g  o f  cas t  bodies .  

(5) It a p p e a r s  t h a t  the re  is a g o o d  a g r e e m e n t  

b e t w e e n  the  s u s p e n s i o n  b e h a v i o u r  a n d  earl-  

ier m o d e l s  r e l a t ing  the  in t e rpa r t i c l e  fo rces  

to  the  s u s p e n s i o n  t h e o l o g y  a n d  e las t ic  
m o d u l u s .  3s 
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