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Abstract

SiC powders are surface modified to behave like alumina in aqueous suspensions by coating the powders with in situ generated

hydrolyzed aluminium from dilute aqueous aluminum nitrate solutions in a pH range of 3–4.5 using hexa-methylene-tetramine as
the base generator at ambient temperature. By examining the zeta potential and rheological properties of aqueous suspensions of
the powder with different Al-coverage, it was observed that the coated powder begins to show alumina-like surface properties at an
Al-coverage of 0.1 mg/m2, in contrast to 0.5 mg/m2 that was the minimum value reported earlier for observing the effect. This is

explained by proposing a coating mechanism which proceeds through adsorption of a layer of cationic hydrolysed aluminum
molecules, such as [Al(OH)(H2O)5]

2+ and [Al2(OH)2(H2O)8]
4+, during which the particles attain alumina-like surface charge

properties. The modified powder retained alumina-like surface characteristics when stored under moist conditions and in acidic

suspensions. The low value of Al-coverage and the resulting low increase (<10%) of powder surface area are advantageous for
preparation of concentrated SiC and SiC–Al2O3 composite suspensions in acidic aqueous medium with rheological properties
similar to that of their counterparts containing alumina only.
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1. Introduction

Colloidal processing of ceramics has gained impor-
tance mainly because of the possibility of fabricating
high density compacts by using process such as slip-
casting, filtration and/or plastic forming techniques
from well dispersed suspensions. Aqueous ceramic sus-
pensions are dispersed either by adjusting the slurry pH
away from the pHiep of the powder (electrostatic stabi-
lization) or by using polyelectrolytes as dispersing
agents (electrosteric stabilization). However, powder
dispersion characteristics and the flow properties of the
resulting suspensions are controlled by the powder sur-
face charge which vary with the type of powder and
even with their source. Due to this surface property
variation it is often necessary to use a specific pH or a
certain dispersing agent for each separate powder.

Identification of a common pH or dispersing agent
becomes difficult specially when different types of pow-
ders with wide difference in their surface properties are
used for preparing composite powder suspensions.
Alumina coating of powders has been used to

improve colloidal processing of various ceramics by
controlling the particle surface charge.1�9 The coating
produces particles with uniform surface properties by
suppressing the surface heterogeneity that originates
from impurities or process conditions. For non-alumina
ceramics such as SiC and Si3N4, the coating also pro-
duces alumina-like surface. These coated powders, by
virtue of their alumina-like surface, show dispersion
characteristics of alumina and they along with alumina
form homogenous suspensions for fabrication of com-
posites. In addition, the coating enhances the strength
of their green compacts and improves the sintering
behaviour.10,11

However, the coating is generally followed by an
increase in the surface area or change in the surface
morphology of particles.2,4 Surface area of the coated
powders increases with increase in the amount of
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adsorbed hydrolysed aluminium. This leads to an
increase in the slip viscosity which become more pre-
dominant in concentrated slips. Concentrated (>50
vol.%) suspensions with low viscosities (<1 Pa s ) are
desired for fabrication of dense and near-net-shape
green bodies by ceramic processes such as slip-casting
and gelcasting.12,13 Hence when coated powders are
used for preparation of concentrated slurries it is
desired that the coating thickness or the amount of
adsorbed aluminium is minimized to achieve the desired
level of modification.
Alumina coating of ceramic powders can be accom-

plished by either the colloidal coating6 or precipitate
coating method.2 In the colloidal method, the coating is
formed by electrostatic adsorption of small alumina
particles from sols or colloidal suspensions. The pre-
cipitate coating, on the other hand, is achieved by con-
densation of hydrolysed aluminium, generated in situ
from an aluminium alkoxide or salt solution, on the
particles. Whereas aluminium alkoxides are hydrolysed
from their non-aqueous solutions by addition of con-
trolled amount of water, aluminium salts are hydrolysed
from aqueous solutions by using a base generator (urea
or hexamethylene-tetramine) and employing a reaction
temperature of 85 �C. Colloidal coating generally pro-
duce thick coatings (>10 nm) since they are derived
from boehmite platelets or alumina sol clusters of size
above 1 nm. On the other hand, thin coatings (<3 nm)
were possible by the precipitation method wherein the
coatings were formed from Al-solutions by in situ gen-
eration of hydrolysed aluminium and their condensa-
tion on the particle surface.
Liden et al.2 have optimised surface modification of

SiC and Si3N4 powders with hydrolysed aluminium
coating from an alkoxide solution by controlling the
hydrolysis and polymerization reactions of the alkoxide
molecules. They report an Al-coverage minimum of
about 0.5 mg/m2 to give the powders alumina-like
properties. They have also observed a surface area
increase by about 20% for the coated powder. In this
context there is a need for obtaining the desired prop-
erties at a lower Al-coverage. In this paper we report
that alumina-like surfaces of SiC can be obtained at
significantly low Al-coverage values by using dilute alu-
minium salt solutions and controlling the hydrolysis
reactions in a narrow pH range. The implications are
discussed.

2. Experimental procedures

Two SiC powders with different particle size and spe-
cific surface area were used. The ‘‘fine’’ powder with an
average particle size of 0.2 mm and the BET surface area
of 35 m2/g was obtained from M/s Ibiden Co., Ogaki,
Japan and the ‘‘coarse’’ powder with a particle size of 2

mm and the surface area of 4.1 m2/g was obtained from
M/s Grindwell-Norton, India. a-Alumina (AKP-15,
Sumitomo Corporation, Japan) with a particle size of
0.63 mm and the surface area of 3.7 m2/g was used for
preparation of aqueous codispersions with SiC. Alumi-
nium nitrate (E-merck India Ltd.) and Hexamethylene
tetramine (HMTA) (Fluka, Switzerland) were of
reagent grade.
SiC powders with various amounts of hydrolysed

aluminium coating were obtained by the following pro-
cedure. Aqueous SiC slurries (about 30 vol.%) contain-
ing various amounts of aluminium nitrate and HMTA
in 4:3 mole ratio and of pH about 3 were tumbled in a
polyethylene bottle along with silicon carbide balls for
about 12 h. The resulting mix was then aged at ambient
temperature (�30 �C) for 36 h. The slurries were cen-
trifugally separated, washed repeatedly with distilled
water and dried in flowing air at ambient temperature.
The powder thus dried retained a water content of
about 5% by weight. The Al-solution concentration was
varied such a way that the amount of Al available for
coating was in the range of 0.1–0.5 mg/m2 of the powder
surface area. An aging time of 36 h was fixed after study-
ing the Al-absorption Vs time behaviour for a typical Al-
solution concentration for a duration up to 60 h.
The amount of aluminium absorbed on the powder

was obtained by determining the amount of aluminium
in the spent solution and knowing the amount of alu-
minum initially taken. Aluminium in the spent solution
was estimated titrimetrically using Ethylenediamine-tetra-
acetic acid (EDTA) following a standard procedure.14

The modified powders were characterized by disper-
sing them in aqueous medium and examining the rheo-
logical properties of the suspensions and zeta potential
of the powder as function of pH. The rheological prop-
erties were studied using concentrated (30–40 vol.%)
suspensions of the ‘coarse’ powder. The viscosity of the
suspensions at shear rates of 4.65–93 s�1 was measured
using RVT/HBT Synchro-lectic viscometer with SC4–
21/13R small sample adapter of coaxial geometry
(Brookfield Engineering, Stoughton MA). Zeta poten-
tial measurements using dilute (�10 vol.%) suspensions
of the ‘fine’ powder were carried out in a zeta potential
analyzer (Micromeritics, model 1202). The BET surface
area of the as received and the coated powders were
measured in surface area analyzer (Model Gemini III
2375, Micromeritics Instrument Corp., Norcross, GA)
using nitrogen adsorption.

3. Results and discussion

In this investigation Al-solution concentration was
kept below 0.5 mg/m2 of the powder surface, the mini-
mum amount of Al required for modification by the
procedure adopted by Liden et al.2 In addition, the
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coating experiments were performed at ambient tem-
perature (�30 �C ), as against 80 �C that has been
employed by earlier investigators for coating from alu-
minium salt solutions, so that the HMTA hydrolysis
producing ammonia and simultaneous hydrolysis of alu-
minium occurred in a slow and controlled manner.15,16

3.1. Al-adsorption vs reaction time

The progress of HMTA hydrolysis and SiC particle
surface modification by adsorption of hydrolysed alu-
minium was monitored by measuring the slurry pH and
viscosity at different intervals. Fig. 1 shows the variation
of pH and viscosity with reaction period (including both
tumbling and ageing time) of a 28 vol.% aqueous SiC
slurry containing 0.2 mgAl/m2 of the powder surface
along with stoichiometric amount of HMTA. The slurry
pH increases very slowly from 3.4 to 4.1 during a reac-
tion period of 72h. The slurry viscosity simultaneously
decreases from 0.8 to 0.25 Pa s. Estimation of alumi-
nium content in the spent solution revealed that alumi-
nium adsorption on the particles increased with reaction
time leading to an Al-coverage of 0.1 mg/m2 during a
period of 48 h. Significant adsorption was not observed
after 48 h, corresponding to the plateau region of the
viscosity–time curve, possibly due to depletion of alu-
minium in the solution and sluggishness of HMTA
hydrolysis at higher pH.16

3.2. Al-adsorption vs Al-solution concentration

Assuming that the hydrolysis reactions become slug-
gish after 48 h, the coating experiments were repeated
for different Al-solution concentration (hereafter refer-
red as Al-concentration) for a fixed duration of 48 h.
Fig. 2 shows that Al-adsorption (hereafter referred as
Al-coverage) increases from 0.05 to 0.33 mg/m2 by
varying the Al-concentration in the range 0.12–0.44 mg/
m2 of the powder surface. More or less identical Al-
coverage values were obtained for both the ‘fine’ and
‘coarse’ powders using identical Al-concentrations with
respect to the powder surface area. Desired Al-coverage
could be obtained by judiciously fixing the Al-con-
centration and the reaction period as well as controlling
the pH and temperature.

3.3. Rheological properties of suspensions vs Al-coverage

Al2O3 and SiC show wide difference in their disper-
sion characteristics in acidic aqueous medium due to
large difference in their pHiep. The suspension of SiC
with pHiep of about 4 flocculates at pH 4 while Al2O3

with pHiep about 8 shows homogenous dispersion. Al-
coating shifts the pHiep of SiC towards that of alumina.
The extent of SiC surface modification by different
levels of Al-coating can, therefore, be assessed by

examining the rheological properties of their aqueous
suspensions at pH 4.
Fig. 3 shows the effect of different Al-coverage of the

particles and shear rate on the viscosity of SiC aqueous
suspensions at pH 4. As expected, the suspension of the
unmodified powder was highly unstable at pH 4 and
showed high viscosity and shear thinning flow beha-
viour due to flocculation. Powder surface modification
with hydrolysed aluminium coating brings down the
suspension viscosity and modifies the flow behaviour. It
can be seen that the slurry viscosity at 9.3 s�1 decreases
with increase in Al-coverage up to 0.1 mg/m2. Significant

Fig. 1. Variation of pH and viscosity at 9.3 s�1 with room tempera-

ture ageing of an aqueous SiC slurry (28 vol.% solid) mixed with alu-

minium nitrate (0.22 mgAl/m2 of the powder surface) and

stoichiomeric amount of HMTA. The ageing time includes a tumbling

period of 12 h.

Fig. 2. Effect of Al-solution concentration on Al-adsorption on SiC

particles during a reaction period of 48 h.
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variation of the viscosity does not occur by increasing
the Al-coverage above 0.1 mg/m2. In addition, the flow
behaviour of the suspension shows a gradual transition
from pseudo-plastic for the flocculated systems con-
taining powders with Al-coverage <0.1 mg/m2 to new-
tonian for dispersed systems containing powders with
Al-coverage 50.1 mg/m2.

3.4. Viscosity and zeta potential vs pH

Fig. 4 shows the viscosity of the suspension of the
modified powder with Al-coverage of 0.1 mg/m2 in
comparison to that of the unmodified powder suspen-
sion at pH between 4 and 11. The unmodified powder
suspension shows dispersion and viscosity minimum at

pH above 8. The modified powder suspension, on the
other hand, shows dispersion in acidic medium at pH 4
as well as in alkaline medium at pH above 10 as for
alumina suspension.
Fig. 5 shows the change in zeta potential with pH of

the modified SiC powders, 0.1 and 0.33 mgAl/m2, in
comparison with the unmodified SiC and a typical
commercial a-Al2O3. Whereas the unmodified powder
shows its characteristic negative potential in this pH
range, the modified powders show positive potential in
acidic suspensions and negative potential in basic sus-
pensions, characteristic of alumina. Furthermore, the
zeta potential vs pH plot of the modified powders clo-
sely follow that of a typical a-alumina. It may also be
interesting to note that the potential values of the mod-
ified powder do not vary significantly by increasing the
Al-coverage from 0.1 to 0.33 mg/m2.

3.5. Surface area of the coated powders

Significant change in the surface area from that of the
uncoated powder was not observed for the coated pow-
der with Al-coverage of 0.1 mg/m2. However, increase
in the surface area became significant (>10%) for Al-
coverage values 0.2 mg/m2 and above. This is in agree-
ment with the observations by Liden et al.2 who has
reported a surface area increase by 10–40% for powders
with Al-coverage in the range 0.2–0.7mg/m2.

3.6. Stability of the coating

Though thin coating is desired when surface area
increase is concerned, stability of the coating under dif-
ferent environment decides the use of these coated
powders in ceramic processing. Aging of the aqueous

Fig. 4. Viscosity at 9.3 s�1 vs pH plots for the aqueous slurries of

surface modified (0.1 mgAl/m2) and unmodified SiC powders.

Fig. 3. Effect of different Al-coverage of particles and shear rate on

the viscosity of aqueous SiC slurries at pH 4.

Fig. 5. Zeta potential vs pH plot for SiC (&), Al2O3 (*) and SiC

surface modified with 0.1 mgAl/m2 (~) and 0.33 mgAl/m2 (&).
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suspensions of the modified powder (0.1 mgAl/m2)
showed that the coating was fairly stable in acidic med-
ium but highly unstable in alkaline medium. The coated
powder that recovered from an alkaline suspension
showed dispersion characteristics of the unmodified SiC
upon redispersing in acidic medium, possibly due to
exposure of the native SiC surface by dissolution of the
coatings in the alkaline medium. On the other hand, the
acidic suspension of the coated powder showed settling
tendency only after 20 days.
Similarly, the powder retained alumina-like dispersion

characteristics only when stored under moist conditions.
While the moist powder (water content �5%) readily
dispersed in water, the suspension of the powder that
was dried at 110 �C showed high viscosity and low sta-
bility, possibly due to thermally activated condensation
of hydrolysed aluminium through de-hydroxylation
which would reduce the active sites for protonation and
bring down the particle surface charge.
Fig. 6 shows the photograph of the modified (0.1

mgAl/m2) and unmodified powder suspensions at pH 4
and 7. The modified powder suspension, as for alumina
suspension, is stable at pH 4 and unstable at pH 7, and
vice versa for the unmodified powder. Fig. 7 shows the
viscosity and flow properties of concentrated (>50
vol.%) aqueous SiC–Al2O3 composite powder suspen-
sions at pH 4. As expected, addition of small amount of
the unmodified SiC powder in alumina suspension
drastically increase the slurry viscosity due to hetero-
coagulation. On the other hand, incorporation of the
modified powder, as high as 25 vol.%, does not bring any
significant change in the slurry viscosity and flow beha-
viour from its counterpart containing alumina only.

3.7. Surface modification mechanism

From the above discussed experimental results it is
obvious that SiC powders coated with hydrolysed alu-
minium by the present procedure begin to show alu-
mina-like surface characteristics at an Al-coverage as
low as 0.1 mg/m2 in contrast to 0.5 mg/m2 reported by
earlier investigators. Assuming that a uniform surface
layer is formed, 0.1 mgAl/m2 is equivalent to about 2 Al
per nm2 which suggests a layer of molecular size.
Wood et al.17 have reviewed the hydrolysis of alumi-

nium salts in aqueous medium using HMTA or urea as
the base generator. Aluminium in aqueous solutions
exists as the monomer [Al(H2O)6]

3+ below pH 3.5.
Homogenous hydrolysis initially generates small cationic
hydrolysed molecules. With continued base generation,
these molecules grow in size by intermolecular con-
densation to produce [AlO4Al12(OH)24(H2O)12]

7+

known as Al13 ion. These reactions take place below pH
4.5. Bulk of the aluminium exists as [Al(OH)3]

0 between
pH 4.5 and 11. Above this pH [Al(OH)4]

� ions are
formed. Thus the hydrolysis reactions in the present

investigation being controlled below pH 4.5 favours SiC
particle surface modification with coatings of Al13 ion
or its precursor molecules.
It is well known that the surface of SiC contains a

SiO2 film due to oxidation. In a humid environment the
oxide surface hydrolyses to form negatively charged
surface groups, �Si(OH)�. Yang et al.18 in their study
on dispersion of SiC powder in Al13 solution proposes
the following chemical reactions between the negatively
charged surface sites of SiC particles and the positively
charged Al13 ions leading to particle surface modifi-
cation through reversal of the surface charge sign:
�Si(OH)�+[AlO4Al12(OH)24(H2O)12]

7+!�Si–O–Al–
AlO4Al11(OH)23(H2O)12

6++H2O.

Fig. 6. Photograph of aqueous dispersions of unmodified (U) and

surface modified (M) SiC powders at pH 4 and 7 showing alumina-like

dispersion behaviour of the powder by modification with 0.1 mgAl/m2.

Fig. 7. Viscosity and flow behaviour of aqueous SiC–Al2O3 composite

suspensions at pH 4. Modified SiC surface contains 0.1 mgAl/m2.
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The density of such active sites on SiC particle is
about 2 per nm.19 Al13 ion has a size of about 1 nm.17

Hence, assuming that each Al13 ion reacts with two sites
on the particle, only 17% of the total available sites get
occupied at an Al-coverage of 0.1 mg/m2. Furthermore,
assuming that the reacted Al13 ions carry five positive
charges per molecule, the coating provides only very
low surface charge of about 13 mc/cm2 to the particles
while a surface charge of 30–35 mc/cm2 is required for
producing alumina-like surface.20 On the other hand,
saturation of the active surface sites as well as desired
surface charge density with equivalent amount of Al can
be obtained using precursor molecules of Al13 ion, par-
ticularly by the monomeric [Al(OH)(H2O)5]

2+ and
dimeric [Al2(OH)2(H2O)8]

4+ species, which carry higher
charge per aluminium atom when compared to Al13 ion.
Liden et al.2 have studied the change in electro-kinetic
behaviour of SiC particles in dilute (10�5 M) AlCl3
aqueous solutions with increase in pH from 2 to 11.
They have observed a gradual change in the electro-
kinetic behaviour along with reversal of the particle
surface charge sign from negative to positive on
increasing the pH to 6.5. This has been attributed to
adsorption of monomeric hydrolysed aluminium mole-
cules. The present results support this view.
Liden et al.2 also propose a multiple-step reaction for

the growth of hydrolysed aluminium coating on SiC
from an alkoxide solution. They suggest that the reac-
tion starts with chemical adsorption of a monolayer of
the alkoxide molecule. The layer build up by addition of
further alkoxide molecules on the monolayer along with
adsorption of small aggregates of hydrolysed alkoxide
molecules that are formed in the solution. These reac-
tions take place simultaneously so that a continuous
layer is formed only at an Al-coverage of about 0.5 mg/
m2. A multiple-step reaction may be operative in the
present system also, but in a more controlled manner
under the present experimental conditions of low
Al-solution concentration (<0.5 mgAl/m2 of the pow-
der surface), very slow hydrolysis and high substrate
particle concentration. The results of the present study
can be explained by the following layer build up
mechanism. The Al-hydrolysis starts with small incre-
ment of the pH above 3.5 producing small amount of
Al13 pecursor molecules. These molecules are simulta-
neously absorbed on the particle surface through elec-
trostatic interactions. As the pH increases further, more
hydrolysed aluminium molecules are produced and
simultaneously absorbed on the particles. This process
continues till the powder surface sites get saturated with
these molecules during which the particle also attain
maximum positive charge density. As discussed earlier,
an Al-coverage of 0.1 mg/m2 is sufficient to produce this
result and the above reactions may be taking place at a
pH below 4 as can be inferred from Fig. 1. Upon con-
tinued supply of aluminium and increase in pH, the

layer grows by intermolecular condensation reactions,
enriching the layer with condensed species such as Al13
ions. Since the condensation reactions lead to a decrease
in the charge carrying capacity per aluminium atom,
increase of Al-coverage above 0.1 mg/m2 does not bring
any significant change in the zeta potential of the pow-
der and rheological properties of the suspensions.

4. Conclusions

In this paper the results of surface modification of SiC
powders by hydrolysed aluminium coating from dilute
aqueous aluminium nitrate solutions using hexamethy-
lene tetramine as the base generator and conducting the
hydrolysis at ambient temperature in a pH range of
3–4.5 are presented. The coated powder begins to show
alumina-like dispersion characteristics at an Al-cover-
age of 0.1 mg/m2 and significant change of zeta poten-
tial value of the modified powder and rheological
properties of the suspension was not observed by
increasing the Al-coverage by more than three times.
The above observations can be explained by a multi-
step reaction for development of the coating. The
coating build up through formation of a layer of
cationic hydrolysed aluminium molecules such as
[Al(OH)(H2O)5]

2+ and [Al2(OH)2(H2O)8]
4+ during which

the particles attain alumina-like surface charge proper-
ties. With continued addition of aluminum, the layer
grows by intermolecular condensation reactions. Sig-
nificant change in the particle surface charge does not
occur since condensation reactions lead to a decrease in
the charge carrying capacity per aluminium atom. The
modified (0.1 mgAl/m2) powder retained alumina-like
surface characteristics when stored under moist condi-
tions and in acidic suspensions. The low value of
Al-coverage and the resulting low increase of powder
surface area are advantageous for preparation of con-
centrated SiC and SiC–Al2O3 composite suspensions in
acidic aqueous medium with rheological properties simi-
lar to that of their counterparts containing alumina only.
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