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The consolidation behavior of colloidal SiC particles (30 or 800 nm diameter) with and without polyacrylic ammonium
(dispersant, PAA) at pH 7 was examined using a developed pressure filtration apparatus in the pressure range from 100 kPa
to 19 MPa at a constant crosshead speed or at a constant compressive pressure of a piston. In the electrostatically-stabilized
colloidal suspensions (5 vol%-30 nm SiC (powder A), 30 vol%-800 nm SiC (powder B)) without PAA, a phase transition from
a well-dispersed suspension to a flocculated suspension occurred when the applied pressure exceeded a critical pressure (AP, =
0.2-0.4 MPa). The addition of PAA suppressed the phase transition. The height of the compressive piston as a function of
filtration time at a constant applied pressure was simulated by an established filtration theory for a well-dispersed suspension
and a newly-developed filtration theory for a flocculated suspension. The experimental results for both the suspensions of
powders A and B with and without PAA were simulated well by the new model for flocculated suspension. The packing density
of consolidated powders A and B in the filtration apparatus depended on the applied pressure, but the density after calcination
was independent of the compressive pressure.
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Introduction critical applied pressure (AP, [17]. Based on the colloidal
phase transition, a new filtration theory was developed
The technology of forming ceramic powder is divided to explain the AP;— h, (height of piston) relation for a

into dry and wet processing methods. Uniaxial pressing flocculated suspension. Good agreement was shown
and isostatic pressing are typical convenient dry forming between the theory developed and experimental results
methods. More uniform microstructures of green compacts of electrostatically-stabilized suspensions [14, 17]. In this
are seen by wet forming methods such as filtration, pressure paper, the effect of polyelectrolyte dispersant (polyacrylic
filtration [1-3], electrophoretic deposition [4-6] or doctor ammonium, PAA) on the consolidation behavior of 30
blading [7-9]. Pressure filtration can reduce the consolidation and 800 nm SiC is studied at a constant compressive
time of a colloidal suspension as compared with the pressure (100 kPa-10 MPa) or at a constant crosshead speed
filtration method using a gypsum mold because of a of the piston. The measured h-filtration time relation is

higher compressive pressure. The capillary tube suction analyzed by both the established and newly-developed
pressure of a gypsum mold is 50-100 kPa, but the applied filtration theories.
pressure of pressure filtration can be as high as 80 MPa

when stainless steel equipment is used [10]. Experimental procedure
In previous papers [11-16], we analyzed the consolidation
behavior of aqueous suspensions of hydroxyapatite, silicon Table 1 shows the characteristics of the SiC suspensions.

carbide, 8 mol% yttria-stabilized zirconia, and alpha A high purity a-SiC powder (powder A) supplied by
alumina powders in the size range from 20 to 800 nm Yakushima Electric Industry Co. Ltd., Kagoshima, Japan,

using a newly-developed pressure filtration apparatus at was used in this experiment. A plasma CVD-processed
a constant crosshead speed of a compressive piston or B-SiC powder (powder B) supplied by Sumitomo Osaka
at a constant compressive pressure. From a comparison Cement Co. Ltd., Tokyo, Japan, was also used. As-received
between the applied pressure (AP;) and the volume of powder A was dispersed at 30 vol% in an aqueous solution
dehydrated filtrate (Vy), it was found that a phase transition at pH 3.0 (named A3-30) and pH 7.0 (named A7-30).
from a dispersed state to a flocculated state occurs at a As-received powder B was dispersed at 5 vol% in an
aqueous solution at pH 3.0 (named B3-5) and pH 7.0
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Table 1. Chatacteristics of SiC suspensions

Composition Median size

Suspension (mass %) (m)

Starting powder

Specific surface area

PAA addition
(mass %)

Solid content of
(m%g) suspension (vol %)

A3-30 SiC 98.90,
. Si0,  0.66,
(poov‘;iéf A Al 0004 800
Fe 0013,
Free C 0.37

A7-30

AT7-30P

13.4 30 7 0

B3-5 SiC 95.26,
B-SiC
(powder B)
B7-5P C 3.77

B7-5 Si0, 0.97, 30

50.9 5 7 0

PAA: Polacrylic ammonium (CH,~CHCOONHy),, molecular weight 10,000

(0.75 mg/m>-SiC B) was added to A7-30 (named A7-30P)
and B7-5 (named B7-5P). The saturated amount of
PAA adsorbed on the SiC surface at pH 7 was measured
to be 0.29 mg/m? in our previous papers [18, 19]. That
is, the prepared SiC suspensions contained the saturated
amount of PAA or excess free PAA. The zeta potential
of powders A and B with and without PAA was measured
at a constant ionic strength of 0.01 M-NH,NO; (Rank
Mark II, Rank Brothers Ltd., Cambridge, UK) [18, 20].
The rheological behavior of the suspensions of powders
A and B with and without PAA was measured by a cone
and plate type viscometer (DV-II+Pro, Brookfield Eng.
Lab., Massachusetts, USA). The prepared suspensions
(A7-30, A7-30P, B7-5 and B7-5P) were consolidated through
a plastic filter with a 20 pm pore diameter and three
sheets of a membrane filter with a 0.1 um pore diameter,
which were attached to the bottom of the piston (polymeric
resin) moving at a constant compressive pressure (0.1-
10 MPa). When the suspension in a closed cylinder was
compressed by the piston, the filtrate flowed into and
through the pore channels formed in the upper piston.
The applied load and the height of the piston were
continuously recorded (Tensilon RTC, A & D Co. Ltd.,
Tokyo, Japan). The consolidated SiC compact was taken
out of the cylinder and dried at 100 °C in air for 24 h.
The dried compact was heated at 1000 °C in Ar atmosphere
for 1 h to give an enough strength for the measurement
of bulk density by the Archimedes method using kerosene.

Results and Discussion

Filtration models

A filtration process for the model structure shown in
Fig. 1(a) is analyzed by Aksay and Schilling [21]. The
total pressure drop (P, — Po= AP;) across the mold (Py—
P, = AP,;,) and consolidated cake (P; — P, = AP,) is expressed

by Eq.(1):
APt =—(AP, + AP, )t = % henn(oe +n 22 (1)
8m

where h, is the height of consolidated layer, n the
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Fig. 1. Cross-sectional views of the filtration models (a, c) and
hydraulic pressure profiles across the consolidated layer and the
mold (b, d) for well-dispersed suspensions (a, b) and flocculated
suspensions (c, d).
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viscosity of the filtrate, n the system parameter (= (1 —
Cy — &.)/Cy, Cy: the initial volume fraction of colloidal
particles dispersed, €.: the volume fraction of voids in
the consolidated layer), o, the specific resistance of the
porous consolidated layer, a.,, the specific resistance of
the porous medium, and ¢, the volume fraction of voids
in the mold. When only the solution was compressed at
a crosshead speed v = 0.5 mm/minute, AP,,, was 5 + 5 kPa.
This value of AP,,, was very small as compared with the
experimental pressure range AP, =0.1-10 MPa and AP,,
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can be neglected to AP.. That is, Eq.(1) is approximated
to Eq.(2):

APt =~ %hcznnocC (2)

On the other hand, h, is equal to —V¢nA and V/A is
equal to (Ho — hy), where V; is the volume of filtrate, A
the cross sectional area of the filtration apparatus, Hy
the initial height of the colloidal suspension and h; (height
of compressive piston) is equal to (h. + h;) in Fig. 1(a).
The above relations are substituted for Eq.(2) to obtain
the measurable relation of Eq.(3):

no, 2
APt= ) (Hy=hy) 3)
n

On the other hand, it was clarified in our previous paper
that a phase transition from a dispersed suspension to a
flocculated suspension occurs at a critical applied pressure
(APy.) for nanoparticles of 20-800 nm size [17]. The AP,
depends on the zeta potential, the concentration and the
size of colloidal particles. An increase of the zeta potential,
a decrease of the particle concentration and an increase
of particle size shift AP, to a high pressure [17]. Fig. 1(c, d)
also shows the model structure and hydraulic pressure
profile across the mold after the phase transition. In
this model, the flux of filtrate is given by Eq.(4):

- o)
t dt  mnog\dhg

where o is the specific resistance of the filtrate through
the spaces among flocculated particles. The conditions
of P, = P; and hy. (height of flocculated suspension at AP;.)
=H, correspond to an early particle compaction without
a consolidated layer of dispersed particles. The pressure
drop for this initially flocculated suspension is described

by Eq.(5):

dp _ (dhs) _P-P,

dh, "\q/) "h )

S

Under a constant pressure difference of P;— P, (=—APy),
Eq.(5) can be integrated as follows:

~[' AP dt=—AP,t= [ not,h,dhs 6)
0 Hy

When q is determined as a function of h, we can integrate
the right term of Eq.(6). The fractions of particles (C)
and solution (1 - C) of the flocculated suspension of height
hg are given by Eqs.(7) and (8), respectively:

c=c(") )

S

1-C= 1—00@) (8)

S

According to the Kozeny-Carman model [21], the specific
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porous medium resistance o is expressed by Eq.(9):

2

where B is the ratio of the shape factor to the tortuosity
constant, S the ratio of the total solids surface area to
the apparent volume of the consolidated system and & the
porosity of the particle layer. In the flocculated suspension,
(1 —C) is equivalent to ¢ and C corresponds to (1 —¢)
in Eq.(9). This simulation enables a correlation of o
with hg as follows:

h,
(hy—H,Cy)’

That is, the pressure drop —AP, (=P, —P;) for an initially
flocculated suspension is calculated by Eq.(11):

o, =BS*(H,C,) (10)

2
—AP,t=nBS’(H,Cy)’ [ L}dhs (11)
*(hy—H,Cy)

where BS? is treated as a constant value. The integration

of the right term, named as R(hy), is given by Eq.(12):

h’ Hﬁ}

S

(hy—H,Cy) (HO—HOCO)2

R(hs)%[

+[ b, H } (Moo} (1)
(h—H,Cy) (Hy—H,Cy) h—H,C,

Since —AP; becomes greatly larger than —AP, with
decreasing h,, —AP; gives a good approximation of AP,
(= P,—Py). Equations (3) and (11) were compared with
the experimental results.

Zeta potential and rheology of SiC suspensions
Fig. 2 shows the zeta potential of powders A and B
with and without PAA as a function of suspension pH.
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Fig. 2. Zeta potential of the powders A and B with and without
PAA as a function of suspension pH.
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Fig. 3. Apparent viscosity of aqueous suspensions of 30 and
800 nm SiC particles with and without PAA at pH 3 and 7.

As-received powders A and B were charged positively
at 11 mV at pH 1.9 and negatively above pH 3.0. Both
the isoelectric points were pH 2.8. When PAA was added
to the suspensions, the surface potential of powders A
and B increased to 28-40 mV at pH 2.0-2.1. However,
no significant change of the isoelectric point was measured
with the addition of PAA. In the wide pH range, the SiC
particles with and without PAA were charged negatively.
Dissociation of PAA starts at about pH 3 and reaches
100% at about pH 9 [22]. However, this effect of PAA on
the surface potential of SiC was small as seen in Fig. 2.

Fig. 3 shows the apparent viscosity at a shear rate of
76.7 57! for the powders A and B with and without PAA
at pH 3 and 7 as a function of solid content [11, 23].
The viscosity of powder A suspension without PAA
decreased with an increase of pH or with a decrease of
solid content. This result is related to the increased
dispersibility of powder A at pH 7 due to the high
repulsive energy or increased distance between two particles
(Fig. 2). The addition of PAA gave no significant influence
on the low viscosity of the suspension at pH 7. On the
other hand, the viscosity of powder B suspension, which was
relatively high at 3-7 vol% solid, was almost independent
of pH, indicating a small influence of surface potential
of 30 nm particles on the viscosity. That is, powder B has
a strong tendency to make a flocculated particle network
in the aqueous suspension at pH 3 and 7 [11, 23]. The
addition of PAA dissociated at pH 7 provided little effect
on the dispersion of the particle network of powder B.

Pressure filtration of SiC suspensions at a constant
crosshead speed of piston

Fig. 4 shows the typical relationship between applied
pressure (AP;) and normalized volume of the dehydrated
solution (V¢/V,, V,: volume of initial suspension) for
(a) A7-30 and (b) A7-30P suspensions at a constant
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Fig. 4. Typical relationship between applied pressure (AP;) and
normalized volume of dehydrated solution (V¢/V,, Vi: volume of
initial suspension) for (a) A7-30 and (b) A7-30P suspensions at a
constant crosshead speed of the compressive piston (v = 0.2 mm/
minute).

crosshead speed of piston (v = 0.2 mm/minute). According
to the model structure in Fig. 1(a), AP, at a constant
crosshead speed of piston is expressed by Eq.(13):

AP =(L28)y = (18 11,y (13)

This equation indicates a linear relation of AP, and V.
As seen in Fig. 4(a), the applied pressure of the A7-30
suspension increased linearly with an increase of V; as
predicted by Eq.(13). However, the deviation of AP, from
the theory started at 0.25 MPa of applied pressure, indicating
the phase transition from the dispersed to the flocculated
suspension. The AP, — V; relation after the phase transition
is simulated well by the filtration theory derived for a
flocculated suspension. The detailed derivation of the
AP, — V¢ relation is presented in our previous paper [17].
On the other hand, the A7-30P suspension showed a
linear relation over a wide pressure range. The AP, was
estimated to be 8.5 MPa. Although no significant difference
was measured in the viscosity for the suspensions with
and without PAA (Fig. 3), the consolidation behavior
was greatly affected by the addition of PAA. At 8.5 MPa
of AP, for the A7-30P suspension, the solid content of
the suspension reached 62 vol% and was close to the
density of random close packing (63.7%) [24]. The increased
pressure in the final stage may be related to the elastic
compression of the adsorbed PAA layers [17]. The adsorption
of PAA on powder A suppressed the phase transition
and the dispersed particles were densely consolidated.
Fig. 5 shows the relationship between the applied pressure
(APy) and the normalized volume of the dehydrated solution
for (a) B7-5 and (b) B7-5P suspension. The consolidation
behavior of Fig. 5(a) was similar to that of Fig. 4(a) and
the AP, was estimated to be 0.32 MPa. This result indicates
that (1) APy is a similar value for 30 and 800 nm SiC
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Fig. 5. Typical relationship between applied pressure (AP;) and
normalized volume of the dehydrated solution for (a) B7-5 and (b)
B7-5P suspensions at a constant crosshead speed of the
compressive piston (v = 0.2 mm/minute).

particles and (2) the solid content (C.) at AP, is significantly
lower for 30 nm particles than for 800 nm particles.
When the distance between dispersed particles becomes
smaller, the phase transition occurs easily at a low
concentration of particles. On the other hand, the PAA-
added suspension of powder B showed a rapid increase
of AP, at the initial stage of the filtration, followed by a
linear increase of AP, with increasing V. This consolidation
behavior suggests (1) a dense particle layer is formed at
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the initial stage of filtration and (2) a similar dense second
layer is formed in the subsequent stage of filtration.
This result is also related to the adsorption of PAA on
powder B. However, the AP, value increased greatly at
a small value of V. This result reflects the difficultly of
elimination of the solution through PAA layers compressed
in the small spaces among 30 nm particles. On the other
hand, the solution in the flocculated particles (Fig. 5(a))
is easily eliminated at a low pressure. As seen in Figs. 4 and
5, the adsorption of PAA on SiC particles suppresses
the phase transition and increases the pressure during
the filtration.

Filtration kinetics of SiC suspension at a constant
pressure

Fig. 6 shows the relation between the height of the
piston (hy) and the filtration time of SiC suspensions at
AP,=0.1 MPa (a, b) and 10 MPa (c, d) for A7-30 (a, ¢)
and A7-30P suspensions (b, d). The data in Fig. 4
suggest that the SiC suspensions with and without PAA
contained dispersed particles at AP,=0.1 MPa. The
experimental results were analyzed by Eqs.(3) and (11).
The measured h, in Fig. 6(a, b) decreased nonlinearly as
a function of filtration time and Eq.(3) for the filtration
of dispersed particles showed good simulation. Equation
(11) for the filtration of flocculated particles also simulated
well the measured h, values. The above good simulation
provides the interpretation that (1) Eq.(11) gives a good
approximation of Eq.(3) and (2) in an actual filtration
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Fig. 6. Relation between the height of the piston (h,) and the filtration time of SiC suspensions at AP, = 0.1 MPa (a, b) and 10 MPa (c, d) for

A7-30 (a, c) and A7-30P suspensions (b, d) at pH 7.
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Fig. 7. Relation between the height of the piston (h,) and the filtration time of SiC suspensions at AP, = 0.1 MPa (a, b) and 10 MPa (c, d) for

B7-5 (a, ¢) and B7-5P suspensions (b, d) at pH 7.

of the SiC A powder at a low applied pressure, the
mixed states of dispersed and flocculated particles may
be consolidated. At a high pressure of 10 MPa which was
higher than the estimated AP, for A7-30 and A7-30P
suspensions (Fig. 4), a good agreement was recognized
between the results (¢ and d) and Eq.(11). As compared
with Eq.(11), a larger deviation was observed between
the results and Eq.(3), indicating that flocculated particles
were filtrated at AP, = 10 MPa.

Fig. 7 shows the relation between h, and the filtration
time at AP, =0.1 MPa (a, b) and 10 MPa (c, d) for B7-5
(a, ¢) and B7-5P suspensions (b, d). According to the
experiment in Fig. 5, the SiC particles are interpreted to
remain in a dispersed state at AP, = 0.1 MPa. However, the
measured h, values at AP;= 0.1 MPa were well simulated
by Eq.(11) rather than Eq.(3). The above comparison
leads to the interpretation that the SiC B particles have
a strong tendency to make particle clusters with an increase
in time even at the low applied pressure of 0.1 MPa. The
result in Fig. 7(a) is supported by the high viscosity measured
in Fig. 3. Addition of PAA gave a small influence on
the viscosity. This result is reflected in Fig. 7(b) especially
during the period within 1 h. A care should be placed
on the filtration time to compare the results of Figs. 7(a)
and (b). A long filtration time at a low pressure in Fig. 7(b)
indicates the difficulty of eliminating the solution through
the compressed flocculated particle clusters with PAA.
This observation agreed with the interpretation for the
result in Fig. 5(b). At a higher pressure of AP, =10 MPa,
both the results in Fig. 7(c) and (d) were well simulated

(a) AT-30P
4 PAA : 0.36 mass%
AP,=1MPa
E 3
= 2 experimental
1} -~ Ead
,,,,,,,,,,,, Eq.(11)
0 N .
(b) Eq.(3) Eq‘(\lf)
Gx l“iﬁ ——————— i— ———————————————————— .?J‘-“————-
E oaxiof
=3
2% 10 |
experimental
n i i i
0 0.5 1 1.5 2 2.5

time (h)

Fig. 8. Relation between the filtration time and (a) the height of
the piston or (b) specific resistance of filtration for the A7-30P
suspension.

by Eq.(11) and the filtration time was shortened. The
flocculated particle clusters were compressed shortly at
10 MPa of AP,. A more detailed discussion is reported
in the next section using the specific filtration resistance
of filtration.

Specific resistance of filtration and packing density
of consolidated cake

Fig. 8 shows the relationship between the filtration time
and h, (a) or the specific resistance of filtration (b) for
the A7-30P suspension at 1 MPa. The observed specific
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resistance value (o) was determined by Eq.(14) based
on Egs.(4) and (5) using the measured h; in Fig. 8(a):

h,
_ Aht)
At

)

o (observed)=

(14)

The At was set to 1 minute to measure the difference of
h;. On the other hand, Eqs.(3) and (10) were used to
simulate o for the dispersed and flocculated suspensions,
respectively. The n value in Eq.(3) was calculated using
the final packing density after the filtration. As seen in
Fig. 8(b), the observed o increased gradually with an
increase in the filtration time. The sharp deviation in o
is due to the change of AP,. The change of AP, was 2.4-
10% in the pressure range of 0.1-1.0 MPa and less than
1% at 3-10 MPa. The o, value in Eq.(3) was treated as
a constant value to simulate the whole filtration process.
This simulation caused a relatively large difference of
o values between the experiment and calculation. On the
other hand, Eq.(10) can represent the time dependence
of o using the measured h; value. This simulation provided
a good agreement of o values between the experiment
and calculation. A similar comparison was also observed
for the oy values of the B7-5 and B7-5P suspensions.
As seen in Fig. 8, the accurate filtration process can be
understood by o value rather than h, value. The result
in Fig. 8(b) suggests that the structural model in Fig. 1(c)
is effective to simulate the consolidation behavior of
submicrometre-sized particles with PAA.

Fig. 9 shows the BS? value in Eq.(10) as a function
of the applied pressure. The increased solid content in the
flocculated suspension causes an increase of the specific
surface area (S) at a given particle size. The whole BS?
values show generally a tendency of an increase with an
increase in the applied pressure. In the pressure range
below 0.6 MPa, the consolidation behavior of 30 and 800 nm
SiC particles is greatly influenced by the addition of
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Fig. 9. BS? value of Eq. (10) in the text as a function of applied
pressure.
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Fig. 10. Packing density of powders A and B without and with
PAA after filtration (a) and the density after calcination at 1000 °C
in an Ar atmosphere (b).

PAA. The difference in BS? values with PAA became small
at a higher pressure. This result was already discussed
previously. The BS? value was larger for 30 nm SiC than
for 800 nm SiC. A decrease of particle size increases the
S value, resulting in the increased o value. The BS? value
in Fig. 9 is directly related to the magnitude of the o value.

Fig. 10(a) shows the packing density of A7-30, A7-30P,
B7-5 and B7-5P suspensions after filtration. The data
in Fig. 10(a) reflect well the BS? values in Fig. 9. The
packing density of A7-30 and A7-30P suspensions increased
gradually from 38% at AP,=0.1 MPa to 62% at AP,=
10 MPa. In the low pressure range (AP, < 0.4 MPa), the
addition of PAA enhanced the packing density. The
adsorption of PAA on 800 nm SiC particles leads to the
dense packing during the consolidation at a low pressure.
Similarly, the packing density of B7-5 and B7-5P
suspensions increased from 17% at AP;=0.1 MPa to 35%
at AP,= 10 MPa. Little difference in the packing density
was measured with the addition of PAA. However, a
large BS? value was measured for the B7-5P suspension
at AP,=0.1 MPa (Fig. 9). This discrepancy may be explained
by the large B value, which may be influenced by the
conformation of the adsorbed PAA. Fig. 10(b) shows the
green density of SiC powders after the calcination at
1000 °C. After the calcinations, the low packing density
for the compacts consolidated at a low pressure range
(<1 MPa) was increased. This result is related to the
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shrinking of the wet compacts during the drying at room
temperature. As seen in Fig. 10, the drying effect on
the green density was high for the compacts with PAA.
The change of conformation of PAA during the drying
accelerates the shrinking of the powder compacts.

Conclusions

The adsorption of PAA on 30 and 800 nm SiC particles
at pH 7 suppressed the phase transition from the dispersed
to flocculated suspension during the filtration at a constant
crosshead speed of a compressive piston. The phase
transition pressure (AP, had a similar value for 30 and
800 nm SiC particles without PAA but the solid content
at AP, was significantly lower for 30 nm SiC particles
than for 800 nm SiC particles. A high pressure was needed
to eliminate the solution through the PAA layers compressed
in the small spaces among SiC particles. However, the
solution in the flocculated particle clusters without PAA
was easily filtrated at a low applied pressure. The filtration
theory developed at a constant applied pressure for a
flocculated suspension gave a good approximation of the
height of the compressive piston as a function of time
for the suspensions of 30 and 800 nm particles with and
without PAA. The specific resistance of filtration gradually
increased with filtration time and was well simulated
by the filtration theory developed. The packing density
of the consolidated particles was closely related to the
value of BS? in the theory, where B is the ratio of the
shape factor to the tortuosity constant and S the ratio of
the total solids surface area to the apparent volume of
the consolidated system.
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