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Abstract

The effect of salt induced coagulation of concentrated alumina suspensions initially electrosterically dispersed with ammonium
polyacrylate (NHPA) has been investigated. Addition of ammonium chloride caused enhanced adsorption of the NHPA onto the
alumina surface. In terms of suspension characteristics minimum viscosity and minimum sediment height coincided with the
attainment of complete surface coverage of the dispersing agent (3.7 mg g~!). Coagulation resulted in a reduction in the degree of
sample homogeneity in all samples. Coagulation of suspensions initially dispersed with NHPA levels below that needed for com-
plete surface coverage under coagulated conditions (1.4 mg g~!) produced viscous pastes with a yield stress suitable for processing
by extrusion. At 70 wt% solids the green densities could not be distinguished from corresponding flocculated samples. Significantly,
however, at 80 wt% solids a small degree of homogeneity was retained upon coagulation resulting in a higher green density than
those prepared by a flocculated route. The approach of initial dispersion followed by coagulation is therefore of potential benefit in
the processing of viscous, pastes such that higher degrees of homogeneity can be achieved compared to those prepared by a floc-
culated route. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Suspensions are considered to be dispersed when the
repulsive potential between the particles is of sufficient
magnitude that the attractive van der Waals potentials are
counterbalanced or exceeded. As a result the particles do
not coalesce to form agglomerates, or flocs, but are forced
as far apart as possible. Such systems are homogeneous,
very fluid and upon consolidation the individual particles
pack to a high density. However, the consolidation stage
of the process can be very slow and the green body
formed can be rather brittle and difficult to handle.
These disadvantages can be overcome without undue
sacrifice of the beneficial properties by the creation of a
coagulated network,Velamakanni et al.! In this state the
particles are attracted into a shallow hydration minimum
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to form a cohesive, non-touching, homogeneous net-
work.

Coagulation can be achieved via the addition of a salt
to a dispersed suspension. For electrosteric dispersion
the electrostatic charges on the polyelectrolyte chains
are shielded, allowing them to coil and act as uncharged
polymers. Thus the salt reduces the solvent quality and
hence enhances adsorption, Cesarano et al.> Upon sup-
pression of the diffuse double layer, steric forces dictate
the stability of the suspension. If the adsorbed layer is
relatively thin, attraction may dominate due to van der
Waals forces and the suspension will become more vis-
cous Lyklema,®> Williams et al.* However, the enhanced
adsorption from solution may introduce a steric barrier
to replace electrosteric stabilisation. Time dependent
effects such as configurational changes to the adsorbed
layer may further affect suspension stability.

In a previous paper, Davies and Binner® the role of
ammonium polyacrylate, NHPA, was examined as an
electrosteric dispersant for high solids content alumina
suspensions at high pH. It was found to be effective yield-
ing fluid, highly homogeneous, aqueous suspensions. The
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most notable outcome of this work was the rather unu-
sual feature of the presence of two viscosity minima,
Fig. 1. These were believed to be a consequence of dif-
ferent adsorbed configurations for the NHPA. The first
viscosity minimum was very unstable and decayed dur-
ing drying, resulting in green bodies of relatively low
density. It was believed to be associated with the NHPA
being adsorbed in a tail type configuration. The second
viscosity minimum was far more stable, producing more
homogeneous green compacts with a much higher den-
sity. This second minimum was predicted to be asso-
ciated with the NHPA being adsorbed in a very loose
loop and tail configuration.

The main purpose of the present research was to
investigate the coagulation of the electrosterically dis-
persed suspensions described above using the salt
ammonium chloride. The specific objective was to
achieve a viscous, pseudoplastic paste possessing a yield
point suitable for plastic forming by extrusion. The
hypothesis behind the research was that initial disper-
sion would create homogeneity within the sample that
would not be completely lost upon coagulation if the
suspension contained a sufficiently high concentration
of alumina. Sample homogeneity is essential if the
defects that lead to reduced strength in the final sintered
component are to be minimised.

To avoid any confusion in terminology the following
definitions are used throughout this paper:

Flocculated: a suspension with no dispersant added
such that an attractive network exists in
which van der Waals potentials dominate,
resulting in touching, agglomerated
particles;

a suspension with sufficient dispersant

added to create a fluid, homogeneous

suspension in which repulsive potentials
dominate, resulting in individual,
non-touching particles;

Coagulated: an initially dispersed suspension to which
salt has been added so that an attractive
potential dominates and a network of
individual, non-touching particles is
created.

Dispersed:

2. Experimental
2.1. Suspension preparation

Appropriate quantities of distilled water, weighed
to£0.02 g, and Dispex A403 [a 37.6£0.5 wt% solution

of ammonium polyacrylate (NHPA) of molecular weight

3 Allied Colloids, Bradford, UK.

3500], weighed to+0.003 g, were mixed until the dis-
persant was uniformly distributed. The water associated
with the dispersant solution was accounted for in the
calculations. A16SG alumina powder*, weighed to 0.02
g, was added to the mixture and the blend stirred until an
homogeneous slurry formed. This was then left for 1 h to
allow adsorption of the dispersant onto the alumina.

The suspension was subjected to ultrasonic agitation
produced by a° ultrasound unit using 150 W at 20 kHz.
Following previous work,> all samples prepared below 80
wt% alumina were subjected to an ultrasonic agitation
time of 60 s, whilst those made at 80 wt% and above were
exposed for 45 s. To prevent water evaporation the bea-
kers were sealed and left for one hour to cool and attain
equilibrium. Finally, the samples were held at a reduced
pressure of 60 mm mercury for 1 h as a de-airing stage.

To coagulate the dispersions, the salt ammonium
chloride, NH4Cl, was mixed into the dispersed suspen-
sions in the range 0.01-2.00 M. The final homogenised
samples was then de-aired for a second time at a reduced
pressure of 60 mm mercury for 1 h to remove as much
entrapped air as possible. In a small number of separate
experiments, the salt was added to the polyelectrolyte
solution prior to the addition of alumina powder. The
process of adding NH4Cl not only caused an increase in
the ionic strength, but also caused a pH decrease. In some
experiments this pH shift was nullified by adding ~3 ml of
concentrated NH4OH to maintain a pH of 9.5, the pH of
the originally dispersed suspensions, simultaneously with
the 1.2 M NH,Cl addition. To avoid dilution effects when
comparing the viscosities to standard coagulated bodies,
the latter were prepared with 3 ml less water so that a 70
wt% suspension resulted on addition of the NH4,OH.

For comparison flocculated bodies were also prepared
by mixing appropriate quantities of alumina powder
and distilled water to give the desired solids content and
then adjusting to pH 8.0, the measured PZC of the
A16SG alumina.’ In several experiments salt was also
added. Where viscosity permitted, ultrasonic agitation
was used as described above.

2.2. Rheological measurements

The flow behaviour of the suspensions was monitored
using a Bohlin Visco 88 viscometer® to measure shear
stress and viscosity as a function of shear rate. Three
types of measuring system were used depending on the
fluidity of the sample. A concentric cylinder (C30) was
used for low viscosities (10—500 mPa s), a cone and plate
(CP5/30) for intermediate values (500-8000 mPa s) and
a parallel plate (PP15) for very viscous bodies (8000—
18,000 mPa s).

4 Alcoa Manufacturing (GB) Ltd, Worcester, UK.

5 Kerry Ultrasonics Ltd., Hitchin, UK.
6 Bohlin Instruments UK., Cirencester, Gloucestershire, UK.
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Fig. 1. Viscosity plotted as a function of both NHPA concentration and wt% alumina at pH 9.5.

After an equilibration time of 5 min in the sample
holder, the rheological characteristics where measured
as a shear sweep cycle across 18 to 1200 s~!. The sample
was then left for 5 min to equilibrate again after which
time the viscosity was recorded at a constant shear rate
of 109 s~! for 3 min or until the viscosity became inde-
pendent of time.

Sample yield stress, 7y, was calculated from the rheo-
logical data using the Casson equation,® Eq. (1) below,
a graph of 7'/? versus y'/? producing a linear relation-
ship. Linear regression yielded the yield stress as the
square root of the intercept.

1/2 1/2 1/2.1/2
o2 = 22 4 iy (1)

The pseudoplastic constant of fully coagulated sam-
ples was calculated using the power law equation, Eq.
(2) below,” a graph of log (r — 7y) versus log ¥ produ-
cing a linear relationship. Linear regression was used to
calculate the gradient and therefore the pseudoplastic
constant.

T—1 =cy" 2)

A thixotropic index, T1, was measured simply as the
percentage difference in shear stress measured during
the increased shear sweep, 7;, compared to the decreas-

ing shear conditions, 7y, at the shear rate of 109 s—!.

TI:Ti_Td

x 100 (3)

Ti

2.3. Sedimentation experiments

The sedimentation behaviour of the suspensions was
monitored over time, the final sediment heights being
used as a measure of the ability of the samples to pack
to a high density. The smaller the final volume, the
higher the packing ability. All samples were based on 30
wt% alumina in order to achieve a satisfactory sediment
height and placed in 10 ml sealed graduated test tubes.
The sediment height was monitored as a function of
time until a steady height was obtained. Approximately
3 months was sufficient for dispersed samples, 1 month
for coagulated and flocculated bodies.

2.4. Adsorption experiments

The amount of NHPA adsorbed onto the alumina
powder from solution was calculated from the amount
of polymer remaining in solution using first derivative
titration techniques making use of the acid/base func-
tionally of the carboxylic acid groups on the poly-
acrylate chain. Full details of the procedure have been
reported elsewhere.> A typical titration curve is given in
Fig. 2. A calibration curve correlating the quantity of
1.2 M HCI required to neutralise a known quantity of
NHPA in solution was established, Eq. (4).

—0.0008

. =0.0083
M +0.0007 @)

NHPA~40.0001

M%yupa  -mass of NHPA in solution/g
o -volume of 1.2 M HCl added/ml

where:
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Fig. 2. Typical titration and first derivative plot for adsorption under coagulating conditions at 70 wt% alumina.

The time taken to achieve adsorption equilibrium in the
presence of NH,4Cl was experimentally pre-determined. In
summary, 1 h after salt addition was found to be sufficient
to attain equilibrium adsorption. As a result all adsorp-
tion tests were carried out 1 h after coagulation.

2.5. Green density measurements

The densities of green compacts were measured using
the mercury immersion method after they had been dried
to constant weight. In all cases, at least three different
samples were measured to produce each value quoted.

3. Results
3.1. Effect of salt and NHPA concentration on viscosity

Typical flow behaviour of fully coagulated samples
under shear sweep conditions is depicted in Figs. 3 and
4. The former shows the behaviour of samples initially
dispersed with 1.4 mg g~!, which, from Fig. 1, is the
concentration required to achieve the first viscosity
minimum. Fig. 4 corresponds to the NHPA concentra-
tion associated to the second minimum. In both cases
samples were fully coagulated using 1.2 M NH,CI. As
would be expected, pseudoplasticity was observed at
both concentrations, whilst thixotropy was less evident
in Fig. 3. Indeed, Table 1 shows that the degree of
thixotropy increased gradually with increasing NHPA
concentration, whilst the degree of pseudoplasticity
remained essentially constant.

Shear stress—shear rate plots for samples initially dis-
persed at 70 wt% with 1.40 mg g=! NHPA are plotted in
Fig. 5 as a function of increasing salt concentration.
Addition of salt caused an increase in the stress required
to shear the sample up to a plateau region at 0.5+0.1 M
NH4CI. Above this concentration there was no further
effect. This maximum stress was significantly lower than
that required to shear a fully flocculated body.

The corresponding maximum viscosity attained on
addition of salt was found to depend on the amount of
NHPA present, Fig. 6. A plateau level of viscosity occurred
for each NHPA concentration. In addition, as the con-
centration of NHPA increased, the plateau viscosity, n‘l’og,
decreased to a minimum at 3.85 mg g~! NHPA, above
which a small viscosity increase was observed. The amount
of NH,4CI required to reach the plateau viscosity region
increased concurrently with NHPA content. Above 3.85
mg g~ ! NHPA the plateau region was not distinct; addition
of 5.0 M NH,Cl did not significantly increase the viscosity
further. The addition of NH4Cl to a fully flocculated body
caused the viscosity to decrease, although it remained sig-
nificantly greater than any sample containing NHPA. The
stability of the viscosity plateaus can be clearly seen in Fig.
7 by their time independence, indicating that the coagu-
lated samples are distinctly different to flocculated samples.

As already mentioned, the objective of salt induced
coagulation was to create a viscous body that possessed
a sufficiently high yield stress to permit it to be extru-
ded. The yield stresses for 70 wt% suspensions, calcu-
lated using the Casson equation, are plotted in Fig. 8.
As can be seen the yield stresses followed a similar pat-
tern to the viscosities shown in Fig. 6.
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3.2. Sedimentation

The sediment height of both flocculated and coagu-
lated bodies is plotted in Fig. 9 as a function of time.
Coagulated samples sedimented in a similar manner to
flocculated bodies; all samples producing a clear super-
natant however those containing NHPA gave rise to a
smaller sediment volume. The final sediment volume

decreased with increasing NHPA concentration up to
3.85mg g~ .

3.3. Adsorption

The effect of 1.2 M NH,CI addition to dispersed
samples is summarised in Fig. 10. As can be seen, the
adsorbed plateau value was greater in the presence of
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Fig. 3. Typical flow behaviour of a fully coagulated suspension containing 1.40 mg g~! NHPA under shear sweep conditions at 70 wt% alumina.
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Fig. 4. Typical flow behaviour of a fully coagulated suspension containing 3.85 mg g~! NHPA under shear sweep conditions at 70 wt% alumina.
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Table 1
Thixotropic index and pseudoplastic constant for samples fully coa-
gulated with 1.2 M NH4Cl at 70 wt% alumina

Concentration Thixotropic index, Pseudoplastic constant,

of NHPA (mg g~ 1) TI (% £ 5) n+03
1.40 0 0.60
2.15 18 0.56
2.80 18 0.60
3.85 28 0.63

NH,4CI (pH 8.0) than in the dispersed state and com-
plete equilibrium coverage was achieved at 3.7+0.2 mg
g~! NHPA compared to 2.5+£0.2 mg g~! NHPA in the
dispersed state. Therefore, the addition of 1.2 M NH4Cl
induced an extra 1.2 mg g~! of NHPA to be adsorbed
from solution. At concentrations below this, no NHPA
was detected in solution. However, the process of coa-
gulation using NH4Cl not only caused an ionic strength
increase, but also a pH decrease from the initial disper-
sion pH of 9.5 down to ~8. When the pH was main-
tained at 9.5 using concentrated NH,OH the adsorption
data was significantly different, having a plateau value
very similar to that of the dispersed suspension and no
NHPA adsorbed until 1.4 mg g~! had been to the sus-
pension. The viscosity data are given in Fig. 13; it can
be seen that despite the differences in the adsorption
data, the pH had no effect on the viscosity.

3.4. Green density

The green densities of 70 wt% alumina coagulated
samples as a function of NH4Cl concentration are given
in Fig. 11 along with those for flocculated bodies. In
each case the coagulated samples yielded a lower green
density compared to their dispersed counterparts (i.e.
those containing no NH4Cl), whilst the green density
generally increased with increasing concentrations of
NHPA over the ranges tested. It is interesting to note
that little difference was observed between the densities
of bodies produced from fully coagulated pastes (i.e.
those containing >1.2 M NH4CI) originally dispersed
with 1.40 mg g~! NHPA and those of flocculated pastes.

The green densities of suspensions initially prepared
at 80 wt% alumina are given in Fig. 12. Two features
may be noted in comparison to Fig. 11. Firstly, the
recorded values were generally higher than those pre-
pared at 70 wt% solids, whilst secondly the samples
prepared with 1.40 mg g=' NHPA give rise to green
densities that were slightly higher than the correspond-
ing flocculated samples. These results were repeated
several times to ensure validity.

4. Discussion

The following section discusses the effect of NH4CI
induced coagulation of initially dispersed suspensions.

= Dispersed +0.04 M NH 4CI
*0.13 M NH,CI *0.30 M NH CI
10000 — 4050 M NH,CI #1.50 M NH,Cl

% Flocculated
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Fig. 5. Flow behaviour during increasing shear of a suspension originally dispersed with 1.40 mg g=! NHPA at 70 wt% alumina plotted as a

function of NH4CI concentration.
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Particular attention is given to suspensions initially dis-
persed with 1.4 mg g—' NHPA, the concentration
required to achieve the first viscosity minimum, Fig. 1,
and which, when coagulated, gives rise to a rheology
suitable for extrusion at high enough solids loading.
Fig. 6 indicates that the addition of NH4Cl induced a
gradual increase in viscosity up to a plateau region. This

100 —

1561

can be attributed to the gradual shielding of the nega-
tive electrostatic charges on the adsorbed NHPA by the
positive NH4™ counter-ions. This caused a gradual con-
traction of the electrosteric double layer, leaving only the
steric barrier provided by the NHPA to oppose the van
der Waals forces. Complete neutralisation of the elec-
trostatic charge corresponds to the attainment of the
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Fig. 6. Viscosity versus added NH4Cl concentration for samples prepared with varying quantities of NHPA at 70 wt% alumina.
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Fig. 7. Ageing of coagulated and flocculated samples containing 1.2 M NH,4CI, prepared at 70 wt% alumina.
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viscosity plateau. The magnitude of the plateau is
therefore dictated by the effectiveness of the steric bar-
rier offered by the adsorbed NHPA against the van der
Waals forces. It has been established that linear poly-
mers of molecular weight less than 10,000 are generally
unable to provide a steric barrier of sufficient thickness
to extend beyond the scope of the van der Waals forces,

J. Davies, J.G.P. Binner | Journal of the European Ceramic Society 20 (2000) 1555-1567

Napper.? Since the NHPA used in this research had a
molecular weight of only 3,500, it is perhaps not sur-
prising that the loss of the surface electrostatic charge
caused a loss of dispersion.

In all samples containing NHPA the magnitude of the
viscosity plateau was much lower than that produced by
fully flocculated samples prepared at pH 8.0, the same
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Fig. 8. Casson yield stress developed upon coagulation, plotted as a function of both NH,Cl and NHPA concentration at 70 wt% alumina.
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Fig. 9. Sedimentation of coagulated and flocculated suspensions as a function of time at 30 wt% alumina. All samples contained 1.2 M NH,4CI.



J. Davies, J.G.P. Binner | Journal of the European Ceramic Society 20 (2000) 1555-1567 1563

pH as the suspensions after coagulation. This indicated
that although the steric barrier was not sufficient to main-
tain dispersion, it provided a lubricating layer that assisted
the flow of particles during shear and perhaps prevented
van der Waals attractive forces acting to their full extent.
The reduction of the plateau value with increasing NHPA
up to 3.85mg g~ ! is reflective of the increasing efficiency of
the steric barrier against van der Waals forces, a possible
consequence of the different adsorbed polymer configura-

D
l

1| & Coagulated at pH 8.0
1| ® Coagulated at pH 9.5
A Dispersed

(8]
I

N
L

Concentration of NHPA adsorbed / mg/g

tions in the dispersed state, Davies and Binner.> Solvency
effects may also influence the efficiency of the steric barrier
and hence the magnitude of the viscosity plateaux,
although it would appear that the thinness of the adsorbed
layer is the dominating factor.

The viscosity as a function of shear rate for increasing
NH,4CI1 concentrations took an identical form to that
observed by Velamakanni et al.,! who studied the effect of
NH4CI on electrostatically dispersed alumina suspensions
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3 4 5 6

Concentration of NHPA added to solution / mg/g

Fig. 10. Summary of adsorption of NHPA onto alumina after coagulation at 70 wt% alumina.
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Fig. 11. Green density of coagulated and flocculated bodies prepared from 70 wt% alumina.
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at pH 4.0. The plateau viscosity they observed was
attributed to the formation of a layer consisting of
hydrated Cl~ ions bound to the positive surface charge
by electrostatic attraction. This thin hydration layer acted
as a barrier preventing the particles being attracted into
the deep primary minimum associated with flocculated

networks, although the overall coagulated network was
weakly attractive. It was also noted that such viscous
bodies exhibited plasticity when sufficiently loaded with
powder. The formation of an extensive hydration layer is
considered unlikely in this research, however, since at pH
8.0 the powder is effectively uncharged. In this case it is
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il Typical error oceu
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Fig. 12. Green density of coagulated and flocculated bodies prepared from 80 wt% alumina.
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Fig. 13. Viscosity of coagulated samples in which pH is maintained at 9.5 plotted as a function of NHPA content, compared to standard coagulated bodies.
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likely that the barrier was primarily provided by the
adsorbed NHPA with perhaps only a minor contribu-
tion from the counter-ions (hydration layer).

The calculated yield stresses, Fig. 8, indicate that if
sufficiently loaded, coagulated suspensions prepared
with 1.4 mg g~! would be suitable for plastic forming
operations. Indeed, at solids loadings above 81 wt%
coagulation transformed an initially pourable suspen-
sion into a stiff paste possessing a yield stress sufficiently
large to support its own weight. Processing of such a
paste is dealt with in a following paper, Davies and
Binner. This type of paste formation was also
remarked upon in the work by Velamakanni et al.!

The increase in degree of thixotropy with increased
NHPA content under fully coagulated conditions, Table
1, is reflective of the decreasing influence of van der
Waals attractive forces. The degree of pseudoplasticity
remained relatively constant, however, suggesting that
other suspension properties dominate this characteristic.

The sedimentation behaviour given in Fig. 9 followed
a similar trend to the plateau viscosity data shown in
Fig. 6; both decreasing with NHPA concentration up to
the limit of 3.85 mg g~! NHPA. Furthermore, it was
noted that in all samples containing NHPA the final
sediment volume was much lower than for flocculated
bodies. This suggests that greater particle packing was
achieved in coagulated suspensions, the degree of which
increased with increasing NHPA concentration up to
3.85 mg g~! NHPA. Of particular interest is the lower
sediment volume of samples prepared with 1.4 mg g~!
compared to flocculated samples, indicating a higher
degree of packing or a higher degree of homogeneity, a
factor critical to the final component strength.

From the adsorption data, Fig. 10, it can be seen that
the process of coagulation causes enhanced adsorption
of NHPA from solution. The equilibrium concentration
of NHPA adsorbed on the alumina surface was 3.7 mg
g~ ! NHPA, 1.2 mg g~! greater than for the originally
dispersed suspensions shown by the dotted line and
measured in Davies and Binner.> This value of adsorbed
NHPA agrees very well with the observed sedimentation
and viscosity data described above. Such enhanced
adsorption from solution must be accounted for by
enhanced coiling of the adsorbed species, at least for the
loose loop and tail configuration associated with con-
centrations above the second viscosity minimum of the
dispersed state.® It will be shown later that the pH
decreases from 9.5 to 8.0 induced by coagulation may
also play a significant role.

It has been proposed® that the adsorbed configuration
associated with dispersions containing 1.4 mg g~!
NHPA is significantly different to that at 2.8 mg g~!
and above. The former was believed to be a very
unstable, dangling tail configuration whilst the latter
was a more stable, loose loop and tail configuration.
During coagulation it is very likely that the unstable

configuration would be significantly affected. From the
adsorption data, it would appear that such changes
resulted in incomplete surface coverage of the powder
and it is implicit that the increase in viscosity as NH4CI
is added is indeed primarily due to the gradual exposure
of van der Waals forces.

In summary, it would appear that a concentration of
3.85 mg g~! would be optimum in terms of the final
packing characteristics and hence ultimate mechanical
properties, although such suspensions would have a
rheology unsuitable for extrusion. On the other hand, a
concentration of 1.4 mg g~! would appear ideal for
achieving the desired rheological properties for extrusion,
although its homogeneity would be much lower. How-
ever, of interest here is whether or not the lower NHPA
level is capable of producing more homogeneous and
potentially stronger components than those achieved by
simple flocculation. The sedimentation data would sug-
gest this to be the case, although the tests were performed
in a very dilute environment, very much removed from
actual processing conditions. Further evidence in the form
of green densities provided a more realistic indicator.

The green density of samples prepared at 70 wt%
alumina, presented in Fig. 11, clearly indicate that all
coagulated suspensions possessed a lower green density,
and hence lower degree of homogeneity, than the initial
dispersed suspensions without NH4CIl. The green den-
sities decreased to plateau levels with increasing NH4Cl
concentration, a feature also apparent in the results of
Velamakanni et al.! but not remarked upon. As expected
coagulated samples prepared at 3.85 mg g~! NHPA
exhibited the highest densities, with the density decreas-
ing with increasing NHPA concentrations, until, most
significantly, no difference could be distinguished
between flocculated samples and those initially dispersed
with 1.4 mg g~! NHPA.

The green density values recorded for samples pre-
pared at 80 wt% alumina, Fig. 12, were markedly dif-
ferent, however. All samples produced higher green
densities than at 70 wt%, but most significantly coagu-
lated samples prepared with 1.4 mg g~' yielded higher
densities than flocculated samples. Whilst the typical
error shown in the figure reflects the majority of results,
additional experiments on flocculated and 1.4 mg g!
NHPA coagulated samples consistently showed there to
be a significant difference between the two. This is
clearly supportive of the hypothesis behind this
research. Despite a large degree of homogeneity being
lost upon the addition of NH4CI, as can be seen from
the decrease in green density with and without salt
addition, a small degree of homogeneity must be
retained within the suspension for a difference in green
density to be measured between the coagulated and
flocculated samples. Therefore the approach of initial
dispersion followed by coagulation can be of potential
benefit to the creation of extrudable pastes with
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improved homogeneity over samples prepared by a
flocculated route. Another paper deals with the extru-
sion of such pastes and the results obtained, Davies and
Binner.’

Systems in which adsorbed polymers do not effec-
tively disperse suspensions but produce high density
components have been the focus of research by Yin et
al.!% and Bergstrom et al.!!

The greater degree of particle packing in samples
prepared at 80 wt% can be explained in terms of the
packing behaviour of the particles in the dispersed state, as
suggested by Bergstrom. The free volume for particle
movement is severely restricted at solids loadings
approaching the maximum packing volume fraction due to
the shear quantity of particles present. Closely packed
structures with a degree of ordering tend to form within
the dispersed suspension as a result of the surface
repulsive potential forcing the particles to assume posi-
tions that minimise their free energy. The addition of
salt removes the repulsive barrier, inducing instanta-
neous coalescence of particles where they first make
contact. Since particles are already in relatively ordered
positions, a more highly packed coagulated network
ensues. In contrast, in more dilute suspensions particles
are more randomly distributed. Thus upon removal of
the repulsive barrier particles are unlikely to be attrac-
ted to the positions required for a closely packed
arrangement, resulting in a less uniform, lower density
network.

The mechanical process of mixing the NH4Cl into the
suspension probably reduces the degree of ordering
present. It would be beneficial to sample homogeneity if
the coagulation process was initiated from within the
suspension. This has recently been achieved by Graule
et al.'> and McDermott et al.,'* both utilising chemicals
that are initially inactive but decompose in-situ over a
period of time to produce chemical species that induce
coagulation by either increasing the ionic strength or
causing a shift in pH towards the PZC of the powder.
Using this approach, initially dispersed suspensions can
be cast into complex shape moulds and left to solidify to
produce homogeneous, high density components.

4.1. Effect of pH on coagulation

As already mentioned briefly, the process of coagula-
tion using NH4CI not only caused an ionic strength
increase, but also a pH decrease from the initial disper-
sion pH of 9.5 down to ~8, due to the acidic nature of
NH4CI that undergoes the reversible reaction:

NH; < NH; + HY 5)
Experiments were performed to determine if this pH

shift had a major impact on the recorded results. During
coagulation the suspension pH was maintained at 9.5

using concentrated NH4OH. The viscosity of the resul-
tant suspensions was within error of that observed for
normally coagulated samples, Fig. 13. This suggested that
pH had no influence on the coagulation process. The
adsorption data indicated otherwise, however, Fig. 10.
Complete equilibrium coverage was reached at an NHPA
concentration of 2.4 mg g~' NHPA, similar to that
observed for dispersed samples,’ rather than the 3.85 mg
g~ ! observed at pH 8.0. It could, therefore, be concluded
that enhanced adsorption is a function of pH rather than
NH4CI1 concentration, although this may be an over
simplification considering the chemical reactions taking
place. Most interesting however, was the desorption of
NHPA at 2.8 mg g~! and below. This is likely due to the
excess of hydroxyl and chloride co-ions in solution over
the ammonium counter-ions as a result of the hydroxyl
anion removing hydrogen ions from solution. Following
Le Chatelier’s principle, the removal of hydrogen ions
forces the equilibrium reaction in Eq. (5) to the right
causing the evolution of ammonia gas and hence the
loss of counter-ions. Maintaining the pH at 9.5 during
coagulation using the process described in this research
would therefore likely be of no benefit over preparation
via a flocculated route. The development of a very weak
hydration layer, similar to that described by Velamakanni
et al.,! may partly explain the similar viscosities recorded
at pH 9.5 and those described in this section at 8.0.

4.2. Lubricating effect of NH, counter-ions

One final feature worthy of mention is the lubricating
nature of the ammonium chloride itself. This is appar-
ent in a number of the graphs. Firstly, in Fig. 5 the
flocculated sampling containing 1.2 M NH,4CI clearly
exhibits a lower shear stress and hence viscosity than the
corresponding flocculated sample without salt. Sedi-
mentation data also exhibit these effects, Fig. 9. Such
effects were also apparent in the work of Velamakanni
et al.,! although absent in a similar study by Chang et
al.'"* Both papers also report that salt had no effect on
the density of flocculated bodies. Whilst the recorded

Table 2
Final sediment volumes and viscosities of flocculated bodies

Sample type Final sediment Viscosity, 1109,

volume for for 70 wt%
30 wt% alumina alumina (Pas + 2)
(ml + 0.2)

Flocculated at pH 8.0 9.7 16

Flocculated at pH 8.0; 9.2 9

1.2 M NH,CI added;

resultant pH 7.4

Flocculated at pH 8.0; 8.8 9
1.2 M NH4CI added;

pH maintained at 8.0
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values at 80 wt%, Fig. 12, support this, the results at 70
wt% do not, the green density increasing with NH,CI
concentration. Table 2 shows that the lubricating effect
is not due to the associated pH shift, since even when
the pH was maintained at 8.0 during salt addition the
measured viscosities were lower than samples without
salt addition. It is possible that these salt effects may be
attributed to the formation of very weak hydration lay-
ers of salt ions bound to the charged sites on the ceramic
particles even though the net particle surface charge is
essentially zero charge at pH 8.0.

5. Conclusions

The effect of coagulation induced by ammonium chlor-
ide salt on alumina suspensions initially electrosterically
dispersed with ammonium polyacrylate, NHPA, has been
investigated. In general, coagulation resulted in a decrease
in suspension pH, a viscosity increase, enhanced adsorp-
tion, and reduced green density or homogeneity com-
pared to the initial dispersion.

At 70 wt% solids content the optimum concentration
of NHPA with respect to ultimate suspension properties
was found to be 3.85 mg g~' NHPA. This was the con-
centration at which the minimum viscosity was recor-
ded, complete surface coverage was achieved and the
maximum green density, albeit less than under dispersed
conditions, was reached. Unfortunately these suspen-
sions were pseudoplastic, possessed a low viscosity and
yield stress, and hence were rendered unsuitable for
subsequent plastic forming operations.

Coagulation of suspensions initially dispersed at 1.4
mg g~' NHPA, the minimum concentration found to be
sufficient to achieve maximum suspension fluidity,
resulted in a sharp viscosity increase to a paste con-
sistency, loss of thixotropy and the introduction of a
high yield stress, characteristics suitable for plastic pro-
cessing by extrusion. Viscosity data indicated the pastes
to be clearly distinct from flocculated samples despite
the increase in inter-particle attraction introduced by
the addition of ammonium chloride. At 70 wt% solids
content, however, the resultant properties, in particular
the green density, indicated that the coagulated samples
were indistinguishable from flocculated samples sug-
gesting that the homogeneity achieved during initial
sample dispersion was completely lost during coagula-
tion, despite the lower viscosity. At 80 wt% solids con-
tent, however, the green densities were greater than

those of flocculated samples indicating a degree of
homogeneity had been retained in the sample, believed
to be associated with the close packing achieved in the
dispersed phase.

It can, therefore, be concluded that the approach of
initially dispersing a suspension followed by coagulating
it could be of potential benefit for the production of
viscous pastes suitable for extrusion with a higher
degree of homogeneity compared to those prepared by a
flocculation route.
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