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Abstract

The stability of ceramic suspensions can be predicted by means of zeta potential and particle size measurements but a major problem is that most
existing techniques make use of diluted suspensions so that the concentrated suspensions frequently used in shape forming of ceramics are out of
range. The propagation of light through a concentrated suspension can be used to characterise its colloidal stability. This work aims to study the
variations of the structure of concentrated ceramic suspensions maintained at rest by multiple light scattering (MLS). This technique allows us to
obtain information about the agglomeration processes that take place during ageing, like particle migration and particle aggregation. The results
are compared with those obtained using conventional techniques such as the predictive tests (e.g. zeta potential and rheological behaviour of fresh
suspensions) and ageing studies measured by rheometry. For such purpose, aqueous suspensions of alumina and alumina/silica (used to produce

mullite by reaction sintering) have been studied.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The manufacture of ceramic products needs careful control
of the different processing steps in order to prevent defect for-
mation and to develop the microstructure needed to obtain the
desired properties. The defects introduced in any one step of
the process are retained in the next one and can be present in
the final material. Colloidal processing allows the control of
the early steps of powder processing and its evolution during
forming and consolidation steps.

Colloidal processing is based on the study and manipulation
of the interparticle forces involved in the suspension in order to
obtain dense particle-packing and uniform microstructures.!=
The main mechanisms of stabilisation are the electrostatic repul-
sion, based on the repulsive forces among the double layers
developed around amphoteric particles immersed in a polar lig-
uid, and the steric hindrance, in which polymers are adsorbed on
the particle surfaces thus impeding the direct contact between
them. A third mechanism arises from the combination of the
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other two, namely the electrosteric mechanism, due to the action
of charged polymers (i.e. polyelectrolytes) which combine the
steric barrier provided by the polymer at short separation dis-
tances with the electrostatic repulsion related to the charges at
longer distances.

There is a broad body of work dealing with the role of dif-
ferent kinds of deflocculants, on the colloidal stability and the
rheological properties of ceramic suspensions. All these stud-
ies have demonstrated the suitability of polyelectrolytes for
the preparation of stable, concentrated suspensions. Among
them, polyacrylic-based deflocculants are probably the most
commonly employed.®= In opposition to the numerous stud-
ies concerning the prediction of stability through zeta potential
and/or rheological measurements, which can be referred to as
predictive tests, the studies dealing with the stability of ceramic
suspensions against time are much less frequent. The predictive
methods are used to select the conditions for the preparation of a
stable suspension but are not able to predict how much time these
suspensions maintain stable. For doing this, other techniques
are being used, mainly based on the measurement of the rheo-
logical behaviour after different ageing times or the evaluation
of settling behaviour by visual inspection of the sedimenta-
tion front.>!? These testing procedures give useful information
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about durability and evolution of the suspension, but may lead
to contradictory results because rheological measurements are
dynamic tests in which the sample is submitted to shear forces
whereas in the other tests the sample is in equilibrium at rest.
Moreover, these techniques provide a useful picture of the over-
all stability at a macroscopic scale but do not allow determining
the mechanism through which destabilisation occurs on ageing.
This requires the use of a specific technique able to determine
the agglomeration kinetics of particles stored in a cell at rest.
Most existing techniques make use of diluted suspensions so that
the concentrated suspensions frequently used in shape forming
of ceramics are out of range. The propagation of light through
a concentrated suspension can be used to characterise its col-
loidal stability. Some years ago an analytical instrument has
been developed that can register the variations of the struc-
ture of emulsions and suspensions by multiple light scattering
(MLS).!1=13 This technique analyses the effect of a light source
through the sample, and the transmitted and the backscattered
light allows us to obtain information about the agglomeration
processes that take place during ageing, like sedimentation,
creaming and particle aggregation (coalescence, flocculation).

The present work describes the study of physical destabil-
isation of concentrated ceramic suspensions using the MLS
technique. The results are compared with those obtained using
conventional techniques such as the predictive tests (e.g. zeta
potential and rheological behaviour of fresh suspensions) and
ageing studies measured by rheometry. For such purpose, aque-
ous suspensions of alumina and alumina/silica (used to produce
mullite by reaction sintering) have been studied.

2. Experimental

A commercial a-alumina (Condea HPAOS, USA), with aver-
age particle size of 0.4 wm and specific surface area of 9 m?/g,
and a colloidal silica suspension (LEVASIL 200A/40%, Ger-
many) containing 40 wt% particles with average size of 15 nm,
specific surface area of 200 m?/g and pH 9, were employed as
starting materials.

Colloidal stability was first evaluated through predictive tests
by measuring the zeta potential as a function of pH using
the Laser Doppler Velocimetry technique (Zetasizer NanoZS,
Malvern, UK). The samples were prepared to 0.1 g/l solid con-
tent in a solution of KCI 10~2 M to maintain constant the ionic
strength. The pH was adjusted using HCI (10~! M) and KOH
(10~! M). Suspensions were stirred for 20 h prior to measure-
ments in order to reach surface equilibrium. An ammonium salt
of a polyacrylic acid PAA (Duramax D3005, Rohm&Haas, PA,
USA) was used as a polyelectrolyte to provide electrosteric sta-
bilisation at moderate pH values. It is supplied as an aqueous
solution with a concentration of 35 wt% of active matter and
has pH 7-8 and density of 1.16 g/cm?. Zeta potential measure-
ments were performed for different dispersant contents in order
to study the influence of this additive on the stability.

Three concentrated suspensions were prepared: an alumina
suspension with 50 vol.% of solids, and two suspensions of alu-
mina with addition of silica as a secondary phase for obtaining
a mixture of 96.4/3.6 (v/v) alumina/silica (which is the compo-
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Fig. 1. Schematic representation of the MLS equipment, where A is the trans-
mitted detector and B the backscattered detector.

sition needed to produce 10 vol.% mullite in an Al;O3 matrix).
These suspensions were prepared in deionised water to total
solid contents of 40 and 50 vol.% (including the water of the
colloidal silica suspension) and adding the amount of disper-
sant optimized according to the zeta potential measurements.
The suspensions were homogenised in an alumina jar mill for
6h. The final suspensions were labelled as A50 for the alu-
mina suspension with 50 vol.% solids and AS40 and AS50 for
the alumina/silica suspensions with 40 and 50 vol.% of solids,
respectively. The final pH of the obtained suspensions was 67
and it did not significantly change with time within the range of
this study.

The rheological behaviour of ball milled fresh suspensions
was studied with a rheometer (RS50, Haake, Germany) using a
double-cone/plate sensor configuration (DC60/2°, Haake, Ger-
many). Two programs were employed: controlled rate (CR) and
controlled stress (CS). CR program had three stages with a lin-
ear increase of shear rate from 0 to 1000s~! in 300, a plateau
at 1000s~! for 120 s, and a further decrease to zero shear rate in
300 s. CS program had two stages with a linear increase of shear
stress from 0 to 5Pa in 120 s, and down to 0 in 120 s. Expanded
viscosities curves were drawn by combining the data collected
by both CS and CR tests. To study the ageing of the suspensions
the viscosity curves were determined after 24 and 48h, also.
Suspensions were maintained under agitation with a low speed
orbital shaker.

The physical destabilisation of the suspensions against time
was evaluated by measuring the settling behaviour using the mul-
tiple light technique scattering (MLS) (Turbiscan Lab Expert,
Formulaction, France) in which a pulsed near-infrared light
source with a wavelength of 850 nm is forced to pass through
a suspension maintained at rest into a glass tube. Fig. 1 shows
a scheme of the MLS apparatus. It consists on a detection head
that moves up and down along a glass cylindrical tube cell. It
has a pulsed near-infrared light source (A =850nm) and two
synchronous optical sensors which receive the light transmit-
ted through the sample (at 180° from the incident beam) and
the light backscattered by the sample at 45° from the inci-
dent radiation, respectively. The detection head scans the entire
length of the cell (by 65mm) and takes data of transmission
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Fig. 2. Zeta potential versus pH of submicrometer-sized alumina and colloidal
silica suspension.

and backscattering every 40 pwm. A full description of the fun-
damentals and capabilities of this technique is given in Refs.!>!3
A major advantage of MLS as compared to other optical tech-
niques such as microscopy, laser diffraction or dynamic light
scattering, is that the former is non-destructive as no sample
dilution is needed. The instrument is able to detect particle
size variation or particle migration in concentrated and opti-
cal thick media. The amount of suspension needed for the MLS
measurement is very low (4-8 ml). The equipment allows set-
ting the number and the intervals for the scans. In this work
the data were recorded every hour during 48 h, thus allowing
studying the stability and the settling kinetics of the suspen-
sions.

3. Results and discussion
3.1. Dispersion studies

The stability of alumina and silica suspensions was first stud-
ied by means of zeta potential measurements using the fresh
suspension (time 0) at different pH values (Fig. 2). The zeta
potential of colloidal silica is always negative and the absolute
value slightly increases with pH. The alumina particles have an
important dependence with pH, giving positive zeta potentials
at acidic pH and negative ones at basic pH. The isoelectric point
occurs by pH 9.0 as reported elsewhere for pure a-Al,O3.'%13
For pH higher than 10 both the alumina and the silica parti-
cles have a negative charge and for lower pH the particles have
opposite charge, which would lead to heterocoagulation.

In order to stabilise the mixture of alumina and silica at mod-
erate pH, an ammonium salt of PAA was added as a dispersant.
The variation of zeta potential of alumina and silica suspensions
versus the concentration of dispersant is plotted in Fig. 3. On one
hand, the addition of dispersant to alumina suspension provokes
the change of sign of particles surface with a significant decease
in the zeta potential values from +40 to —10 mV with the addi-
tion of only 0.2 wt%. Higher concentrations of dispersant make
itchange the zeta potential values to around —50 mV for 1.0 wt%
and —60mV for >1.2 wt%. On the other hand, the zeta poten-
tial of silica remains constant for any dispersant addition and

it is considerably higher than that measured for silica without
dispersant (around —40 mV). The optimum dispersant content
for the mixture was considered to be 1.2 wt%, which is the con-
centration where a plateau is reached in the alumina curve. Zeta
potential does not apparently depend on the solids content as
this parameter accounts for the charges associated to individ-
ual particle surfaces. However, when solids content increases,
separation distance among particles decreases and the interac-
tions become stronger. In this case, although the zeta potential
of suspensions with 0.8 wt% PAA is high enough to preserve
stability, a higher content was selected (1.2 wt%) not only for
the higher zeta potential, but also to increase surface coverage in
order to avoid particles to touch each other. This concentration
of deflocculant provides zeta potentials of —40 and —60mV
for silica and alumina, respectively, at the natural pH. Since the
obtained pH is near neutrality (between 6 and 7) the addition
of acids or bases was not considered as this could only difficult
processing.

From these results, concentrated suspensions A50, AS50,
AS40 were prepared adding 1.2wt% of dispersant. At the
obtained pH (~8) both alumina and silica had negative surface
charge allowing the electrostatic repulsion to have a key role in
the stabilisation of the suspension. Fig. 4a shows the evolution
of the viscosity with the shear rate for the fresh suspensions
(the data of the CR and CS have been combined to obtain the
expanded curve with data over five orders of magnitude). All
the suspensions are stable and have moderate to low viscosity
values, thus demonstrating that the dispersant content (1.2 wt%)
selected according to zeta potential measurements is also ade-
quate for the concentrated state. The highest viscosities were
obtained for the A50 slurry. The mixture AS50 had a signifi-
cantly lower viscosity although this slurry had the same volume
fraction of solids as the AS0 slip. Since there is no variation
of pH and the zeta potential is always negative, a similar elec-
trostatic repulsion is expected for both systems. The improved
rheological behaviour of the mixture can be then related to the
bimodal size distribution obtained when a secondary phase of
colloidal silica is added to the coarse alumina particles. The
reduction of viscosity in bimodal suspensions has been reported
elsewhere.!6-18 Obviously, the viscosity of AS40 is lower as this
slurry has a lower solid content.
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Fig. 3. Zeta potential versus concentration of PAA of alumina and colloidal

silica suspensions.



606 O. Burgos-Montes, R. Moreno / Journal of the European Ceramic Society 29 (2009) 603-610

@100
] Y, " AS40
] a, o AS50
@ 104 A A A50
o E
2z
G
8 14
2 E
s
0.1
0.01

0.01 0.1 1 10 100
Shear Rate (s)

©) 100 n,,
.y

10

Viscosity (Pa s)

0.1

0.01

(b)

1004 M% . AS40
“, o AS50

. ‘A A A5BQD
g 104 Eﬁb&
a
=
2 ]
(8]
ks
>

0.14

0.014

i
1000 0.01 01 1 10 100 1000

Shear Rate (s)

= AS40
o AS50

ey 4 A50
S,

001 041 1 10 100 1000
Shear Rate (s™')

Fig. 4. Expanded viscosity curves of AS40, AS50 and A50 with 1.2 wt% of PAA for fresh suspensions (a), and after ageing for 24 h (b), and 48 h (c).

The curves plotted in Fig. 4 show a similar rheological
behaviour in which viscosities tend to be constant at very low
or very high shear rates, the so-called first and second New-
tonian plateau, and have an intermediate zone where viscosity
decreases as shear rate increases. This corresponds to a typi-
cal shear-thinning behaviour that considers that no yield point
exists.'*22 This is confirmed by the fact that the experimental
data can be accurately fit using the Cross model for the viscosity:

N—MNoo 1
no—Neo 1+ (K"

ey

where K is a constant and m is the power index. This is a
4-parameter model that considers the values of viscosity extrap-
olated to zero and infinite shear rate (1o and 7, respectively),
which are reported in Table 1. The values of ny were obtained
by extrapolation of the viscosity values measured at the low
shear region in the CS curve whereas 1., values were obtained
by extrapolating the high shear region values of the CR curves.
The suspension A50 had the highest viscosity. When colloidal
silica was added (AS50) the zero shear viscosity (1) was largely
reduced from 160 to 6.5Pas. When the solids content was
reduced to 40 vol.% (AS40) the viscosity decreased to 0.18 Pas.
The maximum difference between 719 and 71 is less than three
orders of magnitude, which is very low for the considered

volume fraction of solids. The viscosity values and the rheo-
logical behaviour of the fresh suspensions reveal that they are
homogeneous and well-dispersed.

Table 1
Values of the limit viscosities 79 and 7, for the fresh A50, AS40, and AS50
suspension, and after 24, and 48 h ageing

Fresh 24h 48 h

no (Pas)  noo (Pas) mo (Pas) 1 (Pas) 5o (Pas) 7o (Pas)
A50  160.3 0.054 199.4 0.032 145.5 0.011
AS50 6.30  0.010 19.39  0.018 32.3 0.023
AS40 0.18  0.008 3.17  0.008 1211 0.0072

Table 2
Values of sedimentation rate for the fresh suspension and the suspension after
24 h of A50, AS40, and AS50

U (cm/s)

Fresh 24h
A50 8 x107° 6x107°
AS50 2x 107 7 %1073
AS40 9% 1073 5x107*
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Fig. 5. Backscattered NIR light registered along the sample with time for A50 (a), AS40 (b), and AS50 (c).

3.2. Stability against time

The two major destabilisation phenomena are related to
particle migration (creaming, sedimentation) and aggregation
(coalescence, flocculation). Both of them have been studied
using the MLS technique and aggregation has been studied by
rheological measurements and particle size determinations. The
theoretical sedimentation rate (U) is related to the viscosity by
the Stokes’ law:

_ 28dso(pp — pr)

Us
It

@)
where g is the acceleration due to gravity, dsg is the mean particle
diameter, 7 is the viscosity of the fluid, and p, and pr are the
densities of the particle and the fluid, respectively. Table 2 shows
the sedimentation rate calculated for suspensions aged for 24
and 48 h, employing the 7o values calculated for each one.?3
The highest sedimentation rate was obtained for the suspension
AS40, just the one having the lowest solids loading (i.e. the
lowest viscosity).?*

The stability of the suspensions was first studied by measur-
ing their rheological behaviour as prepared and after ageing for
24 and 48 h. Fig. 4b and c shows the expanded viscosity curves
of the aged suspensions measured at the same conditions as used
for the fresh suspensions. After 24 h (Fig. 4b), the viscosity of
the suspensions has notably increased over that of the fresh sus-

pensions. The highest viscosity corresponds to the suspension
A50, followed by AS50, and the less viscous is the less concen-
trated AS40. This is clear when comparing the limit viscosities
no and 71 that are always higher for A50. However, at interme-
diate shear rates (between 0.1 and 10s~1) the viscosity of AS0
and AS50 is the same. Although the sedimentation rate of the
A50 suspension maintains constant, there is an important ageing
effect in the alumina—silica suspensions and the sedimentation
rate increases with longer ageing times (Table 2). The differences
between the values of ng as a function of time are significant,
especially for the bimodal suspension, 7., values being simi-
lar in all cases. So when the concentrated suspensions are under
high shear stress, the suspensions recover their initial properties,
being impossible to determine if some ageing process is occur-
ring. Therefore it is necessary to employ another technique in
order to predict and evaluate the ageing behaviour.

The influence of colloidal silica in the ageing of alumina sus-
pensions was observed in previous work.> The viscosity curve
after 48 h ageing shows a decrease in the viscosity, but this is
due to the formation of a sediment at the bottom of the sam-
ple while the bulk suspension becomes less concentrated. Due
to this lack of uniformity experimental viscosity data of these
suspensions cannot be employed to calculate the sedimentation
rate. The introduction of a colloidal fraction of silica makes
the ageing behaviour to be different and time stability becomes
shorter.
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Fig. 6. Sedimentation kinetics of A50, AS40, and AS50 suspensions.

So far the stability of the suspension was evaluated by the
zeta potential data and the viscosity of the suspensions in a broad
range of shear rates. The possibility of determining the evolution
of these suspensions with time in the stationary state could pro-
vide important additional information about the actual behaviour
of the suspension, regarding the formation of a particle structure
(i.e. the particle forces). During the MLS tests the transmission
detector collects the light that passes through the sample and the
backscattering one the backward scattered light. The concen-
trated suspensions: A50, AS50, and AS40 were introduced in
the measuring cell and the backscattering and transmission sig-
nals were registered every hour up to 48 h. The suspensions are
opaque due to the high solids content. The volume fraction (¢) of
the concentrated suspensions is higher than the critical volume
fraction (¢.) therefore the transmission is close to zero.'! For
this reason only the backscattering data were analysed. Fig. 5
shows the evolution of the backscattering measurements through
the cell every hour. In all cases there are two zones:

Zone 1 (in the bottom of the cell): The backscattering has a
slight variation.

Zone II (in the top of the cell): The backscattering decreases
with time due to the clarification of the suspension as settling
takes place. In the early stages of the process it seems to be con-
tinuous. After several hours, the depletion in the graph could
indicate the formation of a sedimentation front.

In the suspension AS50 (Fig. 5¢) there is another feature, zone
I (just below the sedimentation front, zone II). The backscat-
tering increases and a broad peak is recorded that shifts toward
the bottom of the cell with time.

The plateau observed in the graph is constant during the stud-
ied period indicating that aggregation phenomena are not taking
place, so the particle size does not change.

The most representative zone in the sedimentation process
is zone II, so that the data of the top are employed to establish
the kinetics curves. Fig. 6 shows the evolution of the height of
the sediment in the cell versus time, calculated from values of
Fig. 5. The appearance of the curves is similar for all three sus-

pensions. There are three segments: the first one corresponds
to typical sedimentation process, this step being determined by
the initial viscosity of the suspension (Stoke’s law). The plateau
found at the second part defines a stationary stage where the
sedimentation front, due to the high solids content, is formed
up to a critical point after which a quick sedimentation occurs.
The time period of the stationary stage is related to the sta-
bility of the suspensions. The viscosity of the alumina—silica
suspensions is always lower than that of the alumina suspen-
sion and thus, the sedimentation rate is higher (Eq. (2)). The
gap of the sedimentation front occurs at 18, 35, and 78 h for
AS40, AS50, and AS0, respectively. These experimental data
are in good agreement with the data calculated considering the
Stoke’s law (Table 2). However, the sedimentation rate after the
gap is similar for all the suspensions. This effect is related to the
ageing of the suspension.

Fig. 7 shows the evolution of the backscattered light versus
time for the main zones of the cell. The backscattering in zone I is
insignificant and the amount of particles is constant at the bottom
of the cell. In zone II the curves show different segments: at the
beginning there is a continuous decrease of backscattered light.
In this zone alumina-—silica suspensions have the same behaviour
as A50 but the evolution of the backscattering is different, the
slope of A50 being lower than that of the mixtures, this meaning
that the sedimentation rate is also lower. In the final part of the
curves the slope and the sedimentation rate decrease. The tran-
sition between the curves corresponds to the formation of the
sedimentation front. At the cell top particles appear to sediment
with a constant rate up to the formation of the sedimentation
front; afterwards this sediment front moves slowly. For the sus-
pension AS50 zone III is marked and shows an increase of the
backscattering that indicates the accumulation of particles in this
zone, just below the sedimentation front.

Fig. 8 shows a schematic representation of the particle
arrangement in the suspensions at three different times: 7y for
the fresh suspension, #; in the first part of the curve where
the sedimentation rate is faster, and #, in the final step of the
process, as it is marked in Fig. 7. The suspensions AS40 and
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Fig. 7. Evolution of the backscattered NIR light with time.
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Fig. 8. Schematic representation of the particles behaviour during the destabilisation process.

A50 show a similar behaviour with the same stages, and AS50
has a different behaviour only in zone III, as it has been also
observed in Fig. 6. For 7y, the particles in the fresh suspension
are homogeneously dispersed. #; stands for the first step where
the sedimentation rate is constant. A clear supernatant starts to
appear in the top, and particles are uniformly distributed below.
1 corresponds to the last step after the formation of the sedimen-
tation front, where a section with particles (sedimentation front)
can be distinguished in the clarification zone. The suspension
AS50 has a slightly different behaviour due to the higher solids
concentration and the presence of colloidal silica suspension as

second phase. At the beginning the suspension is homogeneous
along the whole cell and after several hours the clarification
zone is detected. In the third step the clarification zone with
the sedimentation front can be seen, similar to all the suspen-
sions; however under this zone an increase in the backscattering
is observed that corresponds to an accumulation of particles,
losing the homogeneity of the suspension. Although the suspen-
sions show similar rheological behaviour, the MLS a test allow
a better characterisation of the concentrated suspensions, and

permits to foresee the possibility of heterogeneities to appear
through further shaping steps.
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4. Conclusions

The dispersing conditions for alumina and alumina—silica
suspensions were studied in terms of zeta potential and rheologi-
cal behaviour. Stable suspensions were obtained adding 1.2 wt%
(referred to dry solids) of an ammonium salt of PAA as a disper-
sant giving a zeta potential of —40mV at moderate pH (6.5-7).
The addition of the secondary silica phase to alumina produces
a homogeneous packing of particles with a bimodal size dis-
tribution, reducing the viscosity of the suspension from 160 to
6.5 Pa s for AS0 and AS50, respectively. However, whereas the
alumina suspension remains constant within time the addition of
the secondary silica phase provokes an important ageing effect.

The theoretical sedimentation rates (U) have been calculated
from the limit viscosities. The highest sedimentation rate occurs
for the suspension AS40, which has the lowest viscosity. The
sedimentation kinetics of concentrated suspensions at rest was
evaluated by MLS. Two main zones are observed in the cell:
(D the bottom, where backscattering has a slight variation and
(II) the top of the cell, where clarification occurs due to set-
tling. In the case of suspension AS50 there is a third zone
(IIT) below the sedimentation front where particles accumulate
and backscattering increases. The kinetics curves show a sim-
ilar behaviour for all the suspensions. The sedimentation front
occurs at 18, 35, and 78 h for AS40, AS50, and A50, respec-
tively, which gives the limit for the stability against time. A
schematic model is presented that illustrates how particles are
homogeneously dispersed in the earlier stages, but after a certain
time #; the sedimentation rate is constant and the clarification
of the top begins. For a longer time £, the sedimentation front is
formed inside the clarification zone, after which the sedimenta-
tion process continues. According to this, MLS technique is a
promising tool giving useful information about the rheological
behaviour of concentrated suspensions complementary to that
obtained through rheological measurements, especially regard-
ing the ageing evolution at rest. A further advantage over optical
techniques such as those used measuring particle size distribu-
tion and zeta potential is that the MLS method is non-destructive
and useful for concentrated, opaque suspensions.
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