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Rheological Studies of Aqueous Stabilised Nano-zirconia Particle Suspensions
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In the present investigation aqueous suspensions of nano- and colloidal range particles are stabilised 
by changing the ambient pH. Rheology is used to establish the stability of the suspensions and it is 
found that the rheology of the suspensions is strongly dependent on the pH values. The viscosity is 
highest close to the iso-electric point of the powders. At the iso-electric point the net surface charge 
on the powder particles is zero and is the cause of the high viscosity. Away from the iso-electric point, 
the particles are charged, giving rise to a double layer phenomenon and causing the reduction in 
viscosity. It is also found that increasing the solid contents of the suspensions reduces the pH region 
of low viscosity.
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1.	 Introduction
Ceramic materials are widely used as high-tech structural 

materials for their excellent mechanical properties. These 
materials have been a part of many investigation studies to 
improve the properties for their extended applications. In 
this series Zirconia is one of the special type of ceramic 
material which found applications as an advanced structural 
material for their excellent mechanical properties1,2. To 
broaden its utility, it is highly demanded to obtain a fine grain 
microstructure and to fabricate components with complex 
shapes. This can be achieved by using ultra-fine powders 
combined with forming by colloidal processing3. The 
colloidal processing techniques such as direct coagulation, 
gel, slip, tape and centrifugal casting4-8, are required to have 
the slurries with good dispersion and desirable rheological 
behaviour for enhancing the green body density and final 
sintering properties9,10. During processing the nano and 
colloidal range ceramic particles usually spontaneously 
aggregate in the dispersing medium due to the relatively 
high strength of the inter-particle van der Waals attractive 
forces. It is desired to control the strength of these attractive 
forces in order to impart a resistance against aggregation. 
In practice, the stability against aggregation is achieved by 
introducing a repulsive force barrier between the particles. 
This repulsive barrier can be achieved by two generic 
mechanisms: (i) Electrostatic stabilisation and (ii) steric 
stabilisation11-15.

DLVO theory relates the particle-particle interaction 
as a function of separation between particles. When the 
electric charge on the particles is low in a suspension, strong 
attractions between the particles exist and as a result the 
viscosity or the yield stress is high16-20. This higher viscosity 
or yield stress value is due to the fact that at lower electrical 
charges the mobility of the particles is restricted; giving rise 

to the higher viscosity or yield stress values. The magnitude 
of the particle-particle interaction for two particles is related 
to the surface potential or zeta-potential (electrophoretic 
mobility) and the size of the particles21.

Metal oxides particles e.g. zirconia powders (and many 
other ceramic powders as well) may become electrically 
charged, depending upon the pH of the aqueous suspending 
medium, due to the adsorption of dispersant molecules 
which contain the ionisable ions or the dissociation/
association of surface hydroxyl group with H+/OH- ions22-25. 
When the pH of the suspension is at or close to the iso-
electric point (iep) i.e. the pH at which positive sites and 
negative sites on the particle are equal, the particles tend to 
aggregate as there is hardly any repulsion between them. 
The tendency of the aggregation causes an increase in the 
viscosity. This effect can be overcome by changing the pH 
away from the iep, that make the particles charged by the 
following chemical reactions23,26,27.

OH MOH MO HOH− −+ → + 	 (1)

2MOH H MOH+ ++ → 	 (2)

where MOH corresponds to the metal oxide surface hydroxyl 
group.

The relationship between the particle charge caused 
by the change in the pH values and the viscosity of the 
suspension is studied in this investigation. The results 
are explained in the light of electrostatic stabilization 
mechanism explained above. The zirconia suspensions 
(slips) investigated here are suitable for slip casting and 
drain casting techniques. These techniques produce green 
ceramic compacts of high green density. On sintering, the 
green compacts are converted to final ceramic product. Three 
different zircona powders having different surface areas 
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and iso-electric points are investigated. Two of the powders 
studied have the same doping concentration of yitria but their 
surface areas are different. The effect of the surface area on 
the rheology of the system studies is highlighted.

2.	 Experimental

2.1.	 Material

Three kinds of zirconia powder were used. Their bulk 
chemical compositions were non-doped zirconia and 
3 mole percent yttria doped zirconia (two samples). The 
details of three zirconia powders are given in Table 1. The 
particle sizes D

10
, D

50
 and D

90
 donate the diameters of the 

particles which constitutes 10, 50 and 90 percent by volume, 
respectively. The ratios of D

10
, D

50
 and D

90
 are the measure 

of polydispersity.
The water used in all the experiments for preparing 

different suspensions/samples, was taken from a Purite 
(Purite Ltd., Oxon, England) water purifying unit. The 
equipment uses a combination of deionisation and reverse 
osmosis processes.

2.2.	 Rheological and electrophoretic mobility 
measurements

A Bohlin VOR rheometer (Bohlin Rheologi, Lund, 
Sweden) was used for the rheological studies of the 
suspensions which were dispersed using a ultrasonic probe; 
Vibra-Cell VCX 600 (Sonic and Materials, Connecticut, 
USA). The electrophoretic mobility experiments of 
the very dilute suspensions was carried out using a 
Zeta Master (version PCS, Malvern Instruments, UK) 
microelectrophoresis instrument. The average mobility 
reported in this paper was taken from the mean of at least 
15 different experimental runs.

For the electrophoresis (electrophoretic mobility) 
experiments, stock suspensions containing ca. 1% (w/v) 
particles were prepared in 10-3 M KNO

3
 solution. The 

suspensions were ultrasonicated with a Vibra-Cell VCX 600 
ultrasonicator. A few drops of the stock suspension were used 
to make several more dilute suspensions (30 mL in volume) 
in a known KNO

3
 electrolyte concentration (10‑3 M). The 

pH values of the suspensions were adjusted and stored 
overnight. Prior to the electrophoresis experiments, the pH 
of the suspensions was noted again. For the suspensions 
in which pH values were changed the solid contents were 
30% by weight. 30% wt/wt suspensions were chosen as the 
most suitable with respect to ease of the change of pH and 
reasonable rheological response.

For the rheological experiments at the natural pH values, 
first highest solid fraction samples of the three zirconia 
powders were prepared by using the following procedure. 
The required amount of the powder and distilled water was 
added in a 60 mL jar. The volume of the suspensions was 
50 mL. The suspensions were ultrasonicated continuously for 
two minutes by using a Vibra-Cell VCX 600 ultrasonicator. 
During the ultrasonication, the samples were placed in an ice 
cooled water to avoid over-heating. The lower solid content 
samples at the natural pH values were made by diluting the 
above samples. The diluted samples were ultrasonicated 
again for 1.5 minutes to re-disperse the particles using the 
above procedure.

For the rheological experiments in which pH values were 
varied, for each pH value and solid fraction, new samples 
were prepared. A fixed amount of HNO

3
 (acid) or NaOH 

(base) and water was added in the sample jar, followed by 
the addition of zirconia powder. The samples were placed 
on a shaker for about two hours. Then the samples were left 
standstill overnight. These samples were then ultrasonicated 
for 2 minutes and rested for 30 minutes before being tested 
for rheology. Just before the rheological experiments, the 
pH values were noted.

Before performing the rheological characterisation, 
the samples were pre-sheared at a very high shear rate of 
960/s for ca. 3-4 minutes followed by at least a 2 minutes 
rest period in order to provide a common and consistent 
shear history for the systems. The viscosity at low shear 
rates was measured first, stepping up to higher shear rates, 
covering the shear rate range of 10-1 to 103/s. The results 
reported here for the selected shear rates were taken from 
the above shear rate range experiments. All the experiments 
were performed at 25 °C.

3.	 Results and Discussion

3.1.	 Electrophoresis

Figure 1 shows the electrophoretic mobility in a 10-3 M 
KNO

3
 solution of the three sample of zirconia coded as Y

3
, 

Y
3
U and ZrO

2
. The pH of the iep values of these samples 

were 6.8, 5.4 and 7.5, respectively. It can be seen from this 
figure that the electrophoretic mobility behaviour is quite 
different for each case. At pH values lower than the iep there 
is a net positive charge and at pH values higher than iep there 
is a net negative charge. The cause of the net negative and/
or positive charges is represented by Equations 1 and 2. The 
strength of net positive and negative charge depends on the 
prevailing pH of the system. This difference in the above 
behaviour of the three systems indicates that the surface 

Table 1. Characteristics of the zirconia powders.

Zirconia  
powder

Code Doping 
component

BET surface 
area (m2.g–1)

Supplier Particle size (µm)

D10 D50 D90

Non-doped zirconia ZrO
2

none 22.50 Zirconia sales, UK 0.048 ± 0.002 0.14 ± 0.01 0.32 ± 0.03

Doped zirconia Y
3

3 mole % Y
2
O

3
7.43 Zirconia sales, UK 0.30 ± 0.02 0.71 ± 0.03 1.26 ± 0.05

Doped zirconia Y
3
U 3 mole % Y

2
O

3
17.91 Zirconia sales, UK 0.051 ± 0.003 0.16 ± 0.01 0.39 ± 0.03
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physical and chemical properties of these three powders used 
are different. The surface physical and chemical properties 
also affect the rheological behaviour of the suspensions.

3.2.	 Rheology

In the following sections the effect of particle surface 
charge and surface area on the rheology of the various 
zirconia suspensions is discussed. The change in the ambient 
pH of the suspensions modifies the charge on the particles. 
The addition of an acid/base to the suspension reacts with 
the hydroxyl group present on the surface of the zirconia 
powder, and thereby changing the surface charge density. 
The change in the surface charge density of the particles in 
a suspension affects the rheology of the suspension.

3.2.1.	 Powder concentration effect

In Figure  2, the viscosities at a shear rate of 146/s 
for the three different zirconia powder suspensions as a 
function of the solid concentration (Krieger-Dougherty 
type relationship), are shown. All the suspensions were 
at their natural pH i.e. without any acid/base addition and 
these pH values were 7.1, 8.1 and 7.9 for Y

3
U, Y

3
 and ZrO

2
, 

respectively. For all the samples the viscosity increased as 
the solid content was increased. The increase in the viscosity 
behaviour, with the increase of solid concentration, is 
clearly different for all the three zirconia powders used. The 
Y

3
U suspensions show the smallest rate of increase in the 

viscosity. This relatively low viscosity change, compared 
to the viscosity change of the other zirconia suspensions, 
may be attributed to the high surface charge (negative) at the 
natural pH (=7.1) (Figure 1) of the suspensions. When the 
surface charge is high, the aggregation is relatively low due 
to the electrostatic repulsion. The greatest rate of increase in 
the viscosity with the increase of the solid content is found 
for the ZrO

2
 suspensions and this may be attributed to two 

factors; a rather high surface area for the ZrO
2
 and a natural 

pH close to the iep, where the ZrO
2
 particles have a rather 

low surface charge. There is a very weak repulsion when 
the surface charge on the particles is low, so they can come 
close to each other and thus aggregate. The Y

3
 suspensions 

have a lower viscosity compared with the ZrO
2
 suspensions 

because of the relatively low surface area of the Y
3
 particles. 

From the comparison of the ZrO
2
 and Y

3
U suspensions 

(ZrO
2
 and Y

3
U have similar surface areas, Table 1) it appears 

that the surface chemistry (surface charge) has the more 
dominant influence upon the rheology than the size of the 
powder particles. The difference at the natural pH and the 
iep for ZrO

2
 and Y

3
U is 0.4 and 1.7, respectively. Also, the 

electrophoretice mobility of Y
3
U at its natural pH (5.4) 

value is significantly higher the electrophoretice mobility 
of ZrO

2
 at its natural pH (7.5). In other words the surface 

charge on Y
3
U zirconia particles is much higher than the 

surface charge on ZrO
2
 particles. Therefore, the double 

layer repulsion in the Y
3
U suspensions will be stronger than 

that of the ZrO
2
 suspensions at their natural pH values and 

consequently the viscosity of the Y
3
U suspensions is lower 

than the corresponding ZrO
2
 suspensions. The degree of the 

polydispersity of these two powders is quite comparable.

3.2.2.	 Effect of pH

Figure 3 shows the viscosity of zirconia Y
3
U 30% wt/wt 

suspensions at three different shear rates. The natural pH, 
the pH without adjustment by acid or base, was found to 
be 7.1. At the natural pH and above the suspension is well 
stabilised and has a low viscosity. At pH values less than 7.0 
the viscosity of the suspension increases. This increase in the 
viscosity is due to the lower surface charge on the particles 
at these pH values as compared to the surface charges at pH 
values 7.0 and more. The maximum viscosity is observed 
at pH 4.1 which is quite close to the iso-electric point (iep) 
of the zirconia Y

3
U (pH 5.4). At pH values less than 4.0 the 

viscosity starts decreasing again. However, in the acidic pH 
range investigated, the viscosity is significantly higher than 
under basic conditions; that is for pH values of more than 

Figure  1. Electrophoretic mobility of three different zirconia, 
powders (Y

3
, Y

3
U and ZrO

2
) as a function of pH.

Figure 2. Viscosity as a function of solid content at a shear rate 
of 146 /s for three different zirconia powders (Y

3
, Y

3
U and ZrO

2
).
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increase the surface area of the solid body from which leach 
out takes place.

In Figure 4 the viscosities of zirconia Y
3
 30% wt/wt 

suspensions as a function of pH at three different shear rates 
are shown. The natural pH of the suspension was found to 
be about 8.1. The viscosity at pH values of less than 2.0 
and more than 10.0 are very low and the suspension is well 
stabilised. At pH values between 2.0 and 10.0 the viscosities 
of the suspensions are comparatively high. The highest 
viscosity found is at a pH value of circa 6.3, and this pH is 
close to the iso-electric point (iep) of the zirconia, which 
is at a pH value 6.7. Comparing the viscosity at a pH of 
approximately 6.3 with that of a suspension of Y

3
U at pH 

4.1, at low shear rate, the viscosity of the Y
3
U suspension is 

higher than that of Y
3
 suspension. This difference is probably 

due to the difference in the surface area of the two powders. 
Zirconia Y

3
U has a BET surface area of 17.91 m2.g–1 whereas 

the BET surface area of zirconia Y
3
 is 8.75 m2.g–1. The high 

surface area powder tends to give a higher viscosity for the 
suspensions of a given volume fraction.

Figure 5 depicts the results for the non-doped zirconia 
(ZrO

2
) suspension, 30% wt/wt, at three different shear rates. 

The viscosities of the suspensions are low at pH values 
of more than 9.0 and less than 5.0. The highest viscosity 
values peak at pH values between 6 and 8, which is again 
in a reasonable agreement with the iep of the zirconia 
powder. The iep of the powder occurs at a pH value of 7.5. 
The highest viscosity of the suspension is slightly more 
than that of the highest viscosity of the Y

3
U suspension at 

a pH of circa 4.1 and also higher than that of the highest 
viscosity of Y

3
 suspension at a pH of 6.2. The BET surface 

area of non-doped zirconia powder is 22.5 m2.g–1, which is 
higher than that of the zirconia Y

3
 powder and slightly higher 

than the surface area of the Y
3
U powder. This difference 

in the viscosities of the suspensions is consistent with the 
differences in their surface areas.

Figure 3. Viscosity as a function of pH of zirconia Y
3
U 30% wt/wt 

suspensions at three different shear rates (SR) (1.46/s, 14.6/s and 
146/s) no dispersant used.

Figure 5. Viscosity as a function of pH of zirconia ZrO
2
 30% wt/wt 

suspensions at three different shear rates (SR) (1.46/s, 14.6/s and 
146/s) no dispersant used.

Figure 4. Viscosity as a function of pH of zirconia Y
3
 30% wt/wt 

suspensions at three different shear rates (SR) (1.46/s, 14.6/s and 
146/s) no dispersant used.

7.1. This difference in the viscosity in the acidic and basic 
conditions is probably due to the relative difference in the 
surface charge. At pH 7.0 and above, the magnitude of the 
negative charge (electrophoretic mobility) is greater than 
the magnitude of the positive charge at pH 4.0 (Figure 1). 
In addition, there could be some leaching out of yttrium 
ions from the zirconia Y

3
U powder. It has been shown7‑10 

that under acidic conditions yttrium ions are leached out 
from yttria stabilised zirconia powder. The leach out will 
increase the surface area of the powder, and make the van 
der Waals forces more attractive. When some species (atoms, 
molecules, ions etc.) are leached out from a solid body, a 
cavity or pore is created at that point. These cavities or pores 
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It has been reported in the literature that the maximum 
viscosity and yield strength occurs near the iep, therefore the 
finding is in accord with the finding of other researchers28-30.

The viscosities of all the suspensions at the higher shear 
rates are lower when compared with the corresponding 
viscosities of the lower shear rates, indicating that all 
suspension show shear thinning behaviour which is typical 
of such suspensions.

In Figure 6 the viscosity data, at a shear rate of 1.46/s, 
as a function of pH of the suspensions containing 30 wt/wt 
of the three zirconia powders, are shown. The high viscosity 
region of the zirconia Y

3
 suspension covers from circa 

pH 9.0 to pH 3.0 and is wider than the high viscosity regimes 
of the zirconia Y

3
U and non-doped zirconia suspension. The 

Figure 6. Viscosity as a function of pH for three different zirconia 
powders 30% wt/wt suspensions at a shear rate of 1.46/s.

Figure 7. Viscosity as a function of pH for three different weight 
% of zirconia Y

3 
suspensions at a shear rate of 1.46/s no dispersant 

used.

high viscosity regions of the non-doped zirconia (ZrO
2
) and 

zirconia Y
3
U suspensions are from pH values 9.0 to 6.0 and 

pH values 7.0 to 2.0, respectively.

3.2.3.	 Effect of solid content

The effect of the variation of the solid content as a 
function of pH on the zirconia Y

3
 suspensions was also 

investigated. In Figure 7, the viscosity against the pH for 
the three different solid content suspensions of zirconia 
Y

3
 at shear rate of 1.46/s are shown. From the figure it 

can be seen that, as the solid content of the suspension is 
increased, the “stability region”, that is the pH range which 
gives the low viscosity, decreases. When the solid content 
of the suspensions is 25% wt/wt, the suspensions have low 
viscosities in the pH range of more than 11.0 to less than 
5.0. However, when the solid content is increased to 35% 
wt/wt the acidic region of the low viscosity shifts to a pH of 
circa 2.0 and less. The extreme pH conditions, especially the 
high acidic pH values, are not suitable from the processing 
view point and have deleterious effects on the quality of the 
suspensions as well as on the products. This narrowing of the 
stability region, using pH adjustment, serves to indicates that 
it is not possible to produce high solids loading suspensions 
using pH control alone. It has also been observed that the 
pH of the acidic suspensions increases with time and this 
effect is more pronounced at the higher volume fractions 
and under the more extreme acidic conditions.

The suspensions whose results are reported in Figure 3 
to Figure 7 were stable in the absence of any dispersant. The 
stability of these suspensions was checked by the rheological 
measurement over a period of one week. During this period 
(one week), no significant difference in the viscosity was 
observed. If the suspensions were unstable the viscosity 
would change (increase) with the passage of time. Therefore, 
it can be concluded that these system are stable.

4.	 Conclusions
The rheology of the zirconia powders studied is found 

to be affected by the change in the ambient pH of the 
suspension. The pH changes essentially modify the surface 
charge which in turn controls the interparticle interactions. 
At the pH where the effective potential (the zeta-potential) 
on the particles is zero, called the isoelectric point (iep), the 
viscosity is high and as the pH changes away from the iep 
the viscosity decreases. This is due to the fact that at the iep 
the van der Waals attractive forces dominate and aggregation 
of the particles occurs. At pH values away from the iep the 
electrostatic repulsion of the particle/double layers stabilises 
the suspension and hence prevents the particles coming close 
to each other and agglomerating. As a result the viscosity 
of the suspensions is lower.

The particle size, the size distribution and the surface 
area of the particles also plays an important part in the 
rheology as was observed in the case of the non-doped 
zirconia and 3 mole % yttria stabilised zirconia powders. 
The finer particles and the particles having higher surface 
area tend to give higher viscosities under similar surface 
charge conditions. Increasing the solid content decreases 
the extent of stable region and increases the low optimum 
viscosity values.
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