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Abstract

In this work highly concentrated (70 wt. %) aqueous suspensions of alumina (Al2O3) were prepared for slip casting.  
The suspensions were stabilized with different combinations of three dispersants: (A) disodium salt monohydrate 
(Tiron), (B) Darvan C-N, 4,5-dihydroxy-1,3-benzenedisulfonic acid, and (C) citric acid monohydrate. The amounts of 
the dispersants were selected using the Simplex lattice mixture design to evaluate the effect of the dispersants content and 
their combination on the rheological properties of highly concentrated alumina suspensions. The regression analysis 
and the response surface plots showed a synergistic effect on decreasing the apparent suspension viscosity below  
12 mPa•s, after the addition of small concentrations of the dispersants Tiron and the citric acid to the Darvan C-N. 
The antagonistic effect of the mixture of dispersants was obtained after adding small amounts of the Darvan C-N and 
citric acid to the Tiron, which increased the apparent viscosity up to 20 mPa•s.
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1. Introduction
Aluminium oxide or alumina (Al2O3) is an oxide tech-
nical ceramic material containing α-Al2O3 or corun-
dum, the thermodynamically most stable form with the  
hexagonal unit cell (Figure 1). Also, alumina is avail-
able in various metastable polymorphs such as γ, δ, η, 
θ, κ, χ [1,2]. The oxygen anions (O2–) define a nearly  
hexagonal close-packed (HCP) structure and the  
aluminium cations (Al3+) occupy 2/3 of the octahedral 
sites in the HCP lattice. Each Al3+ centre is octahedral.

Among the ceramic materials, alumina is the most com-
monly used oxide ceramic due to its unique properties 
such as high elastic modulus, high wear resistance, 
high chemical corrosion resistance, high-temperature  
stability, retention of strength at high temperatures, but 
also brittleness and low fracture toughness [3]. Com-
monly, alumina is the first choice as a refractory material  
because of the low cost, simple handling and produc-
tion, and the possibility to be shaped and sintered to full 
density without the use of protective atmosphere [4]. 

Fig. 1. Structure of α-Al2O3 [1].

Biocompatibility makes alumina a high-potential mate-
rial in medical applications (dental, cardiologic, ortho-
paedic, bionic) [5,6]. High purity alumina (> 99.5 wt. %) 
may be used as a structural element and electric insulator 
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in nuclear reactors, for corrosion and wear protection, 
in automobile and spacecraft industry, in environmental  
industries, in water vapor processing, as well as in oil 
and gas energy production [6,7].

The selection of raw materials and additives, the forming  
of the green bodies, and the sintering process (con-
ventional and non-conventional) together influence 
the formation of the vitally important microstructure, 
and thereby the desired properties of the final ceramic  
product (Figure 2) [8-10].

The methods for forming ceramic parts can be divided 
into the following basic types:

- pressing (0 – 15 % moisture)
- plastic forming (15 – 25 % moisture)
- casting (> 25 % moisture).

One of the simple forming casting methods is slip casting. 
It can be used for the manufacture of prototypes, parts 
with complex geometries as well as  for large items.

ceramic suspension, which determines the homogeneity 
of the composition and the isotropic properties of the 
green body. The stability of the suspension is disturbed 
by the adhesion of the grains to aggregates that fall to the 
bottom in the form of sediment or the lifting of the grain 
by hydromechanical buoyancy and the formation of a 
surface film. Both phenomena result in the appearance of 
inhomogeneous areas in the suspension composition and 
later to the formation of porosity and poorer properties of 
the sintered product. The application of the dispersants 
reduces the apparent viscosity of the suspensions with 
very high solid content and increases the suspension 
stability, which allows good filling of the mould and 
obtaining uniform formation of the green body [5,6,13]. 

Fig. 2. Influences on microstructure and properties  
of ceramic parts.

The production of sintered products from slip cast 
alumina ceramics is carried out in three interdependent 
steps consisting of [11,12]:

(i)	 preparation of a stable suspension;
(ii)	 green body formation;
(iii)	 densification of the body during sintering.

To produce high-quality aluminium oxide ceramics by slip 
casting, an Al2O3 powder with particle sizes between 1nm 
and 1 mm is used, which is mixed with water, dispersants, 
and additives to form a stable highly concentrated 
suspension (a slip). The slip casting method uses gypsum 
moulds in which the suspensions dry by absorbing water 
(Figure 3). To produce a high-quality sintered ceramic 
product, it is necessary to ensure the stability of the 

 

Fig 3. Schematic illustration of slip casting process: (A) filling 
a porous mould with slip, (B) removing water from suspension 
by capillary action through small pores in mould and formation 
of compact (green body) along mould walls, (C) draining excess 

slip, (D) green body drying and removing from mould [14].

The difference between the ceramic product obtained by 
slip casting a stable and an unstable suspension is best 
illustrated in Figure 4. 

Fig. 4. Influence of particles dispersion on properties  
of sintered ceramic products [3].
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The influence of the dispersant content and combination 
was investigated in several papers [15-17]. The usual 
industrial dispersants are ammonium polymethacrylate 
(“Darvan C-N”) [18,19], 4,5-dihydroxy-1,3-
benzenedisulfonic acid disodium salt (“Tiron”) [20], 
poly(maleic acid) (PMA) [21] etc. It was found that the 
minimal viscosity (7 mPa∙s) of highly concentrated 
alumina (70 wt. % of Al2O3 powder) water suspension 
was obtained with the addition of 0.75 wt. % of Darvan 
C-N, or 0.1 wt. % of Tiron or 0.3 wt. % of citric acid [5,6].

In this research, the influence of the combination of three 
dispersants Tiron (4,5-dihydroxy-1,3-benzenedisulfonic 
acid disodium salt monohydrate), Darvan C-N (an 
ammonium polymethacrylate water solution), and citric 
acid monohydrate on the viscosity of highly concentrated 
alumina suspensions for slip casting was investigated and 
statistically optimized.

2. Materials and methods

2.1. Preparation of alumina suspensions

Aqueous alumina suspensions with a solid loading of 
70 wt. % were prepared from high purity Al2O3 powder 
(chemical composition of Al2O3 powder, according to 
the manufacturer’s data, is given in Table 1) with an 
average particle size between 300 nm and 400 nm (Alcan 
Chemicals, Stamford, CT, USA), deionized water and 
three dispersants denoted as A, B, C:

- Dispersant “A” is 4,5-dihydroxy-1,3-benzenedisulfonic 
acid disodium salt monohydrate (Sigma-Aldrich Chemie 
GmbH, Germany) commercially named Tiron.
- Dispersant “B” is an ammonium polymethacrylate 
water solution (Vanderbilt Chemicals, LLC, CT, USA), 
commercially named Darvan C-N. 
- Dispersant “C” is citric acid monohydrate, >99.7 % 
purity (VWR Chemicals, BDH Prolabo, Belgium). 

Table 1. Chemical composition of Al2O3 powder.

Component, wt. %

MgO Fe2O3 SiO2 Na2O CaO Al2O3

0.066 0.015 0.02 0.05 0.013 balance

All suspensions were prepared by adding deionized water, 
dried ceramic powder, and dispersant into the grinding 
jar of a planetary ball mill. The grinding jar and ten 
balls used for the homogenization are made of alumina 
ceramics to prevent the contamination of suspensions. 
Each of the prepared suspensions was homogenized for 
90 min at a rate of 300 rpm in the planetary ball mill  
(PM 100, Retsch, Germany). To remove air bubbles and 

to achieve homogeneity of the prepared suspensions, 
each suspension was treated in an ultrasonic bath.

2.2. Rheological measurements

Rheological measurements were conducted using 
the rotational viscometer DV-III Ultra (Brookfield 
Engineering Laboratories, Inc., MA, USA) in a small 
sample chamber with the SC4-18 spindle. Pre-shearing 
lasted for 2 min at a shear rate of 100 s−1. The shear rate 
was gradually increased from 0.1 to 180 s−1, and then 
reduced back to 0.1 s−1. The shear rate increase/decrease 
interval was divided into 50 equal time frames of 3 
seconds each. Rheological measurements were conducted 
just before each shear rate change. The temperature was 
kept constant at 25 °C ± 1 °C using the thermostatic bath 
Lauda EcoRE 415 (Lauda-Brinkmann, LP, USA). Flow 
curves were recorded for each dispersant type and each 
dispersant concentration. 

2.3. Simplex lattice mixture design

The simplex lattice mixture design was used to evaluate 
the effect of different amounts of dispersants: Tiron (xA), 
Darvan C-N (xB), and citric acid (xC) on the apparent 
viscosity of highly concentrated alumina suspensions. 
The concentrations of each dispersant in the 70 wt. % 
alumina suspensions were expressed as fractions of the 
mixture as shown in Figure 5. 

Fig. 5. Simplex lattice mixture test design for the addition of 
dispersants used in the preparation of 70 wt. % alumina suspensions.

The mixtures of dispersants were prepared as shown 
in Table 2. Three tested combinations were obtained 
with three single dispersants (label 1 to 3), three test 
combinations  with two dispersants (label 5, 7, and 9), 
and four test combinations with three dispersant mixtures 
(label 4, 6, 8, and 10).
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Table 2. Amounts of dispersants (Tiron, Darvan C-N and citric 
acid) in 70 wt. % alumina suspensions.

Label of 
suspension 

Dispersant, wt. %

A: 
Tiron

B: 
Darvan C-N

C: 
citric acid

1 0.50 0 0
2 0 1 0
3 0 0 0.30
4 0.16 0.66 0.23
5 0.30 0 0.20
6 0.36 0.66 0.13
7 0.3 0.80 0
8 0.16 0.86 0.13
9 0 0.80 0.20
10 0.23 0.73 0.16

The experimental results of the apparent viscosity 
measurements were analysed using the MiniTab 
software, with a combination of response surface and 
regression analysis.

3. Results and discussion

3.1. Viscosity measurements

Viscosity measurements are often used to estimate 
suspension stability. The stability of highly concentrated 
alumina suspensions (70 wt. % Al2O3) was estimated 
by rheological measurements at a shear rate of 50 s−1. 
This shear rate is usually achieved during gravity slip 
casting. The measured values of the apparent viscosity 
and pH values for the prepared suspensions are presented 
in Table 3. The lowest viscosities were obtained in 
suspensions 7 (0.3 wt. % Tiron, 0.8 wt. % Darvan C-N), 
8 (0.16 wt. % Tiron, 0.86 wt. % Darvan C-N, 0.13 wt. %  
citric acid), and 9 (0.8 wt. % Darvan C-N, 0.2 wt. % 
citric acid). These results showed the synergistic effect 
of a combination of dispersants A + B, and A + B + 
C. The suspensions 1 and 5 showed the highest values 
of  apparent viscosity and the antagonistic effect of the 
combination of dispersants A + C.

Table 3. Apparent viscosity and pH value of 70 wt. % Al2O3 
suspensions with variation of added dispersants (shear rate 50 s−1).

Label of test sample pH η, mPa∙s

1 6.74 23.93

2 8.70 13.62

3 6.06 15.08

4 5.63 13.77

5 6.23 22.24

6 6.20 14.85

7 7.75 12.16

8 6.57 12.62

9 6.20 13.01

10 6.15 13.62

3.2. Statistical analysis

The contour plot of the response surface for measured 
apparent viscosity dependent on the dispersant content 
is shown in Figure 6. From the contour view of the 
measured apparent viscosity, the area of lower viscosity 
values is observed in the lower left-hand corner of the 
view. These favourable lower viscosity values are 
achieved by a combination of  dispersants B (Darvan 
C-N) and C (citric acid), possibly with a small addition 
of  dispersant A (xA < 1/3).

The regression analysis of the response surface of 
apparent viscosity dependent on the type and content of 
dispersants was conducted using the MiniTab software. 
The influence of interactions among the dispersants 
Tiron (factor A), Darvan C-N (factor B), and citric acid 
(factor C) on the apparent viscosity is shown in Table 4.

Using the regression analysis and the results in Table 4  
the following regression equation for the prediction of 
viscosity (η, mPa•s) of 70 wt. % alumina suspensions 
dependent on wt. % of added dispersants is estimated: 

� = 23.42 • 𝑥A + 14.28 • 𝑥B + 15 • 𝑥C ⎯ 30.61 • 𝑥A • 𝑥B + 
+5.32 • 𝑥A • 𝑥C ⎯ 8.66 • 𝑥B • 𝑥C		                                 (1)

The coefficient of determination of the model in equation 
(1) is R2 = 0.9082. The calculated regression model 
indicates a significant synergistic effect of the dispersants 
A and B on the reduction of suspension viscosity. This 
significance of an action is indicated by the p-value of 
their regression coefficient, which is 0.021 and satisfies 
the condition of statistical significance of the action of 
the observed effect in the experiment (p < 0.05), Table 4.

Fig. 6. Mixture contour plot of apparent viscosity (mPa•s)  
of the 70 wt. % alumina suspensions.
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The estimated equation applies to the following 
concentrations of additives: Tiron from 0 to 0.50 wt. %, 
Darvan C-N from 0 to 0.86 wt. %, and citric acid from 0 
to 0.30 wt. %, at  ashear rate of 50 s−1.

Mixing dispersants B and C also shows a synergistic effect 
on the reduction of viscosity, which can be deduced from 
the negative value of the regression coefficient with the 
product of their weight fractions. However, the combined 
effect of dispersants B and C on the viscosity reduction 
is not statistically significant, because the p-value of the 
product of their weight fractions is higher than 0.05. 
The antagonistic effect of the mixture of dispersants was 
obtained after adding small amounts of the Darvan C-N 
and the citric acid to the Tiron with increasing viscosity  
up to 20 mPa•s.

The addition of only one dispersant to the Al2O3 aqueous 
suspension reduces the viscosity of the suspension, but 
only for certain values of the weight fraction of the 
dispersant with small variations of the values around the 
optimal content. The simultaneous addition of two or 
three dispersants results in a reduction of the apparent 
viscosity with a wider allowable range of variation 
around the range of optimum dispersant proportions.

Table 4. Estimated regression coefficients in the linear model of 
apparent viscosity (η, mPa•s) of 70 wt. % alumina suspensions 
dependent on added dispersants.

Term Coefficient Sum of error 
of coef. p-value

xA 23.42 1.807
xB 14.28 1.807
xC 15.00 1.807

xA•xB −30.61 8.326 0.021
xA•xC 5.32 8.326 0.557
xB•xC −8.66 8.326 0.357

Based on equation (1) and Figure 5 the combination 
of dispersants can be optimized by looking for the 
combinations  resulting in a minimum apparent viscosity 
of high-concentrated Al2O3 suspension suitable for  slip-
casting.

4. Conclusions

The focus of this research was on the influence of 
three different dispersants on the apparent viscosity of 
highly concentrated alumina suspensions with 70 wt. %  
of dry Al2O3  powder. The simplex lattice mixture 
design was used to evaluate the effect of different 
amounts of  dispersants (Tiron, Darvan C-N, and citric 
acid) on viscosity. When analysing the rheological test 
results, the synergistic effect of decreasing the 70 wt. % 

alumina suspension viscosity was found for mixtures 
of dispersants Tiron and Darvan C-N (0.3 wt. % Tiron,  
0.8 wt. % Darvan C-N), as well as for Darvan C-N 
and citric acid (0.8 wt. % Darvan C-N, 0.2 wt. % citric 
acid). The mixture of all three dispersants in the weight 
content: 0.16 wt. % Tiron, 0.86 wt. % Darvan C-N, and 
0.13 wt. % citric acid also resulted in an acceptably low 
viscosity of the suspension. A linear regression model is 
proposed for the optimisation of the dispersant content, 
which is estimated on the basis of the statistical analysis 
of rheological measurements.
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