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FOREWORD
The production of advanced ceramics as inorganic non-metallic materials is an important and one of the 
most economically potential branches in the developed countries, which is why it has received a lot of 
attention in many industrial fields.
The formation of the crucially important microstructure and thereby the desired properties (mechanical, 
tribological, corrosion resistance, etc.) of the advanced ceramic product are influenced by the appropriate 
selection of raw materials and additives, the process of forming  the so-called green bodies (i.e., presintered 
bodies), and the sintering process (conventional and non-conventional). This type of “linked” research, 
which studies the connection between the structure, the forming process, and the modelling of properties 

to achieve faster engineering applications, is still relatively rare in Croatian science. It  represents a much-needed paradigm 
shift to bring the Croatian scientists closer to the current international trend of goal-oriented problem solving.
The scientific papers summarized below represent a part of the scientific research in the field of monolithic and composite 
advanced ceramics done by the members of the Laboratory for Engineering Ceramics at the Faculty of Mechanical Engineering 
and Naval Architecture, University of Zagreb. The presented studies were carried out within the framework of the project 
“Monolithic and Composite Advanced Ceramics for Wear and Corrosion Protection” (WECOR, IP-2016-06-6000) funded by 
the Croatian Science Foundation.
The first paper deals with the investigation of the influence of the combinations of three dispersants on the viscosity of 
highly concentrated aqueous alumina suspensions. The suspensions were used for slip casting forming, and stable suspension 
composition was statistically optimized. Slip casting is one of the simplest ceramics forming methods. Other forming methods, 
besides casting, include pressing and plastic forming. Slip casting can be used for the manufacture of ceramic prototypes, 
parts with complex geometries, and large items. It is a simple, reliable, flexible, cost-effective and pollution-free process, 
but it requires an adequate understanding of colloidal suspensions and their behaviour. To produce high-quality sintered 
ceramic products, it is necessary to ensure the stability of the suspension, which determines the homogeneity of the suspension 
composition, and ensures the isotropic properties of the ceramic green body.
The second paper compares the morphology and  mechanical properties (Vickers hardness, Vickers indentation fracture 
toughness and the indentation size effect using Vickers method and brittleness index) of cold isostatically pressed Al2O3 
samples sintered by conventional (electrical) and non-conventional (hybrid microwave) techniques. The hybrid microwave 
heating was developed and used because the generated temperature field is distributed more evenly in the heated material, 
thus achieving  uniform heating over the entire cross-section of the material and consequently avoiding the density gradient. 
By  uniform heating, alumina ceramics with a more homogeneous and fine-grained microstructure and therefore improved 
final properties, can be obtained.
The last paper presents the study of the wear resistance of the slip cast monolithic and composite ceramics to solid particle 
erosion at different erodent (SiC) particles impact angles (30°, 60° and 90°) by measuring the erosion rate and surface roughness 
parameters. It was found that the erosion wear resistance of the monolithic alumina ceramics can be further improved by 
incorporating a small amount of zirconia (ZrO2) particles in the alumina matrix in order to produce advanced Al2O3-ZrO2 
composite ceramics.
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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.

Keywords:  alumina suspension, slip casting, viscosity, Simplex lattice mixture design.

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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Abstract

The objective of this study was to investigate and compare the morphology and mechanical properties of cold 
isostatically pressed (CIP) alumina (Al2O3) samples sintered by conventional (electrical) and non-conventional 
(hybrid microwave) techniques. Scanning electron microscopy (SEM) was used to examine the morphology of the 
Al2O3 ceramics sintered by both sintering techniques. Following mechanical properties of CIP alumina ceramics were 
analysed: (i) Vickers hardness, (ii) Vickers indentation fracture toughness (VIF), (iii) the indentation size effect (ISE) 
using Vickers method, and (iv) the brittleness index. The ISE is analysed using (i) the Meyer’s law, (ii) the proportional 
specimen resistance (PSR) model, and (iii) the modified proportional specimen resistance (MPSR) model. It was found 
that alumina samples sintered in the electric kiln obtained higher density and lower porosity compared to the samples 
sintered in the hybrid-microwave kiln. The obtained values of the Meyer’s index n are less than 2 for alumina ceramics 
sintered by both sintering methods, which indicates that the hardness is dependent on the test load. High correlation 
coefficients confirm that all applied mathematical models are suitable. However, true Vickers hardness obtained by the 
PSR model was found to be nearer to the measured Vickers hardness of alumina samples regardless of the sintering 
method applied. Furthermore, it was found that the fracture toughness was higher for alumina ceramics sintered in 
the hybrid microwave kiln (MK-Al2O3) than the one sintered in the electric kiln (EK-Al2O3). In contrary, the brittleness 
index was found to be higher for alumina ceramics sintered in the electric kiln (EK-Al2O3) than in the hybrid microwave 
kiln (MK-Al2O3). Both Vickers hardness and brittleness index values might be correlated to the microstructure of the 
sintered samples, e.g. finer for non-conventionally sintered alumina.

Keywords: alumina ceramics, sintering, mechanical properties.

1. Introduction

Each step of the ceramic production process: (i) the se-
lection of raw materials and additives, (ii) the forming 
of the green bodies, and (iii) the sintering process have 

an important impact on the microstructure, and thereby 
the desired properties of the final ceramic product [1,2].  
Sintering, as a final step in the ceramics production, may 
be conducted either by a conventional or non-conven-
tional sintering method. The main goal of the sintering 
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process is to achieve full densification of the material, 
with the density as near as the theoretical density values 
as possible. Also, the sintering process can be used to 
obtain porous materials with high surface area. In this 
case, full consolidation is not reached.

The sintering of ceramic materials is an energy-con-
suming process with high production costs. To optimize 
the sintering process, densification mechanisms can be 
modified to improve the microstructure and mechanical 
properties of the obtained sintered ceramic materials 
as well as to reduce the production time and costs [1]. 
Therefore, emerging new techniques of sintering, such 
as spark plasma and microwave sintering are continu-
ously being improved and applied. Microwave-assisted  
sintering, as one of the non-conventional sintering  
methods, was developed to reduce the energy consump-
tion, maintain or improve the characteristics of the  
resulting ceramics, as well as to reduce the production 
costs and lessen  environmental impact. With the micro-
wave sintering method, highly dense materials can be 
obtained by rapid (>400 °C/min) and volumetric heating 
without substantial grain broadening because the pro-
cessing times are considerably shorter than in conven-
tional sintering [2,3]. The difference between the con-
ventional and non-conventional sintering processes is in 
the heat transfer. Conventional sintering includes heat 
transfer via conduction from the outside to the inside 
of the sintered material, while the microwave heating 
process generates heat internally, i.e., within the sin-
tered material and is transmitted outwards (Figure 1). 
The conventional sintering is based on conventional heat 
transfer mechanisms: conduction, convection, and radi-
ation [3-5].

The interaction of microwaves with different materials 
depends on the electrical and magnetic properties of 
the material as well as on the grain size and porosity.  
Regarding these properties, materials can be classified 
as transparent (no energy transfer – low dielectric loss  
materials), opaque (no penetration into the material – 
bulk materials, conductors), and absorbent (absorption 
and exchange of energy – high dielectric loss materials), 
as shown in Figure 2.

Microwave sintering can be used for the preparation of  
different engineering materials: (i) ceramics, such as  
barium calcium zirconate titanate [7], magnesium alumi-
nate spinel [8], yttria-tetragonal zirconia [9], high density  
yttria and lanthana co-doped zirconia dioxide [10],   
magnesium oxide doped alumina [11], Al2O3–yttria-sta-
bilized ZrO2 [12], alumina [13], β-SiC [14], (ii) metals 
and alloys, such as Ti-3Cu alloys [15], stainless steel 316L 
(X2CrNiMo17-12-2) [16], Cu–Sn bronze [17], FeCuCo 
metallic matrix [18], (iii)  composites, for example Al2O3–
SiC ceramic composites [19], W-30Cu composites [20], 
zirconia nanocomposite powders doped with ceria and 
toughened with alumina [21], boronised Ti6Al4V/HA  
composite [22], etc.

Fig. 1. Heating patterns in: (A) conventional furnace and  
(B) microwave furnace [4,5].

Fig. 2. Schematic diagram illustrating the interactions of micro-
waves with: (A) transparent material (low loss insulator) – total 
penetration, (B) opaque material (conductor) – no penetration, 
(C) absorber (lossy insulator) – partial to total penetration, and 

(D) absorber (mixed) –matrix is transparent, but fibres, particles 
or additives in matrix are absorbing materials – partial to total 

penetration [6].

Mechanical properties of the ceramic materials are 
strongly influenced by the degree of densification. Hard-
ness, as one of the important mechanical properties of 
ceramic materials, represents material’s resistance to 
plastic deformation. For testing very hard materials, 
such as ceramics, it is commonly used Vickers (HV) or 
Knoop (HK) method, because their diamond pyramidal 
penetrators can leave visible indentations. The value of 
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Fig. 3. Schematic plot of hardness variation with test load,  
showing the indentation size effect (ISE) and reverse indentation 

size effect (RISE) [23,28].

In this research, the morphology and the mechanical 
properties (Vickers hardness, Vickers indentation fracture  
toughness, the indentation size effect (ISE) using Vickers  
method, and the brittleness index) of cold isostatically 
pressed Al2O3 samples sintered by conventional (elec-
tric) and non-conventional (hybrid microwave) tech-
niques were determined and compared. The observed 
ISE of alumina ceramics sintered in the electric and  
hybrid microwave kiln was analysed using the traditional  
Meyer’s law, the proportional specimen resistance (PSR) 
model, and the modified proportional specimen resist-
ance (MPSR) model.

Hybrid microwave heating was applied because the 
microwave-assisted sintered material distributes the 
temperature field more evenly, thus achieving a more 
uniform heating throughout the cross-section of the  
material (Figure 4) and, consequently avoiding the  
density gradient.

Due to this more uniform heating, alumina ceramics with 
a more homogeneous and fine-grained microstructure, 
and therefore improved final properties, can be obtained.

2. Materials and methods
High purity Al2O3 powder (Alteo, France) was used in 
this research as raw alumina powder for the prepara-
tion of alumina granules by spray drying. The chem-
ical composition of the raw alumina powder accord-
ing to manufacturer’s declaration is listed in Table 1.  
According to the results of the chemical composi-
tion analysis, raw Al2O3 powder has a high purity of  
99.83 wt. %. The presence of MgO as a sintering aid 
and the following impurities: CaO, Fe2O3, Na2O and 
SiO2 were also confirmed.

Table 1. Chemical composition of raw Al2O3 powder.

Sample
wt. %

CaO Fe2O3 MgO Na2O SiO2 Al2O3

Al2O3 
powder 0.0200 0.0180 0.0450 0.0500 0.0325 balance

Cold isostatic pressed (CIP) cylindrical pellets produced 
at Applied ceramics, Croatia, of high-purity Al2O3  
ceramics with a diameter of 10 mm and a height of  
20 mm were used in this research.

The cylindrical alumina pellets, used for the study of 
the conventional sintering method (samples “EK”), 
were sintered using an electric kiln (Nabertherm P310,  
Germany) at 1600 °C for 6 h. The second cylindrical 
pellet set (samples “MK”) were sintered by the non-con-
ventional sintering method in a hybrid microwave kiln 
(Over, Kerestinec, Croatia) at 1600 °C for 1 h. The  
sintering regimes were adopted according to the prelim-
inary results [31].

the applied load, used during the hardness testing, can 
influence the testing results [23]. The change in applied 
load causes changes in manifested (“apparent”) hard-
ness. The phenomenon when the hardness decreases 
with the increasing load (Meyer’s number n < 2, Figure 
3) is called normal indentation size effect (ISE) [24-28]. 
It is also possible that the material manifests an increase 
in hardness with increasing indentation load (Meyer’s 
number n > 2, Figure 3), which is known as reverse ISE 
(RISE) [23,28,29]. Figure 3 illustrates non-constant or 
load dependent hardness (“apparent” hardness), and 
constant hardness (“true” hardness or load-independent 
hardness), which usually occurs at higher indentation 
loads [23,28].

Fig. 4. Temperature distribution in ceramic material heated by: (A) conventional, (B) microwave,  
and (C) hybrid heating (Ts – surface temperature; TI – internal temperature) [5,30].
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The hybrid microwave kiln used a low-frequency  
(2.45 GHz) and 1.5 kW microwave magnetron. A silicon  
carbide susceptor was used to aid the heating of the  
sample in the microwave cavity.

The density of all sintered samples was determined  
according to the Archimedes’ method using analytical  
balance Ohaus AP250D (Ohaus, Florham Park, NJ, 
USA).

The morphology of the fracture surface of the samples 
sintered by both techniques was analysed by the scan-
ning electron microscope (SEM) TS5136LS (Tescan 
Vega, Brno, Czech Republic).

Prior to the measurements of Vickers hardness, the 
samples were prepared by the standard ceramographic 
technique [32]. Hardness tester Wilson Wolpert Tukon 
2100B (HV0.1 – HV1) (Instron, Grove City, PA, USA) 
and Vickers tester Zwick (HV3 and HV5) were used for 
hardness measurement. Diagonals were measured on 
the optical microscope Olympus BH (Olympus Imaging  
Corp., Tokyo, Japan) immediately after unloading. The 
Vickers hardness was measured 10 times per sample  
under the loads listed in Table 2 at room temperature. 

Table 2. Loads used for Vickers hardness testing.

F, N HV

0.9807 HV0.1

2.942 HV0.3

4.903 HV0.5

9.807 HV1

29.42 HV3

49.03 HV5

The Vickers hardness was calculated according to the 
following equation [28]:

            HV=    (1)

where F stands for the applied load (N), d (mm) is the 
mean value of the indentation diagonals (Equation 2) 
[28], while α is the indenter’s geometrical constant, i.e. 
0.1891 for the Vickers diamond pyramid.

            d=     (2)

Fracture toughness for alumina ceramics sintered by both 
sintering methods was determined by the Vickers inden-

tation fracture (VIF) or Vickers indentation crack length 
method. This method uses the Vickers indenter to make 
the hardness indentation on a polished ceramic sample 
surface. The indenter creates a plastically deformed area 
underneath the indenter as well as cracks that emanate 
radially outward and downward from the vertices of the 
Vickers indentation. 

Two types of cracks can occur: (i) radial-median cracks 
and (ii) Palmqvist cracks (Figure 5). A simple way 
to differentiate between the two types is to polish the  
surface layers away: the median crack system will  
always remain connected to the inverted pyramid of the 
indentation, while the Palmqvist cracks will become  
detached, as shown in Figure 5. 

α
d2
F

2
d1 + d2

A second way to distinguish the crack system present in 
the analysed material consists of the determination of c/a 
ratio (c is the crack length from the centre of the indent 
to the crack tip, and a is the half value of the indentation 
diagonal, Figure 5). If it is less than 2.5, then the material 
shows Palmqvist crack system, while for median cracks 
system values of c/a is higher than 2.5 [31]. The obtained 
values of c/a (for HV1) were 2.16 ± 0.26, and 1.81 ± 0.31 
for alumina ceramics sintered in the electric and hybrid 
microwave kiln, respectively. The obtained values of c/a 
indicate that Palmqvist crack was present in both alumi-
na ceramic samples. Therefore, three equations based on 
the Palmqvist crack were found to be applicable for the 
fracture toughness determination of the alumina ceramic 
samples (Table 3).

Fig. 5. Palmqvist and median crack system developed from the 
Vickers indents, before and after polishing [31].
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F, load applied during Vickers test (N); c, the crack length from 
the centre of the indentation to the crack tip (m); E, Young's  
modulus (GPa); HV, the Vickers hardness (GPa); l, the crack 
length measured from vertices of the indentation to the crack tip 
(m); a, half of the indentation diagonal (m).

3. Results and discussion
The SEM images of the microstructure of the ceramic 
fracture surface sintered by conventional (electric kiln) 
and non-conventional (hybrid microwave kiln) methods 
are shown in Figure 6.

Fig. 7. Dependence of measured Vickers hardness on applied 
load for alumina ceramics sintered in (A) electric kiln  

(EK-Al2O3) and (B) hybrid microwave kiln (MK-Al2O3).

To quantify the normal indentation size effect (ISE), 
three models were applied to the obtained data:  
Meyer’s law, the proportional specimen resistance (PSR) 
and the modified proportional specimen resistance 
(MPSR) model.

Meyer’s law gives the relation between the applied load, 
F, and the average value of the indentation diagonals, d, 
according to Equation 3 [35].

     F=K • dn    (3)

where n represents the Meyer’s number (index), and K is 
the standard hardness constant for a given material. The 

Table 3. Equations for the calculation of Vickers indentation frac-
ture toughness (KIC) values for Palmqvist crack type.

Fig. 6. SEM images of the fracture surface of Al2O3 ceramics  
sintered by (A) conventional (electric kiln) and  

(B) non-conventional (hybrid microwave kiln) sintering  
with the same magnification of 4500 times.

The most distinctive change was the grain size. Finer 
grain size was obtained for alumina samples sintered by 
the hybrid microwave kiln (non-conventional sintering 
method), where the process took less time and was more 
energy efficient.

The relative density of alumina ceramic sintered by  
conventional and non-conventional methods is 96.9 %  
± 0.5 % and 94.9 % ± 0.7 %, respectively.

The porosity of alumina ceramic sintered by conven-
tional and non-conventional methods is 3.1 % ± 0.5 % 
and 5.1 % ± 0.7 %, respectively.

The samples sintered in the electric kiln achieved a  
higher density and less porosity compared to the samples 
sintered in the hybrid-microwave kiln.

The value of Vickers hardness (HV) for different applied 
indentation load are presented in Figure 7.

The results show that the hardness decreases with the  
increasing indentation test load. The presented data 
on the dependence of the hardness on the applied load  
confirm the indentation size effect (ISE). The observed 
decrease in hardness with the increasing load is the  
normal ISE. All data shown in Figure are averages  
values of ten measurements.



12 Engineering Power

Fig. 8. Vickers hardness data for alumina ceramics sintered in 
(A) electric kiln (EK-Al2O3) and (B) hybrid microwave kiln 

(MK-Al2O3) according to Meyer’s law

Table 4. Results of Vickers hardness data analysis according to 
Meyer’s law for alumina ceramics sintered in the electric kiln 
(EK-Al2O3) and hybrid microwave kiln (MK-Al2O3).

Parameter
Sample

EK-Al2O3 MK-Al2O3

n 1.7119 ± 0.0228 1.7313 ± 0.0332

log K 3.5272 ± 0.0361 3.5800 ± 0.0526

K (N∙mm−n) 2718 3619

R2 0.9997 0.9999

The proportional specimen resistance (PSR) model is a 
modification of the Meyer’s law [36], a modification that 
explains the relationship between the applied load, F, 

Fig. 9. Vickers hardness data for alumina ceramics sintered in 
(A) electric kiln (EK-Al2O3) and (B) hybrid microwave kiln  
(MK-Al2O3) according to proportional specimen resistance 

(PSR) model.

Modified proportional specimen resistance (MPSR) 
model is an expanded PSR model with an additional  
coefficient, a0 (N) related to the material properties and 
the quality of sample surface preparation. MPSR model 
is expressed by Equation 5 [28,37].

    F=a0 + a1 •  d + a2 • d2     (5)

The coefficients (a2, a1 and a0.) of the obtained curves  
are presented in Table 6 and shown in Figure 10. The 

Equation 3 coefficients can be obtained by linear regres-
sion analysis from the log F versus log d plots (Figure 
8), where the slope represents the Meyer’s index, while 
the intercept gives log K values. These coefficients are 
shown in Figure 8 and listed in Table 4.

and the indentation diagonal, d, considering the energy 
balance. PSR is described by Equation 4:

       F=a1 • d + a2 • d2    (4)

where a1 (N∙mm−1) is a constant related to the specimen 
resistance representing the energy used to create new  
surfaces or the energy used in friction and elastic  
deformations. Coefficient a2 (N∙mm−2) is a measure of 
the “true” hardness, meaning the hardness that is load 
independent and is related to permanent deformation 
[28,35]. These coefficients are shown in Figure 9 and 
listed in Table 5.
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coefficients obtained by polynomial regression analysis 
of the F versus d plot are presented in Table 6.

Table 5. Regression analysis results of experimental Vickers hard-
ness data, according to proportional specimen resistance (PSR) 
model for alumina ceramics sintered in the electric kiln (EK-
Al2O3), and hybrid microwave kiln (MK-Al2O3).

Parameter
Sample

EK-Al2O3 MK-Al2O3

a1, N∙mm−1 83.7 ± 9.8872 69.9 ± 12.174

a2, N∙mm−2 6044 ± 262 6717 ± 220

R2 0.9925 0.9950

Table 6. Regression analysis results of experimental Vickers hard-
ness data according to the modified proportional specimen resis-
tance (MPSR) model for alumina ceramics sintered in (A) electric 
kiln (EK-Al2O3) and (B) hybrid microwave kiln (MK-Al2O3).

Parameter
Sample

EK-Al2O3 MK-Al2O3

a0, N 0.058 ± 0.812 −0.019 ± 0.635

a1, N∙mm−1 87 ± 49 72 ± 38

a2, N∙mm−2 5963 ± 518 6691 ± 421

R2 0.999 0.999

The residual surface stress coefficients a0 reach relatively 
small values due to the careful grinding and polishing of 
the specimens.

“True” Vickers hardness HVT can be calculated accord-
ing to Equation 6 [28,37]:

                 HVT= α • a2   (6)

where α is the geometrical constant of the indenter 
(0.1891 for Vickers), and a2 is the coefficient of the PSR 
and MPSR models, related to the occurred permanent 
deformation. “True” Vickers hardness values of the sin-
tered Al2O3 ceramics in  the electric and hybrid micro-
wave kiln are summarized in Table 7.

Fig. 10. The Vickers hardness data for alumina ceramics sintered 
in (A) electric kiln (EK-Al2O3) and (B) hybrid microwave kiln 
(MK-Al2O3) according to the modified proportional specimen 

resistance (MPSR) model.

Table 7. “True” Vickers hardness values of alumina ceramics sin-
tered in the electric kiln (EK-Al2O3) and hybrid microwave kiln 
(MK-Al2O3), according to PSR and MPSR models.

Model
Sample

EK-Al2O3 MK-Al2O3

PSR 1143 1270

MPSR 1128 1265

The “true” values determined by PSR and MPSR  
models show  an 11 % to 12 % higher hardness of the 
samples sintered in the hybrid microwave kiln (MK-
Al2O3), compared to the samples sintered in the electric 
kiln (EK-Al2O3).

After measuring the alumina ceramics hardness by 
the Vickers indentation method, the lengths of cracks  
induced in the process were used to calculate the Vickers 
indentation fracture toughness (KIc) according to three 
chosen models (Table 3) for the Palmqvist crack type. 
The obtained results of the Vickers indentation fracture 
toughness for both alumina samples are presented in  
Figure 11.

Fig. 11. Comparison of Vickers indentation fracture  
toughness values for alumina ceramics sintered in the electric 
kiln (EK-Al2O3), and (B) hybrid microwave kiln (MK-Al2O3)  

for Palmqvist crack type.
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All applied models showed that the fracture toughness 
is higher for alumina ceramics sintered in the hybrid mi-
crowave kiln (MK-Al2O3) than in the electric kiln (EK-
Al2O3).

For both alumina samples, the brittleness index (Bi, 
μm−1/2) was calculated by the ratio of Vickers hard-
ness (HV1, GPa), and the Vickers indentation fracture 
toughness (KIC, MPa •m1/2) using the following equation 
[31,39]:

  Bi=      (7)

The calculated values of the brittleness index (Bi, μm−1/2) 
for both sintered samples are shown in Figure 12. All 
models showed that the value of brittleness index is 
higher for alumina ceramics sintered in the electric kiln  
(EK-Al2O3) than in the hybrid microwave kiln (MK-
Al2O3).

the electric kiln, and 1.7313 for the samples sintered in 
the hybrid microwave kiln, which also confirmed the  
normal indentation size effect.

- The samples sintered in the hybrid microwave kiln 
have a higher “true” Vickers hardness possibly due to 
the finer microstructure, compared to conventionally 
sintered alumina samples.

- The fracture toughness (KIC, MPa •m1/2) is higher for 
alumina ceramics sintered in the hybrid microwave 
kiln (MK-Al2O3) than in the electric kiln (EK-Al2O3).

- The brittleness index (Bi, μm−1/2) is higher for alumina 
ceramics sintered in the electric kiln (EK-Al2O3) than 
in the hybrid microwave kiln (MK-Al2O3).

- Both Vickers hardness and brittleness index values 
might be correlated to the microstructure of sintered 
samples.

- Non-conventionally sintered alumina samples have 
higher hardness and lower brittleness index probably 
due to the finer microstructure.
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Abstract

In this paper, the solid particle erosion wear of slip cast monolithic alumina (Al2O3) and alumina–zirconia (Al2O3–
ZrO2) composite ceramics was investigated. Three groups of samples were prepared: (i) monolithic alumina (Al2O3); 
(ii) composite alumina–zirconia (Al2O3–ZrO2) containing 99 wt. % Al2O3 and 1 wt. % ZrO2 and (iii) composite 
alumina–zirconia (Al2O3–ZrO2) containing 90 wt. % Al2O3 and 10 wt. % ZrO2. X-ray diffraction and scanning electron 
microscopy (SEM) were used to investigate the phase composition, the crystallite size, and the morphology of the 
sintered monolithic and composite ceramic samples. The erosive wear behaviour was studied under different impact 
angles (30°, 60°, 90°) of silicon carbide (SiC) particles as erodent. Erosion mechanisms of all prepared ceramic 
samples were evaluated by measuring the surface roughness parameters (Ra, Rz, and Rmax) and the erosion rate. The 
obtained results showed that the tribological properties of the monolithic Al2O3 can be improved with the addition of 
ZrO2. It was found that the erosion resistance increases with the increasing amount of ZrO2 in the composite Al2O3–
ZrO2 ceramics. It was found that ZrO2 grains are homogenously distributed in the alumina matrix, zirconia grain size 
is smaller than alumina grains, and that the alumina grain size is reduced by the addition of zirconia.

Keywords: slip casting, erosion rate, monolithic alumina, alumina–zirconia composite ceramics.

1. Introduction
Ceramic materials are, in general, divided into 
conventional ceramics and advanced ceramics. The 
use of conventional ceramics is growing at a slow rate, 
and some of their branches even show  a decreasing 
tendency, for example refractory materials. In contrast 
to the conventional ceramics, the market for advanced 
ceramics is large and continuously growing. The 
production of advanced ceramics is very important and 
is one of the branches with highest economic potential 
in the developed countries and has received a great 
deal of attention from many fields of the industry. 
The appropriate forming technology for green bodies 
is important to manufacture high-quality advanced 
ceramics. Slip casting is an old forming technique in 
the ceramic industry and a method for the preparation 
of homogeneous large green bodies with a complex 
shape. Conventionally, plaster and resin are used for 
slip casting moulds. Improvement in slip properties 
and forming technologies is the way to improve the 
reliability of advanced ceramics and to lower their cost. 
Therefore, a lot of effort is put into the development of 
low-cost technologies for complex ceramic components. 
The near-net-shape forming of advanced ceramics 
excite the greatest interest. The following forming 
processes are currently in the stage of commercialisation 
or development: pressure slip casting, freeze casting, 

powder injection moulding, tape casting/lamination, 
rapid prototyping, and colloidal processing of powders. 
The technologies based on the colloidal processing, 
such as slip casting, gel casting, electrophoretic casting, 
hydrolysis-assisted solidification, direct coagulation 
casting, etc. are of great interest due to their ability to 
reduce the critical defects which can occur during the 
manufacturing process [1-8].

Slip casting is the most adequate technology to produce 
complex ceramic components. It is a simple, reliable, 
flexible, cost-effective, and pollution-free procedure, 
but it requires an adequate understanding of colloid 
suspensions and their behaviour. This knowledge is 
crucial for the optimization of technologies to produce 
improved ceramic products, e.g., slip, gel, and centrifugal 
casting, injection moulding, and coating. The properties 
of ceramic products strongly depend on the size of 
ceramic powder particles: when particles are smaller, the 
sintering is better and, consequently, product properties 
are better, too. On the other hand, ceramic particles 
smaller than 1μm, in combination with high suspension 
concentration, increase the suspension viscosity. The 
increased suspension viscosity is a consequence of 
greater interaction among particles, which can lead 
to agglomeration or flocculation [1-8]. This particle 
interaction can be controlled with additives (dispersants). 
For a multi-component system, the selection of the 
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Fig. 1. Amount of additive: (A) too little,  
(B) optimal, (C) too much.

The particle interaction can be controlled with chemical 
additives in three different ways: electrostatic, steric, 
and electrosteric (a combination of the first two). The 
influence of additives (different dispersants) on the 
ceramic suspension stability has been extensively 
researched [1-8]. Despite that, the worldwide ceramic 
industry requires new, better additives to improve the slip 
casting process and, consequently, the ceramic products.

The slip casting process can be used for the manufacturing 
of monolithic and composite ceramic products of different 
sizes and shapes with homogeneous microstructure. In 
the past decade, several studies on rheological properties 
of binary systems, such as Al2O3–ZrO2 composites, 
were performed [9-14]. For a multi-component system, 
the appropriate dispersant selection becomes more 
critical because it might be difficult to find a dispersant 
that is optimal for all used components. Slip casting of 
advanced ceramics based on alumina–zirconia requires 
the use of a dispersant, a binder, and an agent to prevent 
excessive grain growth. There are many commercially 
available dispersants and binders that can be used for 
the advanced ceramics slip casting process. However, 
the determination of a suitable combination and the 
quantification of optimal additions of the dispersant/
binder pair with the starting particle size at the nano- and 
micro-levels can be time-consuming. 

The suspension stability must be well achieved to establish 
complete control over suspension rheological properties. 
The sedimentation tests, the measurement of the zeta-
potential and the apparent viscosity measurements are 
often used for the suspension stability estimation [3,10].

Aluminium oxide (Al2O3) or alumina, is an exceptionally  
important ceramic material and one of the most widely 
used advanced ceramics, which has many technological 
applications [2-4,15-18]. It has some extraordinary 
properties, like high hardness, chemical inertness, wear 
resistance and a high melting point. Because of their 
excellent properties, alumina ceramics are widely used 
for many refractory materials, grinding media, cutting 

tools and high temperature bearings. Therefore, a variety 
of mechanical parts and critical components used in 
chemical process environments, where materials are 
subjected to aggressive chemical atmosphere, extremely 
high temperatures and pressures, are typically made of 
alumina. Over the past thirteen years, several papers on 
corrosion [15,16,19,20], mechanical [10,17,21-24] and 
tribological [18,25-31] properties of advanced ceramics 
have been published. Industrial interest has been aroused 
as well, considering the broad array of advanced ceramic 
products for different applications, especially for 
tribological and corrosion applications.

Alumina ceramics (Al2O3) has the following properties: 
low fracture toughness (<5 MPa •m1/2), low bending 
strength (<600 MPa) and high wear resistance. On 
the other side, yttria-stabilized tetragonal zirconia 
(t-ZrO2) has high fracture toughness (6 MPa •m1/2 to 
15 MPa •m1/2), high bending strength (1000 MPa to 
1500 MPa) and high wear resistance. Mechanical and 
tribological properties of alumina can be improved by 
the addition of t-ZrO2 (yttrium-stabilized tetragonal 
zirconia, Y-TZP). A disadvantage of pure zirconia is its 
low thermal conductivity compared to alumina: alumina 
has a thermal conductivity that is at least 3 times higher 
than that of zirconia.  In a tribological contact, frictional 
heating occurs, and the low thermal conductivity of 
zirconia may cause thermally induced crack formation, 
followed by severe wear processes [10]. Improved 
properties of the monolithic alumina ceramics can be 
obtained by the incorporation of a small amount of 
zirconia (ZrO2) particles in the alumina ceramic matrix 
to produce advanced Al2O3–ZrO2 composite ceramics 
[10-14,30] (Figure 2).

 

dispersants becomes more critical because it might be 
difficult to find a dispersant that is optimal for all used 
components (Figure 1). 

Fig. 2. Improved properties of alumina ceramics  
by addition of t-ZrO2.

Erosion wear due to the flow of solid–liquid mixtures 
has shown dependence on many interrelated parameters: 
the properties of the target material, the present erodents 
and the carrier liquid are the major parameters affecting 
the material removal rate under similar flow conditions 
[32]. Solid particle erosion is the loss of material that 
results from repeated impacts of small, solid particles. 
In some cases, it is a useful phenomenon, as in 
sandblasting and high-speed abrasive waterjet cutting, 
but usually it is a serious problem in many engineering 
systems, including steam and jet turbines, pipelines and 
valves carrying particulate matter, and fluidized bed 
combustion systems. Solid particle erosion can occur in 



18 Engineering Power

a gaseous or liquid medium containing solid particles 
[33]. Erosive wear occurs by plastic deformation and/or 
brittle fracture, depending on the material being eroded 
and on the operating parameters. Ductile materials will 
wear by undergoing the process of plastic deformation, 
in which the material is removed by displacing or cutting 
by the eroding particles. In brittle materials, on the other 
hand, the material will be removed by the formation and 
intersection of cracks that radiate from the impact point 
of the eroding particles [34]. Ductile materials, such as 
pure metals, have the highest erosion rate at low angles 
of incidence (typically 15º to 30º), while for brittle 
materials the highest impact erosion rate usually occurs 
at 90º [33].

In this investigation, solid particle erosion tests were 
conducted to investigate the erosion wear behaviour 
of the slip cast monolithic high purity alumina and 
alumina–zirconia composite ceramics at different 
erodent particles impact angles at the room temperature. 
The erodent impact angles were 30°, 60° and 90°. Dry 
silicon carbide (SiC) was used as an erodent. Erosion 
mechanisms of all prepared ceramic samples were 
evaluated by measuring the erosion rate and roughness 
parameters (Ra, Rz, Rm).

2. Materials and methods

2.1. Preparation of green bodies of monolithic and 
composite ceramics by slip casting.

The green bodies of monolithic alumina (Al2O3) and 
alumina–zirconia (Al2O3–ZrO2) composite ceramics 
were obtained by slip casting method. The first step in slip 
casting is the preparation of stable highly concentrated 
aqueous suspensions (the so-called “slips”).

All suspensions contained 70 wt. % of dry ceramic 
powder and 30 wt. % of deionized water. The following 
components were used for the preparation of highly 
concentrated aqueous suspensions:

- high-purity α-Al2O3, with the average particle size of 
300–400 nm (Alcan Chemicals, Stamford, CT, USA);

- high-purity t-ZrO2 stabilized with 3 mol % of yttria 
(Y2O3), with the average particle size of 25 nm 
(SkySpring Nanomaterials Inc., Houston, TX, USA);

- an alkali-free anionic polyelectrolyte dispersant 
Dolapix CE 64 (Zschimmer & Schwarz GmbH & Co 
KG Chemische Fabriken, Lahnstein, Germany), with 
the molecule structure shown in Figure 3;

- 70 wt. % aqueous solution of the ammonium salt of 
polymethacrylic acid (PMAA–NH4);

- magnesium oxide added as magnesium aluminate 
spinel (MgAl2O4) made by Alfa Aesar, Haverhill, 

 

Fig. 3. The molecule structure of dispersant Dolapix CE 64.

Three groups of 70 wt. % alumina–zirconia aqueous 
suspensions (slips) were prepared: 

- monolithic Al2O3 (composition: 100 wt. %  
Al2O3–0 wt. % ZrO2);

- composite Al2O3–ZrO2 ceramics (composition:  
99 wt. % Al2O3–1 wt. % ZrO2);

- composite Al2O3–ZrO2 ceramics (composition:  
90 wt. % Al2O3–10 wt. % ZrO2).

The dispersant and the ceramic powders were added 
into the distilled water to form suspensions. They were 
homogenized for 90 min, at 300 rpm in the planetary ball 
mill (PM 100, Retsch GmbH, Germany). The grinding 
jar and balls used for homogenization were made of 
alumina as well to avoid sample contamination. Prior 
to the apparent viscosity measurement and forming of 
the green bodies, suspensions were ultrasonically treated 
in the ultrasonic bath BRANSONIC 220 (Branson 
Ultrasonics Corp., Danbury, CT, USA) with 50 kHz 
and 120 W to remove any trapped air bubbles and break 
down agglomerates.

The prepared suspensions were subjected to the 
rheological measurements on the rotational viscometer 
DV-III Ultra (Brookfield Engineering Laboratories, 
Inc., MA, USA) with a small sample chamber and 
spindle SC4-18. Samples were tempered at 25 °C ± 1 °C  
with the assistance of thermostatic bath Lauda Eco RE 
415 (LAUDA-Brinkmann, LP, USA). Viscosity was 
determined at the shear rate of 50 s−1, which is the exact 
shear rate of gravity slip casting.

2.2. Sintering of monolithic alumina and composite 
alumina–zirconia ceramics

Green bodies of monolithic Al2O3 and composite Al2O3–
ZrO2 ceramics were formed by the slip casting forming 

MA, USA, used to inhibit the abnormal alumina 
grain growth during the sintering process;

- deionized water.
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Fig. 4. Sintering regime of monolithic Al2O and Al2O3–ZrO2 
composite ceramics.

Sintered samples (dimensions of 17 mm × 17 mm × 17 mm)  
of monolithic alumina and zirconia–alumina (with the 
addition of 1 and 10 wt. % ZrO2) composite ceramics 
were prepared for the erosion tests by grinding and 
polishing, as per the standard ceramographic technique 
[35], to have a smooth surface finish. After polishing, 
the specimens were thoroughly ultrasonically cleaned in 
pure 94 vol. % alcohol and dried in a sterilizer at 150 ºC 
± 5 ºC for 4 hours. The specimens were then annealed at 
1200 °C for 360 min to eliminate any residual stresses 
that may have occurred during grinding and polishing.

2.3. Characterisation of monolithic and composite 
ceramics

Powder X-ray diffraction analysis (XRD) was used to 
investigate phase composition and crystallite size of 
monolithic and composite samples. XRD analysis was 
performed on XRD-6000 (Shimadzu, Tokyo, Japan) 
using CuKα radiation at an accelerating voltage of 40 kV 
and a current of 30 mA. All samples were analysed in a 
2θ range of 5° to 75° in a continuous mode with a 0.02° 
2θ step and a scan rate of 0.6 s.

The surface morphology of the sintered ceramic samples 
was determined by the scanning electron microscope 
(SEM), Tescan Vega Easy Probe 3, operating at 10 kV 
equipped with secondary (SE) and backscattered electron 
(BSE) detectors (Tescan, Brno, Czech Republic). 

 

Fig. 5. (A) Sample holder in erosion test equipment, (B) scheme 
of sand equipment for erosion testing [18,25]. 

The erodent impact angles were 30°, 60° and 90°. When 
placed in the sample holders, the samples were span at 
about 1440 rpm through the seeping beam of the erodent 
powder. Two samples were eroded at the same time, one 
in each sample holder. The erodent powder was taken 
away by means of gravity and stored. Each test took 
13 minutes and 53 seconds, to achieve approximately 
20 000 impacts per sample and was carried out at room 
temperature. The erosion tests were repeated five times 
for each sample and each impact angle.

The abrasive particles properties are presented in Table 
1 and the SEM micrograph of the used SiC erodent is 
shown in Figure 6. The SiC particles were sharp and 
angular, as seen in Figure 6. 

Table 1. Properties of erodent particles: hardness (HV), density  
(ρ, kg/m3), fracture toughness (KIC, MPa •m1/2).

Erodent
Average 

particle size, 
μm

HV ρ,  
kg/m3

KIC, 
MPa •m1/2

SiC 350 2800 3300 3.52

method. After measuring the apparent viscosity, the 
suspensions with the minimum apparent viscosity were 
poured into previously prepared gypsum moulds and  
air-dried. The gypsum mould draws water from the 
poured slip and gives a form to the green body.

The prepared green bodies of monolithic Al2O3 and 
composite Al2O3–ZrO2 ceramics were sintered by the 
conventional sintering in an electric kiln at 1650 °C, 
according to the sintering regime shown in Figure 4.

2.4. Erosion wear rate testing

The erosion test was carried out using an erosion testing 
apparatus (Figure 5), where samples were subjected to 
erosive wear of dry silicon carbide (SiC) particles as 
erodent. 
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Fig. 6. SEM micrograph of erodent SiC particles.

The erosion mechanisms of all prepared ceramic samples 
were evaluated by measuring the following parameters 
before and after erosion:

- the surface roughness parameters (Ra, Rz, and Rmax);
- the erosion rates.

More precise information on erosion resistance was 
obtained by measuring the roughness parameters of the 
eroded surfaces. The roughness of each specimen was 
measured on five different tracing lanes using Perthometer 
S&P 4.5 (Feinprut Perthen GmbH, Göttingen, Germany). 
Before and after the erosion experiments, cleaned and 
dried samples of alumina ceramics were weighed in an 
electronic analytical balance to an accuracy of ± 0.01 mg.  
The amount of wear was determined by measuring the 
weight loss of ceramic samples (∆m).:

  ∆m=mi ˗ mf    (1)

where mi and mf are the mass of the target material before 
and after the impact, respectively. The erosion rate is 
calculated using the weight loss approach [36]:

  E=    (2)

where E is the erosion rate (Δg/g), and me is the mass of 
the erodent.

3. Results and discussion

3.1. Apparent viscosity measurements

Apparent viscosity measurements were used for the 
suspension stability estimation. The suspension viscosity 
is at a minimum value when the dispersion of the ceramic 
particles is optimal. The rheological measurements 
showed that the measured apparent viscosity increases 
with the increasing zirconia content (Figure 7 and Table). 
The optimal amount of the dispersant Dolapix CE 64 
also increases with the increasing zirconia content. The 
diagram in Figure 7 shows the apparent viscosity at a 

Fig. 7. Dependence of apparent viscosity on applied amount of 
Dolapix CE 64.

The compositions of all suspensions with the optimal 
amount of Dolapix CE 64 and the magnesium aluminate 
spinel are listed in Table 2.

Table 2. Compositions and apparent viscosity of 70 wt. % 
suspensions for slip casting of monolithic Al2O3 and Al2O3–ZrO2 
composite ceramics.

Suspension sample 1 2 3

wt. (Al2O3+ZrO2), % 70 70 70

wt. (H2O), % 30 30 30

wt. (Al2O3 in powder 
mixture), % 100 99 90

wt. (ZrO2 in powder mixture), 
% 0 1 10

wt.* (DOLAPIX CE 64), % 0.25 0.30 1.00

η, mPa •s 8.67 9.35 12.08

*wt., weight percent based on the dry ceramic powder

The optimal amounts of the dispersant and the magnesium 
aluminate spinel for each suspension were determined in 
previous research [10]. 

From the diffractogram in Figure 8, the qualitative 
phase composition was determined for all samples. 
The diffractogram indicates that the hexagonal Al2O3 
consists of only α-Al2O3 crystalline phase (corundum) 
(ICDD PDF#46-1212). Qualitatively, sintered zirconia-
toughened alumina composite shows the presence of 
α-Al2O3 (ICDD PDF#46-1212) as the main phase, t-ZrO2 
(ICDD PDF#42-1164) as the minor phase and m-ZrO2 
(ICDD PDF#37-1484) in traces. With an increase in 
the zirconia content, both t-ZrO2 and m-ZrO2 intensity 

me me

∆m mi ˗ mf

shear rate of app. 50 s-1, which is the shear rate of the 
gravity slip casting.
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Fig. 8. Powder X-ray diffraction (XRD) results of monolithic 
Al2O3 (100 wt. % Al2O3), and Al2O3–ZrO2 composite ceramics 
(1 wt. % ZrO2 + 99 wt. % Al2O3 and 10 wt. % ZrO2 +90 wt. % 

Al2O3).

The intensity of the t-ZrO2 strongest peak and m-ZrO2 
strongest peak was compared to allow an insight into 
the mutual dependence of the zirconia phases (t-ZrO2 
to m-ZrO2 ratio) as a function of the zirconia loading. 
With the introduction of 1 wt. % of zirconia, the 
relative content of the m-ZrO2 was about 15 wt. % (i.e.,  
85 wt. % t-ZrO2). However, the calculation of the ratio of 
zirconia phases that are present in total of about 1 wt. % 
in the analysed material may be questionable. Upon an 
increase in the zirconia loading to 10 wt. %, the relative 
presence of the m-ZrO2 was reduced to about 7 wt. % 
(93 wt. % t-ZrO2). As the microstructure is considered, 
the use of monolithic α-alumina yields crystallites of 
about 324 nm in size. Crystallite size was calculated by 
applying the Scherrer equation on the XRD patterns. 

Alumina crystallite size was increased to 370 nm by the 
addition 1 wt. % of zirconia to ceramic composites. The 
addition of 10 wt. % of zirconia to the composite reduced 
the crystallite size of alumina to 314 nm, thus favourably 
impacting the microstructure.

The results of the SEM analysis of the fracture surface of 
the sintered monolithic Al2O3 and Al2O3–ZrO2 composite 
ceramics are shown in Figure 9. The ZrO2 particles (the 
brighter phase) are distributed in the Al2O3 matrix, with 
some agglomerates of ZrO2 and some pores.

The erosive wear behaviour of monolithic alumina and 
alumina–zirconia composite ceramics samples were 
evaluated by measuring:

-  the roughness parameters (Ra, Rz, and Rmax);

-  the erosion rate. 

All measurements were made before and after the surface 
erosion of the investigated samples. SiC particles were 
used as erodent at impact angles of 30°, 60° and 90°.

The sintered samples were subjected to the solid 
particle erosion to determine whether the addition of the 
zirconia nanoparticles improves the erosion resistance 
of alumina. Solid particle erosion can be defined as a 
degradation of the material caused by repeated impacts 
of small solid particles [18,25,33,37]. According to the 
literature, the lower impact angle (30°) corresponds to 
the abrasive erosion, while the higher impact angle (90°) 
correlates with the impact erosion [18,25,33,37]. Wear 
mechanisms were analysed by comparing the surface 
roughness (microroughness) parameters before and after 
the erosion test using a profilometer. It is assumed that 
higher surface roughness after the test indicates lower 
erosion resistance [18,25].

Three main roughness parameters were obtained from 
this test: 

increased (the intensity increase of the t-ZrO2 phase peak 
is highlighted). 

Fig. 9. SEM micrographs of fracture surface morphology of Al2O3–ZrO2 composite ceramics with different ZrO2 content: (A) 0 wt. %,  
(B) 1 wt. %, (C) 10 wt. %, prepared by slip casting and sintered at 1650 °C.
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- Ra - the roughness average;

- Rz - the ten-point average of the profile;

- Rmax - the maximum between the peak and the valley. 

In Figure 10 the obtained values of the roughness 
parameters before and after erosion with SiC particles 
at 30°, 60° and 90° impact angles are presented. The 
roughness parameters (Ra, Rz, and Rmax) are presented 
as mean values of five measurements and standard 
deviation (�� ± 2 s).

After the erosion test, all surface roughness parameters 
increased for all samples. The obtained results confirmed 
that these types of slip cast monolithic and composite 
ceramics are more sensitive to impact than to abrasive 
erosion, since all surface roughness parameters were 
higher for the higher impact angle (90°) for all samples, 
Figure 10.

 

Fig. 11. Erosion rate (�� ± 2 s) after erosion with SiC particles at 
30°, 60° and 90° impact angles for: 

sample 1 (100 wt. % Al2O3), 
sample 2 (99 wt. % Al2O3+1 wt. % ZrO2) and 
sample 3 (90 wt. % Al2O3+10 wt. % ZrO2).

From the results presented in Figure 11 it is obvious that 
the erosion rates of all ceramic samples increase with 
increasing impact angle, with the maximum erosion rate 
occurring at an impact angle of 90°. Since the lower 
impact angle (30°) is related to the abrasive type of 
erosion, and the higher impact angle (90°) is  related to 
the impact erosion, it can be concluded that all studied 
ceramic samples are more resistant to abrasive than to 
impact erosion.

4. Conclusions
The green bodies of the monolithic Al2O3 and composite 
Al2O3–ZrO2 ceramics (composition: 99 wt. % Al2O3 +  
1 wt. % ZrO2, and 90 wt. % Al2O3 and 10 wt. % ZrO2) 
were formed by the slip casting process in a plaster 
mould. After drying and green machining, green bodies 
were sintered at a temperature of 1600 °C.

SEM analysis of the prepared composite ceramics 
showed that the ZrO2 particles are well dispersed in 

Fig. 10. Values of roughness parameters (�� ± 2 s) before and 
after erosion with SiC particles at 30°, 60° and 90° impact angles 

for (A) sample 1: 100 wt. % Al2O3, (B) sample 2: 99 wt. % 
Al2O3+1 wt. % ZrO2, (C) sample 3: 90 wt. % Al2O3+10 wt. % 

ZrO2.

This investigation also confirmed the hypothesis that the 
tribological properties of the alumina can be improved 
with the addition of zirconia nanoparticles: all surface 
roughness parameters were higher for the monolithic 
alumina than for the alumina–zirconia composites at all 
impact angles.

Figure 11 illustrates the erosion rates (mean value and 
standard deviation, �� ± 2 s) of alumina ceramics plotted 
against the impact angle. The erosion rate is determined 
according to equation 2. Tests were repeated five times 
for each experimental condition. The erosion wear tests 
for all ceramic samples were performed by SiC particles 
at impact angles of 30°, 60° and 90°. The obtained 
results indicate that both composite ceramics were more 
resistant to the impact erosion than monolithic alumina 
ceramics.
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Al2O3 matrix for both samples (containing 1 wt. % and 
10 wt. % of ZrO2), with some agglomerates of ZrO2 and 
some pores. The relative presence of the m-ZrO2 was 
found to be about 7 wt. % vs. 93 wt. % of t-ZrO2 (for the 
sample with 10 wt. % ZrO2).

Alumina crystallite size increased from 324 nm to  
370 nm by the addition 1 wt. % of ZrO2 to the ceramic 
composite. Conversely, the addition of 10 wt. % of ZrO2 
reduced the Al2O3 crystallite size to 314 nm.

The sintered samples were subjected to the erosion 
resistance test using the SiC particles under different 
impact angles (30°, 60°, 90°) and the following 
conclusions were drawn:
- Surface roughness parameters increased after erosion.
- All surface roughness parameters were higher for 

monolithic alumina than for zirconia–alumina 
composite ceramics.

- The erosion rate decreased with the increase of the 
ZrO2 content in the alumina matrix.

- All ceramic samples were more sensitive to impact 
than to abrasive erosion.
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