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Abstract

Alumina-nickel composite samples (with 0, 10 and 20 vol.% of Ni) are prepared via slip casting method. Nickel
and aluminium oxide powders were used as precursors and diammonium hydrocitrate and citric acid were
used as dispersants. The obtained materials were analysed by dilatometry, X-ray diffraction and SEM. The
densities were measured by Archimedes method and the hardness and fracture toughness were determined by
using Vickers hardness tester. Special attention was paid to the linear shrinkage and the effective coefficient of
thermal expansion measurements. The shrinkage curves were obtained by dilatometry test in a heating mode.
It was shown that the increased amount of Ni particles in Al2O3-Ni composite structure causes reduction
of starting densification temperature, increasing temperature of maximum densification and decreasing total
shrinkage of the sample during sintering.
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I. Introduction

The processing and properties of ceramic-metal com-
posites have been areas of considerable interest over the
past few decades [1,2]. Significant attention has been
paid to the composites of the alumina-nickel system due
to their interesting properties [3,4]. In addition to in-
creased fracture toughness, the composites of this sys-
tem are characterized by high hardness, low abrasive
wear, the ability to work at high temperatures and good
corrosion resistance. The improvement of mechanical
properties of alumina ceramics via its reinforcement
with nickel particles is achieved due to number of fac-
tors. The first is the interaction of the cracks with the
metallic phase particles through mechanisms such as
crack deflection, microcrack toughening, crack blunting
or crack bridging. The second is toughening by resid-
ual stress due to mismatch between the coefficients of
thermal expansion of the ceramic matrix and reinforc-
ing phase [5]. The presence of nickel in alumina matrix
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results in accumulation of compressive stress, which can
increase crack resistance of the material.

Alumina-nickel composites are currently being
formed through different processes, like classical pow-
der metallurgy or spark plasma sintering [6–8]. Particu-
lar attention is paid to colloidal methods such a slip cast-
ing [9] or gel-casting [10]. The great advantage of these
methods is the ability to form details of complex shapes,
without costly finishing with the use of diamond tools.
Moreover, by controlling the properties of the used slur-
ries one can verify the obtained microstructure of the
ceramic-metal composites [11]. Through the adjustable
particles stabilization in suspension we can achieve a
high level of dispersion of metallic phase in ceramic
matrix, which preferably affects the strength of the ma-
terial. Further, composite materials formed by colloidal
methods are characterized by high microstructural uni-
formity and reliability [12].

During the manufacturing process of composite ma-
terials, the sintering process plays a key role. Manufac-
turing of near-net-complex shape components requires
processing control at each stage, especially during sin-
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tering. In order to obtain a high-quality element with
predicted properties it is necessary to know the pro-
cesses taking place during the sintering – control of
shrinkage of the material. Several studies have been de-
voted to the sintering study of alumina based materi-
als. In literature, there are studies on the degradation
of organic additives such as deflocculants or binders
present in the green body samples after shaping pro-
cess [13,14]. Dilatometric studies of alumina [15,16]
and alumina based composites were also made [17–20],
but a deep characterization of the alumina-metal com-
posites is much less frequent. The dilatometric study
of ceramic-metal composites is a complicated issue.
Therefore, they are the subject of continuous research.

Furthermore, the addition of the metallic phase sig-
nificantly affects the thermal expansion coefficient of
the material. This is an important parameter, especially
for high temperature applications.

In the present work, alumina-nickel composites were
formed by slip casting method and conventional pres-
sureless sintering. The aim of this work is to investi-
gate the effect of nickel addition on sintering of Al2O3-
Ni composite. The analysis of the sintering process of
the composites will allow to fully plan the technologi-
cal process of material production. This is particularly
important for complex shapes that can be obtained by
slip casting method. Despite many studies on Al2O3-Ni
composites [2–10], there is no such research in the liter-
ature up to now.

II. Experimental

The presented experiments were carried out with α-
Al2O3 (TM-DAR, Taimei Chemicals, Japan) and nickel
powder (Sigma-Aldrich). The purity of both powders
was 99.99%. The densities of the powders were deter-
mined by a helium pycnometer, AccuPyc 1340 II. The
dispersants used in the ceramic slurries were diammo-
nium hydrocitrate, DAC (puriss, POCh, Poland) and cit-
ric acid, CA (≥ 99.5% Sigma-Aldrich).

Three types of Al2O3-Ni composite samples, with 0,
10 and 20 vol.% of Ni, were prepared. The compos-
ite samples were obtained according to the slip cast-
ing method schematically shown in Fig. 1. The mixture
of the slip casting components was prepared in several
steps. First, the components of the ceramic slurry were
dissolved in distilled water. The dispersants as a mix-
ture of diammonium hydrocitrate (0.30 wt.% in the case
of starting powders) and citric acid (0.10 wt.% in case of
both powders) were used. Alumina and nickel powders
were then added and the slurry was ball-milled for 1.5 h
for good homogenization. In the next stage the slurries
were degassed in a device for automatic slurry mixing
and degassing (ARE-250 produced by Thinky Corpo-
ration) for 3 min at the rate of 1500 rpm. The mixture
was then cast into identical gypsum moulds and the ob-
tained specimens were dried for 24 h at 40 °C. The dried
and shrunk sample could be removed from the gypsum

mould easily. The sample was sintered at 1400 °C for
2 h in an atmosphere of helium. During the sintering,
the heating and cooling rate were 2 °C/min.

The linear shrinkage and the effective coefficient of
thermal expansion measurements were determined by
dilatometer DIL 402 E (Netzsch, Germany). The com-
posite samples were shaped into cylindrical rod of 10–
14 mm in length with 6–8 mm diameter, the transver-
sal external surfaces being polished to guarantee plan-
parallel surfaces for precise positioning within the mea-
suring head. The samples were subjected to the con-
stant heating rate of 10 °C/min up to 1400 °C/10 min, in
flowing helium and in a furnace with graphite heating
elements. Green samples were used in shrinkage mea-
surements while the effective coefficient of thermal ex-
pansion measurements was performed using samples af-
ter sintering at 1400 °C. Recording the thermal expan-
sion ensures the determination of the coefficient of ther-
mal linear expansion in temperature range from 30 °C
to 1400 °C and from 1400 °C to 50 °C. Within the in-
vestigated temperature range, the instrumental error was
corrected using a reference graphite sample. Calibration
measurements were carried out under the same condi-
tions (in terms of the course of the temperature curve,
atmosphere, gas flow rate) as the proper measurements
to determine the signals related to the expansion of the
device components and to correct the results obtained
during the proper measurement. The determination of
the change in linear dimension during shrinkage makes
it possible to establish the necessary technical parame-
ters like the commencement and termination of the sin-
tering of the ceramic and composites bodies which af-
ford an indirect assessment of the sintering kinetics.

X-ray diffraction (XRD) measurements were per-
formed by Rigaku MiniFlex II X-ray diffractometer
with Cu Kα (λ = 1.54178 Å) incident radiation. The
diffraction patterns were collected at room temperature
in the 2θ range from 20° to 100°, with step of 0.02° and
counting time of 0.5 s.

The densities of the samples were measured by the
Archimedes method in distilled water and twenty sam-

Figure 1. Scheme for the preparation of composites by
slip casting
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ples in each series were used. The observation of cross-
section and fracture of the composite samples was per-
formed using scanning electron microscope (SEM HI-
TACHI SU-70, Japan). The cross-sections were pre-
pared by cutting the samples along the axial direction
with diamond saw. The polished cross sections were
prepared by grinding and polishing with 1 µm diamond
paste.

Vickers hardness was measured with a Vickers hard-
ness tester (HVS-30T, Huatec Group Corporation) with
the use of the indentation method under the load of 98 N
and holding time of 10 s. All tests were done for ten
samples. The KIC values were determined using the di-
rect crack measurement method. Based on the measure-
ments of the crack length propagated from the corner
of the hardness indentation, the fracture toughness of
the material (KIC) was determined. In this experiment, a
Vickers hardness indenter was adjusted to propagate un-
til what is called median crack on the surface. The KIC

values in this case were calculated using the following
formula [21]:

Figure 2. Morphology and X-ray diffraction (XRD) patterns
of the starting powders: a) Al2O3 and b) Ni

KIC = 0.067
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where HV is Vickers hardness, E is Young’s modulus,
a is one half of the indent diagonal length, c is crack
length.

III. Results and discussion

The precursor alumina powder has average particle
size D50 = 150 nm, specific surface area of 12.50 m2/g,
and density of 3.96 g/cm3. The nickel powder has the
average particle size D50 = 4.5 µm, specific surface area
of 0.45 m2/g, and density 8.90 g/cm3. Figure 2 shows
the morphology of the starting powders. The SEM ob-
servations revealed that the α-Al2O3 powder is highly
agglomerated. The XRD study showed that powders are
single-phase: corundum for alumina powder (JCPDS-
PDF #046-1212) and cubic nickel phase (JCPDS-PDF
#004-0850).

Linear shrinkages and linear shrinkage rates for the
green samples after dilatometric experiments are shown
in Fig. 3. Linear shrinkage rates facilitate the investi-
gation of the sintering kinetics involved in the densi-
fication process of aluminium oxide. The sintering be-
haviour is clearly related to the additive composition in-
vestigated. Total shrinkage of samples, temperature of
densification start and temperature of maximum densi-
fication for individual samples are summarized in Ta-
ble 1.

Dilatometric tests showed that the addition of Ni par-
ticles into Al2O3 matrix shifted starting densification
temperature for ∼8 °C in the case of the composite with
10 vol.% of Ni and ∼30 °C when 20 vol.% of Ni was
added, in comparison to the pure Al2O3 sample. The
maximum densification rate for the pure Al2O3 sam-
ple is at about 1258 °C, whereas this temperature is in-
creased to 1277 °C and 1279 °C for the composites with

Figure 3. Linear shrinkage and linear shrinkage rate curves of Al2O3, Al2O3-10 vol.% Ni and Al2O3-20 vol.% Ni green samples
as a function of temperature
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Figure 4. Thermal expansion coefficient of Al2O3 matrix and Al2O3-Ni composites as a function of temperature

Table 1. Total shrinkage of samples, starting densification
temperature and temperature of maximal densification

for individual samples

Sample
T sd Tmd Shrinkage
[°C] [°C] [%]

Al2O3 1035 1258 14.12
Al2O3 – 10 vol.% Ni 1027 1277 12.79
Al2O3 – 20 vol.% Ni 1003 1279 11.28

T sd - Starting densification temperature

Tmd - Temperature of maximal densification

10 and 20 vol.% of Ni, respectively. The total shrink-
age of the Al2O3 sample reached ∼14% at 1400 °C.
Dilatometric experiments confirmed that 10 vol.% and
20 vol.% nickel particles addition leads to the decrease
of the total shrinkage at 1400 °C to 12.79% and 11.28%,
respectively. Thus, the addition of nickel particles in
alumina matrix, causes decrease of the starting densi-
fication temperature, increase of the temperature where
the maximum densification rate occurs, and the decrease
of the total shrinkage. Base on literature data, it was
found that these results are caused by the fact that dur-
ing sintering, the nickel particles are in a liquid phase
[22] and addition of nickel particles hinder the sintering
process [3,23].

For the alumina and nickel particles dispersed in the
ceramic matrix, a great mismatch occurs between their
thermal expansion coefficients. The addition of parti-
cles characterized by a higher thermal expansion coef-
ficient than the matrix causes compression of the ma-
trix in the region nearby the particle. The increase of the

amount of nickel increases the forces resulting from the
mismatch of thermal expansion and as the consequence
leads to the decrease of the total shrinkage. Measure-
ment of thermal expansion coefficient is used to deter-
mine the rate at which a material expands as a function
of temperature. The thermal expansion characteristics of
the Al2O3 matrix and Al2O3-Ni composites are shown
in Fig. 4 and Table 2.

According to the literature data, the presence of four
peaks in the curve of shrinkage rate in case of Al2O3-
Ni composites with 10 and 20 vol.% of Ni is an indirect
evidence of the availability of hard agglomerates, which
could result in a lower sintering efficiency. The thermal
expansion coefficient of Al2O3-Ni samples increases
with an increasing amount of Ni in their structure. For
all samples values of thermal expansion coefficients
were increased within whole measurement range, i.e. up
to 1400 °C. For example, linear thermal expansion co-
efficient of Al2O3-Ni composite with 20 vol.% of Ni in-
creases from 7.35×10−6 K-1 at 100 °C to 9.14×10−6 K-1

at 1300 °C.
X-ray diffraction patterns recorded from the sintered

ceramic and composite samples are shown in Fig. 5. As
it can be seen, the observed peaks indicated the pres-
ence of alumina and nickel phases and no other phases
were detected. The use of protective atmosphere (he-
lium) prevents the oxidation of nickel during sintering
so that we have obtained a two-phase structure of the
composite samples. The peaks are not widened which
proves the high crystallinity of the samples. The two-
phase structure of the composite is the most advanta-

Table 2. Coefficients of linear thermal expansion of Al2O3 matrix and Al2O3-Ni composites

Sample
Coefficient of linear thermal expansion, α [10-6 K-1]

40–100 °C 40–300 °C 40-500 °C 40–1000 °C 40–1300 °C

Al2O3 6.54 7.26 7.61 8.18 8.68
Al2O3 – 10 vol.% Ni 6.71 7.40 7.76 8.26 8.81
Al2O3 – 20 vol.% Ni 7.35 7.79 8.21 8.61 9.14
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Table 3. Selected properties of Al2O3 and Al2O3-Ni samples

Property Al2O3 Al2O3 – 10 vol.% Ni Al2O3 – 20 vol.% Ni

Theoretical density [g/cm3] 3.96 4.45 4.95

Relative density [%TD] 98.21 ± 0.52 97.68 ± 0.70 96.20 ± 0.35

Soaking [%] 0.08 ± 0.02 0.13 ± 0.03 0.20 ± 0.05

Open porosity [%] 0.78 ± 0.32 0.68 ±0.22 0.92 ± 0.38

Hardness [GPa] 16.65 ± 0.53 11.35 ± 0.78 9.07 ± 0.62

Fracture toughness [MPa·m0.5] 4.10 ± 0.27 8.29 ± 0.33 10.78 ± 0.49

Figure 5. XRD patterns of monolithic Al2O3 and Al2O3-Ni
composites (o - α-Al2O3, + - Ni)

geous from the point of view of its mechanical proper-
ties.

The selected properties of the materials are presented
in Table 3. It was found that in the case of Al2O3-Ni
composites the relative density is a slightly lower than
in the case of the pure Al2O3 sample. The measurement
showed that the relative density of the sintered samples
decreases from 98 %TD to 96 %TD when the amount
of nickel particles is increased from 0 to 20 vol.%. The
decrease in density of composites is associated with the
increased number of agglomerated metallic particles.

Micrographs in Fig. 6 show cross sections and frac-
ture surfaces of unreinforced Al2O3 and Al2O3-Ni com-
posites. The bright areas are nickel particles. Based on
the presented micrographs, it can be concluded that the
applied method enables an uniformly distributed metal-
lic particles in composite matrix. Few nickel agglom-
erates are visible. The observations of fracture showed
that the nickel particles are well-bonded to ceramic ma-
trix. It can be observed that the sintering process al-
lowed to obtained samples almost free of pores, as con-
firmed by measurements of density (Table 3). Further-
more, the SEM analyses of fracture clearly indicate a
lack of interlayer between alumina and nickel. It can
be due to the coagulation of alumina into bigger par-
ticles (Ni) or diffusion of nickel into alumina matrix or
the other way around. Aluminium oxide cracked mainly
intergranulary. Based on the observations of fractures,
no impact of nickel addition on alumina grain size was
found.

In addition, the influence of nickel addition on the
mechanical properties of the fabricated materials was
investigated. The polished samples were used for Vick-
ers hardness measurements. The hardness of the pure
Al2O3 samples is 16.65±0.53 GPa. For the samples con-
taining 10 and 20 vol.% of Ni the hardness value was
11.35± 0.78 and 9.07± 0.62 GPa, respectively. The ob-
tained hardness results correspond to the change in the
distribution of Ni in the samples. It was observed that
the composite with 20 vol.% of Ni is characterized by

Figure 6. SEM images of the samples: a,d) Al2O3, b,e) Al2O3-10 vol.% Ni, c,f) Al2O3-20 vol.% Ni
(cross sections and fractured surfaces)
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the lower hardness. From the above results, it may be
concluded that inter alia the plasticity of the Ni parti-
cles influences the hardness.

One of the most important parameters for ceramic
matrix composites is fracture toughness. It was ob-
served that all samples with nickel modified matrix
showed significant improvement in the fracture tough-
ness compared to the pure alumina samples. Based
on the measurements of the crack length propagated
from the corner of the hardness indentation, the frac-
ture toughness of the pure Al2O3 was equal to 4.10 ±
0.27 MPa·m0.5. In the case of the Al2O3-Ni composites
with 10 and 20 vol.% of Ni the fracture toughness was
8.29 ± 0.33 MPa·m0.5 and 10.78 ± 0.49 MPa·m0.5, re-
spectively. The addition of the metallic phase increases
the fracture toughness. Thus, the composites contain-
ing 20 vol.% of nickel achieves 2.5 times higher fracture
toughness than the pure Al2O3. The increase of the frac-
ture toughness in composites was due to the several fac-
tors. Crack bridging and branching [24], delamination
[25] and the singly and doubly deflected crack [4,5,25]
were responsible for fracture toughness improvement in
the ceramic matrix composites. The result obtained for
the fracture toughness provided evidence of influence of
the metal particles distribution on mechanical properties
of composites.

IV. Conclusions

Slip casting method was used to obtain Al2O3-Ni
composites, which are characterized by an uniformly
distributed metal particles throughout the volume of
the alumina matrix. The XRD confirmed that the sin-
tered composites consist of α-Al2O3 and Ni without sec-
ondary phases. Dilatometric experiments revealed the
presence of several shrinkage peaks during sintering of
Al2O3 matrix and Al2O3-Ni composites. This is an in-
direct evidence for the presence of the hard agglomer-
ates in precursor powders. Increasing amount of Ni in
Al2O3-Ni structure decreases the temperature of densi-
fication start, increases temperature of maximum densi-
fication and also decreases total shrinkage of the sam-
ples during sintering. Nickel addition has also influence
on thermal expansion coefficient and mechanical prop-
erties. The thermal expansion coefficient of Al2O3-Ni
samples and fracture toughness increases, whereas the
hardness decreases with an increasing amount of Ni.
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