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Abstract

This work focuses on developing the fabrication method of hybrid composites based on Al2O3-Cu system
with the addition of nickel phase. The composites were prepared by slip casting and the slurries with a high
concentration of solid content were used. The sintered composites were characterized by XRD, SEM and EDX.
Selected physical proprieties, namely hardness, fracture toughness and bending strength were also determined.
The microstructure and its influence on the mechanical properties were investigated. XRD analyses revealed
that the obtained composites contained Al2O3, Ni, Cu and solid solution CuNi phases. The use of slip casting
method allowed the production of the composites characterized by relative density of ∼96%. An increase in
metallic phase concentration caused a decrease in Vickers hardness and increased the fracture toughness of the
Al2O3-Cu-Ni materials compared to the Al2O3 samples. The results with high cognitive value and application
potential were obtained. This research enabled the foundations of an innovative method of forming hybrid
composite structures, which combined the best features of ceramics (hardness, resistance to high temperature)
with metal properties (crack resistance, good electrical conductivity). This type of composite can be used for
temperature, conductivity and flow sensors.
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I. Introduction

Composites are materials made of at least two dif-
ferent components, often characterized by very differ-
ent properties [1]. Selection of proper materials as com-
posite components with specific form, size and arrange-
ment enables to obtain composites with better mechan-
ical properties in comparison to the single-phase ma-
terials. This also provides an extended opportunity for
thoughtful development of the required material proper-
ties [2]. Moreover, this gives the possibility to produce
dedicated materials for a specific application. Compos-
ites are used in automotive and aerospace industries, in
machining as a material for cutting tools and for bioma-
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terials applications because of their promising features
such as high hardness, amazing wear resistance and sen-
sible chemical stability. Composites are also used in
many different applications due to the connection of
their high strength and hardness [1,3–7]. The review of
specialist literature on ceramic-metal composites fabri-
cated using the Pulse Plasma Sintering (PPS) technique
shows that they are widely used in the electronics indus-
try, e.g. as chip substrates, multilayer capacitors, fuel
cells or plate electrodes [8]. Ceramic matrix compos-
ites are a group of materials that have attracted attention
recently. High hardness, chemical resistance and stable
mechanical properties at high temperatures cause that
many works are devoted to them. Interesting research on
these ceramic materials was conducted by Kafkaslioğlu
Yildiz et al. [9]. The addition of the second ductile com-
ponent improves the typical disadvantages of ceramics:
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brittleness and low thermal conductivity [10,11]. One
of the predominantly effective techniques to increase
fracture toughness of monolithic ceramics is its rein-
forcement by the addition of ductile metal particles. The
metal particles interact with the prior or/and new cracks
to slow down their extension [12–16].

In recent years, a new remarkable group of compos-
ites are hybrid composites, where phase structure is ul-
timately formed in the high-temperature consolidation
process, as a result of the reaction such as phase trans-
formation between the components [16]. Introduction
of two reinforcing components, for example two metal
powders into a ceramic matrix can produce new phases
that change the properties of the composite. The aims of
this study are to obtain Al2O3-Cu-Ni composites using
slip casting method and characterize their microstruc-
ture and mechanical properties. The added nickel may
improve the wettability of the metal phase during the
fabrication of these type composites. There are no re-
ports in the literature about the research on this type of
system. Obtained results will gain new knowledge about
the correlation between parameters of the production
process, structure and selected properties of the com-
posites made of the Al2O3-Cu-Ni.

II. Experimental procedure

The commercial α-Al2O3 TM-DAR (Tamei Chemi-
cals Co., Japan) with a chemical purity of 99.99% was
used as a ceramic powder. The morphology and parti-
cle size distribution of α-Al2O3 powder are presented
in Fig. 1. Based on SEM images, it was found that the
starting ceramic powder has a spherical shape, with an
average equivalent diameter of 143.3 ± 55 nm. Further-
more, the microscopic observation revealed that the alu-
mina powder shows a tendency to create agglomerates.
The composite samples were prepared with the com-
mercial metallic powders Ni (Bimo Tech, Poland) and
Cu (Sigma-Aldrich, Poland). Particle size distribution
(PSD) of the metal particles was determined by laser
diffraction technique with the use of an Analyzer LA
950 Horiba. PSD analysis showed that Ni and Cu pow-
ders were characterized by an average particle size of
25 ± 15 µm and 13.34 ± 4.7µm, respectively. Figure 2
shows morphology and XRD diffraction of metal pow-
ders used in the experiment. The SEM images of the
metallic powders showed that the used Ni particles are
characterized by irregular morphology, while the copper
powder has mostly a regular spherical shape. The den-
sities of the raw powders were measured by a helium
pycnometer, AccuPyc II 1340 (Micromeritics), in a se-
quence of 100 purges and 100 measurement cycles. The
conducted measurements showed that Al2O3 had a den-
sity of 3.94 g/cm3, while Ni and Cu were characterized
by a density equal to 8.90 and 8.94 g/cm3, respectively.

To prepare a stable slurry with appropriate rheolog-
ical properties made of Al2O3, Ni and Cu, Duramax-
D3005 was used as dispersant in an amount of 1.5 wt.%

with respect to the dry mass of the powders. Duramax-
D3005 is the ammonium salt of a polyelectrolyte, help-
ful in dispersing a variety of ceramic and ceramic/metal
powders in distilled water [18]. In the present work,
slurry with 50 vol.% of solid content was obtained. A
total metal share in this three-component system was
15 vol.%, wherein 7.5 vol.% was occupied by Cu and
7.5 vol.% by Ni. As a solvent ultra-pure Mili-Q water
with conductivity below 9 mS/cm was used.

The Al2O3-Cu-Ni composites were fabricated with
slip casting method. Firstly, powder mixtures with the

Figure 1. Morphology (a) and particle size distribution (b) of
α-Al2O3 powder

Figure 2. Morphology and diffraction of metal powders:
a) Ni and b) Cu
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following composition: Al2O3 85 vol.% - Cu 7.5 vol.%
- Ni 7.5 vol.% were mixed in water along with Dura-
max. The addition of 1.5 wt.% of the dispersing agent
allows to obtain the slurries which are flowable and sta-
ble over time. Composite slurry was ball milled in an
alumina container for 60 min with a speed of 300 rpm.
Furthermore, in order to remove air bubbles from sus-
pension, slurries were additionally mixed and degassed
in the Thinky ARE-250 Mixer and Degassing Machine
for 5 min at 1800 rpm. Green samples were produced by
slip casting the slurries into gypsum moulds followed
by drying for 24 h at 40 °C in a vacuum oven. Sub-
sequently, the densification of the composite was per-
formed at 1400 °C in a gas flow which ensured reducing
atmosphere (80% N2 and balance H2) with dwell time
of 2 h. The reducing atmosphere was chosen to avoid
oxidation of the metallic particles during the sintering
process. The heating and cooling rates during the densi-
fication were 2 °C/min.

The zeta potential of the pure alumina, copper and
nickel powders was measured using Zetasizer Nano ZS
(Malvern Instruments Ltd). Measurements were made
for 0.01 vol.% of colloidal dispersions in 10 mM NaCl
solution. Before the measurements, every specimen was
sonicated for 7 min in ultrasonic bath EMMI 12HC
(EMAG). The pH of colloidal dispersions was con-
trolled by addition of 0.1 M or 0.05 M solutions of HCl
and NaOH, respectively. The density of sintered bod-
ies was determined by the Archimedes method. For this
measurements the true density of Al2O3-Cu-Ni compos-
ite bodies were calculated using the rule of mixture. The
XRD analysis was accomplished to determine the bulk
crystalline phases of the Al2O3-Cu-Ni materials. It was
conducted using a Rigaku MiniFlex II diffractometer us-
ing CuKα radiation (λ = 1.54178Å). The XRD condi-
tions of recording were as follows: voltage 30 kV, cur-
rent 15 mA, angular range 2θ 20°–100°, step 0.02° and
counting time 3 s on the cross section of the specimen.
The measurements were performed at ambient temper-
ature.

The observation of the cross section and fracture of
the composite samples was performed using a scan-
ning electron microscope JEOL JSM-6610 with back-
scattered electrons (BSE) and energy-dispersive X-ray
spectroscopy (EDX) detectors. SEM images in BSE
mode were obtained at acceleration voltage of 10 kV.
EDX chemical composition analyses of the samples
were performed at acceleration voltage of 15 kV. Cross
section of the composite was prepared by SiC papers
grinding and polishing using 3 µm and 1 µm diamond
suspension. For high resolution SEM observation the
polished samples were finally carbon coated using Quo-
rum Q150T ES Coating system.

Quantitative description of the microstructure was
made on the basis of SEM images of randomly selected
areas on the specimens using computer image analysis
applying the program Micrometer [19]. This procedure
allows obtaining data about the actual size and distribu-

tion of metallic phases in the composites. The all metal
particles were characterized by parameter d2 - diameter
of circle of the same surface as the surface of the inves-
tigated grain. Based on the scores of image analysis, the
average values of shape factors describing metal parti-
cles have been determined as following: surface devel-
opment (R = p/(π · d2)), elongation (α = dmax/d2) and
convexity (W = p/pC), where p is perimeter of particle,
dmax is maximum diameter of particle projection and pC

is Cauchy perimeter [19].
The hardness and fracture toughness were measured

with a Vickers Hardness Tester (WPM LEIPZIG HPO-
250) using the indentation technique under the load of
196 N with 15 s holding time. Fifteen indentations were
made for five samples. The measurements of the diago-
nals and cracks have been done on the HITACHI TM-
1000 scanning electron microscope. The fracture tough-
ness has been calculated based on two formulas [20–
24], the Niihara equation for 0.25 < l/c < 2.5:

KIC = 0.018 · HV0.6
· E0.4

· 0.5d · l−0.5 (1)

and the Anstis equation for l/a > 1.5:

KIC = 0.016
(

E

HV

)0.5

·

P

c1.5
(2)

where HV is Vickers hardness, E is Young’s modulus,
d is diagonal of the Vickers indentations, l is average
crack length, P is indentation load and c is crack length
from the centre of the indentation to the crack tip.

In this work, a mechanical strength was determined
by a Brazilian test [25,26], which is indirect tensile
strength measurement method. The procedure implies
the diametrical compression of a disk of material, which
produces a tensile stress state in the specimen which is
maximum and constant along the diameter coincident
with the loading direction, so the failure occurs along
this direction. The tensile stress can be derived from the
following equation [25,26]:

σ0 =
2F

π · D · t
(3)

where F is the value of the applied load and D and t

are, respectively, the diameter and the thickness of the
specimen.

III. Results and discussion

Figure 3 shows the measured zeta potential profiles
of the alumina, Ni and Cu dispersions versus pH. The
zeta potential values of the alumina and copper disper-
sions with addition of dispersant are also reported. In
the present work, as the pH was increasing from 2 to
12, the zeta potential of the alumina suspension was de-
creasing from 45 to −41 mV with isoelectric point (IEP)
around 9. The dispersant (Duramax) was found to affect
the zeta potential changes of the suspension with alu-
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Figure 3. Zeta potential of Al2O3, Ni and Cu with and
without dispersing agent

Figure 4. Composite slurries after mixing as well as after 4
and 12 hours from mixing

mina. Thus, the IEP of slurry with TM-DAR is shifted
to 3.8. In the case of the metal powders the presence
of dispersing agent did not shift the IEP, but increasing
of the absolute value of zeta potential above −30 mV in
the pH range 5–12 was observed for the Cu suspensions.
Direct measurements allowed us to observe that the fi-
nal ceramic suspension, used for slip casting, had a pH
around 8.5. Thus, at these conditions the alumina and
metal particles carry the same negative and high surface
charge which gives good stability of obtained suspen-
sions in time.

In order to confirm the stability of the slurries over
time, observations of the obtained suspensions were
carried out for 12 h from the moment of their mix-
ing (Fig. 4). The slurry was placed in glass container
and the photos were taken every two hours. During the
test time no sedimentation was observed and even after
12 h the suspension was stable and no phase separation
was observed. Due to the lack of sedimentation of the
metal particles in the suspensions, the distribution of the
metallic phase was expected to be homogeneous in the
green samples.

The Archimedes measurements demonstrated that all
sintered samples had a relative density of over 96% TD
and open porosity equal to 0.45%. It can be noticed that
the samples are described by the linear shrinkage equal
to 13.3%. However, the volume shrinkage was 35.3%.

The phase composition of the obtained composite is
shown in Fig. 5. The XRD patterns reveal four phases:
Al2O3, Ni, Cu and CuNi solid solution (characterized by
the cubic structure, Fd3̄m). The characteristic peaks at
43.97°, 51.22°, 75.37°, 91.59° and 96.96° in CuNi cor-

Figure 5. XRD patterns of Al2O3-Ni-Cu composite sintered
at 1400 °C

respond to the plane indices (111), (200), (220), (311)
and (222), respectively (ICDD 04-003-7260). There was
no nickel aluminate spinel phase (NiAl2O4) not copper
aluminate spinel (CuAl2O4) in the composites after sin-
tering. The absence of the spinel phase peaks indicates
that nickel and cooper have not reacted with alumina.
This research has shown that the use of a reducing atmo-
sphere allowed avoiding the appearance of spinel phases
in the composite materials.

Based on the obtained SEM images (Fig. 6) in BSE
mode (where light areas represent nickel/copper parti-
cles while dark represent Al2O3) and microstructural
analysis, it was stated that distribution of metallic par-
ticles in the matrix is homogenous with the tendency
for agglomeration. SEM observation of the cross sec-
tion of the composite revealed the presence of pores
and voids in the structure. However, cracks were not
observed. EDX distribution of the elements on the sur-
face of sample confirmed chemical composition of the
light and dark areas in SEM images as CuNi solid solu-
tion and Al2O3, respectively (Fig. 7). Additionally, ele-
mental maps observations revealed that no interlayer or
spinel is present between metallic phase and matrix.

The existence of new CuNi phase and small porosity
in the sintered samples are probably due to the low melt-
ing temperature of Cu and low wettability of the alu-
mina surface by the molten metal. At Cu melting tem-
perature (1085 °C) the densification of alumina matrix
is just starting, thus the samples are very porous. Due
to the higher surface tension of molten Cu (1240 mN/m
at 1400 °C) in respect to the surface energy of alu-
mina (sapphire, 700 mJ/m2 at 2080 °C) the molten cop-
per does not wet the alumina surface. Normally it causes
that the molten copper is leaking out through the open
pores. However, when the molten Cu comes in contact
with solid Ni (melting point 1453 °C) a CuNi alloy can
be formed. A melting temperature of copper-nickel al-
loy is between 1170 and 1240 °C depending on the Cu to
Ni ratio. Higher melting point of cupronickel gives time
for the densification and closing of the open porosity
of alumina matrix. Hence, the leaking of molten metal
is almost not observed. Low wettability of ceramics by
molten metal, the flow of molten Cu through the pores
of alumina matrix during the sintering as well as forma-
tion of CuNi alloy decrease the densification rate lead-
ing to some porosity in final samples [27–29].
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Figure 6. The micrographs of the polished cross section of the composites: metal particles are bright contrast, ceramics matrix
is dark contrast

Figure 7. Analysis of the chemical composition for selected area on the polished cross section of Al2O3-Cu-Ni composites

Analysis of the particle size distribution of the metal-
lic phase in composite (Fig. 8) obtained by the slip cast-
ing method revealed that more than 50% of particles
have a diameter in the range of 15–21µm. According
to analyses of average diameter of metallic phase base
powders, it can be concluded that composite prepara-
tion method has no influence on the average diameter
of the metallic phases in the composite. The stereolog-
ical analyses and the values of shape parameters reveal
that the metal particles in the composite had the elongate
and expanded shape. It was found that the curvature of
grain boundary was equal to 1.28±0.12, elongation was
1.55 ± 0.09 and the value of convexity was 1.12 ± 0.08
for the metal particles in Al2O3-Cu-Ni materials.

The selected mechanical properties were shown in
Table 1. The measurements showed that Vickers hard-

Figure 8. Particle size distribution of metallic phase in
composite

ness for the composite is equal to 11.04 ± 0.5 GPa.
The measurement also showed that the samples made
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Table 1. Selected mechanical properties of specimens

Samples
HV

KIC KIC Tensile strength
(Niihara formula) (Anstis formula) (Brazilian test)

[GPa] [MPa ·m0.5] [MPa ·m0.5] [MPa]
Pure Al2O3 16.03 ± 0.3 4.97 ± 0.2 8.32 ± 0.9 223.21± 15

Al2O3-Cu-Ni 11.04 ± 0.5 6.17 ± 0.4 10.58 ± 1.2 62.40 ± 10

Figure 9. SEM microstructure of composites with marked
examples of Vickers indentation in the sintered samples

from the pure Al2O3 had a hardness of 6.03 ± 0.3 GPa.
In addition, it was found that similar results were ob-
tained in Wiecińska’s team for samples from pure alu-
mina TM-DAR [30]. The observed higher hardness of
the Al2O3-Cu-Ni composite for ca. 5 GPa in compari-
son to the pure alumina can be related to the presence
of 15 vol.% of metal particles which show plastic de-
formation which increases hardness of such composite.
The fracture toughness was determined using the Vick-
ers indentation fracture toughness test with the use of
two equations. Both equations (Eqs. 1 and 2) can be ap-
plied to median type of cracks. The KIC values of the
composite calculated on the basis of the Niihara and
Anstis equations were 6.17 ± 0.4 and 10.58 ± 1.2, re-
spectively. On the other hand, for the sample contain-
ing pure Al2O3 the KIC values calculated on the basis
of the Niihara and Anstis equations were 4.97 ± 0.2
and 8.32 ± 0.9, respectively. The addition of 15 vol.%
of metal particles increased the fracture toughness for

about 20% in comparison to the sample made from pure
alumina TM-DAR. The mechanism of crack propaga-
tion is shown in Fig. 9. It was found that in the tested
composites mechanism of crack propagation was crack
deflection. Such a crack deflection mechanism creates a
more sinuous route to release stress, which directly in-
duces the increase in fracture toughness.

According to the literature data [31,32] the tensile
strength of sintered alumina measured by Brasilian
method should be around 243 MPa and 160 MPa for dy-
namic test and static test, respectively. Tensile strength
of the pure Al2O3 sample prepared analogously like the
composite is equal to 223.21±15 MPa. Due to the poros-
ity, the tensile strength of the prepared composite sam-
ple was only 62.40 ± 10 MPa. Such result is rather low,
especially as it was measured in dynamic conditions. It
means that the conditions of sintering process should be
improved to get better densification.

Fractography investigation was carried out to assess
the mechanism of cracking in the obtained composite.
SEM images in Fig. 10 show the fracture surface of
the composite subjected to Brazilian test. Fractography
analysis of the samples after fracture toughness test re-
vealed that the bonds between the metallic particles and
matrix are the weakest points of the composite. Obser-
vation of cracks between them allows to conclude that
debonding of the particles and the matrix is main frac-
ture mechanism of investigated composite. Addition-
ally, the occurrance of craters in the matrix has been
revealed. Observed craters have a bigger size than the
pores identified in the composite before the Brazilian
test which indicates that the craters on the fracture are
residues of the pulled out particles from the ceramic ma-
trix. The presence of the pulled out particles confirms
weak adhesion of metal particles with the matrix.

Figure 10. Examples of SEM images of the fracture surfaces of Al2O3-Cu-Ni composites
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Table 2. EDX results of the composite at different measuring
points presented in Fig. 10

Points Weight [%]
(Fig. 10) O Al Ni Cu

1 0.0 ± 0.0 0.0 ± 0.0 62.6 ± 0.5 37.4 ± 0.5
2 0.0 ± 0.0 0.0 ± 0.0 73.7 ± 0.5 26.3 ± 0.5
3 27.5 ± 0.2 72.5 ± 0.2 0.0 ± 0.0 0.0 ± 0.0

Additionally, point EDX analyses of the characteris-
tic fracture areas were performed. Three measurements
points are marked in Fig. 10 and corresponding con-
centrations of elements are shown in Table 2. The re-
sults of EDX measurements at points 1 and 2 revealed
only nickel and copper in chemical composition of light
metallic particles. It suggests that no chemical bond-
ing was achieved during the sintering and only adhesion
bonding was reached. Due to the lack of matrix residues
on the particles it can be stated that the de-bonding of
matrix/particle occurred by brittle cleavage. It confirms
weak metallic phase/matrix adhesion. Lack of oxide in
the results of measurements points 1 and 2 indicates also
that the particles were not oxidized.

IV. Conclusions

It was found that the slip casting method can be used
to obtain composites from Al2O3-Cu-Ni system. The X-
ray diffraction patterns revealed the presence of Al2O3,
Ni, Cu and CuNi solid solution phases. The studies in-
dicate that the used reducting atmosphere used avoided
the formation of spinel phases in the composite. Based
on SEM, pores and voids are observed in the microstruc-
ture of obtained composite. Also, the distribution of
elongated and expanded metallic particles in the matrix
is homogeneous with the tendency for agglomeration.
On the basis of the Brazilian test, fracture mechanism of
the composite is related to cracking and de-bonding be-
tween ceramic matrix and metallic phase. The obtained
results allow us to create a basic principle for control-
ling the microstructure and properties of ceramic matrix
composites reinforced by metallic phase.
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