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Abstract

The aim of the work was to determine the influence of metallic phase content on the obtained properties of
hybrid composites from the ceramics-metal system. Six series of samples from three systems (Al,O;-Cu, Al,O;-
Cu-Ni and Al,O;-Cu-Cr) with two different contents of metallic phase (2.5 and 10vol.%) were prepared by
uniaxial pressing and pressure-less sintering. The research carried out in this work used the classic idea of
material engineering, assuming the optimization of the material’s functional properties by shaping the mi-
crostructure in a suitably modified technological process. The possibility of producing composite samples with
density exceeding 95 %TD was confirmed. There was no significant effect of the composition and the share of
the metallic phase on the obtained values. The microstructure observations showed that the addition of the
second metallic component had a positive effect on the size of the metallic particles, limiting the formation
of metal clusters of significant size visible in the case of Al,O;-Cu samples. Compressive strength tests have
shown that the addition of the second component to the metallic phase has a positive effect on the compressive
strength of the material.
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I. Introduction rial through the appropriate metallic component. At the
same time, the obtained material retains the most impor-
tant features characterizing its ceramic matrix, such as
high hardness or resistance to thermal shocks [1]. Due
to these possibilities, the variety of applications for this
group of materials, ranging from aviation, through the
automotive and defence industries, to biomedical appli-
cations [2] is not surprising.

Al,O;-metal based composites are the most popular
ceramics-metal system. Corundum is a material with
high availability, having a set of beneficial features
such as low weight, high hardness, resistance to ther-
mal shocks and aggressive chemicals, high corrosion re-
sistance, biocompatibility [3,4]. The main disadvantage,
constituting an obstacle to the use of alumina ceramics
in areas requiring specific mechanical properties, is its
low fracture toughness and, consequently, the tendency
to develop cracks in an uncontrolled manner [3,4]. The
solution to this problem is sought in the use of a metal

The constantly developing technology forces con-
tinuos processes of improvement and development of
new materials. Composites, as a group of materials
combining the properties of components with com-
pletely different characteristics at first glance, provide
one of the solutions to meet modern technological chal-
lenges. Among the various groups of composite mate-
rials, ceramics-metal composites are one of the widely
described in the literature with great potential for devel-
opment. There are many reports on the positive effect of
adding metal to the ceramic matrix. This impact is con-
sidered both in the context of improving the mechan-
ical properties of ceramics, as well as the possibility
of introducing completely new properties to the mate-
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addition to the Al,O, ceramic matrix. Studies show that
the combination of hard but brittle ceramics with supple,
soft metal leads to the creation of a material with com-
pletely new possibilities [5,6]. Analysing the available
literature on the subject, it can be seen that the incorpo-
ration of metals, such as: Ag [7], Ti [8], Ni [9], Al [10]
or Cr [11] into the ceramic matrix is successfully im-
plemented and contributes to significant improvement
in mechanical properties compared to pure ceramics.
Among the metals used, a lot of attention is also given
to Cu as it has excellent thermal and electrical conduc-
tivity [12]. The combination of these features with the
strength of ceramics brings great opportunities for ap-
plications in various areas of industry, previously un-
available for materials based on ceramics. However, the
low melting temperature of Cu (T¢, = 1084 °C [13])
is a major obstacle in the process of forming compos-
ites from this system. The copper melting process takes
place at a temperature below the standard sintering tem-
peratures for alumina ceramics. For this reason, the sin-
tering process of Al,O;-Cu composites is sintering in
the presence of liquid phase. In combination with poor
adhesion of Cu to Al,O; [14], this creates the risk of
metal evaporation from the sample during the forming
process, which in turn may have an adverse effect on the
properties of the obtained material.

Many different solutions are used to produce Al,O;-
Cu based composite with good density and mechani-
cal properties. The problem of poor adhesion between
copper and Al,O, can be solved, for example, by us-
ing copper oxide or copper nitride instead of pure metal
as the starting material in the composite forming pro-
cess [15]. Another possibility is by applying a layer of
another metal improving the adhesive properties to cop-
per on the surface of ceramic particles (for example by
covering Al,O, particles with a layer of nickel) [16]. In
the case of Al,O,-Cu composites produced by the in-
filtration method, increased pressure is used to improve
the adhesion between the components [17], but also the
activation of ceramic preform with a layer of reactive
metal, e.g. Ti [18] or hot pressing of the metal powder
filling the ceramic preform prepared in a separate pro-
cess [19]. One of the solutions used is also the produc-
tion of Al,0,-Cu composites by processes that combine
simultaneous moulding and sintering, such as hot press-
ing [20] or processes based on high-current sintering,
such as SPS [21,22] or PECS [23]. This makes it pos-
sible to shorten the sintering time and possibly lower
the process temperature without compromising the me-
chanical properties. However, these processes are more
complicated than in the case of conventional methods
and require higher financial outlays. On the other hand,
there are studies confirming the possibility of producing
Al,0;-Cu composites by conventional methods, e.g. by
uniaxial pressing [24,25], or slip casting, according to
the work of Stratigaki et al. [26].

Another approach to the topic of producing compos-
ites based on Al,O, with Cu is the addition of a second
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metallic component. Its main purpose is to retain Cu
within the sample during the sintering process. Earlier
work carried out in our team showed that it is possible
to produce Al,O,-Cu-Cr [27] and Al,O,-Cu-Ni [28-30]
composites characterized by good densification and me-
chanical properties. In the case of composites from the
Al,O;-Cu-Cr system, tests have shown that chromium
does not react with liquid copper during the sintering
process. However, the physical presence of solid parti-
cles of the second metal characterized by good adhe-
sion to Cu causes that liquid copper during the sinter-
ing process surrounds chromium particles located in the
ceramic matrix and is physically retained by them in-
side the sample. Studies have also confirmed that Cr
improves the mechanical resistance of the composite
[27]. In the case of composites from the Al,O;-Cu-Ni
system, according to the equilibrium system for these
metals [31], copper at the sintering temperature can re-
act with nickel to form a CuNi solid solution [28-30].
The emerging new phase binds part of the liquid cop-
per present in the structure. Characterized by a melting
point higher than pure copper (1170-1240°C [32,33]),
it allows the Al,O; particles to close the copper within
the matrix during sintering and, consequently, limits its
evaporation to the surface of the sample [28,29]. It was
also confirmed that the presence of Ni had a positive ef-
fect on the mechanical properties of the produced com-
posites, which achieved higher hardness than the Al,O,-
Cu samples produced by the analogous method, without
compromising their fracture toughness [28]. However,
in the case of composites with Cr or Ni as the second
metallic component, their effect on improving the adhe-
sion between the matrix and the metallic phase were not
found [27-30].

This article analyses the possibility of producing
Al,O,-Cu based composites, and how the forming pro-
cess and the properties of the final material are affected
by the addition of a second metal (Cr or Ni) to the metal-
lic phase. Samples from the three systems Al,O,-Cu,
Al,O05-Cu-Ni and Al,O,-Cu-Cr were prepared from the
starting powders by uniaxial pressing followed by the
pressure-less sintering. In order to determine the influ-
ence of the content of the metallic phase on the ob-
tained properties of the composites, samples containing
2.5 and 10 vol.% of the metallic phase were produced.

I1. Experimental

2.1. Sample preparation

The forming process was multi-stage and starting ma-
terials were Al,O; powder (TM-DAR, 120 nm, 99.99%
purity) and metallic powders: Cu (Createc, <150 pum,
99.98% purity), Ni (Createc, <50 wm, 99.98% purity)
and Cr (Createc, 3—7 um, 99.98% purity). In the first
stage, powder mixtures from three systems (Al,O;-
Cu, AlL,O;-Cu-Ni and Al,O;-Cu-Cr) were prepared
from the starting powders. For this purpose, the start-
ing powders were weighed in appropriate proportions
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and subjected to homogenization in the Retsch PM400
planetary-ball mill for 1h at a rate of 300rpm in the
presence of a liquid medium (ethanol). Then, the ob-
tained masses were dried in a laboratory drier at 30 °C
for 24 h until complete evaporation of alcohol. After
drying, the masses were subjected to granulation using
sieves with a gradation of 600, 400 and 150 um, respec-
tively. The powder mixtures prepared in this way were
then combined with a binder and re-granulated on sieves
of the same gradation.

In the second stage the powder masses were formed
into solid shapes using a hydraulic press in a cemented
carbide matrix with a diameter of @ =20 mm, at a press-
ing pressure of 100 MPa. A 10% solution of polyvinyl
alcohol (PVA) in the amount of 10% of the total weight
of the powders was used as a binder. The raw mould-
ings obtained as a result of the pressing process were
then sintered in a tube furnace at 1400°C for 2h in
the third stage. The sintering process for each system
was carried out separately and in a reducing atmosphere
(5%H,/95%Ar) in order to limit the oxidation of metal-
lic components and the formation of spinels.

In this way, six composite samples were pro-
duced from three systems: Al,O,-Cu, Al,O,-Cu-Ni and
Al,0O,;-Cu-Cr. The samples within one system had dif-
ferent content of the metallic phase equal to 2.5 or
10vol.%. In the case of three-component systems, the
volume fraction of both components of the metallic
phase (Cu and Ni/Cr) was the same. Table 1 lists the
designations of individual series along with their basic
characteristics.

2.2. Sample characterization

In the first stage of the research, the powders used
to produce the composites were characterized. For this
purpose, the phase composition, microstructure and
density of the powders were analysed. Microscopic ob-
servations of the powders were made using the JSM-
6610 scanning electron microscope. The powders were
viewed in the secondary electrons mode at 15kV. The
study of the phase composition of the powders was car-
ried out by X-ray diffraction method on Rigaku Mini
Flex II (Japan) diffractometer. The source of radiation
was an X-ray tube with a copper anode with a wave-
length of the Ke radiation line of 4 = 1.54178 A. The
test was carried out in the angular range of 26: 20-100°
with a 0.01° step, using the current of 15 mA and the
voltage of 30kV. The diffraction signal counting time

was 1s. The obtained XRD patterns were analysed us-
ing the PDF+4 2022 standard database and the Jade 8.5
(Materials Data) program correlated with it. The den-
sity of the powders was measured using an AccuPyc
1340 II helium pycnometer from Micrometrics (USA).
The measurements were carried out using He by using
the filling pressure of the measuring cell of 1.3 bar. The
measurement consisted of a sequence of 10 purges and
700 cycles.

The obtained composite samples after sintering pro-
cess were subjected to macroscopic and microscopic
observations. For this purpose, the surfaces of the fab-
ricated specimens were processed by grinding on dia-
mond discs and by polishing. After preparation the sur-
faces of the produced sinters were subjected to observa-
tions using the Olympus LEXT OLS4100 confocal mi-
croscope in order to make a general assessment of the
metallic phase distribution in the composite structure.
Density of the sintered samples was determined using
the Archimedes method. X-ray diffraction (XRD) mea-
surements were carried out to determine the phase com-
position and possible phase transformations occurring
during the sintering process in the produced composites.
The tests were carried out with analogous parameters as
for the starting powders.

Compression tests were carried out using an Instron
8802MT hydraulic pulsator for inducing monotonic
loads with a worktable for the implementation of com-
plex states of stress. The pulsator is designed to generate
loads up to 250kN. The tests were carried out at room
temperature. Digital image correlation studies were car-
ried out using the Dantec Dynamics Q-400 DIC device.
This method allows to present a map of deformations
and displacements in the tested element without contact.
Istra 4.7D software was used for data analysis.

The fractures of the produced samples after the sin-
tering process were observed on the JEOL JSM-6610
scanning electron microscope. Ceramics require ther-
mal etching to reveal grain boundaries. Due to the low
melting temperature of copper (1084 °C), close to the
standard etching temperature, the use of this process
would involve a change in the structure of the samples
during the process, as well as the risk of their degra-
dation due to the outflow of copper outside the sample
area. For this reason, it was decided to use the observa-
tions of fractured surface of the samples. The detection
of Al,O, grains was carried out manually, taking into
account the fracture structure. The obtained contours of

Table 1. Comparison of ST-4 proppant properties with other products, such as: sand, low-density ceramic proppants produced
by Wu et al. [58], low-density ceramic proppants from Carbo Company and the required value of Chinese petroleum and
natural gas industry standards (SY/T5108-2014) for low-density proppants

Sample Composition Content of the metallic phase Sintering conditions
A-Cu(2.5) Al1203-Cu 2.5vol.%
A-Cu(10) Al1203-Cu 10 vol.%
A-Cu-Ni(2.5) Al203-Cu-Ni  2.5vol.% (50 wt.% Cu : 50wt.% Ni) 1400 °C, reducing
A-Cu-Ni(10)  AlI203-Cu-Ni  10vol.% (50 wt.% Cu : 50wt.% Ni)  atmosphere: Ar/H,
A-Cu-Cr(2.5) AI203-Cu-Cr 2.5vol.% (50wt.% Cu : 50 wt.% Cr)
A-Cu-Cr(10) AlI203-Cu-Cr 10vol.% (50 wt.% Cu : 50 wt.% Ni)
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the ceramic matrix grains were subjected to appropri-
ate image modifications, and the resulting binary image
was analysed using the Micrometer software. On the
basis of the obtained results, the value of the average
equivalent diameter d, was determined for each of the
produced series and histograms showing the percentage
distribution of the value of the average equivalent di-
ameter were made. In addition, in the next stage of the
research, shape parameters for Al,O, grains were deter-
mined.

ITI1. Results and discussion

Figure 1 presents the results of microscopic observa-
tions of the starting powders. The alumina ceramic pow-
der was characterized by a uniaxial morphology, with a
tendency to form larger agglomerates. The Ni powder
has a granular shape of particles of various sizes, sim-
ilarly to the ceramic powder with a tendency to form
agglomerates. The Cu powder has a dendritic particle
shape, while the Cr powder showed a polyhedral mor-

Figure 1. Micrographs of the starting powders: a) Al,O;,
b) nickel, ¢) copper and d) chromium
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phology with a clear division into fractions with differ-
ent sizes of individual particles. In the case of Cu and Cr
powders, no tendency to agglomeration was observed
(PN-EN ISO 3252:2019-12).

The phase composition analysis of the initial powders
used in the moulding process (Fig. 2) confirmed their
single-phase structure. The presence of reflections char-
acteristics of a-Al,O, (PDF #98-000-0174) was con-
firmed (Fig. 2a). On the other hand, in metallic powders,
the reflections visible in the diffractograms confirmed
the presence of nickel (Fig. 2b; PDF #04-003-7263),
copper (Fig. 2c; PDF #04-003-5318) and chromium
(Fig 2d; PDF #04-025-0975).

The actual densities of the starting Al,O,, Cu, Ni
and Cr powders, measured using a helium pycnometer,
were equal to 3.99 + 0.03, 8.96 + 0.02, 8.9 + 0.02 and
7.03+0.02 g/cm?, respectively. The measured values are
close to their theoretical density, which also confirms
high purity of the used materials.

Observations of the samples’ surface after sintering,
made with the use of a confocal microscope (Fig. 3),
allowed to conclude that the metallic particles in the ce-
ramic matrix of the composite are distributed randomly,
but evenly. In the case of the samples with copper (Fig.
3a), metal particles remaining in the liquid phase during
the sintering process merged into larger clusters, visible
in the photos of the series A-Cu(2.5) and A-Cu(10). The
samples from the three-component systems: Al,O,-Cu-
Ni (Fig. 3b) and Al,0,-Cu-Cr (Fig. 3c) were character-
ized by a significantly lower content of large metallic
particles in the matrix, both in the case of the samples
with 2.5vol.% (series A-Cu-Ni(2.5), A-Cu-Cr(2.5)) as
well as 10 vol.% of the metallic phase content (series
A-Cu-Cr(2.5), A-Cu-Cr(10)). In addition, the presence
of porosity was found on the surfaces of the observed
samples.

There was no significant effect of the metallic phase
content on the relative density. All produced samples
were characterized by a similar relative density at the
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Figure 2. XRD patterns of the starting powders: a) aluminium oxide, b) nickel, ¢) copper and d) chromium
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A-Cu-Ni(2.5) [

A-Cu-Ni(10)

The composites of the Al,O;-Cu-Cr system, apart from
aluminium oxide (PDF #98-00-0174) and copper (PDF
#04-013-9963) were characterized by the presence of Cr
reflections in the diffractograms (PDF #04-004-8454).
In the case of Al,O,-Cu-Ni composites, the analysis
of the diffraction patterns obtained for both manufac-
tured series showed reflections from Al,O, (PDF #04-
015-8994), Cu (PDF #04-002-8504), Ni (PDF #04-003-
7263) and CuNi solid solution (PDF #01-071-7832).
The presence of the latter confirms the formation of a
new phase during the sintering process resulting from
the reaction between the nickel particles and liquid cop-
per. With the increase of metallic phase content in the
sample, the probability of contact between Ni and Co
particles increases during sintering, and thus the pro-
portion of the new phase in the sintered sample raises.

4 mm

A-Cu-Cr(2.5) }

A-Cu-Cr(10)

4 mm

Figure 3. Photographs of the sample surfaces of the systems:
a) Al,05;-Cu, b) Al,0;-Cu-Ni and c) Al,0;-Cu-Cr

level of 96-97 %TD. Due to the high density of the
samples, the porosity and absorbability of the obtained
composites was <1%. Based on the measurements, it
was found that the volumetric shrinkage of the compos-
ites ranged from 37% to 40%. The highest volumetric
shrinkage was recorded for the samples from series A-
Cu(2.5) and A-Cu-Cr(2.5). The tests showed that the ob-
tained samples were characterized by linear shrinkage
determined on the diameter in the range from 14% to
16%, and on the height of the sample in the range from
13% to 15%. The obtained results for selected physical
properties are summarized in Table 2.

Phase composition analysis of the sintered Al,O,-
Cu and Al,0;-Cu-Cr composites (Fig. 4) did not show
the presence of new phases in the structure. In the
Al,0,;-Cu composites, peaks from alumina (PDF #04-
014-1368) and copper (PDF #04-013-9963) were found.

Table 2. Selected physical properties of the sintered samples
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Figure 4. Diffractograms of sintered composites:
a) Al,0;-Cu, b) Al,0;-Cu-Ni and c) Al,O;-Cu-Cr

Theoretical ~ Relative Open Water Volumetric Linear diameter ~ Height
Sample density density porosity absorption shrinkage shrinkage shrinkage
[g/cm’] [%TD] [%] [%] [%] [%] [%]
A-Cu(2.5) 4.11 96.99 +0.38 0.110 £0.083 0.028 +0.021 4091 +£0.74 16.34+0.09 15.56+0.90
A-Cu(10) 4.49 97.32 +0.11 0.152+0.052 0.035+0.012 37.68 +0.73 1524 +0.03 13.27 +1.06
A-Cu-Ni(2.5) 4.11 97.21 £ 0.03 0.045+0.004 0.011 £0.001 39.54 +0.62 1648 +0.06 13.32+0.86
A-Cu-Ni(10) 4.48 97.09 £0.11 0.233 +£0.039 0.054 +0.009 37.04 +0.44 14.87+0.07 13.13+0.62
A-Cu-Cr(2.5) 4.09 97.79 £ 0.15 0.091 +£0.025 0.023 +£0.006 40.45+0.32 1643 +0.07 14.73+0.28
A-Cu-Cr(10) 4.40 96.58 £ 0.53 0.523 £0.293 0.123 £0.070 38.90+0.34 1523 +0.18 14.98 +0.52
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Hence, higher intensity of the peaks coming from the
CuNi solution is clearly visible in the diffraction pattern
of A-Cu-Ni(10) sample. The obtained results are con-
firmed by previous studies published by our team on
composites from the Al,O,-Cu-Ni system, where the
phase composition analysis also confirmed the forma-
tion of a CuNi solid solution after the sintering pro-
cess [28].

In the Al,O,-Cu samples (Fig. 4a), reflections cor-
responding to the following Cu crystallographic planes
were observed: (111), (200), (220), (311) and (222). For
the A-Cu(2.5) and A-Cu(10) composites, the reflections
from the defined planes occurred at 26 of 43.47°, 50.50°,
74.12°, 89.96°, 95.28° and 43.41°, 50.45°, 74.12°,
89.88°, 95.25°, respectively.

In the case of samples from the Al,0,-Cu-Ni sys-
tem (Fig. 4b), reflections corresponding to the families
of Cu planes: (111), (200), (220), (311) and (222) were
observed. For the A-Cu-Ni(2.5) and A-Cu-Ni(10) com-
posites, the reflections from the defined planes occurred
at 26 of 43.87°, 50.70°, 74.45°, 90.86° and 95.15° and
43.67°, 51.10°, 74.99°, 91.25°, 96.48°, respectively. In
addition, reflections corresponding to Ni planes: (111),
(200), (220) and (311) were also observed at 26 angle
of 45.33°, 51.96°, 76.32°, 91.59° and 44.36°, 51.77°,
76.28°, 92.72° for the A-Cu-Ni(2.5) and A-Cu-Ni(10),
respectively. In the XRD patterns of the A-Cu-Ni(2.5)
and A-Cu-Ni(10) samples, the presence of four reflec-
tions, corresponding to (111), (200), (220) and (311)
planes, was also revealed, which should be attributed
to the CuNi solid solution. For the A-Cu-Ni(2.5) and A-
Cu-Ni(10) samples at the 260 angle values for different
planes are equal to: 44.37°, 51.73°, 75.67°, 91,94° and
44.21°,51.60°, 75.90°, 92.28°, respectively.

The analysis for the samples from the Al,O;-Cu-
Cr system (Fig. 4c) showed, as in the case of samples
of the Al,O;-Cu reference series, the presence of re-
flections corresponding to the following Cu crystallo-
graphic planes: (111), (200), (220), (311) and (222).
For the A-Cu-Cr(2.5) and A-Cu-Cr(10) composites,
the reflections from the defined planes occurred at 26
of 43.49°, 50.52°, 74.11°, 89.91°, 95.24° and 43.65°,
50.73°,74.33°,90.05°, 95.34°, respectively. In addition,
the presence of reflections corresponding to the fami-
lies of Cr crystallographic planes: (110), (200) and (211)
was confirmed in the analysed samples. For the A-Cu-
Cr(2.5) sample, successive planes were observed at the
26 angle of: 44.48°, 64.70°, 82.38°, while for the A-
Cu-Cr(10) sample, at the 20 angle of: 44.66°, 65.27°,
81.97°.

In the next stage of the research, the produced sam-
ples were subjected to monotonic compression. The
strain diagram of the samples due to monotonic com-
pression is shown in Fig. 5. On the other hand, Fig. 6
presents a summary of the deformation distribution us-
ing the digital image correlation method for one exem-
plar sample from the tested series.

Based on the obtained results, it was found that the
A-Cu(2.5) samples withstood a load of 13kN and had
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Figure 5. Dependence of the destructive force on the strain

a displacement of 0.27 mm. The distribution of defor-
mations during compression was uniform throughout
the sample area, except for the contact zones with the
loading platform. The resulting deformation resulted in
an even stress distribution along the load axis (Fig. 6b,
A-Cu(2.5)). The crack occurred at a distance of about
Smm along the load axis of the sample. The crack-
ing process was multifaceted (Fig. 6¢, A-Cu(2.5)). This
proves to be disordered, but even distribution of the ma-
terials included in the sample.

The tests showed that the A-Cu(10) sample was char-
acterized by a load of 15kN. The crushing of the sam-
ples to the moment of failure was 0.41 mm. The strain
distribution at the moment of maximum load showed
local displacements of the sample structure over its en-
tire surface (Fig. 6b, A-Cu(10)). Despite the significant
deformation of the sample, the cracking occurred along
the load axis (Fig. 6¢, A-Cu(10)).

The A-Cu-Ni(2.5) sample carried a load of 15.6kN.
The crushing of the samples to the moment of destruc-
tion was 0.38 mm. The samples maintained a uniform
distribution of deformations during loading (Fig. 6b, A-
Cu-Ni(2.5)). Upon reaching the critical load, the sample
was dynamically fragmented into numerous fragments
(Fig. 6¢, A-Cu-Ni(2.5)).

Monotonic compression tests showed that the A-Cu-
Ni(10) sample withstood a load of 20.6kN and a dis-
placement of 0.38 mm. The distribution of deformations
during compression was uniform in the entire area of
the samples with a noticeable intensification in the load-
ing axis zone. The resulting deformation resulted in an
even stress distribution along the load axis (Fig. 6b, A-
Cu-Ni(10)). The crack occurred at a distance of about
5 mm along the load axis of the sample. The course of
the cracking process was single-plane (Fig. 6¢, A-Cu-
Ni(10)). This proves to be ordered and even distribution
of the materials included in the sample.

The A-Cu-Cr(2.5) sample withstood a load of 6.5 kN
and a displacement of 0.24 mm. The strain distribution
at the moment of maximum load showed a crack along
the load axis of the sample (Fig. 6b, A-Cu-Cr(2.5)). The
cracking occurred along the axis of the sample (Fig. 6c¢,
A-Cu-Cr(2.5)).
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Figure 6. Distribution of strains using the digital image
correlation method: a) reference state, b) maximum
strain state and c) cracking course

In the case of the A-Cu-Cr(10) sample, the compos-
ite withstood a load of 21.5kN and a displacement of
0.75 mm. The distribution of deformations during com-
pression concentrated in the upper area at the point of
contact between the sample and the loading platform.
The resulting deformation resulted in an even stress dis-
tribution along the load axis (Fig. 6b, A-Cu-Cr(10)).
The crack occurred at a distance of about 5 mm along
the load axis of the sample. The course of the cracking
process was single-plane (Fig. 6¢, A-Cu-Cr(10)). This
proves to be ordered and even distribution of the mate-
rials included in the sample.

Figures 7-9 show SEM micrographs of the prepared
samples. The micrographs were compiled for the sam-
ples from the same system, but differing in the content
of the metallic phase in the structure.

The analysis of breakthroughs for the samples from
the Al,O;-Cu system (Fig. 7) revealed poor adhesion at
the interface between the ceramic matrix and the metal.
The cracks, choosing the propagation path with the low-
est energy, ran at the contact point of the components.
This is also illustrated by the surface of the metallic par-
ticles present in the structure with a visible representa-
tion of the matrix grains detached during cracking. At
the contact boundary between the components, the pres-
ence of stratifications was also observed, confirming
poor adhesion between the components. The main rea-
son is the low wettability between Al,O; and Cu (con-
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Figure 7. Breakthroughs of samples from the Al,0;-Cu
system: a) 2.5 and b) 10 vol. % of the metallic phase
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Figure 8. Breakthroughs of samples from the Al,O;-Cu-Ni
system: a) 2.5 and b) 10 vol. % of the metallic phase

tact angle >90°). The matrix particles were character-
ized by a morphology similar to that of the starting pow-
der. The copper particles were characterized by high ir-
regularity, not maintaining the dendritic character of the
starting powder. The low melting point of Cu causes that
during the sintering process, the metallic phase com-
posed of copper remains in a liquid state and takes the
form in which it is closed by the ceramic matrix parti-
cles growing during the sintering process. In the case of
the samples with a higher content of the metallic phase,
the probability of contact between metallic particles was
higher, so the presence of metallic areas in the structure
was observed as a result of the connection of several
copper particles during sintering.

Observations of fractures of the samples with Ni (Fig.
8) also revealed the presence of metallic particles of ir-
regular structure. In the case of a higher content of the
metallic phase, areas where the particles merged into
clusters as a result of contact during sintering were vis-
ible. The metal-matrix contact boundary was charac-
terized by a slightly smaller number of stratifications,
which may suggest the influence of nickel on the im-
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Figure 9. Breakthroughs of samples from the Al,0;-Cu-Cr
system: a) 2.5 and b) 10 vol. % of the metallic phase

provement of adhesion between the components. How-
ever, the fracture process of the material continued at
the interface of the components, suggesting that the im-
provement, if any, had no significant effect on the nature
of the fracture or the course of the fracture process dur-
ing its formation. There is also an increase in the size
of Al,O; particles in the structure with the increase in
the proportion of the metallic phase. However, the mor-
phology of the matrix particles remained unchanged.

In the case of the samples with Cr (Fig. 9), the oc-
currence of irregular metallic particles in the fracture
structure was also observed. There were no stratifica-
tions at the component boundary, but there are visible
losses caused by tearing out of metallic particles during
the cracking process. It is worth noting, however, that in
addition to cracking at the interface of the components
in the samples, crack planes within the metallic particles
themselves are also visible. This may be related to the
presence of Cr, a metal with much lower plasticity than
Cu and Ni, the presence of which may improve mechan-
ical properties. It also suggests the possibility of areas

in the sample with improved adhesion at the interface of
the components.

Based on the SEM image with higher magnification
(Fig. 10.), histograms showing the distribution of alu-
mina grains for individual series were obtained. Figures
11-13 present the results of the image analyses in the
form of histograms of grain size distribution (the equiv-
alent diameter d, of the matrix grains). In the case of
the samples from the Al,O;-Cu system (Fig. 11), the
histograms are characterized by a similar, unimodal dis-
tribution with a clearly visible peak corresponding to
the most common grain fraction. For the samples with
a lower content of the metallic phase, this peak is in the
range of 0.6—-0.8 um. With the increase in the content of
the metallic phase, a slight shift in the range of maxi-
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Figure 11. Histogram of the percentage distribution of the d,
diameter value for samples from the Al,O;-Cu system:
a) 2.5 and b) 10 vol. % of the metallic phase

Figure 10. SEM micrographs of samples: a) A-Cu(2.5), b) A-Cu(10), ¢) A-Cu-Ni(2.5), d) A-Cu-Ni(10), e) A-Cu-Cr(2.5) and
f) A-Cu-Cr(10)
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Figure 12. Histogram of the percentage distribution of the d,
diameter value for samples from the Al,O;-Cu-Ni system:
a) 2.5 and b) 10 vol. % of the metallic phase

mum values was observed towards larger d, values in
the range of 0.7-0.9 um.

An analogous relationship was observed in the case
of the samples from ternary systems. Replacement of
Cu partially with Ni resulted in shifting the d, range
towards lower values for the sample with 2.5 vol.% of
metallic phase (range of d, is 0.2-0.5um). However,
increasing the proportion of the metallic phase in the
sample to 10 vol.% resulted in shifting the range of the
most common d, values to d, = 0.8—1.2 um. Thus, the
presence of lower component of metallic phase in the
A-Cu-Ni(10) inhibited the growth of the matrix grains,
but the higher amount of metallic phase is not efficient.

In the case of the Al,O,-Cu-Cr sample with 2.5 vol.%
of the metallic phase content, similar results were ob-
tained as in the reference sample with Cu. The his-
togram is unimodal with d, values in the range of d;
= 0.7-0.9um. The increase in content of the metallic
phase in the composite to 10 vol.% caused the growth
of Al,O, grains. The histogram in this case is charac-
terized by the occurrence of a wide range of equivalent
diameter values without a clear maximum with d5 in the
range 0.6—-1.2 um.

It can be concluded that the increase in the proportion
of the metallic phase led to an increase in the diameter
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Figure 13. Histogram of the percentage distribution of the d,
diameter value for samples from the Al,O;-Cu-Cr system:
a) 2.5 and b) 10 vol. % of the metallic phase

d» of the Al,O, matrix grains. The largest difference was
observed for the samples with nickel, while the smallest
changes were observed in the case of the reference sam-
ples from the Al,O,-Cu system.

In the next step, the stereological analysis was used
to evaluate shape parameters for Al,O, grains in indi-
vidual series and obtained results are presented in Table
3. The stereological analysis showed that, regardless of
the tested series, the alumina grains are characterized
by a similar shape. It was also found that all composites
are characterized by oval, slightly elongated shapes. In
addition, based on the obtained results, no effect of the
addition of the third metallic component on the shape
of aluminium oxide grains in the prepared samples was
found.

IV. Conclusions

The article analyses the possibility of producing com-
posites based on Al,O, matrix with copper. We tried to
determine how the structure and mechanical properties
are affected by replacing part of Cu with a second metal-
lic component (Ni or Cr). Using uniaxial pressing with
pressure-less sintering, six samples were produced from
three systems: Al,0,-Cu, Al,0,-Cu-Ni and Al,O,-Cu-

Table 3. Average values of shape parameters for Al,O; grains of sintered samples

Shape factors for Al,O5 grains

Sample Curvature of grain boundary, R Elongation, @  Convexity, W
A-Cu(2.5) 1.16 £ 0.01 1.26 +£ 0.02 1.08 + 0.01
A-Cu(10) 1.15+0.01 1.29 + 0.02 1.08 + 0.01

A-Cu-Ni(2.5) 1.25 +0.01 1.38 £ 0.02 1.08 + 0.01
A-Cu-Ni(10) 1.13 £ 0.06 1.31 £0.04 1.09 + 0.02
A-Cu-Cr(2.5) 1.16 +£ 0.05 1.32 £ 0.04 1.10 £ 0.01
A-Cu-Cr(10) 1.20 + 0.06 1.33 £ 0.04 1.10 £ 0.02

106



P. Piotrkiewicz et al. / Processing and Application of Ceramics 18 [1] (2024) 98—108

Cr with a 2.5 and 10 vol.% of the metallic phase content.

Possibility of producing composite samples with sat-
isfactory density was confirmed and for all series it ex-
ceeded 95 %TD. However, no significant influence of
the composition on the obtained density values was
found. The phase composition analysis confirmed that
there is no secondary phase except in the case of the
Al,0O,-Cu-Ni samples, where a new phase is formed
during sintering (CuNi solid solution). The microstruc-
ture observations showed that the addition of the second
metallic component has a positive effect on the size and
distribution of the metallic particles, limiting the forma-
tion of metal clusters. Partial replacement of Cu with
Ni resulted in the decrease of Al,O, grain size for the
sample with 2.5 vol.% of metallic phase. However, irre-
spective of the system, a higher content of the metallic
phase led to an increase in the size of the Al,O; grains.
The largest increase was noted for nickel samples, and
the smallest was observed between series of chromium
samples.

Compressive strength tests have shown that the addi-
tion of the second metallic phase has a positive effect on
the compressive strength of the composites. While the
samples with copper withstood a similar load, regard-
less of the proportion of the metallic phase, in the sam-
ples from the ternary systems, the compressive strength
increased with the increase in the proportion of the
metallic phase. Observations of the fracture surface con-
firmed the poor adhesion between the ceramic matrix
and the metallic phase. The main plane of cracking of
the material was the phase boundary between the ma-
trix and the metallic particles.
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