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Abstract

The article presents the results of the microstructure and tribological properties of Al-xSiC composites (x="70 and 90 wt%
SiC) produced in spark plasma sintering (SPS). Due to their attractive thermal, physical, and mechanical properties, aluminum
matrix composites with high-volume fractions of silicon carbide (> 50%) have become a major area of interest as a potential
material for multifunctional electronic packaging and cryogenic applications. The SPS process was carried out in a vacuum
atmosphere under various conditions. Composites with a density close to theoretical (96-98%) were obtained. X-ray diffrac-
tion and scanning electron microscopy with EDS analysis were used to characterize the microstructure. Mechanical properties
were determined by hardness measurements and a three-point bending test. The tribological properties of the composites
were determined utilizing a block-on-ring tribotester. As a criterion for wear resistance, weight loss measured under specific
friction conditions, that is, depending on the type of material and the applied load, was adopted. The researched materials
were characterized by an even distribution of the carbide phase in the matrix. Composites with the highest SiC phase content
(90 wt%) had higher hardness (2537 HV1) and flexural strength (242 + 15 MPa) with worse wear resistance at the same time.
The weight loss of this composite was 0.43 and 0.76% for friction under loads of 100 and 200 N, respectively, and was 360
and 270% higher than that determined for the composites with the lower content of the SiC phase (70 wt%). The wear rate
was three times higher for the Al-90wt%SiC composites.

Keywords Al-SiC composites - Spark plasma sintering - X-ray analysis - Scanning electron microscopy - Tribological
properties - Wear mechanisms
1 Introduction

Due to their attractive thermal, physical, and mechanical
properties, such as low thermal expansion, high thermal con-
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Marcin Madej matrix composites with high-volume fractions of silicon
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Anna Wasik potential material for multifunctional electronic packaging

anna.wasik @agh.edu.pl and cryogenic applications [1]. This type of composites is

also widely used in the aerospace, energy, transportation and
precision instrument industries [2]. On one hand, the intro-
duction of a high amount of SiC particles increases the areas
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of the matrix—reinforcement interface, and also increases
the dislocation density in the material due to the difference
in the thermal expansion coefficients between the metal and
the ceramic [3]. On the other hand, in the case of a high con-
tent of reinforcing phase, wetting problems may arise [4, 5].
The compaction of composites with a reinforcing phase con-
tent exceeding 50 vol.% is a challenge due to the tendency
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of ceramic particles to agglomerate (particularly for small
particles of reinforcing phase) and porosity present in the
agglomerated reinforcement. In turn, it is well known that
the final properties of the composites are strongly dependent
on the quality of the matrix—reinforcement interface that in
turn is affected by the wettability between the matrix and
the reinforcement, which can be improved at elevated tem-
peratures [6]. However, at elevated temperatures, there is a
probability that the reaction between Al and, SiC will occur
and as a result, a detrimental Al,C; phase will form, which is
thermodynamically unstable and can degrade the properties
of the composites [7, 8].

One of the methods of obtaining Al-SiC composites that
allow the effective control of negative interfacial reactions
is spark plasma sintering (SPS). The SPS ensures a short
holding time at low temperatures and limits grain coarsen-
ing [9, 10], provides appropriate densification and a micro-
structure devoid of micropores [11, 12]. Joule heating and
plastic deformation lead to the high densification of AI-SiC
composites with good interfacial bonding [13]. The presence
of a liquid and a solid phase allows the formation of a strong
bond in the metal—ceramic interphase, and the short contact
time between the particles prevents the formation of inter-
metallic phases [14]. Therefore, SPS provides consolidated
metal matrix composites improved mechanical, thermal and
physical properties [15, 16].

Yu Hong et al. [17] investigated the interface microstruc-
tures of SiCp/6061Al composites with 50 vol.% SiC consoli-
dated by SPS. They found that phases other than SiC and Al
were not present in the microstructure of materials sintered in
the temperature range of 480-530 °C. Hot pressing (HP) for
the fabrication of high-volume SiCp/6061Al composites was
used by Jian Sun et al. [18]. SiC particles were introduced in
the amount of 50 vol.%. While at the sintering temperature of
630 °C, the composites exhibited strong bonding at the SiCp/
Al interface, at the temperature of 640 °C and higher, the
authors observed that an SiCp/Al interface reaction occurred
and generated a typical reaction product of Al,C;. Ali Aliza-
deh et al. [19] compared the combined stir and squeeze casting
methods in the fabrication of SiCp/Al5083 composites rein-
forced with 20, 25 and 30% SiC to examine their influence on
the final properties. They concluded that the combined cast-
ing method allowed decreased porosity and better SiC parti-
cle distribution, and thus improved the compressive strength,
hardness, and wear resistance. Authors of work [20] inves-
tigated the influence of the SiC reinforcement volume frac-
tion on the wear properties. They concluded that the wear rate
decreased with the volume, whereas the coefficient of friction
increased. Gosh et al. [21] stated that the wear rate fell due to
the increment in the volume fraction of SiC in LM6 Al-based
composites produced by stir casting. The results concerning
Al-SiC composites and presented in [22] by Smrutiranjan
et al. show that the wear rises with the applied load, and the
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wear mechanism might also change during friction. There are
many papers devoted to the study of the tribological proper-
ties of aluminum matrix composites reinforced with ceramic
particles (AMCs). However, only a few papers deal with the
tribological properties of composites with a reinforcing phase
content of more than 50 wt%. Earlier investigations of authors
concerning Al-SiC composites with a high amount of SiC
phase found that the coefficient of friction of composites with
the 50 wt% SiC content was usually higher than that for the
compacts with the 70 wt% SiC content, which resulted from
the role of the Al matrix in the friction process. The presence
of Al in the friction pair changed the mechanism that occurs
there; the role of adhesion increased and influenced the growth
in the coefficient of friction. Furthermore, the increase in the
compression pressure applied during SPS has adverse effects
on the coefficient of friction [23].

The selected findings presented demonstrate that appro-
priate selection of the manufacturing technology and process
parameters, which allow a high degree of composite density
to be achieved, will be important from the point of view of
the final properties of composite materials reinforced with
a high volume of fraction of reinforcement [24].

At present, there are few studies [4, 5, 23] on the produc-
tion of Al-SiC composites with a high content of reinforcing
phase, exceeding 50 wt%, by the SPS. The critical role in
this type of composites is played by the interface between
the aluminum matrix and SiC. In the case of a high content
of the reinforcing phase, problems with wetting may occur.
At the phase boundary, the Al,C; phase may also appear,
which affects the properties of the composites. The data
presented in the literature mainly concern the study of the
thermal properties of such composites produced by various
technologies [4, 6, 13, 17, 18]; there is no comprehensive
information on the tribological properties of such compos-
ites, in particular on the content of the reinforcing phase
exceeding 70 wt% and produced via the SPS. The analysis of
data available in the literature was the motivation to take up
this topic; a number of experiments were carried out regard-
ing selection of the conditions of the SPS of composites
with carbide phase contents of 70 and 90 wt%. Subsequently,
using the optimized conditions, the composites were pro-
duced and their phase and microstructural characteristics
were assessed, as well as their behavior in the friction pair
under the conditions of technically dry friction.

2 Materials and methods
2.1 Materials and production process
The powders used in the study were air-sprayed aluminum

grade 1070 (Benda Lutz, Skawina, Poland), with a parti-
cle size of less than 63 pm and SiC powder (Karborund,
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Poland) with a particle size in the range 60—-80 pm. The
aluminum powder consisted of the following fractions:
above 63 pm—5%, in the range of 32-63 pm—45-70%, the
rest—below 32 pm. Composites containing 70 and 90 wt%
SiC were produced. The powder mixtures were mixed in a
Turbula T2F mixer (WAB, Switzerland) for 1 h, then spark
plasma sintered using an HP D 25/3 furnace (FCT Systeme,
Germany). The size of the sintered samples was 40 mm in
diameter and 10 mm in height. The parameters of the SPS
are listed in Table 1, and Fig. 1 shows the sintering curves
for the optimized conditions. In the case of the variant with
70 wt% SiC, a plateau of the shrinkage curve was observed,
which proves the complete densification of the powder mix-
ture under the optimized sintering conditions. Nevertheless,
in the case of the variant with 90 wt% SiC, the plateau was
not observed, which results from the upsetting of graphite
punches at the temperature of 2100 °C and the compaction
pressure of 100 MPa. Preliminary sintering experiments
were performed at various temperatures. The temperature
of the composites with the SiC content up to 70 wt% was the
same as for aluminum or AMCs. When the SiC content was
90 wt%, the sintering behavior was close to the sintering of
SiC, which is why a temperature of 2100 °C was needed to
obtain high densification. At lower temperatures, the densi-
fication was significantly lower—below 90%.

The morphology of the powder particles used to produce
the composites is shown in Fig. 2.

2.2 Microstructure characterization

The specimens for the microscopic examinations were
embedded in conductive PolyFast resin, and then the thus
prepared specimens were ground on abrasive papers with
the following gradation: 220, 500, 800, 1200, 2000 and
4000, and two-stage mechanical polishing in accordance
with the Struers procedure using a suspension of Dia Duo
diamond paste with a grain size of 3 pm and a colloi-
dal suspension of silicon oxide OPS for finishing polish-
ing with a grain size of ¥4 pm. The microstructure of the
composites was examined using a SU-70 (Hitachi, Japan)
Schottky-type electron gun scanning electron microscope
(SEM) with a NORAN System 7 (Thermo Scientific, USA)
X-ray microanalysis system (EDS). The micrographs were
taken during operation of the secondary electron (SE) and
backscattered electron (BSE) detector. Accelerating volt-
age was used: 5 kV for observation of the powders and the
microstructure of the composites, 10 kV for observation
of the fractures after the three-point bending test, and 10
and 15 kV for observation of the surface after friction. The
chemical composition tests were performed at an acceler-
ating voltage of 15 kV. The phase composition was ana-
lyzed by means of a D8 Advance (Bruker, Germany) X-ray
diffractometer with Co Ka=1.79 A cobalt lamp.

Table 1 Parameters of spark

Lo Sample Temperature ~ Heating rate (°C/min) Holding time Compac-
plasma sintering (SPS) process (°C) (min) tion pressure
(MPa)
Al-70wt%SiC 600 RT-550 °C (100 °C/min) 20 100
550-600 °C (25 °C/min)
Al-90wt%SiC 2100 RT-1950 °C (100 °C/min) 20 100
1950-2050 °C (50 °C/min)
2050-2100 °C (25 °C/min)
RT room temperature
a) 650 3.5 —— Temperature b) 2250 5.0 —— Temperature
600 - =——— Lo shrinkage 2050 + ” F4.5 ----Shrinkage
—t ”s 1850 + r4.0
O e o 1650 A F3.5 g
500 € < £
g F20 E g 1450 1 r30 o
T 450 4 g 2 1250 F25 9
@ 15 @ o X~
2 400 - = g 1050 20 E
0] | 1.0 & 5 850 L15
300 4 L05 650 - r1.0
] 450 4 ro.5
et ' : 0 250 , , 0
. b - = Al-70Wt%SiC 0 20 40 60

Time, min

Fig. 1 Shrinkage curves of: a Al-70wt%SiC, b Al-90wt%SiC

Time, min Al-90wt%SiC
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Fig.2 SEM micrographs of
powders: a Al (<63 pm), b SiC
(60-80 pm)

2.3 Physical and mechanical properties

The relative density of the composites was measured by
the Archimedes method in accordance with the ISO 18754
standard. The theoretical density of the sinters was deter-
mined from the rule of mixtures, taking into account the
initial contents of the individual phases for calculations.
After comparison with the actual density determined by the
Archimedes method, approximate values of relative density,
and thus porosity were obtained.

The composite hardness was measured employing the
Vickers method applying a load of 9.8 N in accordance with
the ISO 6507-1 standard. The flexural test was conducted
using a Z020 (Zwick Roell, Ulm, Germany) universal test-
ing machine at a constant strain rate of 0.05 mm/s via the
three-point bending test. The test was carried out on bars
with dimensions of 4 X4 X 40 mm cut from SPSed samples.
The tests were performed in accordance with the ISO 7438
standard. The fracture surfaces from the flexural test were
examined by SEM.

2.4 Tribological properties

The tribological properties were tested utilizing a T-05
(Lukasiewicz — ITeE, Poland) block-on-ring tribotester
(Fig. 3) at ambient temperature under technically dry fric-
tion conditions. A minimum of three tribological tests were
performed for each variant of the studied material. During
the test, a rectangular tribological specimen was mounted
in a holder equipped with a hemispherical insert ensuring
proper contact between the tested specimen and the steel
ring rotating at a permanent speed. The friction surface (F)
of the specimen was perpendicular to the load (L) direction.
A double lever system was used to push the specimen toward
the ring with a loading accuracy of + 1.5%. The wear test
conditions are listed in Table 2.

Prior to the test, the specimens were prepared accord-
ing to the surface quality (a suitable roughness—Iess than
1 um) and thoroughly degreased by washing with a Stru-
ers degreasing agent; after drying, they were weighed and
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rotating ring

ot

Fig.3 Diagram of T-05 block-on-ring tribotester; L load perpendicu-
lar to the friction surface, F friction force measurement

tested immediately thereafter. After the test, the specimen
was washed, dried, and weighed. The weight loss was deter-
mined by the difference in weight. Since the initial speci-
mens were characterized by different weights, in order to
accurately characterize the differences, the weight losses
were converted to %. The change in the coefficient of friction
over time was determined for the whole test (1000 m). The
load and friction force required to calculate the coefficient
of friction were measured. To determine the wear mecha-
nisms, the wear surface was analyzed by scanning electron
microscope.

3 Results and discussion
3.1 Microstructure of composites

One of the main factors determining the homogeneous
distribution of the strengthening phase in the matrix of
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Table 2 Wear test conditions

No. Parameter Value, unit
Dimensions of tested specimens 20x4 x4 mm
2 Rotating ring Heat-treated
steel 100Cr6,
55 HRC,
?49.5x 8 mm
3 Rotational speed 136 rpm
4 Velocity 0.25 m/s
5 Sliding distance 1000 m
6 Sliding condition Without lubri-
cant (techni-
cally dry
friction)
Ambient temperature 20 °C
8 Load 100 N, 200 N

composites is the ratio of the size of the matrix particles to
the size of the reinforcement particles. A small difference in
the size of the matrix and reinforcement particles allows a
more uniform distribution of the reinforcement phase in the
matrix. SiC powders with a size of 60—80 pm and aluminum
powders with a particle size of less than 63 pm were used to
produce the composites. This particle size of the reinforcing
phase powder prevents the formation of agglomerates, unlike
the fine powders available on the market (below 10 pm).
Thanks to this, the use of a Turbula-type mixer enables
the production of composites characterized by a relatively

homogeneous distribution of the matrix against the back-
ground of particles of the reinforcing phase.

Figure 4 presents the microstructure of the investigated
composites, taken at different magnifications using a scan-
ning electron microscope, while Fig. 5 displays the maps of
the distribution of elements. In the case of the composite
with the lower content of the reinforcing phase (70 wt%),
the particles of the hard SiC phase are evenly distributed in
the plastic aluminum matrix. The SiC particles were par-
tially crushed as a result of the SPS; numerous small SiC
particles are visible in the microstructure. No discontinui-
ties were found at the SiC-plastic aluminum matrix bound-
ary (Figs. 4a, 5a). In the case of the composites containing
90 wt% SiC, SiC particles are visible in the microstructure,
aluminum is present between the SiC particles, and pores are
also present locally. Areas containing only the ceramic phase
are visible in the microstructure. A good connection was
found between the SiC particles and between the aluminum
matrix and the ceramic reinforcement (Figs. 4b, 5b). In addi-
tion, alumina particles are observed in the microstructure,
which are located mainly on the boundaries of the aluminum
grains (Fig. 5).

3.2 XRD analysis

Phase composition studies performed by X-ray diffrac-
tion revealed the presence of the following phases in the
examined composites: SiC, Al, Al,0O,, as well as Si0,, Si
and Al,C;, with the peaks from the Si and Al,C; phases

Fig.4 Microstructure of spark
plasma sintered Al-SiC com-
posites; SEM

7}
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50Jm) & » 50 pm

Fig.5 Microstructure and maps of distribution of elements: C, Si, Al, O; SEM

being more intense in the composite containing 90 wt%
SiC (Fig. 6). The higher sintering temperature (2100 °C)
favors the decomposition of SiC; as a result of the reaction
free Si and Al,C; are formed. The reactions of aluminum
carbide formation have been described, for example, in
works [25-27] concerning cast AI-SiC composites. As a
result of contact between liquid aluminum and SiC parti-
cles, the brittle Al,C; compound and particles of free sili-
con are formed at the interface of these two phases, which
adversely affect the mechanical properties. The reaction
of aluminum carbide formation was observed already at a
temperature of about 670 °C, just after exceeding the melt-
ing point of aluminum, and its identification was made on
the basis of the heat released as a result of the reaction.
Aluminum carbide is formed according to Reaction (1)
[28]:

Fig.6 X-ray diffraction spectra

4Al + 38iC — Al,C; + 3Si. (1)

In the case of the SPS of composites with the lower con-
tent of the SiC phase, the explanation of the formation of
Al,C; can be sought in the local increase in temperature as a
result of both the impact of sparks on the surface of the par-
ticles and exothermic allotropic transformations of alumina
during the SPS and the accompanying heat release, which
is responsible is for local melting of the aluminum matrix.
Earlier work on Al-SiC composites, but with a lower SiC
content, produced via the SPS, also proved the presence of
aluminum carbide [29].

Aluminum has a strong affinity for oxygen, as a result
of which the surface of the powder particles is covered
with a thin layer of oxide, which is a barrier to the for-
mation of a permanent intermetallic connection between
the sintered particles, and it reacts with some ceramics
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to form intermetallic phases affecting the quality of the
metal-ceramic connection, and thus the final proper-
ties of the composite [30]. The oxide film is continuous,
thermodynamically stable, pore-free and prevents further
oxidation of the aluminum. For this reason, a continuous
layer of alumina can be treated as a positive aspect, which
however, in the particular case, i.e. during sintering, acts
as a barrier hindering the formation of metal-metal con-
nections, necessary for the formation of necks between
the particles, their growth, and hindering the volumetric
diffusion processes responsible for shrinkage during the
sintering process. The sintering temperature of alumina
powder is much higher (by about 1000 °C) than aluminum-
based powder [31, 32]. Therefore, the oxide layer must
be broken or removed in order to ensure an effective sin-
tering process. An advantage of sintering aluminum is
the participation of the liquid phase, which violates the
integrity of the oxide layer formed on the surface of the
aluminum particles by penetrating the interface between
the oxide layer and the metal [31]. The alumina covering
the aluminum powder obtained by the sputtering process is
usually amorphous. Nonetheless, it can undergo transfor-
mation when aluminum is heated, including its transforma-
tion into a crystalline form. There are two mechanisms that
enable rupture of the continuous oxide layer, and thus lead
to direct contact between the metallic aluminum and the
surrounding gas atmosphere. One of them is the polymor-
phic transformation of alumina in the sintering process,
and the other is the presence of thermal stresses generated
by a large difference in the thermal expansion coefficients
between aluminum and alumina [31, 33]. Alumina formed
at low temperature is amorphous. Its thickness is usually
0.5-5 nm. When its critical thickness is exceeded due to
further oxidation, the layer loses its stability and trans-
forms into the crystalline variety y-Al,O5. The structure of
Al,0; changes from amorphous to crystalline y under the
influence of a temperature increase above 400 °C. Owing
to the difference in the densities between amorphous alu-
mina (3.05 g/cm?) and crystalline y-Al,0; (3.66 g/cm?),
the initially continuous layer breaks down, and thus does
not completely cover the surface of the aluminum parti-
cles. The second mechanism leading to discontinuity in
the oxide layer results from the stresses occurring dur-
ing heating of the Al,05/Al interface. The coefficient of
thermal expansion of aluminum 2.39 x 10~ K~! is about
10 times that of y-Al,05 2.61 x 107° K~!. Because of the
large difference in the coefficients of thermal expansion
during heating, the fracture toughness of alumina is eas-
ily exceeded. As a result, gases from the sintering atmos-
phere come into direct contact with the metallic aluminum
[31]. The SPS, despite the fact that it is carried out in a
vacuum atmosphere, does not lead to a complete reduction

of Al,O5 [29], which is confirmed by the obtained results
of the investigations presented in this paper.

3.3 Physical and mechanical properties

The density of the studied composites is 95.72-98.16% and
is higher (close to theoretical) for the composite with the
content of reinforcing phase of 90 wt%. The hardness of the
composite with the content of reinforcing phase of 70 wt%
is 286 + 63 HV 1, while the composite with the content of
reinforcing phase of 90 wt% is 2537 +226 HV1. The sig-
nificantly higher hardness of the composite with the 90 wt%
SiC content results from the share and distribution of the
aluminum matrix in the microstructure of these composites.
The Vickers hardness measurement is carried out using a
diamond pyramid, which, penetrating into the tested mate-
rial with the 90 wt% content of silicon carbide, hits with
high probability mainly a large carbide particle, giving a
result similar to the hardness of pure carbide. The influence
of the matrix, owing to its low content and relatively homo-
geneous distribution in the microstructure, is insignificant.
The porosity present in the composites with the 90 wt% SiC
content may also be of greater importance in the obtained
result, as its share reaches about 4%. In those containing 70
wt% SiC, the matrix affects proportionally more hardness
measurements in contrast to those containing 90 wt% SiC.
The results of the flexural strength measurements proved
the higher resistance of the composites with the higher con-
tent of the SiC reinforcing phase. The obtained results were
198 +£5 and 242 + 15 MPa for the Al-70wt% SiC and AI-90
wt% SiC composites, respectively (Table 3). This result can
be explained by the good connection between the SiC parti-
cles, which is confirmed by the results of the microstructure
observations (Figs. 4 and 5) and by the arrangement of the
aluminum matrix, which is evenly located between the SiC
particles. In the case of the composite with the lower content
of SiC, the aluminum matrix occupies larger areas, which
probably has a negative effect on the bending strength. The
use of a higher content of the SiC reinforcing phase and
a higher sintering temperature allowed composites to be
obtained characterized by higher hardness and higher flex-
ural strength, which was achieved by a greater concentra-
tion of particles of the reinforcing phase in the matrix, thus
reducing the effective distance between the SiC particles,

Table 3 Measurement results of physical and mechanical properties
of studied composites

Samples Relative density (%) Hardness, HV1 Flexural
strength
(MPa)

Al-70wt%SiC  95.72+0.5 286 +63 198+5

Al-90wt%SiC  98.16+0.5 2537+226 242+ 15

@ Springer
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thanks to which these particles form a continuous skeleton,
resulting in better strength properties.

The micrographs of the fractures after three-point bend-
ing presented in Fig. 7 have a transcrystalline ductile charac-
ter within the aluminum matrix and a transcrystalline cleav-
able character within SiC. In both composites, the character
of cleavage cracking predominates, and the share of ductile
cracking is higher in the composite with the lower content
of the SiC phase (70 wt%). The ductile transcrystalline frac-
ture is characterized by the presence of numerous dimples,
which indicate plastic deformation during bending of the
aluminum matrix. Equally characteristic are the locally vis-
ible SiC particles partially covered with the matrix material,
which proves the good cohesion of the matrix material and
the reinforcing phase (Fig. 7c, ). In these places, the inter-
face cohesion was retained.

3.4 Friction—wear properties

The results of the wear resistance tests of the researched
composite materials are shown in Fig. 8. The weight loss
recorded under specific friction conditions, i.e. depending
on the type of material and applied load, was adopted as the
wear resistance criterion. This approach makes it possible
to classify materials in terms of their wear resistance under
specific friction conditions and the adopted test method. The
results presented in Fig. 8 clearly show that the composites
with the lower content of silicon carbide (70 wt%) are char-
acterized by much greater resistance to wear than the com-
posites with the content of 90 wt% SiC, i.e. it is an inverse
relationship to the hardness results obtained via the Vickers
method. From the point of view of relative density, both

1.00
m100 N
0.76 @200 N
o 0.75
=X
)
«©
£ 0.501 0.43
ks
3 0.28
o
a
0.251 012
0.00 -
Al-70wt%SiC Al-90wt%SiC

Fig.8 Weight loss registered for studied composites

materials are characterized by a value above 95%, which
allows the role of pores to be reduced in the friction pro-
cess. The main factor determining the wear resistance will,
therefore, be the share of the ceramic phase and the share
and distribution of the matrix. Increasing the share of SiC
particles in the friction pair, and locally the lack of matrix
between these particles causes an increased tendency to
chipping of SiC particle fragments, resulting from dynamic
load changes in the friction pair and the tendency of ceram-
ics to crack. This also results in the appearance of additional
abrasive particles in the friction pair, adversely affecting the
further course of the process. Doubling the load on the fric-
tion pair causes a significant increase in weight loss, but
proportionally smaller in the case of the load of 200 N in
the composites containing 90 wt% SiC compared to the com-
posites containing 70 wt% SiC. Paradoxically, the increased
load may have a positive effect on the wear rate resulting
from chipping of the SiC particles through their mechanical

{ /

N ‘
e

Fig. 7 Fractures of specimens after three-point bending
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pressure, especially in the first stage of the test, in which
the load is more concentrated on a smaller friction surface.

The wear rate of the investigated composites was also
determined as (2):

_ Am g]

"T LxDINxm @

where Am=mg, — Mg.q (8), L is the normal load (N), and
D is sliding distance (m).

After taking into account the share of the reinforcing
phase and the load, it was noticed that the wear rate for
the composites containing 70 wt% SiC differs slightly,
with increasing load causing a slight increase in W,, while
increasing the load in the steel-composite friction couple
with 90 wt% SiC reduces the wear rate of this material com-
pared to the 100 N load (Fig. 9).

On the basis of changes in the friction force measured
continuously during the test on a sliding distance of 1000 m,
the average coefficient of friction for the tested composites
was determined, which is presented in Fig. 10. The inves-
tigated parameter strictly depends on the type of material
and the applied load in the friction couple. Its change with
increasing load is different for both the researched contents
of SiC reinforcing phase. For the material containing 70
wt% of this carbide, greater pressure reduces the coefficient
of friction, while for the content of 90 wt%, the coefficient
rises slightly. In order to thoroughly analyze the phenomena
occurring during the test, which may affect the coefficient of
friction, the course of changes in the friction force depend-
ing on the test time was also presented, and the surface
morphology after friction was observed. Figure 11a and b
displays the course of friction force changes depending on
the test time and SiC content.

The curves showing changes in the friction force as a
function of time of the tribological test reveal a course
consisting of two stages: run-in and proper friction. The
time and course of the run-in stage depends primarily on
the content of silicon carbide, and the value of the loading
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Fig. 9 Wear rate determined for studied composites in relation to slid-
ing distance and applied load
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Fig. 10 Average coefficient of friction for studied composites

force also has an impact. For the composites containing 90
wt% SiC (approx. 170 s), the run-in time is shorter than in
the test for the composites containing 70 wt% SiC (approx.
500 s). The amplitude of changes in the friction force, and
thus also the coefficient of friction, in the first stage are much
more intense in the case of the AI-90wt% SiC composites.
After stabilizing the friction conditions, the course of force
changes is relatively stable in all the cases, while a greater
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share of SiC favors temporary abrupt changes in force, which
may result from possible chipping of the reinforcing phase
or other friction mechanisms, verified by analyzing the sur-
face morphology after sliding contact as shown in Figs. 12,
13, and 14. The chipping of the ceramic phase and abrasive
mechanisms, which could be expected as dominant in this
type of materials after the analysis of the morphology of the
surface after friction, turned out to be marginal phenomena
of the wear process, especially in the case of the composites
with the content of 70 wt% SiC. Abrasive wear leading to
the smoothing of mutually rubbing surfaces dominates in the
run-in stage, giving way to other phenomena after this stage.

By analyzing the surfaces after friction presented in
Fig. 12, it can be concluded that the basic mechanism
observed after the friction process is the smearing of the
matrix on the surface and moving in the direction of friction.
One can also notice matrix stacking on the obstacles, i.e. the
edges of the SiC particles. It is also possible to transfer the
material of the steel counter-specimen to the surface of the
examined specimens and simultaneously oxidize the surface,
especially in the areas of the matrix and deposition, mainly
iron from the counter-specimen. The presence of oxida-
tion and chipping of the formed oxides may be evidenced
by the chipping occurring especially on the accumulations

Fig. 12 Surface morphology
after sliding contact of com-
posites: a, b Al-70wt% SiC (a
100 N load, b 200 N load), ¢, d
Al-90wt% SiC (c 100 N load, d
200 N load)

! Al-90wt%SiC; 100N |
=37

S

100 pm
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Fig. 13 Maps of distribution of elements (C, Si, Al, O, Fe, Cr) on surface after friction of Al-70wt% SiC specimen, load 200 N
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Fig. 14 Maps of distribution of elements (C, Si, Al, O, Fe, Cr) on surface after friction of Al-90% SiC specimen, load 200 N

observed on the surface of the composite with the content
of 70 wt% reinforcing phase after friction under the load of
100 N (Figs. 12a, 13). Increasing the share of the reinforcing
phase does not significantly affect a change in the friction
mechanism; one can clearly see the smearing of the matrix,
filling the chippings present on the surface and its accumula-
tion on the protruding edges of the SiC particles. However,
the participation of this process on the surface is locally
disproportionate to the content of the matrix in these com-
posites (Figs. 12b, 14), which also proves the transfer of the
counter-specimen material to the surface of the composites
involved in friction. It can also be assumed that the matrix
is locally transported over longer distances to fill the craters
formed after SiC chipping, enabling the formation of purely
ceramic surfaces exposed to dynamic load changes, and thus
further chipping resulting in increased weight loss compared
to the composites with the higher matrix content, which is,
therefore, of greater importance during the sliding contact,
partially eliminating the effects of load changes, seemingly
"protecting" the ceramic particles from chipping.

The element distribution maps (Figs. 13, 14) confirmed
the smearing of not only aluminum on the surface of the
investigated composite, but also the strong transfer and
adhesion of the counter-specimen material, mainly iron, to
the surface of the composites. In addition, the analysis of
the results of these tests clearly reveal oxidation of both the
aluminum and iron debris, as well as chipping of the result-
ing oxides, which is indicated by numerous craters present
on the surface. The presence of Al,O; in the form of fine
particles in the friction pair may explain and confirm the
mechanism of micro-crack formation on the SiC surface.
The process of the interaction of the specimen with the
counter-specimen is complex; several mechanisms operate
in the sliding contact, depending on the work mechanisms,
which is the reason why the wear rate of aluminum matrix
composites exhibits non-linear characteristics [34, 35]. The

ceramic particles of the reinforcing phase are harder than
the counter-specimen material, which removes the counter-
specimen material and transfers it to the surface of the worn
specimen. Fe particles are easily transformed into iron oxide
particles as a consequence of interaction with oxygen con-
tained in the atmosphere. Over a certain period of sliding, a
layer of oxidized particles forms on the counter surface. The
layer, known as the mechanical mixed layer (MML), has an
effect similar to a solid lubricant. This facilitates easy slid-
ing of the composite specimen [36]. The load-bearing SiC
particles eventually pull out of the matrix or are fractured
during sliding. The hard debris of these SiC particles was
scattered along the sliding path along the counter surface.
The debris enters the sliding contact space for each turning
of the counter surface. This creates the situation that three
bodies interact during sliding. Thus, the wear mechanism is
changed to three-body friction [35, 37], which requires less
force for sliding than two-body friction, because the debris
on the contact surface reduces the effective contact area of
the specimen.

4 Conclusions

This paper presents detailed studies on the characteristics,
phase identification and tribological behavior of Al-SiC
composites with a high content of the reinforcing phase of
70 and 90 wt% produced using the SPS under optimized
conditions. The tests of the tribological properties were
conducted in conditions of technically dry friction at room
temperature, using loads of 100 and 200 N and a sliding
distance of 1000 m. The main conclusions resulting from
the investigations can be summarized as follows:

e In the case of the Al-70wt%SiC composite sintered at
600 °C, a plateau was observed on the shrinkage curve,
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which indicates compaction of the powder mixture, and
the obtained density is 95.72%. This is related to the
sintering temperature typical for aluminum and Al-SiC
composites with a content of the reinforcing phase in
the range of 20-50 wt% SiC. On the other hand, in the
case of the A1-90wt%SiC composite, no plateau was
observed and the composite has a density of 98.16%.

¢ Sintering of the mixture with 70 wt% SiC at a temper-
ature greater than 600 °C and a pressure of 100 MPa
caused intensive aluminum flow, which led to destruction
of the graphite die. On the other hand, the sintering of
a mixture of Al with 90 wt% SiC at the temperature of
2100 °C and the compaction pressure of 100 MPa caused
upsetting of the graphite punches, which made it impos-
sible to observe the plateau of the shrinkage curve.

e A characteristic feature of the microstructure of the
studied composites is the presence of evenly distributed
particles of the SiC carbide phase against the back-
ground of a plastic aluminum matrix. In addition, the
following phases occur in the microstructure: Al,Os,
Si0,, Si and Al,C;.

e There were no discontinuities at the aluminum matrix-
SiC particle boundary or between the SiC particles,
which proves the correct selection of the SPS parameters.

e The hardness of the composite with the reinforcement
phase content of 90 wt% is 2537 +226 HV 1, while the
composite with the lower reinforcement phase content
(70 wt% SiC) is 286 +63 HV1. The relatively high
hardness of the composite with the higher SiC content
is due to the percentage and distribution of aluminum
matrix in the microstructure of these composites.

e Increasing the share of the reinforcing phase in the form
of silicon carbide from 70 to 90 wt% causes a decline in
the wear resistance of the researched composites owing
to chipping of the SiC particle fragments, especially at
the particle boundaries of this phase.

e Increasing the pressure does not increase the wear rate
of the composites with the higher content of SiC, which
may result from the impact of the load on the reduction
of dynamic interactions in the friction pair, affecting
the cracking of the ceramic phase.

e The chipping of the strengthening phase in the compos-
ites with the higher content of SiC reduces their wear
resistance.

e The wear mechanisms are mainly smearing of the alu-
minum matrix on the surface involved in friction, as
well as cracking and chipping of SiC particle fragments,
resulting from dynamic load changes in the friction pair.
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