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Abstract

Particulate composites with A356 aluminium alloy as a matrix were produced by
compocasting process using ceramic particles (Al,Os, SiC) and graphite particles.
The matrix alloy and the composites were thermally processed applying the T6 heat
treatment regime. Hardness and tribological properties of heat treated matrix alloy
and composites were examined and compared. Tribological tests were carried out on
pin-on-disc tribometer under dry sliding conditions. Sliding was linear (reciprocating).
Counter body was alumina ball. Maximum velocity was 0.06 m/s, sliding distance was
500 m and normal load was 1 N. Wear resistance of the composites reinforced with
SiC particles was higher and coefficient of friction was lower compared to the
composite reinforced with Al,Os particles due to the higher hardness of the SiC
particles, and due to the fact that the SiC reinforcements were protruded to the
surface and thus protect the matrix alloy from further wear. Addition of graphite
particles (1 wt. %) to the composite with SiC particles further reduced the wear rate
and the coefficient of friction.
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1 INTRODUCTION

Aluminium matrix composites have wide range of applications in automotive and
other industries regarding respectable advantages compared to the unreinforced
materials such are: reduced density (weight); improved stiffness and damping
capabilities; thermal/heat management; enhanced electrical performances;
respectable improvement of tribological properties etc.)) A356 aluminium alloy is a
casting alloy consisting of aluminium, silicon and magnesium. It is distinguished by
good mechanical characteristics and high ductility, as well as excellent casting
characteristics and high corrosion resistance. This alloy has been used for many
years as a matrix for composites with ceramic reinforcing particles and fibres such as
SiC, Al,O3; etc.”* aiming to improve the alloy wear resistance. However for
applications where features such as improved seizure resistance and reduced friction
are of importance a hybrid aluminium matrix composites with solid lubricant (mostly
graphite) addition have been developed.®

The properties of aluminium alloy/graphite particulate composites have been
analysed by many authors. Liu, Rohatgi and Ray(6) studied friction and wear
behaviour of 2014 Al-Si alloy matrix composite with high graphite particles content
(50 vol. %). They found that the coefficients of friction and wear were significantly
lower in the composite, as compared to those in the matrix alloy. The transition to
severe wear took place at a higher load and sliding speeds as compared to the
matrix alloy, as well. The controlling factor was the graphite film formation between
the rubbing surfaces. The same authors in another study!” showed that in low
graphite content composites wear rate decreases with increasing of sliding speed as
the graphite film thickness and extension increases. In larger graphite volume
fractions wear rate is very low and becomes in fact independent of sliding speed due
to graphite film stability. For graphite contents higher than 20 vol. % the graphite film
grows thicker, resulting in its delaminating without affecting the overall wear
resistance of composites. Basavarajappa et al.®) investigated dry sliding wear
behaviour of matrix 2219 aluminium alloy and composite with SiC and graphite
particles. They found that the addition of SiC and graphite reinforcements increases
the wear resistance of the composites comparing to the matrix alloy. They also found
that addition of even a relatively small amount of graphite (3 %) to the Al/SiC
composite increases the wear resistance of the composites. Yang et al. [9],
investigating A356.2 aluminium/graphite particle composites, concluded that for
composites with graphite in small content (around 2 wt. %) the formed lubricant film
could not effectively decrease the friction coefficient. Increasing of the graphite
addition up to 6 wt. % decrease the coefficient of friction and wear rate but greater
amount of graphite does not show further significant improvements of the coefficient
of friction and even tends to increase the wear rate of composite.

Particulate reinforced composites cost less than fibre reinforced composites,
owing to the lower costs of the particles. In addition, the mechanical and physical
properties of particle composites are generally isotropic. Cast metal matrix particulate
composites represent the lowest cost composites, and these have found the most
tribological applications.”

In this paper the tribological properties under dry sliding conditions of three
aluminium matrix composites were analysed and compared between themselves and
with the matrix alloy. The composites were produced by compocasting process using
ceramic particles (Al,O3, SiC) and graphite particles as reinforcement.
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2 MATERIALS AND PROCEDURE
2.1 Materials

The matrix material was A356 hypoeutectic Al-Si alloy (EN AISi7Mg0.3) with the
following chemical composition (in wt. %): Al-7.2Si-0.02Cu-0.29Mg-0.01Mn-0.18Fe-
0.01Zn-0.02Ni-0.11Ti.

Composites were produced by the compocasting process using mechanical mixing
of the matrix, i.e. Al,O3, SiC and graphite particles as reinforcement were added into
the semi solid A356 alloy by infiltration and admixing. The average size of Al,O3 and
SiC particles was 35 ym and 39 pym, whereas the amount of particles was 10 wt. %.
Graphite particles size was 35 ym and amount of particles was 1 wt. %. Experimental
procedure and apparatus used for the compocasting processing are described and
discussed elsewhere.'%1")

Four sets of specimens were used for testing, fabricated from:

« composite material with 10 wt. % Al,O3 of 35 um particles size (referred as 10-35),

. composite material with 10 wt. % SiC of 39 um particles size (referred as 10-39),

. composite material with 10 wt. % SiC of 39 um particles size and 1 wt. %

graphite of 35 um particle size (referred as 10-39-1), and

. matrix alloy (referred as A356).

All specimens were subjected to heat treatment with following parameters: solution
annealing at 540 °C for 6 hours, water quenching and artificial aging at 160 °C for 6
hours. Microstructure of the tested materials were presented and discussed
elsewhere. ")

2.2 Hardness Measurement

Hardness measurements were carried out using a CSM micro indentation tester
(12,13)
e.

and applying the Instrumented indentation techniqu The scheme and

photography of the CSM device is given in Figure 1.
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Figure 1. CSM micro indentation tester: (a) schematic diagram and (b) photography.

”

Load sensor

The micro indentation tester uses an already established method where an
indenter tip with a known geometry is driven into the specific site of the material to be
tested, by applying an increasing normal load. When reaching the pre-set maximum
value, the normal load is reduced until partial or complete relaxation occurs. At each
stage of the experiment the position of the indenter relative to the sample surface is
precisely monitored with a differential capacitive sensor. This procedure was
performed repetitively in ambient air, at temperature of 23 °C and humidity of 40 %.
The following indentation parameters were used to produce several indents on each
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sample (six to twelve depending on the tested material in order to eliminate possible
segregation effects): indenter Vickers; contact load 10 mN; loading rate 2 N/min;
maximum load 1 N and pause at maximum load 15 s. For reinforcement particles
(Al,O3, SiC), hardness measurements was done with smaller maximum load of 0.15 N.

2.3 Tribological Tests Procedure

Tribological tests were carried out on the CSM pin-on-disc tribometer under dry
sliding conditions, in ambient air, at temperature of 23 °C and humidity of 40 %.
Tribometer test mode was linear (reciprocating) movement. Static body (counter body)
was a 6 mm diameter alumina ball. Moving body with cylindrical geometry, having 5
mm diameter and 20 mm length, were made from tested materials and used as test
samples instead of disc. Schematic diagram and photography of the tribometer are
shown in Figure 2. In order to achieve a higher confidence level in evaluating test
results, three to four replicate tests were run for all the tested materials.

Total wear track length on the reciprocating moving test samples was 5 mm.
Maximum test samples velocity was 0.06 m/s and the average one was app. 0.038 m/s.
Stop condition for all tests was 50000 cycles i.e. after 1.31 - 10* s, which gave a total
sliding distance of 500 m. A constant normal load of 1 N was maintained during all tests.

Before testing, both the test sample and the counter body were degreased and
cleaned with isopropyl alcohol. After testing the wear track profiles on the test
samples were measured with Taylor Hobson profilometer (Figure 3a). Three wear
track profiles (one on each extremity and another one on the centre) were taken on
each sample (Figure 3b). There was a difference between the surface area
measured at the centre and the extremities, so for the wear volume calculation an
average value of the three measurements was used.

(a) 'T__ - /,/ Weight

Elstic arm

— 3
Friction force sensor «=#——— = ’

/L PR
Ball f ; 4// Wear track

Test sample —

e/

Figure 2. CSM pin-on-disc tribometer: (a) schematic diagram and (b) photography.
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Figure 3. Measuring of the wear track profile: (a) profile appearance and measured area
surface and (b) positions of the wear track profiles.
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The value of friction force was monitored during the test and through data acquisition
system stored in the PC, enabling the calculation of friction coefficient. Worn surfaces of
counter body and test samples were observed after testing using optical microscopy
(OM) and scanning electron microscopy (SEM). Generated wear debris were
additionally examined with SEM equipped with energy dispersive spectrometer (EDS).

3 RESULTS AND DISCUSSION
3.1 Hardness

The values of hardness for tested materials are shown in Table 1. The coefficient
of variation (V;) was calculated as a standard deviation divided by the average value
and multiplied with 100 %. As it can bee seen the repeatability of the hardness test
results for composite materials was very poor (especially for the composite 10-39-1).
This is more obvious if we compare test curves for A356 matrix alloy and composite
10-39-1 (Figs. 4a and b, respectively). The hardness of reinforcement particles was
also measured in order to verify the value of these particles (Table 1).

Table 1. Obtained average values from the hardness testing

Material Microhardness Coefficient of variation
HVo.1* Vi, %

A356 matrix alloy 151.5 5.7

Composite 10-35 173.5 22.9

Composite 10-39 100.8 14.6

Composite 10-39-1 104.5 30.7

Al,O3 particle 2285.4 13.0

SiC particle 3642.5 8.5

*HVy.015 for Al,O3 and SiC particles.
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Figure 4. Load versus penetration depth curves for: (a) A356 matrix alloy and (b) composite
10-39-1.

The indentations done on a specific reinforcement particle show that the particles are
in fact very hard and that the results correspond to values found in literature for this kind
of particles (Table 1). Hardness of the composite with Al,O3 particles showed the highest
value, while the composites with SiC particles hardness were unexpectedly low. The
reason of these results can be several. It is possible that the particles and the matrix are
not well “bonded” or that there are some voids and porosity on the composite material. In
metal matrix composites, mechanical properties depend on the mechanical properties of
the matrix material and the nature of the interface as well as on the amount, size, shape
and distribution of the dispersed phase.!”’ The fact that the composites with SiC particles
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had lower values of hardness than the composites with Al,O3 Partlcles (and even lower
than matrix alloy) induced some further tests of these material.‘

In the case of A356 matrix alloy higher hardness of heat treated samples in
comparison to as cast samples are the result of significant structural changes during
heat treatment."" First of all the hardening of the alloy structure (age hardening)
takes place and in addition, the inhomogeneous dendritic structure of the matrix
transforms to a fine nodular structure. The consequence of this structure is the
uniformity of mechanical and tribological properties that are characteristic for
homogeneous materials.

3.2 Wear Properties

The shape of the wear track was not the same for all tested materials. The width of
the wear track was widest at the centre of the sample but the difference of the wear track
width measured at the centre and the extremities was different. This difference was
biggest for A356 matrix alloy (Figure 5a), than for composites 10-35 and 10-39
(Figure 5b), while for composite 10-39-1 the track width remained more or less constant
(Figure 5c).

(a) (b) (c)

F|gure 5. Waar frack appearance (a) A356 matrix alloy, (b) composite 10-35 ad (c)
composite 10-39-1.

Obtained average values of the wear testing are presented in Figure 6. The results
indicate good repeatability of the test, except for the composite 10-39-1. The
coefficient of variation (V) was calculated in the same way as for the hardness test
results. The smallest coefficient of variation values was for A356 matrix allog since it
was a most homogeneous material according to the some previous results.'

-3
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Figure 6. Obtained average values from the wear testing.
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The composites showed improved wear resistance compared to the A356 matrix
alloy which was expected. Higher wear resistance of the composites reinforced with
SiC particles in relation to the composite reinforced with Al,O3; particles is in
correlation with research conducted by Rohatgi, Liu and Ray.(7) This can be
explained by the favourable arrangement of SiC reinforcing particles in the composite
matrix,'? i.e. the area without particles in the matrix is reduced, which have caused
more uniform wear and better protection of the surface. Also the hardness of the SiC
particles was higher (Table 1). The results of the wear testing are not completely in
correlation with the hardness values of the tested materials. The two composites
10-39 and 10-39-1 showed lower values of wear rates than composite 10-35 since
the SiC reinforcement is much harder than the Al,O3 reinforcement despite the fact
that they showed relatively low values of hardness.

Lower values of wear rates of the composite 10-39-1 comparing to the composite
10-39 is probably due to the fact that during the sliding protruded SiC particles
fracture and lead to the abrasive wear. However, at places where graphite particles
are present, the fractured SiC particles easily penetrate into the matrix alloy due to
the low hardness, squeezing some of the graphite from the matrix. The graphite
particles smear at the interface between the contact bodies and reduce the
coefficient of friction. Hence, the heat generated due to friction is also reduced. This
is in correlation with the results of Basavarajappa et al.®) who investigated dry sliding
wear behaviour of aluminium matrix composite with SiC and graphite particles with
similar particles average sizes (25 ym and 45 um, respectively). They found that
addition of even a relatively small amount of graphite (3 %) to the Al/SiC composite
increases the wear resistance of the composites.

3.3 Coefficient of Friction

Results of the friction testing are presented in Table 2. First it can be noticed that
the running-in period was not the same for all tested materials. The longest running-
in period was noticed with composite 10-35 (Figure 7a), and the shortest for the
composite 10-39-1 (Figure 7b). The shortest value noticed at composite 10-39-1 is
expected since this composite contained graphite which acts as a solid lubricant, but
the value at matrix alloy is unexpected. The reason for this is probably the plastic
deformation of the material and its transfer to the counter body (see Sec. 3.4).

Table 2. Obtained average values from the friction testing

Material A356 matrix | Composite | Composite | Composite
alloy 10-35 10-39 10-39-1

Running-in distance, m 200 270 170 130

Steady state period coefficient of

friction (after 300 m) 0.67 0.73 0.71 0.65

Coefficient of variation V,, % 2.8 28.0 8.0 14.8

The shape of the coefficient of friction curve was also different. For the composites
10-35 and 10-39 it was rising from the beginning of the testing until it reached steady
state value, probably because the hardness difference of the reinforcements and the
matrix was very high. On the other hand for the A356 and composite 10-39-1
coefficient of friction curve rises from the beginning and than goes down to the
steady state value, probably due to the plastic flow of the material (A356) and
squeezing and smearing of the graphite (composite 10-39-1).
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Figure 7. The running-in period and the shape of coefficient of friction curve for: (a) composite 10-35
and (b) composite 10-39-1.

Attained values of the coefficient of friction were in expected range for light metals
in dry sliding conditions, and all tested materials show very similar values of friction
coefficient (Table 2). Values of the coefficient of friction for the composites
correspond to the wear rate values of those materials. Generally for all composites
values of the coefficient of friction are higher comparing to the matrix alloy. An
exception is composite 10-39-1 probably due to the fact that small amount of graphite
(1 wt. %) was present in this composite. Rohatgi, Liu and Ray."”’ conducted a study in
which they concluded that when the volume fraction of graphite in the composite is
greater than 20 vol. %, the coefficient of friction is close to 0.2 regardless of the
matrix. In other cases it is much higher. Having this in mind and since the coefficient
of variation of the coefficient of friction for composite 10-39-1 was also relatively high
and since the presence of graphite was small this should be considered with caution
and only noticed as a possible trend of behaviour.

It is commonly known that the size of the particles for composites that contain soft
particles affects the wear rates and coefficients of friction of composites under sliding
wear conditions i.e. the larger the particles, the lower the wear rate and coefficient of
friction.” In composite 10-39-1 original graphite particles average size was 35 ym,
but they did not keep their average size during compocasting. In the research
conducted by Yang et al.® it was concluded that for composites with graphite
particles (with average size of 15 pym) in small content (around 2 wt. %) the formed
lubricant film could not effectively decrease the friction coefficient, while the
increasing of the graphite particle addition over 6 wt. % does not show significant
improvements of the coefficient of friction and even tends to increase the wear rate of
composite. It is also well known that the effect of sliding velocity on wear rate is more
complex for composites that contain soft particles. Rohatgi, Liu and Raym in their
article specify an example that the wear rate for an aluminium alloy composite
containing 5 % graphite decreases with increasing sliding speed (0.5 to 5 m/s), which
is applicable to this study since the sliding speed in our case was relatively small
(app. 0.038 m/s). It is obvious that for each case there exists a range of optimal value
of graphite particle content to produce material with good tribological properties.
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3.4 Worn Surfaces Analysis

After the visual inspection, analysis of the test samples worn surfaces was
performed at the end of tests with SEM (Figures 8 and 9). Worn surfaces of A356
matrix alloy (Figures 8a and b) and composite 10-35 (Figures 8c and d) showed
similar appearance. Significant smearing as a result of material plastic flow could be
noticed on both materials. This smearing was less pronounced for composite 10-35
which corresponds to the wear rate values of these two materials. Dominant type of
wear was adhesive wear with adhesive plates of deformed material and presence of
wear debris caused by fracture, accumulated into the adhesive wear pits (denoted by
arrows in Figures 8b and d). Presence of the reinforcement (Al,O3) particles on the
surface of composite 10-35 was not noticed.

wear

debris\

Figure 8. SEM micrographs of test samples worn surfaces: (a) and (b) A356 matrix alloy and
(c) and (d) composite 10-35 (sliding directions is denoted with double arrows).

e

For the composites 10-39 and 10-39-1 dominant type of wear was also adhesive
wear. Distinction of those two composites worn surfaces appearance from the
composite 10-35 is presence of the protruded reinforcement particles (SiC particles
in this case). Although the hardness of the composite with SiC particles was lower
than the hardness of the composites with Al,O3; particles the wear rates of those
composite was also lower. This is due to the fact that the SiC reinforcements were
protruded to the surface and thus protect the matrix alloy from further wear. Presence
of those particles was more obvious for the composite 10-39-1 than for the composite
10-39 (Figures 9c and d) which is in correlation with their wear rates. Surface of the
counter body was observed with OM and presence of transferred material was
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noticed. This transfer was the largest for the contact with A356 matrix alloy
(Figure 10).

SiC
particles #

SiC
particles

SRl

Figure 9. SEM micrographs of tst samples worn surfaces: (a) and (b) composite 10-39 and
(c) and (d) composite 10-39-1 (sliding directions is denoted with double arrows).
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Figure 10. OM micrograph of the counter body worn surface (a counter body in contact with
A356 matrix alloy).

Morphology and size of wear debris collected during the tests are shown in
Figure 11. Debris generated by the wear of the materials in contact (counter body
and corresponding sample) originate mostly from the test samples material. This is
confirmed with the EDS analysis (Figure 12). Among the wear debris of A356 matrix
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alloy (Figure 11a) and composite 10-35 (Figure 11b2 prevail mainly sharp edge,
plate-like particles, which is typical for adhesive wear.!"® On the surface of these
plate-like particles presence of material plastic flow could be noticed. Size of the
particles varied and in some cases individual particles, larger than 50 um in diameter,
may be seen. This indicates existence of severe wear.!"® SEM microphotographs of
composites 10-39 and 10-39-1 (Figures 11c and d) indicate that particles in the wear
debris were also mainly plate-like with sharp edges, but the maximum sizes of those
particles were smaller (app. 20 ym in diameter) comparing with the debris of the
other two material. The size of the particles in the wear debris is confirmed with the

EDS analysis results (Table 3). In Table 3 only the main elements in wt. % are shown.

As it is well known the smaller and finer particles oxidise easier, and for the
composites 10-39 and 10-39-1 (smaller particles) the oxygen content was
significantly higher than for the A356 matrix alloy and composite 10-35.

Figure 11. SEM microphotographs of the wear debris generated in contact of counter body with: (a) A356
matrix alloy, (b) composite 10-35, (c) composite 10-39 and (d) composite 10-39-1.
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Figure 12. EDS analysis of the particles in wear debris (only main elements): (a) A356 matrix
alloy, (b) composite 10-35, (c) composite 10-39 and (d) composite 10-39-1.

Table 3. EDS analysis results of the particles in wear debris (only main elements)

. Element, wt. %
Material o) Al S;
A356 matrix alloy 24.95 62.59 12.47
Composite 10-35 13.82 80.80 5.39
Composite 10-39 68.72 24.33 6.95
Composite 10-39-1 69.04 24.29 6.67

4 CONCLUSIONS

The composite materials with better tribological properties in relation to matrix
alloy can be obtained by compocasting process. All composite materials showed
better tribological properties regardless their hardness values.

Wear resistance of the composites reinforced with SiC particles was higher and
coefficient of friction was lower compared to the composite reinforced with Al,O3
particles due to the higher hardness of the SiC particles, and due to the fact that the
SiC reinforcements were protruded to the surface and thus protect the matrix alloy
from further wear.

Addition of graphite particles (1 wt. %) to the composite with SiC particles further
reduced the wear rate and the coefficient of friction but this influence should be
considered only as a trend of behaviour since for each application there exists a
range of optimal value of graphite particle content to produce material with good
tribological properties.
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