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Abstract: The in-situ Al-based composites with different SiO,/C/Al molar ratios were fabricated by reaction hot pressing. The dry
sliding wear characteristics of the composites were investigated using a pin-on-disc wear tester. Scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDX) were used to investigate the surface composition and its morphology. The results
show that when the SiO,/C/Al molar ratio is 3:6:9, more in-situ synthesized Al,0; and SiC along with Si particles are produced, and
Al4G; is prevented completely from the Al-SiO,—C system. Thereby, a significant improvement of wear resistance is obtained. When
the sliding velocity increases from 0.4 to 1.6 m/s, the wear loss decreases gradually. With increasing the normal load, the wear loss
increases as well. Ploughing, craters and micro-grooving are observed as dominant abrasive wear mechanisms. Whereas, when a high
velocity is employed, only the oxidation mechanism controls the wear behavior of the composites.
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1 Introduction

Recently, the in-situ aluminum matrix composites
(AMCs) have been applied widely as potential materials
in automobile, acrospace and military applications due to
their excellent properties such as specific strength,
stiffness, wear resistance and elastic modulus [1—4].
Since AMCs have been used widely for tribological
applications [1]. It is necessary to study the wear
behavior of AMCs and further the improvement of wear
properties. Indeed, many factors including the normal
load, sliding velocity, type, orientation, size, shape and
volume fraction of reinforcement should be pointed out
to determine a unique information and many unexpected
parameters can be produced [5]. Many ceramics such as
ALO;, SiC, Si and ALC; have been extensively
employed as good wearing reinforcements [6—10]. These
particles show excellent properties such as high melting
temperature, high elastic modulus and high strength.
However, the presence of hard Si and Al,C; as brittle
phases might also play a key role in determining the
wear properties under specific conditions [11,12]. In our
previous work [13], we investigated the reaction

mechanisms in Al-SiO,—C system, and we studied the
effect of varying the SiO,/C/Al molar ratio on the
mechanical properties of the fabricated composites. It
was found that when the SiO,/C/Al molar ratio was 3:6:9,
more in-situ Al,O; and SiC along with Si particles
formed, and Al,C; was prevented completely from the
Si0,—C—Al system. In addition, a significant
improvement of tensile properties was obtained. For
further consideration, the wear properties have not yet
been investigated. In this research, the influence of
varying the SiO,/C/Al molar ratio on the wear properties
was investigated. Reactive sintering was used to produce
three composites with different SiO,/C/Al molar ratios of
3:0:9, 3:3:9 and 3:6:9. The influence of both the sliding
velocity and normal load on the wear properties was
studied as well.

2 Experimental

Pure aluminum powder (99.6% purity), silica
powder (99.2% purity) and flaky carbon (99.8% purity)
with average sizes of 30, 2 and 5 um, respectively, were
used as starting materials. The powder mixtures were
ball-milled using low energy at 160 r/min for4 hin a
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planetary ball mill under an argon atmosphere with a
mass ratio of milled media to material of 4:1. The
mixture powders were transferred into the graphic mold
pre-coated with boron nitride to avoid the reaction
between the mold and the reactants. Reaction hot
pressing (RHP) was used to produce the composites
namely S1, S2 and S3 with different SiO,/C/Al molar
ratios of 3:0:9, 3:3:9 and 6:3:9, respectively. In one step
as shown in Fig. 1(a), the mixture of powders was heated
from 25 to 600 °C and compacted with 25 MPa for 1 h.
Then, the compact was heated to the synthesis
temperature (1050 °C) and held for 1 h. Following which,
the compact was cooled down to 580 °C and
re-compacted with 25 MPa for 1 h to produce dense
composites. The stoichiometric starting materials were
weighed according to the hypothetical reactions shown in
Table 1. The heating and cooling rates in all experiments
were 10 °C/min. To prepare the wear samples, the tested
wear surfaces of samples were polished to remove their
oxidation surfaces. The dry sliding wear tests were
conducted on a pin-on-disc wear testing machine at room
temperature in the air atmosphere under a relative
humidity of 30%—40%. The test pins are 9 mm in
diameter and 15 mm in length. The counterpart discs
were made of CGR15 steel with hardness of around HRC
62 and surface roughness (R,) of 0.2 um. The track
radius was fixed to be 30 mm, as shown in Fig. 1(b).

The counterpart disc was 70 mm in diameter and
10 mm in thickness. The normal loads were 10, 20, 30
and 40 N separately for sliding velocities of 0.4, 0.8 and
1.6 m/s. An electronic balance with the precision of
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0.001 mg was used to detect the mass loss. A scanning
electron microscope (SEM, Quanta 200FEG) along with
energy dispersive X-ray spectroscopy (EDX) was used to
investigate the microstructures, morphologies and wear
surfaces of the composites.

3 Results and discussion

3.1 Microstructures and mechanical properties

The SEM images of composites S1, S2 and S3
fabricated with different SiO,/C/Al molar ratios of 3:0:9,
3:3:9 and 3:6:9 are shown in Figs. 2(a)—(c), respectively,
which further confirm the presence of fine particles as
reinforcements and their are in order of
micrometers.

Coupled with the XRD pattern of each composite
(Fig. 3), in composite S1, only Al,O; and Si are detected
as new phases. Adding the carbon to the Al-SiO, system
for composite S2, the XRD pattern confirms the presence
of Al,O;, Si, ALLC; and SiC. Additionally, when the
Si0,/C/Al molar ratio is 6:3:9, more Al,O; and Si
besides SiC form and AlC; is prevented completely
from AI-SiO,—C system.

Additionally, as shown in Figs. 4(a)—(c), TEM and
EDX images show the presence of the rod-like Al,Cs
(comprising of Al and C)), polygonal SiC (comprising of
Si and C), polygonal Al,O; (comprising of Al and O) and
Si particles with sizes of around 0.4, 0.6, 1.8 and 0.3 um,
respectively. Also, it can be seen that there is no impurity
existing at the interfaces between the reinforcements and
aluminum matrix, indicating that the formed interface is
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Fig. 1 RHP whole process (a) and pin-on-disc configuration (b)

Table 1 Composites nomenclature, hypothetical reactions, raw materials and produced phases

Mass of raw material/g

Composite Hypothetical reaction Produced phase
Al SiO, C
Sl 3Si0,49A1—2A1,05+3Si+5A1 92.54 7.46 0.0 ALO;, Si, Al
S2 3Si0,19AI+3C —2A1,05+3SiC+5A1 91.29 7.25 1.46 Al)Os, SiC, Al
S3 6Si0,+9A1+3C—4A1,05+3SiC+3Si+Al 91.29 145 1.46 ALOs, SiC, Si, Al




Fig. 2 SEM images of composites S1 (a), S2 (b) and S3 (c)
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Fig. 4 TEM and EDX images of in-situ synthesized particles in
Al-Si0,—C system: (a) Al4C;; (b) SiC; () Al,O; and Si

clean and free from any interfacial phase. These can be
beneficial in improving the wear resistance of the
composites. In fact, the advantage of using the ultrafine
reinforcements in MMCs has been reported [1].
Accordingly, the in-situ methods promote a strong
particles/matrix bonding. Moreover, these particles can
be retained on the wear surface during sliding, and can
increase the matrix resistance to indentation, thereby
improving the wear resistance of MMCs.

The tensile properties and hardness of the
composites S1, S2 and S3 are summarized in Table 2.

Table 2 Mechanical properties of fabricated composites S1, S2
and S3

. . . Yield .
. Brinell Ultimate tensile Strain/
Composite strength/
hardness  strength/MPa %
MPa

S1 45 121 59 12.4

S2 432 124 79 5.95
S3 56 161 138 23
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3.2 Wear characteristics

As mentioned above, many factors including the
kind, size distribution and volume of reinforcements,
would affect the wear properties of the composites.
Figure 5 shows the effect of the normal load at a sliding
velocity of 0.8 m/s and sliding distance of 1000 m on the
wear loss of the composites for different molar ratios.
Obviously, when the load increases, all composites show
the same wear behavior by increasing the wear loss. This
is consistent with Archard’s equation [14]. At the same
time, the wear loss of composite S2 is somewhat lower
than that of S1. This may be attributed to the formation
of Al4C; and SiC besides Al,O3 and Si as good bearing
particles that resist to the material removal. In fact, Al4,C;
is deleterious when it forms at the interface between SiC
and Al matrix, but this phase can also be beneficial as
strengthening particles in the AMCs [1]. Subsequently,
when the SiO,/C/Al molar ratio is 3:6:9, an improvement
of wear resistance is obtained. This improvement is
attributed to the formation of more in-situ synthesized
AL O; and Si along with SiC. As reported by Ref. [15],
the wear loss of materials is inversely proportional to its
hardness which is the case in the present study. Therefore,
in composite S3, its hardness (HB 56) is improved
compared with those of S1 (HB 43.2) and S2 (HB 45),
thereby increasing its wear resistance.
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Fig. 5 Wear properties of composites S1, S2 and S3 at sliding
velocity of 0.8 m/s vs normal load

Figure 6 shows the effect of sliding velocity on the
wear loss at a normal load of 20 N for a sliding distance
of 1000 m of the composites S1, S2 and S3. For each
composite, the wear loss decreases with increasing the
sliding velocity. During sliding tests, the main
mechanisms for the reinforced composites that affect the

wear resistance are work hardening and surface oxidation.

As the work hardening layer can form firstly, the wear
resistance will increase. However, the temperature also
arises to a critical value that leads to the re-crystallization
of the wear surface, thereby decreasing its hardness,
which decreases the wear resistance. On the other hand,

the oxidation layer can form due to the increase of
temperature. In the present study, the wear loss decreases
gradually with increasing the sliding velocity from 0.4 to
1.6 m/s. That is to say, only the oxidation mechanism is
responsible for decreasing the wear loss of the
composites. This phenomena is further confirmed in the
next section.
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Fig. 6 Wear properties of composites S1, S2 and S3 at load of
20 N vs sliding velocity

3.3 Wear surfaces

Figures 7(a)—(c) show the SEM images of the worn
surfaces of composites S1, S2 and S3 at a normal load of
20 N and a sliding velocity of 0.8 m/s, respectively. It
can be seen clearly that the flow of the soft Al matrix
was restricted due to the presence of the in-situ
synthesized Al,O;, Si, AL,C; and Si as second hard
phases. As the formed interfaces between Al matrix and
the in-situ synthesized particles are clean and free from
any interfacial contamination, this would play a key role
in improving the wear bearing capacity against the
counterpart, thereby reducing the material removal.
Typical surface damage like micro-grooves, micro-
ploughing and craters are observed, crakes and fracture
also exist when composite S3 was experienced to the
high normal load (40 N). This can be attributed to the
high content of the in-situ reinforcements when
compared with composites S1 and S2. Cracks initiation,
propagation and fracture are observed in the matrix near
to hard reinforcements, due to increased stress
concentration zones, as shown in Fig. 7(d). Moreover,
the EDX result of the worn surface shows the presence
of Fe (Fig. 7(e)) which is transferred from the
counterpart. That is to say, the adhesive wear also exists
during the sliding tests. The abrasive wear behavior of
materials is generally controlled by material parameters
in addition to the sliding conditions like normal load and
abrasive medium [5]. Material loss under abrasive wear
conditions is removed by ploughing and micro-cutting.
These mechanisms require penetration by hard abrasive
particles which in turn are controlled by the hardness of
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Fig. 7 SEM images of worn surfaces of composites S1 (a), S2 (b) and S3 (c) at load of 20 N and sliding velocity of 0.8 m/s and
composite S3 at loads of 20 N (d) and 40 N (e, f) and sliding velocities of 0.8 m/s and 0.4 m/s, respectively; EDX analysis of square

A in Fig. 7(d) (g) and point B in Fig. 7(f) (h)

material. Therefore, the hardness of the fabricated
composites plays a significant role in controlling the
wear loss during the sliding wear tests. In addition, large
amounts of smooth particles form (Fig. 7(e)) as the
sliding velocity increases. The EDX result confirms that
these particles are Al,O; oxides (comprising of Al and O
as dominant elements), as shown in Fig. 7(h). This
further confirms the above relationship between the wear
loss and the sliding velocity. In other words, as the
velocity increases, the wear loss is controlled by the
oxidation mechanism.

Figures 8(a)—(c) show the SEM images of wear
debris formed in composite S3 at different normal loads
and a sliding velocity of 0.8 m/s for a sliding distance of
1000 m. Various shapes and sizes of wear debris are
found as a result of the dry sliding test. In agreement
with the previous researches [16,17], the shape of wear
debris varies from fine particles to coarse flakes and
platelet forms. The EDX results show that this debris is
constituted of Fe, Al, O, C and Si as predominant
elements, as shown in Fig. 8. The presence of Fe may
have derived in transfer from the sliding steel disc. The
element O is considered to have arisen in reactions with
the environment, indicating that the mode of wear is

mildly oxidative [18].

3.4 Friction coefficients

The friction mainly depends on the material
properties such as hardness, strain, density, shear
strength, modulus of elasticity, yield and ultimate tensile
strength [19]. Figure 9(a) shows the variation in friction
coefficient (1) of composites S1, S2 and S3 at a normal
load of 20 N and a sliding velocity of 1.6 m/s for a
sliding distance of 1000 m. Evidently, it seems that
varying the SiO,/C/Al molar ratio from 3:0:9 to 3:3:9
does not affect the friction coefficient much. As the
employed volume fraction of reinforcements in
composites S1 and S2 is the same (10%), and only the
kind of reinforcement is different where both the SiC and
Al4Cs particles are present in composite S2, this may
explain the slight reduction of friction coefficient.
However, when the SiO,/C/Al molar ratio of 3:6:9 was
used, high contents of Al,O; and Si besides SiC were
produced, thereby reducing the contact area between the
composite and counterpart. As a result, the friction
coefficient decreases from 0.6738 to 0.5334
systematically.

Figure 9(b) shows

the wvariation in friction



922

El Oualid MOKHNACHE, et al/Trans. Nonferrous Met. Soc. China 26(2016) 917-923

(o) C He
Fe
Fe (0] Si
elsi l Si
A 1 1 1 ‘ L l 1 L
0 5 10 15 200 5 10 15 200 5 10 15 20
E/keV E/keV E/keV

Fig. 8 SEM images (a—c) and EDX analysis (d—f) of wear debris formed in composite S3 at sliding velocity of 0.8 m/s and loads of
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Fig. 9 Average friction coefficient vs variation of SiO,/C/Al molar ratio (a) and sliding velocity (b)

coefficient («) of composite S3 as a function of the
sliding velocity at a normal load of 20 N for a sliding
distance of 1000 m. Obviously, when the velocity
increases from 0.4 to 1.6 m/s, the friction coefficient
reduces significantly. This is because, the contact time
changes from 1250 to 625 s and both the adhesion and
deformation forces needed to plow out the particles on
the surfaces decrease. Thereby, the friction coefficient
decreases from p;=0.6031 to u;=0.3954. Moreover,
Al,O; oxides that formed at high sliding velocity as third
abrasion body (Fig. 7(e)) also contribute to the reduction
of the friction coefficient of composite S3.

4 Conclusions

1) When the SiO,/C/Al molar ratio is 3:6:9, more
in-situ synthesized Al,O; and SiC along with Si particles

are produced, and Al,C; is prevented completely from
the Al-SiO,—C system. Thereby, a significant
improvement of wear resistance is obtained.

2) The wear loss of the composites increases with
increasing the load. However, when the sliding velocity
increases, the wear loss decreases systematically.

3) Ploughing, micro-grooving and craters are
observed as dominant wear mechanisms. Whereas, the
oxidation mechanism controlls the wear loss when the
sliding velocity increases.

4) When the velocity increases, the friction
coefficient decreases owing to the formation of smooth
AlLO; oxides as third abrasion body.

5) The friction coefficient decreases from 0.6738 to
0.5334 when the Si0,/C/Al molar ratio varies from 3:0:9
to 3:6:9.
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