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Abstract

In this study, magnesium matrix composites reinforced with 5 wt% WS> and 15-20 wt% SiC
particles were sintered via powder processing. The friction and wear behaviour were studied
using a ball-on-disc tribometer against Al,O3 ball, subjected to normal loads of 1-4 N, room
temperature and 110 °C, sliding speed of 22.5 mm/s, and lubricant of PAO base oil. The wear
track and tribo-layer generated were investigated by optical profilometry and scanning electron
microscopy. The average friction coefficient for Mg metal matrix composites (MMCs) was
found to be 0.1-0.2 compared with 0.16-0.46 for pure Mg. Under all testing conditions, the Mg
MMCs exhibited much lower friction coefficient and outstanding anti-wear property compared
with unreinforced Mg and the Mg alloy AZ31.

Keywords: magnesium metal matrix composite, tribological behaviour, self-lubricating,
friction and wear

1. Introduction

Lightweight metal matrix composites are recently becoming more popular for high efficiency
applications, including automobile, aerospace, defence and telecommunication industries.
These composites have superior physical and mechanical properties, such as light weight, high
specific strength, high specific modulus [1-2]. The improved physical and mechanical
properties are achieved by combining lightweight metal/alloy with other additives that are in
the form of particles, whiskers or fillers [3-6].

Among common lightweight metals, magnesium (Mg) has the lowest density of 1.74 g/cm?
which is approximately 35% less than that of aluminium (Al) (2.7 g/cm3), 77% less than that
of steel (7.9 g/cm3) and comparable to plastics (0.92 - 2.17 g/cm3) [7-8]. In addition, Mg shows
better physical properties compared with Al and titanium (T1), including processing, machining
and recycling, which can reduce recurrent costs [9]. The usage of Mg has been constantly
increasing according to available literature [10-12].

However, Mg and its alloys are primarily used in structural applications for component weight
saving [13]. The main restrictions for use as load bearing and tribological machine elements
are their moderate strengths at both room and elevated temperatures as well as poor frictional
behaviour. It is well recognized that when a soft metal like Mg slides against hard material
without liquid or solid lubrication, the softer one will abrade, or flow and adhere to the hard
material, creating an interface of low shear strength. These drawbacks lead to a reduced service
time for Mg-based parts and making Mg unsuitable for usage in bearings, gears, pistons and
cylinders [14-17].

One solution is to develop Mg MMC:s dispersed with reinforcements for improving mechanical
and tribological properties. Studies have been carried out on how the incorporation of stiffer
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phases such as hard ceramic particles, whiskers or fibres into Mg and Mg based alloys can
increase specific strength, specific modulus as well as wear resistance [18-21]. Dieringa
reported that micro particles or fibres reinforced Mg alloys exhibit satisfactory creep strengths
at temperatures up to 250 °C [22]. A variety of hard particles, such as SiC, Al>O3, CaB¢, ZnO,
SiO2 and TiB> were investigated as reinforcement [12, 23-30]. Among those stiffer
reinforcements, due to their low cost and the possibility of homogeneous distribution in the
metal matrix composites, the use of SiC particles as the reinforcement in Mg MMCs has
become more favourable [19-20, 31-32]. Shen et al. studied the influence of micro SiC particles
on the tensile properties of Mg alloy (AZ31B). It was found that the addition of 5 vol% SiC
particles improved the elastic modulus as well as ultimate tensile strength and yield strength
[19]. Through spark plasma (SPS) sintering technology, Muhammad et al. [33] studied the
influence of SiC particle content in the pure Mg and the Mg alloy AZ31 on the microstructure
and mechanical properties of Mg composites. The hardness and tensile strength of Mg MMC
was found to be increased with increasing SiC content up to 10 wt%. Landkof [20] found that
AZ91 based MMC with up to 30% weight fraction of SiC reinforcement showed significantly
improved tensile strength, yield strength and elastic modulus at both room temperature and
150 °C. The strengthening mechanism is that SiC particles constitute obstacles at grain
boundaries that prevent boundary sliding. Regarding wear resistance, it is not always improved
by increasing SiC portions and a 25 vol% SiC was found to deteriorate the wear resistance of
QE22 magnesium alloy [31].

Even though the mechanical properties are enhanced by stiffer additions, there is a downside
from the abrasiveness of these hard particles as they cause a high friction coefficient in the
contact above a certain carried load [33]. In order to reduce the friction in the lubricating
applications, solid self-lubricating agents such as, graphite, WS- (platelets of the 2H polytype),
MoS; are used in the metal matrix to achieve improved lubricating properties. Due to the
layered chemical structure, these solid lubricants possess weak inter-layer (van der Waals)
bonds which provides minimum tangential resistance and therefore low-strength shearing [34-
37].

Compared with MoS>, WS> has been found to be a superior friction modifier as it works in
both dry and humid conditions and has a high temperature resistance [34, 38-45]. There are
two types of WS> based on its chemical structure: 2 H (platelets of the 2H polytype) which
have a layered structure, and IF (inorganic fullerene structure) where the layers are rounded up
to form multi-layered spherical ‘onion-like’ cages [43]. It was found that 2H-WS> was more
prominent in friction reduction compared with IF-WS; in dry sliding contact at 25 °C [43].
Rapoport et al. [34] reported the outstanding tribological performance of 2H-WS, hollow
nanoparticles operating as solid lubricant through both ball-flat and disc-block experiments. In
this study, 2H-WS, was studied as an additive and is referred as WS for simplicity.

Although WS> presents improvements in friction reduction and wear resistance when added to
MMCs, there are challenges existing in the composites preparation as WS, tends to react with
molten metals at higher temperature [46-48]. There are two manufacturing methods for
lightweight MMCs: sintering and casting. The former process is not suitable for scale-up
because it is only effective on a small scale. The later approach is to use a technique where the
metal is liquefied and other materials are added followed by stir mixing. However, it was
reported that under high pressure and temperature, WS: tends to react with the metal material
[49-50]. In this study, a powder metallurgy process was used for manufacturing self-lubricating
MMC:s as it requires lower manufacturing temperatures, avoiding the reaction between WS»
and metal matrix before its operational use [43].



Although 3-5 wt% WS> reinforced Al composites have been intensively studied for tribological
and mechanical properties [37, 40-43, 51-52], there is no research carried out towards WS>
reinforced Mg MMC:s. In this work, SiC and WS> reinforced Mg MMCs were sintered through
Spark Plasma Sintering (SPS). Tribological behaviour of Mg MMCs were studied for the first
time through ball-on-disc reciprocating tests. The role of SiC and WS; in improving Mg MMCs’
mechanical strength, reducing friction and wear under reciprocating sliding conditions was
investigated.

2. Materials and methods
2.1 Composite metallurgy and testing samples

Mg powder (=99% purity) with a particle size ranging from 63 to 250 um (Sigma-Aldrich Inc.)
was used as a matrix material. Silicon carbide (SiC) particles with average particle size of 30
um (Thermo Fisher Scientific Inc.) were used as one reinforcement phase to improve the matrix
mechanical strength. Tungsten disulfide with average particle size of 2 pm (Sigma-Aldrich Inc.)
were used as the second reinforcement phase for friction and wear reduction. The weight
fraction of SiC was 15-20 wt% while the fraction for WS: particles was 10 wt%. All composites
were consolidated using SPS [53-55]. The manufacturing process involves homogeneously
mixing the base matrix material and filler powders using a cryomill (Retsch, Germany),
followed by pre-compacting at 10MPa pressure and consolidating at S0MPa and 450 °C by
SPS system (FCT Systeme GmbH, type HP D1050, Germany) under vacuum. A cylindrical
graphite die with diameter of 20 mm was used for the mixed powder sintering. The temperature
was monitored by a thermal couple inserted in a pre-drilled hole located in the middle of the
outer wall on the die. A thin graphite foil was placed around the inner surface of the die before
filling in mixed powders to avoid welding and obtain a more uniform current flow. A heating
rate of 50 °C/min was adopted followed by a dwell time 5 min with a uniaxial pressure of 50
MPa and a holding temperatures of 450 °C. In order to compare with matrix composites, the
as-received Mg powder was sintered following the same procedure. In addition, a commercial
as-received extruded AZ31 (Luxfer MEL Technologies, Manchester, UK) was tested for
comparison.

SPS sintered cylindrical Mg MMCs composite bars had dimensions of approximate 20 mm
diameter x 12 mm long. Round discs with dimensions of 19 mm diameter x 3.5 mm thick were
machined by electrical discharge machining (EDM). Figure 1 shows the sketch of the sintered
composites and EDM sliced discs. Table 1 lists the experimental samples in this work. The
composite density of the sintered samples was measured using a balance with accuracy of +
0.0001 g (MS104S, Mettler Toleda, Switzerland) which follows the Archimedes principle.
Three measurements were taken for each sample and the average was used. The Vickers
hardness was conducted using a Durascan 70 (Struers, United Kingdom) micro-hardness tester
on the polished Mg MMC surfaces. A Vickers diamond indenter tip was used with a load of
0.1 N and a hold time of 10 s for each micro-hardness indention. An array of twenty micro
hardness indentions was performed at interval distances of 1 mm for each sample and the
average Vickers hardness was used. The elastic modulus was determined using a Bruker
Hysitron TI Premier Nanoindenter with a normal load of 10 mN (the indentation depth is about
0.9um) and a hold time of 5s for each indention, while the Poisson’s ratio was set at 0.35. For
each sample, a matrix of 6x6 nano-indentions was performed at interval distances of 100 pm
and the average elastic modulus was adopted. The Oliver and Pharr method was used to analyse
the elastic modulus from the nano-indentation data [56-57].
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Figure 1. SPS sintered Mg MMC bar and EDM sliced discs

Table 1. Experimental samples used in this work

Sample Materials fabrication method  Density Relative Hardness, Elastic
. . density, % Vickers modulus,
designation (g/cm3)
GPa
Mg magnesium Powder metallurgy, 1.734 100 38.9 36.4
SPS sintered
Mg MMC1 75 wt% Mg, 15 Powder metallurgy, 1.98 97.6 72.8 45.2
wt % SiC, 10 wt% SPS sintered
WS2
Mg MMC2 70 wt% Mg, 20 Powder metallurgy, 2.01 96.3 80.8 43.7
wt% SiC, 10 wt% SPS sintered
WS2
AZ31 3 wt% Al, 1 wt% Extrusion, as 1.8 - 90 45
Zn, Mg alloy received

The hardness and elastic modulus values are essential for studying a material’s tribological
performance. As shown in Table 1, the presence of the reinforcement particles in the Mg matrix
results in an increase in hardness and the elastic modulus. Mg MMC?2 presented slightly lower
relative density compared with Mg MMC1. Due to the difference in chemical composition, the
bonding between the reinforcement particles and the matrix Mg particles is weaker compared
with the bonding between the Mg matrix particles. A decreased relative density is therefore
expected with increasing reinforcements. The influence of these reinforcements on the
tribological performance of the composite is assessed through friction tests.

2.2 Friction tests

Tribological behaviours of Mg MMC samples were examined using a Bruker Universal
Mechanical Tester (UMT) platform under room temperature and 110 °C. The contact
configuration was made of Mg MMC composite discs sliding against a static alumina ceramic
ball (Al2Os, grade 25, 4 mm diameter, elastic modulus 407 GPa, Vickers hardness 1365 Hyv,
Poisson ratio 0.21). The ball was held in a chuck and loaded against the flat disc which was
immersed in oil. New specimens (balls and discs) were used for each test and were cleaned
with solvents in an ultrasonic bath prior to the test. The sliding tests were conducted with a
polyalphaolefins oil (PAO), which has a density of 832 kg/m3 and a viscosity of 46.73 cSt at
40 °C and 7.96 cSt at 100 °C. Base oils have low polarity affinity for metal surfaces, it is
therefore chosen to avoid any competition between the WS» particles and the oil molecules for
the metal surface [43, 58].

EDM sliced Mg MMC discs were subjected to a standard grinding and polishing process in
order to obtain identical surface finishes for the varying samples. SiC paper from 1200 to 4000
grit were used for grinding following by buff polishing with alcohol based diamond
suspensions of 1 and 0.25 um to minimise oxidation through exposure to water.



The reciprocating sliding tests were carried out with a normal load of 1 N and 4 N. Table 2
summaries the testing conditions. Based on the measured mechanical properties of Mg MMCs
(Table 1), the corresponding initial mean Hertz pressures were calculated and shown in Table
3.

Table 2. Reciprocating sliding test conditions

Normal Stroke Sliding speed  Testing  Ball Ball Disc material ~ Temperature
load distance duration  material diameter
P=1,4N 45mm 22.5 mm/s 60 min AlbOQ3; 4mm Mg MMCs, Mg Room temperature
(2'5 Hz) alloy and 110 °C
Table 3. Initial mean Hertz contact pressures for tested materials corresponding to 1 N and 4 N
Sample Hertz pressure  Hertz pressure
designation atP=1N,MPa atP=4N, MPa
Mg 274 435
Mg MMC1 312 495
Mg MMC2 306 485
AZ31 311 494

2.3 Characterisation

In this study, Inspect F FEG scanning electron microscopy (SEM) (FEI, Netherlands) attached
with an energy dispersive X-ray (EDX) detector, was used to characterize composite particles,
fresh surfaces, worn surfaces and elements distribution on the fresh and tested samples. Wear
tracks were assessed using an Alicona InfiniteFocusSL microscope (Alicona Imaging GmbH,
Graz, Austria). 3D morphology and depth information from the worn surface was examined
using optical microscopy and the focus variation technology of the Alicona. This information
was then proceeded for wear scar volume, including dimensions of the wear scar. The size of
the wear track and the ball surface were examined after each test with an optical microscope,
Zeiss Optical Microscope (Zeiss, United Kingdom).

3. Results and discussion

Figure 2 shows SEM images of as received Mg particles (Figure 2 (a)), SiC particles (Figure
2(b)) and WS particles (Figure 2 (c) and (d)). A lamellar structure of WS, particles can be
observed with particle size between 1-5 um.




Figure 2. SEM images of (a) Mg particles, (b) SiC particles, (c) and (d) WS2 particles

Figure 3 shows SEM images of the surface morphology for sintered Mg and Mg MMCs. For
the pure Mg sample, particle boundaries can be clearly observed, shown in Figure 3 (a). For
Mg MMCI1 and MMC2 that followed the same sintering process, Mg particle boundaries were
filled with additive powders instead, shown in Figure 3 (b) and (c). The accumulation of SiC
and WS particles at the Mg particle boundary were expected to improve the mechanical and
self-lubricating properties of Mg MMCs, shown in Figure 3 (d).

Particle boundaries

() o m—" ] ()
Figure 3. SEM images showing microstructure of Mg MMC composites, (a) Pure Mg, (b) Mg MMCI1 (75 wt%

Mg, 15 wt% SiC, 10 wt% WS>), (c) Mg MMC2 (70 wt% Mg, 20 wt% SiC, 10 wt% WS,), and (d) SiC and WS2
particles on the Mg particle boundaries on Mg MMC2

Figure 4 shows the evolution of the coefficient of friction (CoF) against reciprocating time
between the alumina ball and Mg composites or alloy subjected to varying testing temperatures
and normal loads. Under all testing conditions, the presence of WS has significantly improved
the tribological performance of the composites. At room temperature (Figure 4(a)), a
lubrication film was found to be formed and broken a few times at the interface between the
AlO3 ball and Mg MMC disc during testing. The CoF for the two MMCs are close and follow
a similar trend over the whole testing period. After the initial increase of CoF in the running in
stage, the first formation of the lubricating film lasted around 17 mins where the CoF value
was as low as 0.097. Xie et al. [27] reported that the MoS> additives, which have the similar
crystal structure as WS», contributed to the formation and stabilization of the lubricant film in
sliding contact between Mg alloy and steel. The friction coefficient was found to be 0.08-0.12
with 1 wt% MoS; added in the engine oil. The findings in this study agreed with his conclusion



and confirmed the positive influence of WS in reducing interfacial friction. In addition, under
room temperature, the CoF of Mg MMCs did not increase with loads, which indicated an
improved load-bearing capacity due to the presence of reinforcements, SiC and WS; [43].

Figure 4 (c) and (d) show the influence of temperature on the frictional performance of Mg
MMCs and alloy. Sintered pure Mg showed the highest friction coefficient followed by AZ31.
Mg MMC1 showed the lowest friction at 110 °C/1 N with an average CoF of 0.15 compared
with 0.19 from composite Mg MMC2, shown in Figure 4(c). Ratoi et al. [58] found that in
sliding contact, under high pressure and high temperature, WS> reacted with the metal substrate
and generated a thick chemical tribo-film which accounted for the improved tribological
properties of the composites. At 110 °C and P = 4 N, the CoF for pure Mg and AZ31 were
slightly decreased due to the thermal softening of the bulk material under high temperature.
For both composites, the CoF fluctuated in the running in stage and stabilised after 30 min
rubbing. The average CoF was found to be the same, at 0.2 for both Mg composites for the
remaining stabilised stage.
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Figure 4. Coefficient of friction varying with reciprocating sliding time for Mg MMCs and Mg alloy, (a) at
room temperature, P =1 N, (b) at 110 °C, P =1 N, (¢) at room temperature, P=4 N, and (d) at 110 °C,P=4 N

The CoF difference between the pure Mg, AZ31 and Mg MMCs suggests that the mechanism
of friction and lubrication is different in each case and the temperature plays an important role
in rubbing. In order to assess the mechanism of the different frictional behaviour and the
working mechanism of WS: as an effective lubricating additive, characterisations of the disc
wear track and the worn ball surface were conducted by using optical microscopy, Alicona
profilometry, SEM and EDX.

After each reciprocating sliding test, the discs and ball were cleaned with isopropanol to
remove remaining lubricant. The wear tracks on tested discs were assessed using Alicona
microscope profilometry to determine the dimensions, including wear volume, wear scar depth
and width. SEM microscopic images and EDX mapping were taken for studying the worn



surface morphology and element distribution of the reinforcements. Figure 5 shows a set of the
3D wear track profiles for four tested materials at 110 °C and normal load P =4 N.

From Figure 5 it can be seen that the largest wear track was generated on the Mg disc after 60
min rubbing against alumina ball. The wear depth was found to be 43.42 um which is
approximately 3 times that of Mg MMC1. Mg MMC2 with 20 wt% SiC possessed the best
wear resistance of the four materials with a wear scar depth of 10.26 pm. The presence of hard
particles of SiC has proven to significantly improve the mechanical strength of the composite.
This can also be evidenced by the small contact area on the ball counterface. There was nearly
no material transfer observed from the disc onto the ball when contacting with Mg MMCs apart
from a small amount of material deposited at the ends of the wear track, shown in Figure 5 (c).
Compared with Mg and AZ31, the ball presented a ‘roughened’ worn surface containing wear
grooves due to abrasive wear from rubbing against the hard SiC particles on the composite
surface. Adhesive wear has been observed on the Mg disc indicated by a transferred layer of
Mg oxide on the ball. In addition, the worn zone on the ball was found to be much larger when
contacting the Mg disc compared with other materials. This was due to greater deformation on
the Mg disc under normal and shear stress. This agreed with the highest wear volume that
occurred on the Mg disc, shown in Table 3.
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Figure 5. Wear profiles of tested specimens and balls, (a) 3D wear track profile, (b)wear scar depth on tested
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The wear rates W, in um’/Nm, were calculated using the following equation,

%4

W=— (1)

~ put

Where V is the wear volume, in ,um3, measured by Alicona, P is the normal load, in N, v is the

sliding speed, in m/s and ¢ is the test duration, in s.

Figure 6 shows the wear rate calculated from the wear volume data measured from the Alicona
profilometry. In all testing conditions, Mg composites show similar wear resistance which was
better than that of pure Mg and Mg alloy. The presence of SiC and WS» significantly improved
the composite’s wear property. At 110 °C and 4 N normal load, Mg MMC2 with higher portion
of SiC (20 wt%) has a lower wear rate, 2.03x10° um?*/N/m, compared with that of 3.62x10°
um?*/N/m for Mg MMC1. Under the same load but room temperature, the wear rate of Mg



MMC?2 was 0.78 x 10° um?/N/m, which was around 25% of pure Mg and 50% of AZ31. When
the load was 1 N, the wear rate wasn’t found to increase with temperature for two Mg MMC:s.
Previous work also reported that, due to the addition of WS> in the metal composites, there was

a significant reduction of plastic deformation depth at the subsurface leading to lower wear of
the bulk material [48].
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Figure 6. Wear rate of tested materials sliding against Al,O3 ball subject to varying testing conditions

Table 4 summarises the wear track dimensions, including wear volume, wear scar depth and
width for all tested materials. For all testing conditions, Mg MMCs exhibited excellent anti-
wear property. Under the higher testing temperature and normal load, the generated wear scar
depths were found to be 15.3 um and 10.26 um for Mg MMC1 and MMC2, which were much
smaller than that of unreinforced Mg (43.42 um) and AZ31 (30.5 pm).

Table 4. Wear track dimensions and wear rate for tested materials subject to varying testing conditions

Room temperature 110 °C
Max. depth, | Width, pm [Wear volume,| Max. depth, | Width, um [Wear volume,
um um?, x107 um um?, x107

M P=1N 8.81 440 0.85 15.79 675 2.76
& P=4N 18.01 710 2.46 43.42 1050 10.42
P=1N 2.80 200 0.21 2.10 215 0.14

Mg MMCI P=4N 5.11 310 0.55 15.3 620 2.93
P=1N 5.39 205 0.23 4.38 230 0.31

Mg MMC2 P=4N 6.45 300 0.63 10.26 480 1.64
AZ31 P=1N 8.28 400 1.14 8.90 610 3.13
P=4N 21.18 480 1.21 30.50 760 5.61

In order to study how WS, and SiC additive particles improve the anti-wear performance of
the Mg composites and determine the predominant wear mechanism on the sliding contact, the
wear tracks were investigated using SEM after the friction tests. Figure 7 shows SEM images
of the wear tracks for the pure Mg and AZ31 specimens. The wear tracks on the Mg disc appear
rougher with larger size wear debris, especially at the higher temperature of 110 °C which
indicated that seizure and galling occurred on the wear track which was also presented from
the contact zone on the counter ball shown in Figure 5. In agreement with the profilometry
measurements, the SEM images show greater wear track width on the Mg discs than that on
the AZ31 discs.
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Figure 7. SEM images of wear tracks on the pure Mg and AZ31 specimens tested at room temperature and
110 °C, P = 1,4 N, rubbing against Al,Os ball, (a) Mg and (b) AZ31

Figure 8 shows the SEM images of the wear scar generated on the Mg MMC1 under varying
testing conditions. As shown in Figure 8(a) and (b), furrows along the width of the wear track
can be observed, indicating that abrasive ploughing dominated the wear mechanism on the
tested disc at room temperature. A compact oxide layer probably mixed with WS> and some
SiC particles was found distributed on the worn surface. On the worn surface from 1 N (Figure
8(a)), Mg particle boundaries can still be observed as indicated by the bright SiC particles.
However, higher normal load produced a smoother worn track, barely showing Mg particle
boundaries as shown in Figure 8(b). It seems that the hard SiC protrusions were pressed down
into the bulk material due to low modulus of the bulk Mg. These embedded SiC particles
together with WS> particles and Mg oxide formed the tribo-layer that separated the two
contacting surfaces of the alumina ball and the Mg matrix composite. The overall morphology
of the worn tracks from room temperature tests confirmed the occurrence of mild wear on the
Mg matrix.
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Figure 8. SEM images of the wear tracks on the Mg MMC1 specimen tested at (a) room temperature, P = 1 N,
(b) room temperature, P=4 N, (¢) 110 °C,P=1N, and (d) 110 °C,P=4 N

The interfacial film, known as tribo-layer in this study, consisting of solid lubricant particles,
lubricating oil and wear debris, play an important role in accommodating sliding motion and
determining the tribological response of the interface [35, 44]. It is expected that the interaction
between oil, reinforcement particles and wear particles at the interface determines essentially
the friction and wear behaviour of rubbed surfaces. On one hand, the SiC particles increase the
strength of the Mg matrix. On the other hand, the oxides formed under room temperature mixed
with WS particles which are spread over the interface due to sliding, act as a protective layer
to avoid the transition from abrasion to delamination. Figure 9 shows a sketch of the tribo-layer
in the sliding contact. In rubbing, WS: particles were flowing with the oil, attached to the
composite surface. Microscopic reservoirs were expected to be created by the SiC protrusions.
Such reservoirs on the Mg MMC substrate facilitates the retention and recirculation of WS>
particles in the contact zone between the alumina ball and the metal matrix. Due to the crystal
structure of WS> sheets, the low shear strength contributes to the reduction of friction [49].

However, the SEM images of the wear tracks from high temperature siding tests, shown in
Figure 8(c) and (d), exhibit severe plastic deformation, which demonstrates adhesive wear on
Mg MMCI. Due to the extensive surface deformation, the formation of oxides and furrows
caused by abrasive wear cannot be observed on the worn surface, indicating a different wear
mechanism when compared with tests at room temperature. This may be due to that the high
temperature softening of the substrate and weakening of the bonding between Mg and
reinforcement particles, SiC and WS,. Due to the shearing and compressing actions, the
embedded particles were shifted and redistributed on the substrate surface. This process
generated a higher friction coefficient, 0.15, as compared with 0.1 from room temperature at
the lower load of 1 N. The wear volume loss at 110 °C was found to be comparable with that
at room temperature. This indicated that the redistributed particles together with wear debris
still work as a tribo-layer, improving the tribological behaviour of the composite. Under higher
load, more severe plastic deformation was expected on the substrate surface and the dominant
wear mechanism was considered to be delamination, shown in Figure 8 (d). This indicates that
the operating conditions, normal load and temperature, have a great influence in the friction
and wear behaviour of the composites. The SEM micrographs agreed with the friction and wear
loss values shown in Figure 4 and 6.
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Figure 9. Schematic diagram of the tribo-layer between alumina ball and Mg MMC under sliding friction

In order to explore the working mechanism of the tribo-layer on the worn composite surface,
EDX mapping was conducted after the sliding test. As both Mg MMC1 and MMC?2 exhibit
similar wear resistance, EDX mapping was only conducted on Mg MMC?2. Figure 10 shows
SEM images of wear tracks on Mg MMC2 with highlighted zones for EDX mapping, detailed
in Figures 11-13.
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Figure 10. SEM images comparing wear track profiles influenced by testing conditions for Mg MMC?2 specimen

Figure 11 (a)-(d) are EDX spectra collected in spot mode from the locations labelled as Spectr
1, 2, and 3 on Figure 11(a), corresponding to the Mg particle, Mg particle boundary and worn
track. From Figure 11(b), it can be seen that the Mg peak is the strongest peak which confirms
the Mg particle at Spectr 1. At the Mg particle boundary, Spectr 2, apart from Mg peak, W, Si
and S also show high intensity corresponding to SiC and WS, particles accumulated at Mg
particle boundaries, shown in Figure 11(c). Al was detected which indicated the material
transfer from the alumina ball, shown in Figure 11(d). Increased intensity of O was detected
on the wear track. This is from oxides formed during the sliding friction. The tribo-layer was
found to be composed of additive particles, oxides and transferred material from the ball.
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Figure 11. EDX spectrum for the chemical elements distribution from the wear track on Mg MMC2 at 110 °C, P
= I N, (a) SEM image of the wear track, (b)-(d) EDX spectrum corresponding to locations Spectr 1-3

To get an insight into the composition of the wear track and reveal the wear mechanism, EDX
mappings were performed for Mg MMC?2 subject to high load and high temperature. Figure 12
shows the mappings corresponding to the worn surface under 4N and room temperature. As it
can be seen, the tribo-layer mainly consists of Mg from the matrix, Si, S and W from
reinforcements, and oxygen which highly overlapped with Mg indicating that the oxidation
reaction has widely taken place on the Mg MMC surface. SiC particles are still found mainly
located at the Mg particle boundaries but broken down to smaller sizes due to the high contact
pressure and shearing stress, shown in Figure 12(a) and (d). W and S presented a highly
consistent distribution pattern shown in Figure 12 (e) and (f). Similar to Si, they are mainly
located at the Mg particle boundaries. However, much finer particles containing W and S were
found spread over the worn surface. Based on the layer structure of the WS> particle, it is
reasonable to conclude that micro scaled WS> particles have been crushed from flakes into
nano-scale particles and spread over the contact zone due to the rubbing motion. These nano-
particles contribute to lower friction and wear at the interface.




(d)

Figure 12. EDX mapping for the chemical element distribution over the Mg MMC2 wear track at room
temperature, P =4 N, (a) SEM image of the wear track, (b)-(f) chemical elements for Mg, O, Si, S and W

Figure 13 mapped the composition for the worn surface of Mg MMC2 at 110 °C. From the
distribution of Mg, no particle boundaries can be observed, confirming a severe wear
mechanism occurred on the surface, shown in Figure 13(b). Si was found to be more evenly
distributed on the surface with smaller sized particles. Again, this distribution was thought to
be caused by plastic deformation and delamination of the composite. The maps of S and W
show an overlapping pattern, indicating the crystal structure of WS> did not collapse during
sliding. A sweeping redistribution process occurred on WS: particles when they were crushed
into much finer particles, shown in Figure 13 (e) and (f). Previous studies have shown that
chemical reactions may take place between surface, counterface, and the atmosphere. By
investigating the interfacial films generated during dry sliding, it was found that tribochemical
reactions took place between diamond-like carbon, MoS: coatings and Ti implanted steel at the
interface when they rub against each other [35]. Niste et al. [43] studied Al metal matrix and
found the chemical reaction between WS; particles and the metal substrate at temperatures
according to the presence of tungsten as WO3 and W in the tribo-layer. Cao et al. [48] studied
the tribological performance of WS: reinforced Cu composite through dry sliding tests against
a steel ball and found the decomposition of WS while reacting with copper. However, from
this study, there was no evidence observed from the EDX mapping that indicated a chemical
reaction between WS and the metal substrate. This may due to the role of base oil PAO in
sliding, which helped to dissipate the heat from friction.

(d)

Figure 13. EDX mapping for the chemical elements distribution from the wear track on Mg MMC2 110 °C, P =
4 N, (a) SEM image of the wear track, (b)-(f) chemical elements for Mg, O, Si, S and W



4. Conclusions

Mg based composites reinforced with SiC and WS» were designed and successfully sintered
through a powder metallurgy technique. The reciprocating sliding tests were conducted using
a ball-on-disc configuration under varying normal loads (1-4 N) and testing temperatures (room
temperature and 110 °C) against an Al>O3 ball lubricated with PAO base oil. From the
experimental findings and post-test analysis, conclusions are summarized as:

(1) Compared with unfilled Mg and commercial Mg alloy AZ31, the mechanical properties of
the Mg MMCs were markedly enhanced by the SiC particles while the friction and wear
properties were improved by WS> particles.

(2) During frictional sliding at room temperature, WS> spread over the interface and
contributed to a tribolayer. Under a normal load of 4 N (~ 0.5 GPa), room temperature and
110 °C, the friction coefficients of Mg MMCs were found to be reduced by 37.5% and 54.5%
respectively, along with narrower, shallower and smoother wear tracks, in comparing with
unreinforced Mg.

(3) In sliding, WS particles and wear debris were trapped in the microscopic reservoirs created
by embedded SiC protrusions on the Mg MMC surface. The findings explain the superior anti-
wear behaviour of the WS, reinforced Mg composites and are in agreement with studies of
lubricating mechanisms of WS additives.

(4) An adhesion wear mechanism on the Mg MMCs occurred under high temperature. For both
Mg MMCs, wear was observed on the counter ball under higher contact pressure, ~ 0.5 GPa,
which was caused by the abrasive of the SiC particle. Under all testing conditions, the wear
resistance of Mg composites was superior to unfilled Mg and Mg alloy.

(5) Mg reinforced with WS, and SiC exhibited the outstanding anti-wear and frictional
properties in addition to enhanced mechanical strength. This study demonstrates that Mg
MMCs provide a competitive advantage to be used as greener components operating in
tribological applications.
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