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Abstract

This study investigated dry sliding wear properties of AZ31 magnesium alloy and B,C-reinforced AZ31 composites containing 5, 10, and
20 wt.% B4C with bimodal sizes under different loadings (10-80 N) at various sliding speeds (0.1-1 m/s) via the pin-on-disc configuration.
Microhardness evaluations showed that when the distribution of B,C particles was uniform the hardness of the composites increased by
enhancing the reinforcement content. The unreinforced alloy and the composite samples were examined to determine the wear mechanism
maps and identify the dominant wear mechanisms in each wear condition and reinforcement content. For this purpose, wear rates and friction
coefficients were recorded during the wear tests and worn surfaces were characterized by scanning electron microscopy and energy dispersive
X-ray spectrometry analyses. The determined wear mechanisms were abrasion, oxidation, delamination, adhesion, and plastic deformation
as a result of thermal softening and melting. The wear evaluations revealed that the composites containing 5 and 10 wt.% B4C had a
significantly higher wear resistance in all the conditions. However, 20 wt.% B4C/AZ31 composite had a lower resistance at high sliding
speeds (0.5-1 m/s) and high loadings (40-80 N) in comparison with the unreinforced alloy. The highest wear resistance was obtained at
high sliding speeds and low loadings with the domination of oxidative wear.
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction alloys used for gears, bearings, cylinder bores, and pistons

due to their unique properties, namely high specific ductility,

Currently, to meet lightweight standards, the development low density, and great shock absorption [1-3]. Nevertheless,

of high strength-to-weight ratio materials is inevitable, which low mechanical properties of Mg alloys, especially low wear

plays a significant role in energy saving for structural appli- resistance, can be a restriction for being used in industrial

cations. Mg alloys can be an alternative to the conventional  applications [4], which is critical in automotive and aircraft

engine components [5,6]. Compositing is an efficient method

—_— to develop the mechanical and wear properties of Mg alloys.
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the evolution of the microstructure and reinforcement distribu-
tion in the matrix [7,8]. However, tribological properties of the
composites are also highly dependant on the matrix and rein-
forcement materials (size, shape, content, and distributions),
experimental conditions (loading, environment, sliding speed,
and sliding distance) and surficial conditions (e.g. roughness
and hardness) [5,9]. The description of the aforementioned
parameters is brought in details in a previous study [5].

Particle-reinforced metal-matrix composites (MMCs) dis-
play great mechanical and wear properties compared to unre-
inforced metals due to the existence of hard reinforcement
particles in them, protecting the material from continuous
abrasion during tribo-contacts [9—11]. Results of an earlier
investigation have shown that although the addition of the
SiC microparticles to Mg matrixes leads to improved me-
chanical properties, homogenous distribution is not attained
in the matrix. Different factors affect the wear resistance of
MMCs, amongst which some are well-known. For instance,
particle size has been stated to have conflicting results. A
few studies have claimed that fine-sized particles enhance
wear resistance by increasing the composite strength. Such
reports concern mechanisms such as dislocation strengthen-
ing, Orowan strengthening, and grain refinement strengthen-
ing. An improvement in the friction can also be seen as a re-
sult of more particle/counterface contacts. Other studies have
proposed that large reinforcement sizes can increase the wear
resistance through deep embedment in the matrix and improve
load-bearing capacity [12]. Based on the mentioned findings,
it can be concluded that both fine and coarse particles can
have positive effects on the improvement of the friction and
wear resistance of MMCs. Thus, composites reinforced by
bimodal size particles are expected to have a combination of
both particle types. Fine (submicron-scale) and coarse par-
ticles (micron-scale) in the matrixes assist grain refinement
by stimulating dynamic recrystallization and nucleation, and
grain boundary pinning during the mechanical processes, re-
spectively. Thus significant strengthening has been achieved
[13].

An increase in the particle content results in the devel-
opment of the wear resistance of MMCs by inter-particle
spacing on the tribological properties of the composites [1].
Micro/nano-scaled particles of SiC [7,8,14,15], B4C [16-18],
AlLOs [5,10], and CNT [19] are typically employed as the
reinforcement particles which improve the hardness, strength
and elastic modulus of the composites [1,2]. Amongst them,
B4C is a more suitable alternative for the improvement of
MMCs properties such as high melting point, high thermal
stability, excellent abrasion resistance, high hardness, great
neutron absorption, and low density [16,17].

In addition, B4C density is 2.52 g/cm?®, whereas Mg den-
sity is 1.74 g/cm?. Hence, B4C/Mg composites are consid-
ered as lightweight materials with density values of around
2 g/cm3 even if 50 vol.% B4C particles are introduced [20].
It is worth noting that B4C/Mg composites containing a high
volume fraction of ceramic particles show excellent wear re-
sistance that can have a great potential for aerospace applica-
tions.
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Several methods have been employed for the preparation of
Mg-matrix composites, including powder metallurgy [21,22],
pressureless infiltration [23], stir casting, and squeeze cast-
ing [1,2]. Powder metallurgy can offer homogeneous distri-
bution of particles in the matrix, resulting in a low reaction of
the matrix and reinforcement [16]. Recently, researchers have
tried many other techniques for uniform distribution of parti-
cles, including high energy ball milling, friction stir process-
ing, squeeze casting, spread dispersion method, and spray de-
position. Amongst these techniques, stir casting has attracted
great attention due to its simplicity, uniform distribution of
reinforcement, and ability to prepare complex-shaped prod-
ucts. Only few investigations were carried out on the prepa-
ration of B4C/Mg composites using stir casting [24,25]. But,
several studies have been carried out on the preparation of
B4C/Mg composites via other techniques [20,26-29]. For in-
stance, Ghasali et al. [30] fabricated 5 wt.% B4C/Mg com-
posites by spark plasma sintering process and investigated
the hardness and bending strength of the composites. They
stated that although the strength and hardness of the prepared
composites were improved compared with those fabricated
via conventional methods, brittle phases of MgB, and Mg,C3
were formed in the microstructure. Additionally, Jiang et al.
[28] prepared B4C/Mg composites by powder metallurgy and
evaluated their wear behaviour. They reported that the wear
properties of the reinforced samples were improved, respect-
ing the unreinforced samples. However, they did not exam-
ine extensive conditions to obtain detailed information on the
wear mechanisms.

There are numerous investigations in the literature on the
sliding wear behaviour of the dendritic Mg alloys and their
composites. For instance, Somekawa et al. [31] evaluated the
wear behaviour and the microstructural evolution of commer-
cially pure Mg and Mg-Y alloys during the wear tests. Their
findings revealed that the wear rate of Mg alloys was supe-
rior to that of pure one, which was related to the formation
of {1012} twinning.

Surface treatment techniques such as physical vapour depo-
sition and plasma electrolytic oxidation have been frequently
used to enhance the wear properties of Mg alloys and com-
posites [32]. The effect of the addition of oxide and carbide-
based reinforcements on the wear behaviour of Mg materi-
als was also investigated [33]. Chen et al. [34] reported two
wear regimes for the as-cast AZ91 Mg alloy; the severe wear,
in which severe plastic deformation and melt wear were the
dominant mechanisms, and the mild wear regime, which was
dominated by oxidation and delamination wear mechanisms.
By studying the temperature of the contact surface of each
material, they found that the equilibrium temperature could
determine the transition between the regimes. On the con-
trary, Wang et al. [35] demonstrated that the mild wear regime
occurred during low loadings, irrespective of the test temper-
ature. This can be attributed to the formation of a thick layer
consisting of Mg and MgAl,O4, known as the mechanical
mixing layer (MML). Taltavull et al. [36] constructed a wear
map for AM60B Mg alloy at different loads (10-250 N) and
various sliding speeds of 0-1 m/s. Results showed that at
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Table 1

Chemical composition of the AZ31 Mg alloy.

Element Al Zn Ni Fe Mn Cu Mg
wt% 3 1 0.03 0.05 0.2 0.03 Bal.

lower loadings, the dominant wear mechanisms were oxida-
tion, delamination, and adhesion, whereas, at higher loadings,
the dominant wear mechanism was altered by severe plas-
tic deformation. Moreover, the wear properties of AZ91alloy
were evaluated by Zafari et al. [37]. They determined the
severe plastic deformation wear regimes for AZ91 alloy at
different loadings. Furthermore, their study demonstrated that
the sample temperature was effective in the determination of
the wear mechanism. In a similar vein, Lim et al. [33] in-
vestigated the wear behaviour of SiC-reinforced AZ91 alloy
during the dry sliding wear test. It was reported that the ad-
dition of the reinforcement particles was only effective at low
loadings. Habibnejad et al. [38] also compared the tribolog-
ical behaviours of commercially pure Mg and AZ31 com-
posites reinforced by Al,Os; nanoparticles. It was shown that
the wear rate declined with increasing the reinforcement con-
tent. The improved wear behaviour was related to the com-
posite strengthening mechanisms such as mismatch hardening
mechanism and the load-bearing ability of the hard ceramic
particles.

To the best of the authors’ knowledge, before the pub-
lication date of the present paper, no comprehensive study
in the literature has been conducted concerning the effect of
microstructure on the wear properties of B,C/Mg compos-
ites prepared by stir casting in details. However, the field of
wear behaviour of B4C/Mg composites still requires detailed
investigation. For this reason, the current study focused on
the wear properties of B4C/Mg composite samples prepared
by stir casting. In addition, the dominant wear mechanisms
were also comparatively evaluated for both the unreinforced
Mg and B4C-reinforced Mg composites.

2. Materials and method
2.1. Materials

AZ31 magnesium alloy (Shandong Hongtai Science and
Technology Co., Ltd., China) was selected as the B,C/AZ31
composites matrix, and its chemical composition is shown in
Table 1. A mixture of bimodal B4C particles (Merck Co.,
Germany) with average diameters of 1 and 50 pwm and the
ratio of 1:5 was added as the reinforcement.

2.2. Sample preparation

The stir casting method was employed for the B4C/AZ31
composites preparation, as demonstrated in Fig. 1. To obtain
a uniform heat distribution, the furnace temperature was in-
creased gradually from 100 to 780 °C. A gaseous mixture of
carbon dioxide (CO,) and sulfur fluoride (SFg) was inserted
into the furnace at 300 °C to avoid burning, while argon gas
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Fig. 1. Schematic of the stir casting method employed for preparation of
B4C/AZ31 composite samples.

was injected at 600 °C to prevent oxidation. After stabiliza-
tion at 780 °C for 20 min, the B4C particles were preheated
at 200 °C and added to the melt via vortex method. For gain-
ing a uniform distribution of B4C particles in the matrix, the
melt was stirred at 350 rpm for 8 min. Finally, the melt was
poured into a steel mould. Four types of composites with 0,
5, 10, and 20 wt.% B4C contents were prepared. The samples
were heated at 400 °C in an atmosphere-controlled furnace
for 10 h to homogenize the chemical composition; then, they
were quenched in water and aged artificially at 175 °C for
10 h.

2.3. Density

The practical density was measured via the Archimedes
principle. The theoretical density of the composite samples
was determined by dividing the sample mass by its volume.
The average theoretical density of each sample was calculated
as a result. The porosity of the samples was measured using
Eq. (1) [8].

P:[l—&:|x 100 (1)
Pt

where p, and p, are the skeletal and apparent density values
of the samples, respectively. Four samples of each composite
were tested, and the average value was reported as the final
result.

2.4. Hardness

The microhardness of the samples was measured using
a Vickers microhardness testing machine (Leitz, England)
equipped with a diamond indenter. A 300-N load was ap-
plied with a dwell time of 20 s. Five replicate measurements
were carried out, and the average value was reported as the
microhardness.
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Fig. 2. Schematic of pin-on-disk configuration used for the sliding wear tests.

2.5. Wear test

Dry sliding wear tests were carried out using an AISI
52,100 steel pin with a hardness of 45 HRC and pin-
on-disk configuration at ambient temperature, as shown
in Fig. 2. Samples with dimensions of 35 mm ¢ x 5 mm
were utilized for the tests, and the steel pin had a 5 mm ef-
fective diameter. All tests were performed at the loadings of
10, 20, 40, and 80 N, the sliding speeds of 0.1, 0.3, 0.7, and
1 m/s, and the sliding distance of 1000 m. This sliding dis-
tance was prolonged to 1000 m to ensure that the steady-state
regime was reached. The surface of the samples was cleaned
and degreased by acetone in an ultrasonic bath for 5 min. The
weight loss was determined by measuring the sample weight
before and after each test using a photoelectric weight bal-
ance. The volume loss was also calculated by dividing the
weight loss by the density of each sample. The wear rates
of the samples were assessed by Archard’s law which can be
expressed as Eq. (2) [39].

£=*(a)
—=K(=)=kF 2
L H

where L is the sliding distance, V is the wear volume loss, F
is the applied load, k is the specific wear rate, H is the hard-
ness, and K is the Archard’s constant. The average friction
coefficient was also calculated for the wear distance. The ap-
plied tangential force on the holder was determined, and the
coefficient of friction (COF) was calculated based on a func-
tion of the applied load. The perpendicular position of the
holder was monitored to observe the displacement caused by
the material removal during the wear test. Three replicates
of each sample were tested, and the average COF value was
reported as the final result.

2.6. Characterizations

Samples were grounded using 200, 400, 800, 1000, and
2500-grit sandpapers, and then they were polished by alu-
mina suspension to obtain a mirror-like surface. The samples
were etched by a solution of 10 mL nitric acid, 10 mL deion-
ized water, and 75 mL ethanol for 20 s. The microstructure of
the samples was studied using scanning electron microscopy
(SEM) Philips (model PW1800, Netherlands) equipped with
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Fig. 3. Density and porosity of the samples containing different B4C con-
tents.

energy-dispersive X-ray spectroscopy (EDS). The grain size
was calculated by the linear intercept method based on three
metallography images with different magnifications to im-
prove the precision of the data.

3. Results and discussion
3.1. Density

Fig. 3 demonstrates variations of density and porosity for
the samples. An increase was evident in the bulk density by
increasing B4C content, which implied the strong bonding
between ceramic particles and the alloy matrix. This increase
was also attributed to the higher density of B4C compared
to that of the matrix. The porosity of composite samples
remained almost constant by increasing B4C content up to
10 wt.%. This trend could be related to the uniform distribu-
tion of the B4C particles in the matrix caused by the shearing
of the melt during the stirring process [40]. It can be con-
cluded that the formation of an efficient bonding between the
particles and the matrix, proper wettability of the particles
by the melt, and suitable reinforcement distribution led to a
reduction in the porosity. According to Fig. 4, the microstruc-
tural characterizations confirmed that a proper adhesion be-
tween the ceramic particles and the matrix was achieved due
to the good wettability between them. It was also observed
that sample 20 wt.% B4C/AZ31 had a higher porosity. Uni-
form dispersion of B4C in the matrix is a major benefit in the
manufacturing of MMCs. A recent investigation in this field
has reported that the agglomeration phenomenon can become
dominant and exacerbate the porosity for composites contain-
ing ceramic particle higher than 10 wt.% [41]. Although all
pores cannot be eliminated, they can be efficiently controlled
by adjusting the casting parameters, namely stirring condi-
tions, pouring method, and casting atmosphere neutralization
[40].
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Fig. 4. SEM micrographs of the as-cast samples with different B4C contents: (a) unreinforced alloy, (b) 5% B4C/AZ31, (c) 10% B4C/AZ31, and (d) 20%
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Fig. 5. Microhardness variation of the samples containing different B4C con-
centrations before and after the ageing treatment.

3.2. Microhardness measurement

The microhardness of the samples with various weight per-
centages of B4C is shown in Fig. 5. As can be seen, the micro-
hardness of the samples was increased by elevating the B4C
content. The increase in the hardness was attributed to the

presence of B4C particles due to three possible strengthening
mechanisms. First, an increase in the strength was due to the
effective load transfer from the matrix to the reinforcement, in
which the effect of microparticles is more noticeable to that
of submicron particles. Second, an increase in the strength
according to the Hall-Patch effect, which can be achieved
through the grain refinement, resulted from the presence of
particles. Moreover, by increasing the number of particles, the
inter-particle spacing is reduced. Accordingly, the elastically-
deformed regions around the ceramic particles are overlapped,
providing the required activation energy for the grain refine-
ment. During this mechanism, the presence of submicron par-
ticles is more effective in attaining a uniform distribution and
reduction of the inter-particle spacing (Fig. 4). This aim can
be achieved by the bimodal distribution of the B4C particles.
The bimodal distribution prevents the localized deformation
of the matrix surface during the test and refines matrix grain
size [42]. Localized deformation of composites and showed
that deformation in the composites with high volume fraction
of reinforcement was highly localized, which is due to clus-
tering and agglomeration. They reported that the slip lines
initiated in regions containing many clusters of SiC particles.
Then, the slip lines spread from one cluster region to another,
while the deformation remains almost zero in other samples.
Moreover, in general, it should be said that by increasing the
volume fraction of reinforcement, the strength of the mate-
rial increased, and it is less prone to plastic deformation. To
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clarify the reason for the initiation of the plastic deformation
in the clustered regions, deformation compatibility of inho-
mogeneous (clustering) distribution of reinforcement particles
should be considered. The reason can be related to the higher
stiffness of the clusters, which bear higher loading than the
rest of the matrix to satisfy the deformation compatibility.
On the other hand, the local volume fraction is higher in the
clusters; thus for the same extent of deformation, more slip
systems must be activated in the matrix. When the effective
plastic strain diverges at various locations of the matrix, the
total applied strain reaches zero, indicating the existence of
a large gradient of plastic deformation in the matrix, which
is due to primary residual thermal stresses [43]. Third, an
increase in the hardness can be related to the presence of
hard B4C particles in the soft Mg matrix. The difference in
the thermal expansion coefficients of the reinforcement par-
ticles and the matrix can lead to the formation of mismatch
dislocations that improve the strength of the matrix up to the
plastic level and increase the hardness [16,44]. In this mecha-
nism, the presence of both particle types can also be effective
due to the increase in the dislocation density in the matrix
[13]. Here, the density increase contributed to the increase in
the hardness. By increasing the reinforcement content up to
20 wt.%, the hardness value was increased up to 68.50 HV.
Although the hardness was improved by rising the B4C con-
tent for all the samples, the increasing rate of the hardness
was lowered when the reinforcement content increased from
10 to 20 wt.%. The reduction in the hardness rate was credited
to the agglomeration of B4C particles, which led to a decrease
in densification and hardness deterioration [14]. In this study,
the reduction in the hardness rate due to the agglomeration
was low, indicating the successful compensation of the mech-
anisms of grain refinement, mismatch dislocations, and load
transfer for hardness. It was revealed that the microhardness
of the aged composite samples was slightly higher than those
of as-cast ones, which might be related to two factors; first,
activation of the Orowan mechanism due to the presence of
precipitations acting as barriers to the dislocation movement,
and second dynamic recrystallization and grain refining phe-
nomena during the ageing process [45]. It has been reported
that the existence of the reinforcement in the matrix assists the
precipitation nucleation at the early stages of dynamic recrys-
tallization and declines the average grain size of the matrix
[46]. Overall, the most common recrystallization mechanism
in Mg alloys is continuous dynamic recrystallization, which
declines the grain size during ageing treatment [47]. This phe-
nomenon also results in increase in the precipitation content,
which are dissolved during solid solution, re-dispersed along
the grain boundaries, and prevent the grain coarsening, lead-
ing to improvement of the mechanical properties via dynamic
Hall-Petch effect [48].

3.3. Microstructure evaluation
Fig. 4a demonstrates the microstructure of the unreinforced

AZ31 alloy. Dark and bright regions in the figure represent
primary o-phase grains and B-phases, respectively. As de-
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Fig. 6. SEM micrograph of aged unreinforced alloy indicating the presence
of the precipitations with dendritic morphology.

scribed in earlier studies, the B-phase locating at the grain
boundaries consists of Mg;7Al;; compound [49,50]. More-
over, n-phase particles with AlgMns composition are present
in both inter-dendritic regions and «-phase grains, which is
due to the presence of 0.2 wt.% Mn. Since mechanical stir-
ring has been utilized, this phase formed a continuous net-
work through the microstructure [49,51]. As demonstrated in
Fig. 4b-d, a bimodal distribution of B4C particles is evident
in the samples, which are mostly distributed in the «-phase.
Figs 4c and d display the effect of B4C content on the aver-
age grain size of the B4C/AZ31 composites. It is noticeable
that the addition of B4C causes a decline in the grain size
to 5 pm. In fact, the grain size was reduced by enhancing
the B4C content. The grain refinement is ascribed to the dis-
tribution of B4C particles in the microstructure, pinning the
grain boundaries and resulting in heterogeneous nucleation of
precipitations. Moreover, it is evident that the grains around
the B4C microparticles are finer than those around the sub-
micron B4C particles. It can be deduced that B4C micropar-
ticles were more efficient in grain refinement in comparison
to the submicron B4C particles. In addition, it was observed
that B4C microparticles were mainly distributed in the grain
boundaries, while B4C nanoparticles were both distributed in
the grain boundaries and inside the grains.

Fig. 6 and 7 show the SEM micrographs of the unrein-
forced alloy and 10 wt.% B4C/AZ31 composite samples after
ageing treatment, respectively. According to Fig. 6, the mi-
crostructure of the unreinforced AZ31 alloy mostly consists
of MgZn (spot A in Fig. 6), Mg, Al; (B in Fig. 6), Mg;7Al;»
(C in Fig. 6), and Al4Mn (D in Fig. 6) compounds, which
was approved by EDS analysis. In the present research, the
compounds were uniformly distributed in the samples. The
n-phase precipitations were formed continuously and discon-
tinuously at the grain boundaries. The precipitations marked
in Fig. 6 had a dendritic morphology. The buildup of the so-
lute phases and high temperature of the interface could cause
conditions in which the melt was super-cooled in the solidi-
fication front. During these conditions, the interface became
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Fig. 7. SEM micrographs of the aged sample 10% B4C/AZ31 with different magnifications.

unstable that resulted in dendritic solidification. Because of
interface instability, the dendrites tended to branch. The pre-
cipitations were concentrated by the addition of B4C particles
at the grain boundaries. For the as-cast 20 wt.% B4C/AZ31
composite sample, the Mg;7Al;; compound was diffused or
dissolved in the matrix, which left behind shallow pores at the
grain boundaries. These pores were also noticeable in sam-
ple 20 wt.% B4C/AZ3 approving the results discussed in the
porosity section.

By comparing Figs. 4 and 7, it can be said that ageing af-
fects the diffusion and phase-generation processes in the ma-
trix. It is evident that the 8-Mg;7Al;, phase was entirely dis-
solved, and instead, a granular intermetallic phase was formed
close to the grains and at grain boundaries. The improvement
in the mechanical strength was generally caused by the for-
mation of thermodynamically stable phases, grain refinement,
and diffusion of §-Mgi;Alj;. EDS elemental analysis of A
and B regions supported the presence of Mg, Als and AlsMnjs
compounds.

3.4. Wear rate

Contour plots of volumetric wear rate were developed for
aged samples to facilitate the determination of sliding speed
and applied load parameters (Fig. 8). The data uncertainty
was represented by the error bars, which was lower than 3%.
Besides, by plotting the contour maps, the zones where B4C
particles improved the wear behaviour of the composites were
easily determined. B4C particles could pin the grain bound-
aries and prevent the grain boundary sliding. The reinforce-
ment particles acted as a bonding agent in the matrix and im-
proved the wear resistance. The wear behaviour of materials
resulted from different parameters, including grain refinement,
porosity, strength, and hardness. The reduction in weight loss
was related to the addition of B4C particles, which enhanced
the strength and hardness of the composite samples. At all
sliding speeds, a similar trend was detected (Fig. 8a-c). With
increasing the load for both unreinforced and composite sam-
ples, the volumetric wear rate increased that could be pre-
dictable by Archard’s law; however, decreases in the wear

rate were detected under certain conditions. According to Ar-
chard’s law, the weight and volumetric loss for all samples
declined with increasing the hardness (Figs. 4 and 2). The
wear rate of the composite containing 20 wt% B4C differed
slightly with respect to other samples. The composite sam-
ples showed lower hardness through the initial stage of slid-
ing wear compared with the subsequent stages because after
a certain sliding distance, the composites were subjected to
strain hardening under the applied load during the continuous
sliding [52]. As can be seen, no rapid change in the wear
behaviour is observed in the graph. The graphs of volumetric
wear rate after the dry sliding test as a function of B4C con-
tent are shown in Fig. 8b-d. Their trends were similar to that
of dry sliding tests showing the reduction of wear rate during
the tests. This phenomenon was related to surface plastic de-
formation. Furthermore, it was observed that regardless of the
test speed, the wear rate of the sample 20 wt.% B4C/AZ31
was higher than that of the unreinforced sample under el-
evated loadings. Arrows on the contour maps of the wear
rates show the zones where the reinforcement particles dete-
riorate the wear resistance (Fig. 8b and c). The most signifi-
cant dissimilarity was seen over the speed range of 0.6—1 m/s
(Fig. 8d). Hence, the presence of B4C particles deteriorated
the wear resistance of AZ31 alloy at elevated loadings. How-
ever, under low loadings (10—40 N), B4C reinforcement en-
hanced the wear resistance in comparison to the unreinforced
AZ31 alloy at nearly all speeds (Fig. 8a and d). Over the
speed range of 0.1-0.5 m/s, the increase in the B4C content of
the composite samples appeared to be beneficial to the wear
resistance. For example, the wear rates of samples 10 wt.%
B4C/AZ31 and 5 wt.% B4C/AZ31 reduced by “30% and “10%
compared to unreinforced alloy, respectively. Nonetheless, un-
der lower loadings, the dissimilarity of the wear rates was not
significant.

The maximum wear rate was attained under high loadings
for all sliding speeds, but it decreased when the sliding speed
was decreased for composite samples. It was deduced that the
dependence of the wear rate on the sliding speed was more
notable under lower loadings.
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Fig. 8. Contour plots of volumetric wear rates (mm3/Nm) of the samples with different B4C contents: (a) unreinforced alloy, (b) 5% B4C/AZ31, (c) 10%

B4C/AZ31, and (d) 20% B4C/AZ31.

3.5. Friction coefficient

Graphs of friction coefficient as a function of sliding speed
are shown in Fig. 9. It was found that the friction coefficient
of the unreinforced alloy was much lower than that of the
composite samples. Additionally, sample 20 wt.% B4C/AZ31
had the highest friction coefficient. All the friction coefficients
were lower than 0.75, and in most cases, they were below 0.5.
The friction coefficient was unsteady under low loadings up
to 40 and 20 N for the unreinforced and the composite sam-
ples, respectively. On the other side, in the mentioned load-
ing ranges, by elevating the applied load, the coefficient was
slightly decreased, stabilized, and almost independent of the
sliding speed. Similarly, the composite samples with higher
reinforcement contents showed higher friction coefficients. It
can be concluded that different wear mechanisms were dom-
inant for different test conditions and various reinforcement
contents. The composites containing high reinforcement con-
tents showed a more stable friction coefficient, which was at-
tributed to the wear behaviour of B4C particles. However, the
decrease in the friction coefficient of aged composite samples
was due to the formation of the Mg, Al;; phase that amelio-
rates the wear resistance. Indeed less ploughing grooves cased
impede the wear process, which decreases in friction coeffi-
cient [53]. Regarding Ramezani and Ripin’s friction model

[54], the coefficient of friction can be determined via calcu-
lating F¢/F,. The friction force was directly associated with
the friction coefficient under similar loading conditions. Con-
sequently, it could be concluded that wear resistance was re-
lated to the friction coefficient.

3.6. Worn surface

Fig. 10a and b reveal the worn surfaces of the unrein-
forced and 10 wt.% B4C/AZ31 samples at a speed of 0.1 m/s,
and loading of 10 N. In both images, grooves parallel to the
sliding direction are evident, which is a characteristic of the
abrasive wear. This mechanism was detected at low loadings
and all sliding distances for all samples. These grooves were
normally caused by the hard counterface that has ploughed
the soft surface of the samples. The material surface was re-
moved during this mechanism, and the mentioned grooves
were formed at the surface. A similar case can be observed
for samples containing 5 and 20 wt.% B4C. The abrasion
mechanism was more evident in the unreinforced sample so
that the formed grooves were more severe than those of the
composite samples (Fig. 10b). In fact, by increasing the B4C
content, the abrasion mechanism was delayed.

Fig. 10c and d show the worn surfaces of the unreinforced
and 10 wt.% B4C/AZ31 samples at the speed of 1 m/s, and
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Fig. 9. Friction coefficient variations vs. loading for samples with different B4C contents at: (a) 0.1 m/s, (b) 0.3 m/s, (¢c) 0.7 m/s, and (d) 1 m/s.

load of 10 N. As can be seen, a thin layer of oxide is formed
almost everywhere on the surface of the unreinforced sam-
ple. The presence of the compact oxide layer on the surface
leads to the improvement of the wear-resistant. The oxygen
concentration of the abraded surfaces confirms the domina-
tion of the oxidative wear (Fig. 10I). In addition, SEM and
EDS analyses of the worn surface approved the occurrence
of severe oxidization. This phenomenon comes back to the
generated heat during the sliding that led to the surface oxi-
dation. Thereafter, the wear occurred due to the elimination of
the oxidized fragments (Fig. 10e). In some conditions, the de-
tached oxide particles filled the voids, mixed with the surface
composition, and formed a protective oxide layer during the
wear test, known as MML [55,56]. The formation of this ox-
ide layer during the wear test prevented the contact of the pin
and sample, and as a consequence, the wear rates decrease.
The MML reduced the friction coefficient, which is evident
in Fig. 9d. In previous works, it is reported that Mg alloys are
susceptible to oxidation, and this tendency affects their wear
rates [40]. In this research, during continuous sliding, the brit-
tle layer composing of MgO and/or Mg, Al,O4 was fractured
and formed fragments and a protective oxide layer on the sur-

face of the alloy, which prevented the sliding surfaces from
metal-to-metal contact during sliding. By comparing the wear
rates of the unreinforced alloy and composite samples at the
sliding speed of 1 m/s and loading of 60 and 80 N, it was
revealed that the composite samples had a lower value. For
composite samples under these conditions, oxidative wear was
the dominant mechanism, and the formed oxide layer lowered
the wear rate. Besides, this phenomenon occurred for the un-
reinforced alloy, which had a low wear rate. This could be
related to two factors; (i) removal of the formed oxide layer
of the unreinforced alloy due to low strength, (ii) exposure
of a new surface to the wear and oxidation. In fact, oxida-
tion of the new surface increases the wear rate. Moreover,
the difference in the oxide layer types in the composite and
unreinforced samples resulted in a higher wear resistance in
the composite samples. Since the wear rate was low during
the oxidative wear, this mechanism was considered as mild
wear that could be dependant on the thickness of the ox-
ide layer. The SEM micrographs showed bright regions on
the surface, which were fully covered by an oxide layer. The
EDS results in Fig. 10 IT demonstrate the strong peaks of oxy-
gen and magnesium. Mild wear conditions resulted from the
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Fig. 10. SEM micrographs and EDS analyses of the worn surfaces of samples with different B4C contents at various wear conditions: (a) unreinforced alloy
at 0.1 m/s under 10 N, (b) 10% B4C/AZ31 at 0.1 m/s under 10 N, (c) unreinforced alloy at 1 m/s under 10 N, (d) and (e) 10% B4C/AZ31 at 1 m/s under
10 N, (f) unreinforced alloy at 0.1 m/s under 80 N, (g) 10% B4C/AZ31 at 0.1 m/s under 80 N, (h) unreinforced alloy at 1 m/s under 80 N, (i) 5% B4C/AZ31

at 1 m/s under 80 N, and (j) 10% B4C/AZ31 at 1 m/s under 80 N.

protection of the sliding surface by a thick oxide layer that
caused low wear rates [57]. Lim and Ashbay [58] suggested
that a threshold velocity must be maintained until the sur-
face heat generated a proper protective oxide film. Moreover,
they stated that to maintain the protective film, the exposed
sample must provide adequate physical support and oxidative
wear was the dominant mechanism for narrow ranges of load

10

and speed, where the oxidation layer was removed under se-
vere conditions. Unlike the stated results of Lim and Ashby
[58], the oxide layers were wider in the present investigation.

Fig. 10f demonstrates the worn surface of the unreinforced
sample under the load of 80 N and speed of 0.1 m/s, which
represents the delamination mechanism. When delamination is
the dominant mechanism, the worn surface is detached in the
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form of layers. This is caused by the nucleation of cracks per-
pendicular to the sliding direction and growth of subsurface
cracks during the wear process that leads to the delamination.
The propagation of the subsurface cracks shears the surface,
which results in the removal of flakes and laminates by coa-
lescence of the cavities and formation of tunnels underneath
the worn surface [49]. It was observed that the detachment
of flakes formed cracks perpendicular to the sliding direction.
The dimensions of the laminates varied from 50 to 300 nm.
Severe deformation of the flaky wear debris left shallow cav-
ities on the surface (Fig. 10f). As it was apparent, the width
of the formed grooves varied from 20 up to 200 pm.

For sample 10 wt.% B4C/AZ31, numerous flakes and chips
were observed on the surface (Fig. 10g). The induced fatigue
during the sliding resulted in the deformation of the subsur-
face, nucleation of cracks, and crack propagation. In fact, the
elevation of the applied load promoted the process and led
to delamination wear. For all composite samples, it was de-
termined that under high loadings (40-80 N) and low speeds
(0.1-0.3 m/s), the delamination occurred simultaneously with
an abrasion mechanism. However, this loading range was nar-
rower for sample 20 wt.% B4C/AZ31 (at the speeds of 0.1
and 0.5 m/s and loadings of 60-80 N). The ceramic/matrix
interface contributed to void nucleation by providing preferen-
tial paths for crack propagation [59]. In addition, it was found
that in comparison with the unreinforced alloy, the wear rate
of the composite samples at the sliding speed of 0.1 m/s and
loading of 80 N was higher. This discrepancy indicated that in
the composites, the dominant wear mechanism changed from
abrasion to delamination wear. This finding was consistent
with earlier previous studies [18,31], which reported the de-
structive effect of particulate reinforcement on strength in the
delamination mechanism. Fig. 10g demonstrates the delami-
nation of composite samples, which represents mild wear con-
ditions. Under constant loading conditions, a transition from
abrasion to delamination mechanism was detected in the wear
behaviour. The most important factor, which determined the
wear mechanism was the temperature elevation of the contact
surfaces. Indeed, the increase in temperature led to softening
and adhesion of the surface roughness. On the other hand, no
adhesion was observed on the counterface. For this reason,
the abrasive debris accumulated on the contact surface dur-
ing the continuous sliding, which resulted in crack nucleation
beneath the surface and separation of the laminates [40,49].
After the delamination, the surface was oxidized due to the
exposure of the fresh surface to the atmosphere.

Fig. 10h shows that the dominant wear mechanism at high
speeds and loadings is plastic deformation for the unrein-
forced sample. This finding was in agreement with previous
reports on other Mg alloys [49]. In these circumstances, lo-
cal melting of low-melting-temperature phases of the matrix
and/or severe plastic deformation induced by thermal soft-
ening could occur. According to this figure, the oxides and
grooves caused by the abrasion mechanism could not be ob-
served because of the severe surface deformation. Another
evidence to confirm the dominant mechanism (plastic defor-
mation) was the small amount of detached debris. In fact, dur-
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ing the plastic deformation, high loadings and sliding speeds
enhance the temperature of the sample and the pin, which
leads to the melting of the Mg alloy matrix [33].

On the other hand, as shown in Fig. 10i, the deformation
extensively damages the surface under the loading conditions
for 5 wt.% B4C/AZ31 sample. This damage demonstrates that
the transition from the delamination to the plastic deforma-
tion wear mechanism occurred by increasing the sliding speed
under high loadings. This transition (mild to severe wear)
took place mainly owing to the increase in surface roughness,
while the reason for the plastic deformation was temperature
elevation at the steel counterface/sample interface [60]. With
the temperature elevation, the strength of the samples was de-
clined, and consequently, the surface was more susceptible to
plastic deformation [33].

The wear rate of the 10 wt.% B4C/AZ31composite showed
that the B4C particles in the Mg alloys were beneficial to
wear resistance. The presence of particles with bimodal dis-
tribution in the Mg matrix prevented the thermal softening
of the composite. In fact, the presence of B4C particles and
precipitations caused the formation of geometrically neces-
sary dislocations in the matrix during the cooling stage of
the casting and ageing process. Consequently, it improved
the strength, which resulted in the reduction of the plastic
deformation during the wear test (Fig. 10j). Furthermore, it
can be said that the presence of ceramic particles hindered
the effect of the temperature elevation on the wear mecha-
nism during the test. Additionally, no crack, which could be
nucleated due to the loading force, was evident. It can be
concluded that the composites strengthened by B4C particles
exhibit higher delamination resistance.

Fig. 11 indicates that at high speeds and loadings, the dom-
inant wear mechanism is abrasion for the 20 wt.% B4C/AZ31
composite. Hence, the wear rate of 20 wt.% B4C/AZ31 com-
posite was higher than that of the unreinforced alloy under
the most severe conditions. In these conditions, the wear resis-
tance of this composite sample was not improved. This could
be described by the high ductility of the unreinforced AZ31
alloys. Since a broad area of the surface was worn without
cracks, the plastic deformation was considered as a severe
wear mechanism. Achieving a homogeneous distribution of
the particles during the preparation was desirable for obtain-
ing high wear resistance. Nevertheless, a few reinforcement
particles agglomerated in the matrix, which was attributed
to the abrasive wear mechanism. In this mechanism, due to
wedging and ploughing of the steel pin, fine particles were
formed, or the debris were removed from the surface, and
the particles adhered to the contact surface [40,61]. Wider
grooves and scratches could be intensified by abrading using
low hardness materials. The grooves were evident at the cen-
tre of the abrasive wear area (Fig. 11b). Generally, when a
hard material slides over a soft surface, the surface rough-
ness acts as an abrader, and the process is called two-body
abrasion. But, when particles, which are sufficiently hard to
abrade one or both surfaces, are trapped between the con-
tact surfaces, the phenomenon is called three-body abrasion.
This wear mechanism can be active at wear loading condi-
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Fig. 11. SEM micrographs of the worn surfaces of 20% B4C/AZ31 sample with different magnifications.

tions and can occur simultaneously with other mechanisms
[62,63]. This behaviour can be attributed to the entrapment
of the separated and fractured ceramic particles at the slid-
ing interface, which contributes to the abrasive wear. This is
consistent with the reports of Kwok and Lim [64] for Al/SiC
composites. The presence of debris particles with elongated
form in Fig. 10c, confirmed the domination of the abrasion
wear mechanism.

By evaluating the parameters of wear rate, friction coeffi-
cient and observing the SEM micrographs of the worn sur-
faces, the wear mechanism maps were constructed for each
sample (Fig. 12). As can be seen in the figure, the domi-
nant mechanism in each region is defined, and the bound-
aries represent the transitions. Thus, regardless of the low
sliding speed and low loadings, abrasive wear was the dom-
inant mechanism for all the samples. Nevertheless, an in-
crease in the applied load resulted in the domination of oxida-
tive wear. At low-speed regimes, by increasing the loading,
fatigue-induced surficial cracks and separated or delaminated
the material; therefore, the wear rate increased and caused
a transition from abrasive wear to delamination mechanism.
For the unreinforced alloy, this transition occurred at loadings
higher than 80 N. But in the composites, higher speeds and
loadings were required for shifting the mechanism to the de-
lamination wear. For the 5 wt.% B4C/AZ31 composite, it was
revealed that at low sliding speeds, the transition occurred at
loadings higher than 150 N. As a matter of fact, when the
B4C content was increased to 10 wt.% in the composite, an
increase in both sliding speed and the loading was necessary
for the transition. It should be noted that, under high loadings;
(i) the oxide layer was formed on the surface of the compos-
ites, acting as a protecting layer and hindering the transition
from the oxidative and abrasive wear to delamination mech-
anism, and (ii) the B4C particles successfully improved the
mechanical properties of the Mg alloy matrix.

Additionally, high B4C contents in the composite (10 wt.%
B4C/AZ31) led to the formation of a more compact oxide
layer, protecting the surface from metallic wear up to 80 N
at low speeds. Thus, higher speeds were required to change
the wear mechanism, where delamination was the dominant

12

wear mechanism for the composites and the unreinforced al-
loy (Fig. 12c). The wear rates of the composite samples were
generally lower than that of the unreinforced alloy. The el-
evated wear rates were observed in Fig. 2c and Fig. 2d for
the composites when the loading was more than 80 N at the
sliding speeds of 0.5 m/s and 1 m/s, respectively. A gradual
transition from delamination to plastic deformation occurred
for the composite samples under these intense conditions.
To evaluate the effect of the microstructure on the wear
behaviour of the unreinforced alloy, the obtained wear mech-
anism map was compared with the results of Chen et al.
[34] for a dendritic AZ91 Mg alloy under similar loading
and speed ranges. They also described two different wear be-
haviours for the samples; mild wear behaviour, characterized
by oxidative and delamination mechanisms, and severe wear
behaviour, which was identified by plastic deformation. They
constructed a wear transition map, which was consistent with
the attained results of this study on AZ91 alloy. This con-
firmed that the wear parameters had a stronger influence on
the wear behaviour in comparison with the microstructure that
might be owing to the role of the B4C/matrix interface that
could facilitate the nucleation and propagation of cracks.

4. Conclusions

In this investigation, unreinforced AZ31 Mg alloy and
AZ31 matrix composites reinforced by bimodal size B4C par-
ticles were prepared using a stir casting technique followed
by precipitation hardening treatment. Thereafter, the effect
of B4C content on the microhardness, dry sliding wear be-
haviour, and microstructure of the samples was studied. Based
on the results, the following conclusions can be drawn:

1. Uniform dispersion of bimodal size B4C particles in the
AZ31 matrix can be successfully obtained via the stir cast-
ing method. The porosity of the B4C/AZ31 composites was
slightly increased by enhancing the B4C content.

2. The Microhardness of the composites was increased by en-
hancing the B4C content for all the samples. After 10 h
of age hardening, the hardness of all composites was in-
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creased as a consequence of the homogeneous distribution
of the reinforcement particles.

. The addition of B4C particles to the AZ31 matrix caused
a considerable decrease in the wear rate.

. The oxidative wear mechanism was dominant at low load-
ings (1040 N) and high speeds. Oxidative wear was ob-
served more frequently for the composite samples, which
had a protective oxide layer and a minimum wear rate of
0.013 mm?/Nm for sample 10 wt.% B4C.

. The lowest coefficient of friction (0.3) was observed for
the composite samples for 10 wt.% B4C at the speed of
1 mf/s.

. By increasing the load, the plastic deformation was dom-
inant due to the elevation of the frictional heating that
resulted in the surface melting.

. At low speeds and under low loadings, the abrasive wear
was dominant, while by increasing the load, delamination
was dominant. This behaviour was similar to that of AZ31
alloys and implied the insignificant effect of microstructure
on the wear conditions.

. A delay was detected for the transition to delamination
wear mechanism when the B4C content was increased
(sample 10 wt.% B4C/AZ31).

Fig. 12. Wear mechanism maps for samples with different B4C contents: (a)
B4C/AZ31.

Sliding speed (m/s)

unreinforced alloy, (b) 5% B4C/AZ31, (c) 10% B4C/AZ31, and (d) 20%

9. Under the most intense conditions (sliding speed of 0.5-

1 m/s and loadings of 60—80 N), the dominant mechanism
was abrasive wear for the sample containing 20 wt% B,4C.

All in all, it can be concluded that under these circum-

stances, the presence of B4C particles did not improve the
wear resistance of composite samples.
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