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Abstract 

This study investigated dry sliding wear properties of AZ31 magnesium alloy and B 4 C-reinforced AZ31 composites containing 5, 10, and 
20 wt.% B 4 C 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 4 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.% B 4 C had a 
significantly higher wear resistance in all the conditions. However, 20 wt.% B 4 C/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. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: B 4 C; AZ31 alloy; Metal matrix composite; Wear mechanism; Bimodal. 
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. Introduction 

Currently, to meet lightweight standards, the development 
f high strength-to-weight ratio materials is inevitable, which 

lays a significant role in energy saving for structural appli- 
ations. Mg alloys can be an alternative to the conventional 
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ue to their unique properties, namely high specific ductility, 
ow density, and great shock absorption [1–3] . Nevertheless, 
ow mechanical properties of Mg alloys, especially low wear 
esistance, can be a restriction for being used in industrial 
pplications [4] , which is critical in automotive and aircraft 
ngine components [5 , 6] . Compositing is an efficient method 

o develop the mechanical and wear properties of Mg alloys. 
n the meantime, their reinforcement selection is the most im- 
ortant factor in the composite preparation process along with 
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 

, Tribological behaviour of AZ31 magnesium alloy reinforced by bimodal 
// doi.org/ 10.1016/ j.jma.2021.05.016 

http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2021.05.016
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:morteza.tayebi@srbiau.ac.ir
mailto:m.tayebi@stu.sku.ac.ir
https://doi.org/10.1016/j.jma.2021.05.016
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jma.2021.05.016


S.K. Moheimani, A. Keshtgar, S. Khademzadeh et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; July 26, 2021;4:38 ] 

t
t
c
f
e
a
a
p

p
i
p
a
i
S
c
i
M
p
f
w
r
i
i
s
p
r
l
i
h
w
b
b
t
b
g
s
[

o
s
M  

A  

r
a
B
M
s
n

s
e
2
I
v
s
t

M
p
i
b
t
t
c
i
p
g
r
u
r
s
B
s
p
t
s
c
v
w
[
e
p
i
i
w

s
c
w
c
fi
r
o

s
u
p
b
a
w
i
d
d
B
m
d
t
o
a
c
m
m
v

he evolution of the microstructure and reinforcement distribu- 
ion in the matrix [7 , 8] . However, tribological properties of the 
omposites are also highly dependant on the matrix and rein- 
orcement materials (size, shape, content, and distributions), 
xperimental conditions (loading, environment, sliding speed, 
nd sliding distance) and surficial conditions (e.g. roughness 
nd hardness) [5 , 9] . The description of the aforementioned 

arameters is brought in details in a previous study [5] . 
Particle-reinforced metal-matrix composites (MMCs) dis- 

lay great mechanical and wear properties compared to unre- 
nforced metals due to the existence of hard reinforcement 
articles in them, protecting the material from continuous 
brasion during tribo-contacts [9–11] . Results of an earlier 
nvestigation have shown that although the addition of the 
iC microparticles to Mg matrixes leads to improved me- 
hanical properties, homogenous distribution is not attained 

n the matrix. Different factors affect the wear resistance of 
MCs, amongst which some are well-known. For instance, 

article size has been stated to have conflicting results. A 

ew studies have claimed that fine-sized particles enhance 
ear resistance by increasing the composite strength. Such 

eports concern mechanisms such as dislocation strengthen- 
ng, Orowan strengthening, and grain refinement strengthen- 
ng. An improvement in the friction can also be seen as a re- 
ult of more particle/counterface contacts. Other studies have 
roposed that large reinforcement sizes can increase the wear 
esistance through deep embedment in the matrix and improve 
oad-bearing capacity [12] . Based on the mentioned findings, 
t can be concluded that both fine and coarse particles can 

ave positive effects on the improvement of the friction and 

ear resistance of MMCs. Thus, composites reinforced by 

imodal size particles are expected to have a combination of 
oth particle types. Fine (submicron-scale) and coarse par- 
icles (micron-scale) in the matrixes assist grain refinement 
y stimulating dynamic recrystallization and nucleation, and 

rain boundary pinning during the mechanical processes, re- 
pectively. Thus significant strengthening has been achieved 

13] . 
An increase in the particle content results in the devel- 

pment of the wear resistance of MMCs by inter-particle 
pacing on the tribological properties of the composites [1] . 

icro/nano-scaled particles of SiC [7 , 8 , 14 , 15] , B 4 C [16–18] ,
l 2 O 3 [5 , 10] , and CNT [19] are typically employed as the

einforcement particles which improve the hardness, strength 

nd elastic modulus of the composites [1 , 2] . Amongst them, 
 4 C is a more suitable alternative for the improvement of 
MCs properties such as high melting point, high thermal 

tability, excellent abrasion resistance, high hardness, great 
eutron absorption, and low density [16 , 17] . 

In addition, B 4 C density is 2.52 g/cm 

3 , whereas Mg den- 
ity is 1.74 g/cm 

3 . Hence, B 4 C/Mg composites are consid- 
red as lightweight materials with density values of around 

 g/cm 

3 even if 50 vol.% B 4 C particles are introduced [20] . 
t is worth noting that B 4 C/Mg composites containing a high 

olume fraction of ceramic particles show excellent wear re- 
istance that can have a great potential for aerospace applica- 
ions. 
2 
Several methods have been employed for the preparation of 
g-matrix composites, including powder metallurgy [21 , 22] , 

ressureless infiltration [23] , stir casting, and squeeze cast- 
ng [1 , 2] . Powder metallurgy can offer homogeneous distri- 
ution of particles in the matrix, resulting in a low reaction of 
he matrix and reinforcement [16] . Recently, researchers have 
ried many other techniques for uniform distribution of parti- 
les, including high energy ball milling, friction stir process- 
ng, squeeze casting, spread dispersion method, and spray de- 
osition. Amongst these techniques, stir casting has attracted 

reat attention due to its simplicity, uniform distribution of 
einforcement, and ability to prepare complex-shaped prod- 
cts. Only few investigations were carried out on the prepa- 
ation of B 4 C/Mg composites using stir casting [24 , 25] . But, 
everal studies have been carried out on the preparation of 
 4 C/Mg composites via other techniques [20 , 26–29] . For in- 

tance, Ghasali et al. [30] fabricated 5 wt.% B 4 C/Mg com- 
osites by spark plasma sintering process and investigated 

he hardness and bending strength of the composites. They 

tated that although the strength and hardness of the prepared 

omposites were improved compared with those fabricated 

ia conventional methods, brittle phases of MgB 2 and Mg 2 C 3 

ere formed in the microstructure. Additionally, Jiang et al. 
28] prepared B 4 C/Mg composites by powder metallurgy and 

valuated their wear behaviour. They reported that the wear 
roperties of the reinforced samples were improved, respect- 
ng the unreinforced samples. However, they did not exam- 
ne extensive conditions to obtain detailed information on the 
ear mechanisms. 
There are numerous investigations in the literature on the 

liding wear behaviour of the dendritic Mg alloys and their 
omposites. For instance, Somekawa et al. [31] evaluated the 
ear behaviour and the microstructural evolution of commer- 

ially pure Mg and Mg–Y alloys during the wear tests. Their 
ndings revealed that the wear rate of Mg alloys was supe- 
ior to that of pure one, which was related to the formation 

f { 10 ̄1 2} twinning. 
Surface treatment techniques such as physical vapour depo- 

ition and plasma electrolytic oxidation have been frequently 

sed to enhance the wear properties of Mg alloys and com- 
osites [32] . The effect of the addition of oxide and carbide- 
ased reinforcements on the wear behaviour of Mg materi- 
ls was also investigated [33] . Chen et al. [34] reported two 

ear regimes for the as-cast AZ91 Mg alloy; the severe wear, 
n which severe plastic deformation and melt wear were the 
ominant mechanisms, and the mild wear regime, which was 
ominated by oxidation and delamination wear mechanisms. 
y studying the temperature of the contact surface of each 

aterial, they found that the equilibrium temperature could 

etermine the transition between the regimes. On the con- 
rary, Wang et al. [35] demonstrated that the mild wear regime 
ccurred during low loadings, irrespective of the test temper- 
ture. This can be attributed to the formation of a thick layer 
onsisting of Mg and MgAl 2 O 4 , known as the mechanical 
ixing layer (MML). Taltavull et al. [36] constructed a wear 
ap for AM60B Mg alloy at different loads (10–250 N) and 

arious 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. 
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Fig. 1. Schematic of the stir casting method employed for preparation of 
B 4 C/AZ31 composite samples. 
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ower loadings, the dominant wear mechanisms were oxida- 
ion, delamination, and adhesion, whereas, at higher loadings, 
he dominant wear mechanism was altered by severe plas- 
ic deformation. Moreover, the wear properties of AZ91alloy 

ere evaluated by Zafari et al. [37] . They determined the 
evere plastic deformation wear regimes for AZ91 alloy at 
ifferent loadings. Furthermore, their study demonstrated that 
he sample temperature was effective in the determination of 
he wear mechanism. In a similar vein, Lim et al. [33] in- 
estigated the wear behaviour of SiC-reinforced AZ91 alloy 

uring the dry sliding wear test. It was reported that the ad- 
ition of the reinforcement particles was only effective at low 

oadings. Habibnejad et al. [38] also compared the tribolog- 
cal behaviours of commercially pure Mg and AZ31 com- 
osites reinforced by Al 2 O 3 nanoparticles. It was shown that 
he wear rate declined with increasing the reinforcement con- 
ent. The improved wear behaviour was related to the com- 
osite strengthening mechanisms such as mismatch hardening 

echanism and the load-bearing ability of the hard ceramic 
articles. 

To the best of the authors’ knowledge, before the pub- 
ication date of the present paper, no comprehensive study 

n the literature has been conducted concerning the effect of 
icrostructure on the wear properties of B 4 C/Mg compos- 

tes prepared by stir casting in details. However, the field of 
ear behaviour of B 4 C/Mg composites still requires detailed 

nvestigation. For this reason, the current study focused on 

he wear properties of B 4 C/Mg composite samples prepared 

y stir casting. In addition, the dominant wear mechanisms 
ere also comparatively evaluated for both the unreinforced 

g and B 4 C-reinforced Mg composites. 

. Materials and method 

.1. Materials 

AZ31 magnesium alloy (Shandong Hongtai Science and 

echnology Co., Ltd., China) was selected as the B 4 C/AZ31 

omposites matrix, and its chemical composition is shown in 

able 1 . A mixture of bimodal B 4 C particles (Merck Co., 
ermany) with average diameters of 1 and 50 μm and the 

atio of 1:5 was added as the reinforcement. 

.2. Sample preparation 

The stir casting method was employed for the B 4 C/AZ31 

omposites preparation, as demonstrated in Fig. 1 . To obtain 

 uniform heat distribution, the furnace temperature was in- 
reased gradually from 100 to 780 °C. A gaseous mixture of 
arbon dioxide (CO 2 ) and sulfur fluoride (SF 6 ) was inserted 

nto the furnace at 300 °C to avoid burning, while argon gas 
3 
as injected at 600 °C to prevent oxidation. After stabiliza- 
ion at 780 °C for 20 min, the B 4 C particles were preheated 

t 200 °C and added to the melt via vortex method. For gain- 
ng a uniform distribution of B 4 C particles in the matrix, the 

elt was stirred at 350 rpm for 8 min. Finally, the melt was 
oured into a steel mould. Four types of composites with 0, 
, 10, and 20 wt.% B 4 C contents were prepared. The samples 
ere heated at 400 °C in an atmosphere-controlled furnace 

or 10 h to homogenize the chemical composition; then, they 

ere quenched in water and aged artificially at 175 °C for 
0 h. 

.3. Density 

The practical density was measured via the Archimedes 
rinciple. The theoretical density of the composite samples 
as determined by dividing the sample mass by its volume. 
he average theoretical density of each sample was calculated 

s a result. The porosity of the samples was measured using 

q. (1) [8] . 

 = 

[
1 − ρa 

ρt 

]
× 100 (1) 

here ρa and ρ t are the skeletal and apparent density values 
f the samples, respectively. Four samples of each composite 
ere tested, and the average value was reported as the final 

esult. 

.4. Hardness 

The microhardness of the samples was measured using 

 Vickers microhardness testing machine (Leitz, England) 
quipped with a diamond indenter. A 300-N load was ap- 
lied with a dwell time of 20 s. Five replicate measurements 
ere carried out, and the average value was reported as the 
icrohardness. 
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Fig. 2. Schematic of pin-on-disk configuration used for the sliding wear tests. 
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Fig. 3. Density and porosity of the samples containing different B 4 C con- 
tents. 

e
w
m
p

3

3

t
i
b
w
t
r
1
t
o
c
p
b
r
t
t
t
t
f
m
h
d
i
p
b
t
[

.5. Wear test 

Dry sliding wear tests were carried out using an AISI 
2,100 steel pin with a hardness of 45 HRC and pin- 
n-disk configuration at ambient temperature, as shown 

n Fig. 2 . Samples with dimensions of 35 mm ϕ × 5 mm 

ere utilized for the tests, and the steel pin had a 5 mm ef-
ective diameter. All tests were performed at the loadings of 
0, 20, 40, and 80 N, the sliding speeds of 0.1, 0.3, 0.7, and
 m/s, and the sliding distance of 1000 m. This sliding dis- 
ance was prolonged to 1000 m to ensure that the steady-state 
egime was reached. The surface of the samples was cleaned 

nd degreased by acetone in an ultrasonic bath for 5 min. The 
eight loss was determined by measuring the sample weight 
efore and after each test using a photoelectric weight bal- 
nce. The volume loss was also calculated by dividing the 
eight loss by the density of each sample. The wear rates 
f the samples were assessed by Archard’s law which can be 
xpressed as Eq. (2) [39] . 

V 

L 

= K 

(
F 

H 

)
= kF (2) 

here L is the sliding distance, V is the wear volume loss, F 

s the applied load, k is the specific wear rate, H is the hard-
ess, and K is the Archard’s constant. The average friction 

oefficient was also calculated for the wear distance. The ap- 
lied tangential force on the holder was determined, and the 
oefficient of friction (COF) was calculated based on a func- 
ion of the applied load. The perpendicular position of the 
older was monitored to observe the displacement caused by 

he material removal during the wear test. Three replicates 
f each sample were tested, and the average COF value was 
eported as the final result. 

.6. Characterizations 

Samples were grounded using 200, 400, 800, 1000, and 

500-grit sandpapers, and then they were polished by alu- 
ina suspension to obtain a mirror-like surface. The samples 
ere etched by a solution of 10 mL nitric acid, 10 mL deion- 

zed water, and 75 mL ethanol for 20 s. The microstructure of 
he samples was studied using scanning electron microscopy 

SEM) Philips (model PW1800, Netherlands) equipped with 
4 
nergy-dispersive X-ray spectroscopy (EDS). The grain size 
as calculated by the linear intercept method based on three 
etallography images with different magnifications to im- 

rove the precision of the data. 

. Results and discussion 

.1. Density 

Fig. 3 demonstrates variations of density and porosity for 
he samples. An increase was evident in the bulk density by 

ncreasing B 4 C content, which implied the strong bonding 

etween ceramic particles and the alloy matrix. This increase 
as also attributed to the higher density of B 4 C compared 

o that of the matrix. The porosity of composite samples 
emained almost constant by increasing B 4 C content up to 

0 wt.%. This trend could be related to the uniform distribu- 
ion of the B 4 C particles in the matrix caused by the shearing 

f the melt during the stirring process [40] . It can be con- 
luded that the formation of an efficient bonding between the 
articles and the matrix, proper wettability of the particles 
y the melt, and suitable reinforcement distribution led to a 
eduction in the porosity. According to Fig. 4 , the microstruc- 
ural characterizations confirmed that a proper adhesion be- 
ween the ceramic particles and the matrix was achieved due 
o the good wettability between them. It was also observed 

hat sample 20 wt.% B 4 C/AZ31 had a higher porosity. Uni- 
orm dispersion of B 4 C in the matrix is a major benefit in the 
anufacturing of MMCs. A recent investigation in this field 

as reported that the agglomeration phenomenon can become 
ominant and exacerbate the porosity for composites contain- 
ng ceramic particle higher than 10 wt.% [41] . Although all 
ores cannot be eliminated, they can be efficiently controlled 

y adjusting the casting parameters, namely stirring condi- 
ions, pouring method, and casting atmosphere neutralization 

40] . 
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Fig. 4. SEM micrographs of the as-cast samples with different B 4 C contents: (a) unreinforced alloy, (b) 5% B 4 C/AZ31, (c) 10% B 4 C/AZ31, and (d) 20% 

B 4 C/AZ31. 

Fig. 5. Microhardness variation of the samples containing different B 4 C con- 
centrations before and after the ageing treatment. 
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.2. Microhardness measurement 

The microhardness of the samples with various weight per- 
entages of B 4 C is shown in Fig. 5 . As can be seen, the micro-
ardness of the samples was increased by elevating the B 4 C 

ontent. The increase in the hardness was attributed to the 
r

5 
resence of B 4 C particles due to three possible strengthening 

echanisms. First, an increase in the strength was due to the 
ffective load transfer from the matrix to the reinforcement, in 

hich the effect of microparticles is more noticeable to that 
f submicron particles. Second, an increase in the strength 

ccording to the Hall-Patch effect, which can be achieved 

hrough the grain refinement, resulted from the presence of 
articles. Moreover, by increasing the number of particles, the 
nter-particle spacing is reduced. Accordingly, the elastically- 
eformed regions around the ceramic particles are overlapped, 
roviding the required activation energy for the grain refine- 
ent. During this mechanism, the presence of submicron par- 

icles is more effective in attaining a uniform distribution and 

eduction of the inter-particle spacing ( Fig. 4 ). This aim can 

e achieved by the bimodal distribution of the B 4 C particles. 
he bimodal distribution prevents the localized deformation 

f the matrix surface during the test and refines matrix grain 

ize [42] . Localized deformation of composites and showed 

hat deformation in the composites with high volume fraction 

f reinforcement was highly localized, which is due to clus- 
ering and agglomeration. They reported that the slip lines 
nitiated in regions containing many clusters of SiC particles. 
hen, the slip lines spread from one cluster region to another, 
hile the deformation remains almost zero in other samples. 
oreover, in general, it should be said that by increasing the 

olume fraction of reinforcement, the strength of the mate- 
ial increased, and it is less prone to plastic deformation. To 
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Fig. 6. SEM micrograph of aged unreinforced alloy indicating the presence 
of the precipitations with dendritic morphology. 
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larify the reason for the initiation of the plastic deformation 

n the clustered regions, deformation compatibility of inho- 
ogeneous (clustering) distribution of reinforcement particles 

hould be considered. The reason can be related to the higher 
tiffness of the clusters, which bear higher loading than the 
est of the matrix to satisfy the deformation compatibility. 
n the other hand, the local volume fraction is higher in the 

lusters; thus for the same extent of deformation, more slip 

ystems must be activated in the matrix. When the effective 
lastic strain diverges at various locations of the matrix, the 
otal applied strain reaches zero, indicating the existence of 
 large gradient of plastic deformation in the matrix, which 

s due to primary residual thermal stresses [43] . Third, an 

ncrease in the hardness can be related to the presence of 
ard B 4 C particles in the soft Mg matrix. The difference in 

he thermal expansion coefficients of the reinforcement par- 
icles and the matrix can lead to the formation of mismatch 

islocations that improve the strength of the matrix up to the 
lastic level and increase the hardness [16 , 44] . In this mecha- 
ism, the presence of both particle types can also be effective 
ue to the increase in the dislocation density in the matrix 

13] . Here, the density increase contributed to the increase in 

he hardness. By increasing the reinforcement content up to 

0 wt.%, the hardness value was increased up to 68.50 HV. 
lthough the hardness was improved by rising the B 4 C con- 

ent for all the samples, the increasing rate of the hardness 
as lowered when the reinforcement content increased from 

0 to 20 wt.%. The reduction in the hardness rate was credited 

o the agglomeration of B 4 C particles, which led to a decrease 
n densification and hardness deterioration [14] . In this study, 
he reduction in the hardness rate due to the agglomeration 

as low, indicating the successful compensation of the mech- 
nisms of grain refinement, mismatch dislocations, and load 

ransfer for hardness. It was revealed that the microhardness 
f the aged composite samples was slightly higher than those 
f as-cast ones, which might be related to two factors; first, 
ctivation of the Orowan mechanism due to the presence of 
recipitations acting as barriers to the dislocation movement, 
nd second dynamic recrystallization and grain refining phe- 
omena during the ageing process [45] . It has been reported 

hat the existence of the reinforcement in the matrix assists the 
recipitation nucleation at the early stages of dynamic recrys- 
allization and declines the average grain size of the matrix 

46] . Overall, the most common recrystallization mechanism 

n Mg alloys is continuous dynamic recrystallization, which 

eclines the grain size during ageing treatment [47] . This phe- 
omenon also results in increase in the precipitation content, 
hich are dissolved during solid solution, re-dispersed along 

he grain boundaries, and prevent the grain coarsening, lead- 
ng to improvement of the mechanical properties via dynamic 
all-Petch effect [48] . 

.3. Microstructure evaluation 

Fig. 4 a demonstrates the microstructure of the unreinforced 

Z31 alloy. Dark and bright regions in the figure represent 
rimary α-phase grains and β-phases, respectively. As de- 
6 
cribed in earlier studies, the β-phase locating at the grain 

oundaries consists of Mg 17 Al 12 compound [49 , 50] . More- 
ver, η-phase particles with Al 8 Mn 5 composition are present 
n both inter-dendritic regions and α-phase grains, which is 
ue to the presence of 0.2 wt.% Mn. Since mechanical stir- 
ing has been utilized, this phase formed a continuous net- 
ork through the microstructure [49 , 51] . As demonstrated in 

ig. 4 b-d, a bimodal distribution of B 4 C particles is evident 
n the samples, which are mostly distributed in the α-phase. 
igs 4 c and d display the effect of B 4 C content on the aver-
ge grain size of the B 4 C/AZ31 composites. It is noticeable 
hat the addition of B 4 C causes a decline in the grain size 
o 5 μm. In fact, the grain size was reduced by enhancing 

he B 4 C content. The grain refinement is ascribed to the dis- 
ribution of B 4 C particles in the microstructure, pinning the 
rain boundaries and resulting in heterogeneous nucleation of 
recipitations. Moreover, it is evident that the grains around 

he B 4 C microparticles are finer than those around the sub- 
icron B 4 C particles. It can be deduced that B 4 C micropar- 

icles were more efficient in grain refinement in comparison 

o the submicron B 4 C particles. In addition, it was observed 

hat B 4 C microparticles were mainly distributed in the grain 

oundaries, while B 4 C nanoparticles were both distributed in 

he grain boundaries and inside the grains. 
Fig. 6 and 7 show the SEM micrographs of the unrein- 

orced alloy and 10 wt.% B 4 C/AZ31 composite samples after 
geing treatment, respectively. According to Fig. 6 , the mi- 
rostructure of the unreinforced AZ31 alloy mostly consists 
f MgZn (spot A in Fig. 6 ), Mg 2 Al 3 (B in Fig. 6 ), Mg 17 Al 12 

C in Fig. 6 ), and Al 4 Mn (D in Fig. 6 ) compounds, which
as approved by EDS analysis. In the present research, the 

ompounds were uniformly distributed in the samples. The 
-phase precipitations were formed continuously and discon- 

inuously at the grain boundaries. The precipitations marked 

n Fig. 6 had a dendritic morphology. The buildup of the so- 
ute phases and high temperature of the interface could cause 
onditions in which the melt was super-cooled in the solidi- 
cation front. During these conditions, the interface became 
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Fig. 7. SEM micrographs of the aged sample 10% B 4 C/AZ31 with different magnifications. 
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nstable that resulted in dendritic solidification. Because of 
nterface instability, the dendrites tended to branch. The pre- 
ipitations were concentrated by the addition of B 4 C particles 
t the grain boundaries. For the as-cast 20 wt.% B 4 C/AZ31 

omposite sample, the Mg 17 Al 12 compound was diffused or 
issolved in the matrix, which left behind shallow pores at the 
rain boundaries. These pores were also noticeable in sam- 
le 20 wt.% B 4 C/AZ3 approving the results discussed in the 
orosity section. 

By comparing Figs. 4 and 7 , it can be said that ageing af-
ects the diffusion and phase-generation processes in the ma- 
rix. It is evident that the β-Mg 17 Al 12 phase was entirely dis- 
olved, and instead, a granular intermetallic phase was formed 

lose to the grains and at grain boundaries. The improvement 
n the mechanical strength was generally caused by the for- 
ation of thermodynamically stable phases, grain refinement, 

nd diffusion of β-Mg 17 Al 12 . EDS elemental analysis of A 

nd B regions supported the presence of Mg 2 Al 3 and Al 4 Mn 3 

ompounds. 

.4. Wear rate 

Contour plots of volumetric wear rate were developed for 
ged samples to facilitate the determination of sliding speed 

nd applied load parameters ( Fig. 8 ). The data uncertainty 

as represented by the error bars, which was lower than 3%. 
esides, by plotting the contour maps, the zones where B 4 C 

articles improved the wear behaviour of the composites were 
asily determined. B 4 C particles could pin the grain bound- 
ries and prevent the grain boundary sliding. The reinforce- 
ent particles acted as a bonding agent in the matrix and im- 

roved the wear resistance. The wear behaviour of materials 
esulted from different parameters, including grain refinement, 
orosity, strength, and hardness. The reduction in weight loss 
as related to the addition of B 4 C particles, which enhanced 

he strength and hardness of the composite samples. At all 
liding speeds, a similar trend was detected ( Fig. 8 a-c). With 

ncreasing the load for both unreinforced and composite sam- 
les, the volumetric wear rate increased that could be pre- 
ictable by Archard’s law; however, decreases in the wear 
7 
ate were detected under certain conditions. According to Ar- 
hard’s law, the weight and volumetric loss for all samples 
eclined with increasing the hardness ( Figs. 4 and 2 ). The 
ear rate of the composite containing 20 wt% B 4 C differed 

lightly with respect to other samples. The composite sam- 
les showed lower hardness through the initial stage of slid- 
ng wear compared with the subsequent stages because after 
 certain sliding distance, the composites were subjected to 

train hardening under the applied load during the continuous 
liding [52] . As can be seen, no rapid change in the wear 
ehaviour is observed in the graph. The graphs of volumetric 
ear rate after the dry sliding test as a function of B 4 C con- 

ent are shown in Fig. 8 b-d. Their trends were similar to that 
f dry sliding tests showing the reduction of wear rate during 

he tests. This phenomenon was related to surface plastic de- 
ormation. Furthermore, it was observed that regardless of the 
est speed, the wear rate of the sample 20 wt.% B 4 C/AZ31 

as higher than that of the unreinforced sample under el- 
vated loadings. Arrows on the contour maps of the wear 
ates show the zones where the reinforcement particles dete- 
iorate the wear resistance ( Fig. 8 b and c). The most signifi- 
ant dissimilarity was seen over the speed range of 0.6–1 m/s 
 Fig. 8 d). Hence, the presence of B 4 C particles deteriorated 

he wear resistance of AZ31 alloy at elevated loadings. How- 
ver, under low loadings (10–40 N), B 4 C reinforcement en- 
anced the wear resistance in comparison to the unreinforced 

Z31 alloy at nearly all speeds ( Fig. 8 a and d). Over the 
peed range of 0.1–0.5 m/s, the increase in the B 4 C content of 
he composite samples appeared to be beneficial to the wear 
esistance. For example, the wear rates of samples 10 wt.% 

 4 C/AZ31 and 5 wt.% B 4 C/AZ31 reduced by ˜30% and ˜10% 

ompared to unreinforced alloy, respectively. Nonetheless, un- 
er lower loadings, the dissimilarity of the wear rates was not 
ignificant. 

The maximum wear rate was attained under high loadings 
or all sliding speeds, but it decreased when the sliding speed 

as decreased for composite samples. It was deduced that the 
ependence of the wear rate on the sliding speed was more 
otable under lower loadings. 
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Fig. 8. Contour plots of volumetric wear rates (mm 

3 /Nm) of the samples with different B 4 C contents: (a) unreinforced alloy, (b) 5% B 4 C/AZ31, (c) 10% 

B 4 C/AZ31, and (d) 20% B 4 C/AZ31. 
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.5. Friction coefficient 

Graphs of friction coefficient as a function of sliding speed 

re shown in Fig. 9 . It was found that the friction coefficient 
f the unreinforced alloy was much lower than that of the 
omposite samples. Additionally, sample 20 wt.% B 4 C/AZ31 

ad the highest friction coefficient. All the friction coefficients 
ere lower than 0.75, and in most cases, they were below 0.5. 
he friction coefficient was unsteady under low loadings up 

o 40 and 20 N for the unreinforced and the composite sam- 
les, respectively. On the other side, in the mentioned load- 
ng ranges, by elevating the applied load, the coefficient was 
lightly decreased, stabilized, and almost independent of the 
liding speed. Similarly, the composite samples with higher 
einforcement contents showed higher friction coefficients. It 
an be concluded that different wear mechanisms were dom- 
nant for different test conditions and various reinforcement 
ontents. The composites containing high reinforcement con- 
ents showed a more stable friction coefficient, which was at- 
ributed to the wear behaviour of B 4 C particles. However, the 
ecrease in the friction coefficient of aged composite samples 
as due to the formation of the Mg 12 Al 17 phase that amelio- 

ates the wear resistance. Indeed less ploughing grooves cased 

mpede the wear process, which decreases in friction coeffi- 
ient [53] . Regarding Ramezani and Ripin’s friction model 
a

8 
54] , the coefficient of friction can be determined via calcu- 
ating F f /F n . The friction force was directly associated with 

he friction coefficient under similar loading conditions. Con- 
equently, it could be concluded that wear resistance was re- 
ated to the friction coefficient. 

.6. Worn surface 

Fig. 10 a and b reveal the worn surfaces of the unrein- 
orced and 10 wt.% B 4 C/AZ31 samples at a speed of 0.1 m/s, 
nd loading of 10 N. In both images, grooves parallel to the 
liding direction are evident, which is a characteristic of the 
brasive wear. This mechanism was detected at low loadings 
nd all sliding distances for all samples. These grooves were 
ormally caused by the hard counterface that has ploughed 

he soft surface of the samples. The material surface was re- 
oved during this mechanism, and the mentioned grooves 
ere formed at the surface. A similar case can be observed 

or samples containing 5 and 20 wt.% B 4 C. The abrasion 

echanism was more evident in the unreinforced sample so 

hat the formed grooves were more severe than those of the 
omposite samples ( Fig. 10 b). In fact, by increasing the B 4 C 

ontent, the abrasion mechanism was delayed. 
Fig. 10 c and d show the worn surfaces of the unreinforced 

nd 10 wt.% B 4 C/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 B 4 C contents at: (a) 0.1 m/s, (b) 0.3 m/s, (c) 0.7 m/s, and (d) 1 m/s. 
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oad of 10 N. As can be seen, a thin layer of oxide is formed
lmost everywhere on the surface of the unreinforced sam- 
le. The presence of the compact oxide layer on the surface 
eads to the improvement of the wear-resistant. The oxygen 

oncentration of the abraded surfaces confirms the domina- 
ion of the oxidative wear ( Fig. 10 I). In addition, SEM and 

DS analyses of the worn surface approved the occurrence 
f severe oxidization. This phenomenon comes back to the 
enerated heat during the sliding that led to the surface oxi- 
ation. Thereafter, the wear occurred due to the elimination of 
he oxidized fragments ( Fig. 10 e). In some conditions, the de- 
ached oxide particles filled the voids, mixed with the surface 
omposition, and formed a protective oxide layer during the 
ear test, known as MML [55 , 56] . The formation of this ox-

de layer during the wear test prevented the contact of the pin 

nd sample, and as a consequence, the wear rates decrease. 
he MML reduced the friction coefficient, which is evident 

n Fig. 9 d. In previous works, it is reported that Mg alloys are
usceptible to oxidation, and this tendency affects their wear 
ates [40] . In this research, during continuous sliding, the brit- 
le layer composing of MgO and/or Mg 2 Al 2 O 4 was fractured 

nd formed fragments and a protective oxide layer on the sur- 
9 
ace of the alloy, which prevented the sliding surfaces from 

etal-to-metal contact during sliding. By comparing the wear 
ates of the unreinforced alloy and composite samples at the 
liding speed of 1 m/s and loading of 60 and 80 N, it was
evealed that the composite samples had a lower value. For 
omposite samples under these conditions, oxidative wear was 
he dominant mechanism, and the formed oxide layer lowered 

he wear rate. Besides, this phenomenon occurred for the un- 
einforced alloy, which had a low wear rate. This could be 
elated to two factors; (i) removal of the formed oxide layer 
f the unreinforced alloy due to low strength, (ii) exposure 
f a new surface to the wear and oxidation. In fact, oxida- 
ion of the new surface increases the wear rate. Moreover, 
he difference in the oxide layer types in the composite and 

nreinforced samples resulted in a higher wear resistance in 

he composite samples. Since the wear rate was low during 

he oxidative wear, this mechanism was considered as mild 

ear that could be dependant on the thickness of the ox- 
de layer. The SEM micrographs showed bright regions on 

he surface, which were fully covered by an oxide layer. The 
DS results in Fig. 10 II demonstrate the strong peaks of oxy- 
en 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 B 4 C contents at various wear conditions: (a) unreinforced alloy 
at 0.1 m/s under 10 N, (b) 10% B 4 C/AZ31 at 0.1 m/s under 10 N, (c) unreinforced alloy at 1 m/s under 10 N, (d) and (e) 10% B 4 C/AZ31 at 1 m/s under 
10 N, (f) unreinforced alloy at 0.1 m/s under 80 N, (g) 10% B 4 C/AZ31 at 0.1 m/s under 80 N, (h) unreinforced alloy at 1 m/s under 80 N, (i) 5% B 4 C/AZ31 
at 1 m/s under 80 N, and (j) 10% B 4 C/AZ31 at 1 m/s under 80 N. 
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rotection of the sliding surface by a thick oxide layer that 
aused low wear rates [57] . Lim and Ashbay [58] suggested 

hat a threshold velocity must be maintained until the sur- 
ace heat generated a proper protective oxide film. Moreover, 
hey stated that to maintain the protective film, the exposed 

ample must provide adequate physical support and oxidative 
ear was the dominant mechanism for narrow ranges of load 
10 
nd speed, where the oxidation layer was removed under se- 
ere conditions. Unlike the stated results of Lim and Ashby 

58] , the oxide layers were wider in the present investigation. 
Fig. 10 f demonstrates the worn surface of the unreinforced 

ample under the load of 80 N and speed of 0.1 m/s, which 

epresents the delamination mechanism. When delamination is 
he dominant mechanism, the worn surface is detached in the 
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orm of layers. This is caused by the nucleation of cracks per- 
endicular to the sliding direction and growth of subsurface 
racks during the wear process that leads to the delamination. 
he propagation of the subsurface cracks shears the surface, 
hich results in the removal of flakes and laminates by coa- 

escence of the cavities and formation of tunnels underneath 

he worn surface [49] . It was observed that the detachment 
f flakes formed cracks perpendicular to the sliding direction. 
he dimensions of the laminates varied from 50 to 300 nm. 
evere deformation of the flaky wear debris left shallow cav- 

ties on the surface ( Fig. 10 f). As it was apparent, the width
f the formed grooves varied from 20 up to 200 μm. 

For sample 10 wt.% B 4 C/AZ31, numerous flakes and chips 
ere observed on the surface ( Fig. 10 g). The induced fatigue 
uring the sliding resulted in the deformation of the subsur- 
ace, nucleation of cracks, and crack propagation. In fact, the 
levation of the applied load promoted the process and led 

o delamination wear. For all composite samples, it was de- 
ermined that under high loadings (40–80 N) and low speeds 
0.1–0.3 m/s), the delamination occurred simultaneously with 

n abrasion mechanism. However, this loading range was nar- 
ower for sample 20 wt.% B 4 C/AZ31 (at the speeds of 0.1 

nd 0.5 m/s and loadings of 60–80 N). The ceramic/matrix 

nterface contributed to void nucleation by providing preferen- 
ial paths for crack propagation [59] . In addition, it was found 

hat in comparison with the unreinforced alloy, the wear rate 
f the composite samples at the sliding speed of 0.1 m/s and 

oading of 80 N was higher. This discrepancy indicated that in 

he composites, the dominant wear mechanism changed from 

brasion to delamination wear. This finding was consistent 
ith earlier previous studies [18 , 31] , which reported the de- 

tructive effect of particulate reinforcement on strength in the 
elamination mechanism. Fig. 10 g demonstrates the delami- 
ation of composite samples, which represents mild wear con- 
itions. Under constant loading conditions, a transition from 

brasion to delamination mechanism was detected in the wear 
ehaviour. The most important factor, which determined the 
ear mechanism was the temperature elevation of the contact 

urfaces. Indeed, the increase in temperature led to softening 

nd adhesion of the surface roughness. On the other hand, no 

dhesion was observed on the counterface. For this reason, 
he abrasive debris accumulated on the contact surface dur- 
ng the continuous sliding, which resulted in crack nucleation 

eneath the surface and separation of the laminates [40 , 49] . 
fter the delamination, the surface was oxidized due to the 

xposure of the fresh surface to the atmosphere. 
Fig. 10 h shows that the dominant wear mechanism at high 

peeds and loadings is plastic deformation for the unrein- 
orced sample. This finding was in agreement with previous 
eports on other Mg alloys [49] . In these circumstances, lo- 
al melting of low-melting-temperature phases of the matrix 

nd/or severe plastic deformation induced by thermal soft- 
ning could occur. According to this figure, the oxides and 

rooves caused by the abrasion mechanism could not be ob- 
erved because of the severe surface deformation. Another 
vidence to confirm the dominant mechanism (plastic defor- 
ation) was the small amount of detached debris. In fact, dur- 
11 
ng the plastic deformation, high loadings and sliding speeds 
nhance the temperature of the sample and the pin, which 

eads to the melting of the Mg alloy matrix [33] . 
On the other hand, as shown in Fig. 10 i, the deformation 

xtensively damages the surface under the loading conditions 
or 5 wt.% B 4 C/AZ31 sample. This damage demonstrates that 
he transition from the delamination to the plastic deforma- 
ion wear mechanism occurred by increasing the sliding speed 

nder high loadings. This transition (mild to severe wear) 
ook place mainly owing to the increase in surface roughness, 
hile the reason for the plastic deformation was temperature 

levation at the steel counterface/sample interface [60] . With 

he temperature elevation, the strength of the samples was de- 
lined, and consequently, the surface was more susceptible to 

lastic deformation [33] . 
The wear rate of the 10 wt.% B 4 C/AZ31composite showed 

hat the B 4 C particles in the Mg alloys were beneficial to 

ear resistance. The presence of particles with bimodal dis- 
ribution in the Mg matrix prevented the thermal softening 

f the composite. In fact, the presence of B 4 C particles and 

recipitations caused the formation of geometrically neces- 
ary dislocations in the matrix during the cooling stage of 
he casting and ageing process. Consequently, it improved 

he strength, which resulted in the reduction of the plastic 
eformation during the wear test ( Fig. 10 j). Furthermore, it 
an be said that the presence of ceramic particles hindered 

he effect of the temperature elevation on the wear mecha- 
ism during the test. Additionally, no crack, which could be 
ucleated due to the loading force, was evident. It can be 
oncluded that the composites strengthened by B 4 C particles 
xhibit higher delamination resistance. 

Fig. 11 indicates that at high speeds and loadings, the dom- 
nant wear mechanism is abrasion for the 20 wt.% B 4 C/AZ31 

omposite. Hence, the wear rate of 20 wt.% B 4 C/AZ31 com- 
osite was higher than that of the unreinforced alloy under 
he most severe conditions. In these conditions, the wear resis- 
ance of this composite sample was not improved. This could 

e described by the high ductility of the unreinforced AZ31 

lloys. Since a broad area of the surface was worn without 
racks, the plastic deformation was considered as a severe 
ear mechanism. Achieving a homogeneous distribution of 

he particles during the preparation was desirable for obtain- 
ng high wear resistance. Nevertheless, a few reinforcement 
articles agglomerated in the matrix, which was attributed 

o the abrasive wear mechanism. In this mechanism, due to 

edging and ploughing of the steel pin, fine particles were 
ormed, or the debris were removed from the surface, and 

he particles adhered to the contact surface [40 , 61] . Wider 
rooves and scratches could be intensified by abrading using 

ow hardness materials. The grooves were evident at the cen- 
re of the abrasive wear area ( Fig. 11 b). Generally, when a 
ard material slides over a soft surface, the surface rough- 
ess acts as an abrader, and the process is called two-body 

brasion. But, when particles, which are sufficiently hard to 

brade one or both surfaces, are trapped between the con- 
act surfaces, the phenomenon is called three-body abrasion. 
his wear mechanism can be active at wear loading condi- 
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Fig. 11. SEM micrographs of the worn surfaces of 20% B 4 C/AZ31 sample with different magnifications. 
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ions and can occur simultaneously with other mechanisms 
62 , 63] . This behaviour can be attributed to the entrapment 
f the separated and fractured ceramic particles at the slid- 
ng interface, which contributes to the abrasive wear. This is 
onsistent with the reports of Kwok and Lim [64] for Al/SiC 

omposites. The presence of debris particles with elongated 

orm in Fig. 10 c, confirmed the domination of the abrasion 

ear mechanism. 
By evaluating the parameters of wear rate, friction coeffi- 

ient and observing the SEM micrographs of the worn sur- 
aces, the wear mechanism maps were constructed for each 

ample ( Fig. 12 ). As can be seen in the figure, the domi-
ant mechanism in each region is defined, and the bound- 
ries represent the transitions. Thus, regardless of the low 

liding speed and low loadings, abrasive wear was the dom- 
nant mechanism for all the samples. Nevertheless, an in- 
rease in the applied load resulted in the domination of oxida- 
ive wear. At low-speed regimes, by increasing the loading, 
atigue-induced surficial cracks and separated or delaminated 

he material; therefore, the wear rate increased and caused 

 transition from abrasive wear to delamination mechanism. 
or the unreinforced alloy, this transition occurred at loadings 
igher than 80 N. But in the composites, higher speeds and 

oadings were required for shifting the mechanism to the de- 
amination wear. For the 5 wt.% B 4 C/AZ31 composite, it was 
evealed that at low sliding speeds, the transition occurred at 
oadings higher than 150 N. As a matter of fact, when the 
 4 C content was increased to 10 wt.% in the composite, an 

ncrease in both sliding speed and the loading was necessary 

or the transition. It should be noted that, under high loadings; 
i) the oxide layer was formed on the surface of the compos- 
tes, acting as a protecting layer and hindering the transition 

rom the oxidative and abrasive wear to delamination mech- 
nism, and (ii) the B 4 C particles successfully improved the 
echanical properties of the Mg alloy matrix. 
Additionally, high B 4 C contents in the composite (10 wt.% 

 4 C/AZ31) led to the formation of a more compact oxide 
ayer, protecting the surface from metallic wear up to 80 N 

t low speeds. Thus, higher speeds were required to change 
he wear mechanism, where delamination was the dominant 
12 
ear mechanism for the composites and the unreinforced al- 
oy ( Fig. 12 c). The wear rates of the composite samples were 
enerally lower than that of the unreinforced alloy. The el- 
vated wear rates were observed in Fig. 2 c and Fig. 2 d for
he composites when the loading was more than 80 N at the 
liding speeds of 0.5 m/s and 1 m/s, respectively. A gradual 
ransition from delamination to plastic deformation occurred 

or the composite samples under these intense conditions. 
To evaluate the effect of the microstructure on the wear 

ehaviour of the unreinforced alloy, the obtained wear mech- 
nism map was compared with the results of Chen et al. 
34] for a dendritic AZ91 Mg alloy under similar loading 

nd speed ranges. They also described two different wear be- 
aviours for the samples; mild wear behaviour, characterized 

y oxidative and delamination mechanisms, and severe wear 
ehaviour, which was identified by plastic deformation. They 

onstructed a wear transition map, which was consistent with 

he attained results of this study on AZ91 alloy. This con- 
rmed that the wear parameters had a stronger influence on 

he wear behaviour in comparison with the microstructure that 
ight be owing to the role of the B 4 C/matrix interface that 

ould facilitate the nucleation and propagation of cracks. 

. Conclusions 

In this investigation, unreinforced AZ31 Mg alloy and 

Z31 matrix composites reinforced by bimodal size B 4 C par- 
icles were prepared using a stir casting technique followed 

y precipitation hardening treatment. Thereafter, the effect 
f B 4 C content on the microhardness, dry sliding wear be- 
aviour, and microstructure of the samples was studied. Based 

n the results, the following conclusions can be drawn: 

1. Uniform dispersion of bimodal size B 4 C particles in the 
AZ31 matrix can be successfully obtained via the stir cast- 
ing method. The porosity of the B 4 C/AZ31 composites was 
slightly increased by enhancing the B 4 C content. 

2. The Microhardness of the composites was increased by en- 
hancing the B 4 C content for all the samples. After 10 h 

of age hardening, the hardness of all composites was in- 
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Fig. 12. Wear mechanism maps for samples with different B 4 C contents: (a) unreinforced alloy, (b) 5% B 4 C/AZ31, (c) 10% B 4 C/AZ31, and (d) 20% 

B 4 C/AZ31. 
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creased as a consequence of the homogeneous distribution 

of the reinforcement particles. 
3. The addition of B 4 C particles to the AZ31 matrix caused 

a considerable decrease in the wear rate. 
4. The oxidative wear mechanism was dominant at low load- 

ings (10–40 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 

3 /Nm for sample 10 wt.% B 4 C. 
5. The lowest coefficient of friction (0.3) was observed for 

the composite samples for 10 wt.% B 4 C at the speed of 
1 m/s. 

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

7. 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. 

8. A delay was detected for the transition to delamination 

wear mechanism when the B 4 C content was increased 

(sample 10 wt.% B 4 C/AZ31). 
13 
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 4 C. 

All in all, it can be concluded that under these circum- 
tances, the presence of B 4 C particles did not improve the 
ear resistance of composite samples. 
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