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Abstract: Light-weight metal matrix composites, especially magnesium-based composites, have
recently become more widespread for high-efficiency applications, including aerospace, automobile,
defense, and telecommunication industries. The squeeze cast AZ91 base material (AZ91-BM) and
its composites having 23 vol.% short carbon fibers were fabricated and investigated. The composite
specimens were machined normal to the reinforced plane (Composite-N) and parallel to the reinforced
plane (Composite-P). All the as-casted materials were subjected to different tests, such as hardness,
compression, and wear testing, evaluating the mechanical properties. Dry wear tests were performed
using a pin-on-disk machine at room temperature under different applied wear loads (1–5 N) and
different sliding distances (0.4461 × 104–3.12 × 104 m). The microstructures and worn surfaces of the
fabricated AZ91-BM and the two composite specimens were investigated using a scanning electron
microscope (SEM) equipped with an energy dispersive spectroscopy (EDS) advanced analysis system.
The wear debris was collected and investigated also under the SEM. The results showed significant
improvement in hardness, compressive strength, and wear resistance of the composite specimens
(Composite-N and Composite-P) over the AZ91-BM. The compressive strength and wear resistance
are more fibers orientation sensitive than the hardness results. When the fiber orientation is parallel
to the sliding direction (Composite-N), the weight loss is somewhat lower than that of the fiber
orientation perpendicular to the sliding direction (Composite-P) at a constant wear load of 2 N and
the sliding distances of 0.4461 × 104, 1.34 × 104 , and 2.23 × 104 m. In contrast, the weight loss of
Composite-P is lower than Composite-N, especially at the highest sliding distance of 3.12 × 104 m
due to the continuous feeding of graphite lubricant film and the higher compressive strength. Plastic
deformation, oxidation, and abrasive wear are the dominant wear mechanisms of AZ91-BM; in
contrast, abrasive and delamination wear are mainly the wear mechanisms of the two composites
under the applied testing conditions.

Keywords: magnesium alloy AZ91; short carbon fibers; microstructure; compressive strength; wear
resistance; wear mechanisms; wear debris
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1. Introduction

Nowadays, the demand for materials weight reduction for structural applications has
significantly increased. For this purpose, magnesium (Mg) alloys are promising candidates
to be introduced since they have outstanding physical and chemical properties, which are
considered to have expectant prospects in the areas of aerospace, automotive, and electron-
ics [1]. On the other hand, Mg alloys have low strength and poor wear resistance, which
limits their applications for structural and anti-friction applications [2]. It is well known
that Mg-based composites are superior in certain aspects compared with the monolithic
magnesium alloy, such as high specific strength and excellent damping capacity, which
have become one of the research focuses of many engineering applications.

Many scientists presented that the stability and mechanical properties of Mg alloys at
high temperatures can be increased by adding the reinforcements into Mg alloys as a matrix
to make Mg-based composites have better performance compared with its alloys [3,4].
Lately, many researchers put their concern on using discontinuous particles as reinforce-
ment for metal-matrix composite (MMC) since they are low-cost and easy to fabricate
through secondary processing, have better mechanical properties, and have good homo-
geneity [5,6]. Noted that one of the requirements for structural applications, the materials
should have excellent wear resistance during services. El-Sayed Seleman et al. [7] reported
that the incorporation of graphite powders up to 20 wt.% in the AA6016 aluminum matrix
improved the wear resistance of aluminum/graphite composites compared to AA6016
aluminum alloy.

Liu et al. [8] stated that short carbon fiber lowered direct contact between the aluminum
matrix and counterpart and enhanced the wear resistance. This composite system has been
produced by the vacuum pressure infiltration technique.

Furthermore, the mechanical and wear behavior of boron carbide and graphite-reinforced
AZ91 magnesium matrix hybrid composite was discussed by Aatthisugan et al. [9].
As their results, the incorporation of boron carbide into AZ91 alloy enhanced the wear
behavior of Mg composite, whereas the addition of graphite into AZ91–B4C composite
as a hybrid reinforcement reduced the wear resistance of Mg composite. Lim et al. [10]
investigated the sliding wear behavior of AZ91/SiCp composites at various loads ranging
from 10−30 N. Compared with its matrix alloy, the wear behavior of Mg composite at
10 N was significantly improved by a 15–30% increment. A study on the dry sliding wear
behavior of globular AZ91 alloy and AZ91/SiCp composites was carried out by Garcia-
Rodriguez et al. [11]; they summarized that the wear mechanism of globular AZ91 alloy
was varied at different loads and sliding speeds. An investigation on the wear resistance
of AE42-based composite reinforced with 23% vol.% carbon short fibers was conducted
by Ataya et al. [12], and they confirmed that the use of various loads at a constant sliding
distance or vice versa promoted more weight loss of the AE42 matrix than its composite.

Herein, the carbon short fibers are incorporated in the AZ91 alloy to produce an
Mg-based composite by the squeeze casting technique. To the best of our knowledge, there
is still little published work found on the field of wear behavior of AZ91 alloy reinforced
with oriented high volume fraction short carbon fibers. In fact, carbon short fibers are
considered an important material for different engineering applications when used as
reinforcement into Mg matrix to produce composites due to their isotropic and stable
mechanical performance [13]. Thus, the combination of the AZ91 alloy and the short
carbon fibers is interesting to be investigated to explore the wear behavior of the Mg-based
composite containing an oriented high-volume fraction. Therefore, the present work aims
to comprehend the wear behavior of the AZ91/23% vol.% short carbon fiber composite
materials for the specimens machined normal and parallel to the reinforcing plane. The
influence of different loads and sliding distances of the as-cast AZ91 base material (BM)
and the produced composites were examined in the light of the oriented short carbon fiber.
The microstructures of the produced materials are investigated; in addition, an extensive
study of the worn surface under SEM is also undertaken to show the role of the reinforcing
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carbon fibers in the wear process. The hardness and compressive strength of the produced
materials are also evaluated.

2. Methodology
Materials

The starting materials to produce Mg-based composite containing a high-volume
fraction of short carbon fibers via an advanced squeeze casting technique were AZ91
and short carbon fibers. The used carbon fibers were coated with silicon to improve the
wettability with the AZ91 matrix and to hinder carbide formation at the interface between
the matrix and the reinforcement. Researchers reported using many coating materials such
as pyrolytic carbon layer [14], copper and nickel [15], alumina [16], and silicon carbide [17].
The carbon fibers were supplied by SIGRAFIL (SGL Carbon GmbH), Germany. According
to the supplier, the diameter and length were 5–6 µm and 80–120 µm, respectively, and
the physicomechanical properties were 1.76 g/cm3 density and 280 GPa elastic modulus.
The composite was designed to have 23 vol.% short carbon fibers. Figure 1 summarizes
the experimental procedure to produce and characterize the AZ91-BM and its composites.
The as-cast-produced composite was machined normally and parallel to the reinforcing
plane, as sketched in the flow chart (Figure 1). In the current study, the composite specimen
machined normal to the reinforced plane is named Composite-N, and that machined
parallel to the reinforced plane is named Composite-P.
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Cylindrical specimens of the AZ91-BM, Composite-N, and Composite-P were ma-
chined in the dimensions of 6 mm in diameter and 9 mm in length for further testing and
investigations. Hardness was measured using a Vickers hardness testing machine (Model-
HWDV-7S) at 2 N load and 15 s dwell time loading conditions. Compression testing was
applied at room temperature using a Universal Testing Machine (Schenck-Trebel RMC100,
Deer Park, NY, USA) with a cross head speed of 0.01 mm/min. Microstructures were exam-
ined for the AZ91-BM and both composite specimens using a scanning electron microscope,
Quanta FEG 250, Hillsboro, OR, USA, equipped with an energy-dispersive X-ray spec-
trometry (EDS) advanced system. Two SEM detectors, low k- Volt High-Contract Detector
(vCD) and Everhart–Thornley Detector (ETD), were used to distinguish the microstruc-
ture features. Wear tests using a homemade pin-on-disc machine (WT-M1-SSMMR-CSE,
Suez University, Suez, Egypt, Figure 2) were used to evaluate the wear behavior of the
AZ91-BM and AZ91/23 vol.% short carbon fibers composites. The tested specimens were
rubbed against a hard steel disk has a hardness of 64 HRC at different loads and slid-
ing distances. The applied wear load ranged from 1 to 5 N, and the sliding distance
ranged from 0.4461 × 104 to 3.12 × 104 m. After testing, the debris was collected for each
wear condition. The worn surfaces and the collected debris were investigated using the
SEM-EDS system.
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3. Results and Discussion
3.1. Microstructures AZ91-BM and Composite Specimens

The morphologies of the intermetallic phases in Mg alloys are governed by some
parameters, including the applied casting process and its variables, alloying elements, and
cooling rate [18–20]. It is worth mentioning that the physical and mechanical properties
of the as-cast material are related directly to the microstructure features. Thus, the SEM-
EDS examinations were conducted to investigate the microstructure features of the as-cast
AZ91-BM and the produced composites. Figure 3 shows SEM images of the AZ91-BM
microstructure and the formed intermetallics. The microstructure involves a large α-Mg
(Spot 2) dendritic structure (gray areas) with secondary arms, as given in Figure 3a,b. Two
intermetallics were detected in the microstructure of AZ91-BM. The first appears as bright
layers at the α-Mg grain boundaries (eutectic phase of β-Mg17Al12 intermetallic and α-Mg
lamellar). It also appeared as a solid bright area on the α-Mg grain boundaries (spot 1 in
Figure 3b and represented in Figure 3c). The different shapes of the β-Mg17Al12 inter-
metallics are attributed to the non-equilibrium solidification [21]. The second intermetallic
is Al4Mn (spot 3 in Figure 3b and represented in Figure 3e). These microstructure features in
terms of intermetallic phases, morphologies, and their dispersion of the as-cast AZ91 matrix
are typically agreed well with that examined and reported for the same alloy material in
other works [22–24].
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Figure 4 shows the microstructures of the AZ91/23 vol.% short carbon fibers detected
in Composite-N and Composite-P specimens. The carbon fiber dispersed and bonded well
with the AZ91 matrix in both composite specimens. In addition, localized agglomeration
of carbon fibers is also remarked in the microstructure investigation, as the carbon fibers
tend to agglomerate [6] and as the result of the used pressure during the squeeze casting
process. In composite-N, the carbon fibers mostly appeared in the longitudinal direction
(Figure 4a,b). Some fibers are micro-cracked in the transverse direction with keeping their
position in the Mg matrix, as shown in Figure 4b (ETD mode). This fiber fracture may
be ascribed to the difference in the thermal expansion coefficient of the AZ91 Mg matrix
and carbon fibers. In addition, interfacial debonding and sliding may also be expected
in the Mg/carbon fiber composite system [25]. The axial thermal expansion coefficient
of the carbon fibers has a more pronounced effect than that of the transverse direction
on the interfacial bonding between the fibers and the Mg matrix composite during fast



Materials 2022, 15, 4841 6 of 14

cooling of molten Mg to room temperature. This leads to partial debonding at the interface
between the Mg matrix and the longitudinal fiber direction instead of the cross-section. In
Composite-P, the circular cross-sections of the carbon fibers (Figure 4c,d) lie in the range of
the as-received short carbon fiber diameters (5–6 µm). It can be remarked from Figure 4d
(ETD mode) that the carbon fibers are bonded well with the Mg matrix without any cracking
in the carbon cross-sections.
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3.2. Mechanical Properties

The AZ91-BM hardness value is 70 ± 3 HV. This value increased for the composite
specimens containing 23 vol.% short carbon fibers to be 106 ± 4 HV and 111 ± 2 HV for
the Composite-N and Composite-P, respectively. This improvement in hardness is ascribed
to the action of adding a high-volume fraction (23 vol.%) of reinforcing carbon fiber. This
result agreed well with that reported by many authors for different Mg-based composites
containing different volume fractions of carbon fibers [12,22,26].

The compressive properties of the AZ91-BM and the two composites are presented
in Figure 5, where Figure 5a illustrates the yield compressive strength (YCS) and ultimate
compressive strength (UCS), and Figure 5b shows the influence of 23 vol.% short carbon
fibers on the ductility of the compression tested specimens in terms of reduction in height
(R%). It can be remarked that the two composites possess higher YCS and UCS than
AZ91-BM (Figure 5a). The UYS of the Composite-N specimens improved by 38% over
AZ91-BM, whereas no significant improvement in the UCS of the Composite-N compared
to BM. For Composite-P, the enhancement in both YCS and UCS is remarkably observed
over AZ91-BM and attained the improvement percentage of 124 and 20, respectively. This
improvement in strength for the composite specimens can be attributed to the high modulus
of elasticity of the short carbon fibers compared to the AZ91-BM [27,28]. The ductility loss
for Composite-N and Composite-P are 48 and 72%, respectively, compared to AZ91-BM.
The increase in hardness and strength is usually at the expense of ductility loss.
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AZ91-Mg alloy is widely used in automotive and aerospace industries due to its
excellent combination of low density and high thermal conductivity. However, it suffers
from poor wear resistance. To overcome this, high specific strength reinforcement phases
(fibers, particulates, and whiskers) have been recommended to introduce to the Mg matrix
to improve its wear resistance via producing AZ91-based composites [12,14]. Moreover,
the wear behavior of the fiber-reinforced composite materials is governed by hardness,
compressive strength, and fiber orientation with respect to sliding direction. The influence
of oriented fibers on the wear properties is more complicated (especially for discontinuous
fiber-reinforced composites) because of the random distribution of fibers. Thus, it is impor-
tant to explore the wear properties of AZ91-BM and the produced composite specimens
having oriented 23 vol.% short carbon fibers. The first group of the wear-tested specimens
was conducted at a constant sliding distance of 1.34 × 104 m and different loads of 1, 2, 3, 4,
and 5 N for the AZ91-BM, Composite-N, and Composite-P. Figure 6 shows the weight loss
of the wear-tested materials (AZ91-BM and its composite specimens) against the applied
wear loads. It can be observed that the weight loss of all the wear-tested materials increases
with increasing the wear loads from 1 to 5 N for the BM and the two composite specimens.
The weight loss of AZ91-BM is higher than that of both composites for all the applied
wear loads from 1 to 3 N. After that, the Composite-N shows the highest weight loss at
5 N, whereas Composite-P displays the lowest weight loss at the higher wear loads of
4 and 5 N. The higher weight loss of AZ91-BM compared to the two composite specimens
at a wide range of the applied wear loads (1–3 N) is ascribed to its lower hardness and
compressive strength values compared to the AZ91-based composite specimens reinforced
with the short carbon fibers. Carbon fibers have graphite-like layers, which are weakly
bonded together. These layers have a very low coefficient of friction while sliding on
another surface. During the wear testing, carbon fibers are fractured and spread on the
worn surface of composites, forming a solid lubricant film. This lubricating film reduces
the friction and dissipates the generated heat between the two rubbing surfaces of the
wear-tested composite specimens and the steel disk counterpart. This leads to a reduced
weight loss of both composites (Figure 6). Furthermore, at the mild wear loads of 2 and
3 N, the Composite-N shows an improvement in wear properties compared to the other
tested specimens (AZ91-BM and Composite-P) because of the largest lubricant feeding area
as the carbon fibers parallel to the hard rubbing surface. This promotes more graphite film
than in the case of the fiber normal to the hard rubbing surface (Composite-P). At the same
time, the applied shear force on the worn surface is lower than the cohesion force between
the carbon fibers and the AZ91 matrix, which makes the carbon fibers achieve their role of
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lubrication. In contrast, at the wear loads of 4 and 5 N, the applied shear force on the worn
surface is higher than the cohesion force between the carbon fibers and the AZ91 matrix.
This causes carbon fibers to pull out due to the presence of the interfacial deboning as a
result of thermal expansion mismatch between carbon fibers and the AZ91 matrix. The
thermal expansion coefficient of AZ91 alloy is 26.8 × 10−6 K−1, while the axial thermal
expansion coefficient of carbon fiber is 1.48 × 10−6 K−1 [25]. The pull-out of carbon fibers
causes material loss without utilizing the inherent lubricity property. This phenomenon
is remarked only with the Composite-N and combined with delamination layers of AZ91
matrix alloy due to the accumulated friction heat and severe plastic deformation. These
cause deterioration in the wear properties of Composite-N compared to the AZ91-BM, and
the Composite-P at the highest applied wear load of 5 N.
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Figure 6. Weight loss against the applied wear loads for AZ91-BM and composite specimens wear-
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In order to examine the wear behavior in terms of weight loss of the AZ91-BM,
Composite-N, and Composite-P at different sliding distances, the second group of the wear-
tested specimens was conducted under a constant mild load of 2 N at different running
sliding distances of 0.4461 × 104 , 1.34 × 104 , 2.23 × 104 and 3.12 × 104 m, as given in
Figure 7a. It can be seen that both composites (Composite-N and Composite-P) display
notable lower weight loss than AZ91-BM, indicating significant improvement in wear
resistance in the presence of 23 vol.% oriented short carbon fibers. It is also observed that
the weight loss values of Composite-N are lower than that given by Composite-p and
AZ91-BM at the sliding distance range from 0.4461 × 104 to 2.23 × 104 m, whereas, at
the highest sliding distance of 3.12 × 104 m, Composite-P shows the lowest weight loss
of 0.01785 g compared to the AZ91-BM (0.0771 g) and the Composite-N (0.022 g). At a
mild wear load of 2 N and applying the highest sliding distance of 3.13 × 104 m, the
formed lubricating film is not enough to dissipate the generated friction heat, and then the
accumulated heat weakens the bond strength between the carbon fibers and the surrounded
Mg matrix as a result of the thermal expansion mismatch between the carbon fibers and
the Mg matrix. This leads to the pull-out of the carbon fibers without complete utilizing
of its inherent lubrication effect and increases the weight loss of composite-N. In contrast,
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Composite-P does not suffer from the pull-out fiber phenomenon and utilizes completely
the action of graphite fibers in the lubrication. In addition, the contentious lubricant film
feeding when the fibers normal to the rotating wear machine desk, the Composite-P keeps
its improvement in compressive strength.
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Based on the collected data from the wear testing parameters and the density of the
wear-tested specimens (AZ91-BM, Composite -N, and Composite-P), the wear properties
are plotted as a wear resistance versus the applied sliding distances at a constant load
of 2 N (Figure 7b). It can be seen that the incorporation of the oriented 23 vol.% short
carbon fibers in the AZ91 matrix improves the wear resistance of the produced composite
specimens over the AZ91-BM at all the applied sliding distances. In the beginning, there is
an increase in the wear resistance in varying proportions for AZ91-BM, Composite-N, and
Composite-P at the sliding distances from 0.4461 × 104 to 1.34 × 104 m. The slight increase
in the wear resistance of the AZ91-BM may be ascribed to strain hardening, whereas a
significant increase in the wear resistance of Composite-N and Composite-P is remarked
at the same sliding distance range. This enhancement is likely due to the addition of a
high-volume fraction of short carbon fibers. Above the sliding distance of 1.34 × 104 m,
the wear resistance of Composite-N displays remarked to decrease with increasing the
sliding distance. For AZ91-BM and Composite-P, the wear resistance curves show nearly a
steady-state behavior with the increase in the sliding distance. Furthermore, Composite-P
shows the highest wear resistance of 3.34 × 106 m/cm3 compared to the wear resistance
of AZ91-BM (0.749 × 106 m/cm3) and Composite-N (2.71 × 106 m/cm3) at the highest
sliding distance of 3.12 × 104 m (Figure 7b). Finally, the Composite-N shows the lowest
weight loss compared to the Composite-P and the AZ91-BM at a constant sliding distance of
1.34 × 104 m and the wear loads of 2 and 3 N. Additionally, it shows the lowest weight loss
(the highest wear resistance) compared to the Composite-P and the AZ91-BM at a constant
mild wear load of 2 N and the sliding distance range from 0.4461 × 104 to 3.12 × 104 m. In
contrast, the Composite-P shows lower weight loss compared to the Composite-N and the
AZ91-BM at a constant sliding distance of 1.34 × 104 m and the wear loads of 4 and 5 N. In
addition, it shows the lowest weight loss (the highest wear resistance) compared to all the
wear-tested specimens, especially at a wear load of 2 N and the highest sliding distance of
3.12 × 104 m.

To understand the wear mechanisms of AZ91-BM and the produced composite speci-
mens containing oriented high-volume fraction of short carbon fibers, the worn surfaces
and gathered debris of the wear-tested specimens were examined by SEM. Figure 8 dis-
plays the worn surface features of the wear-tested specimens of AZ91-BM, Composite-N,
and Composite-P, and Figure 9 illustrates SEM images and EDS analysis of the gathered
debris of the AZ91 matrix alloy and the composite specimens. The worn surface of the
AZ91-BM (investigated using two SEM detectors, ETD and vCD modes) displays clear
damage in the form of continuous scratches parallel to the sliding direction, plastic defor-
mation, transverse microcracks, and delamination layers (Figure 8). There are also small
smooth regions interspersed with wear scars. A notable feature in the SEM micro-images
is inclined shear plates due to high surface stress [12]. The wear mechanisms are plas-
tic deformation, delamination layer, and abrasion wear. The abrasion wear was caused
by the free pull-out intermetallic particles and the formed magnesium oxide (Figure 9e)
between the two rubbing surfaces, AZ91-BM and the hard steel disk. During the wear
tests, the AZ91-BM is easily scraped due to its lower strength and hardness, which leads
to material loss (Figure 9a,b). At the similar wear test condition, the worn surface of the
two composites (Composite-N, Figure 8c; and Composite-P, Figure 8d) having 23 vol.%
short carbon fibers displays other features. The scratches (wear track) of both composites
become shallower than that in the AZ91-BM as a result of the short carbon fibers addition.
Furthermore, the inclined Mg shear plates nearly disappeared from the worn surface of the
composite specimens. In addition, smearing the worn surface with carbon film is generally
remarked (Figure 8c,d). This carbon film lubricates the worn surface of the composites
and decreases the degree of delamination [29] and the influence of abrasive wear [12].
This action generally reduces the wear loss of both composites as appears in their size of
debris as given in Figure 9c for Composite-N and Figure 9d for Composite-P compared
to the AZ91-matrix material’s debris. It is worth mentioning that the AZ91 debris is very
large and highly deformed with irregular shapes and dimensions, as shown in Figure 9a,b.
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The formation of this type of debris can be ascribed to the delamination layers and an
abrasive wear effect. However, the wear debris becomes smaller and lightly deformed for
AZ91/23 vol.% carbon short fibers the Composite-N and the Composite-P as shown in
Figure 9c,d, respectively. This decrease in the size of the debris is also detected in another
work [7] and is mainly due to the role of carbon fibers in reducing the probabilities of
direct contact between two worn surfaces and dissipating the frictional heat, which finally
decreases the severity of micro-cutting effects. The mainly working wear mechanisms of
the composites are likely to be abrasive and delamination wear [14]. It is also remarked that
the worn surface of the Composite-N is smoother than that of the Composite-P. This may
be ascribed to the intensity of the supplied lubricant film in the case of short carbon fibers
being parallel to the sliding surface plane. The feeding of graphite film is discontinuous as
the graphite fibers are separated by the Mg matrix. In the case of the short carbon fibers
being perpendicular to the sliding surface plane, the feeding of graphite film is continuous.
This leads to the higher wear resistance of Composite-P than Composite-N, especially at
the highest distance of 3.12 × 104 m using an applied wear load of 2 N (Figure 7b).
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4. Conclusions

Based on the obtained results, the following conclusions can be outlined:

1. The reinforcing of AZ91 Mg alloy by 23 vol.% short carbon fibers improved the hard-
ness of the two composites (Composite-N and Composite-P) by not less
than 51%.

2. The YCS of the Composite-N and Composite-P were enhanced over AZ91-BM by 38%
and 124%, respectively. In addition, Composite-P recorded the highest UCS compared
to Composite-N and AZ91-BM.

3. The two composites display notable lower weight loss than AZ91-BM at a constant
sliding distance of 1.34 × 104 m, and the applied wear loads from 1 to 3 N, indicating
significant improvement in wear resistance in the presence of 23 vol.% oriented short
carbon fibers.
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4. Composite-P shows the lowest weight loss of 0.01785 g compared to the AZ91-BM
(0.0771 g) and the Composite-N (0.022 g) at the wear conditions of 2 N applied load
and the highest sliding distance of 3.12 × 104 m.

5. The two composites show higher wear resistance than AZ91-BM at a constant applied
wear load of 2 N and various sliding distances from 0.4461 × 104 to 3.12 × 104 m.
Furthermore, Composite-P possesses the highest wear resistance at a constant applied
wear load of 2 N and the highest sliding distance of 3.12 × 104 m.

6. Plastic deformation, oxidation, and abrasive wear are the dominant wear mecha-
nisms of AZ91-BM; in contrast, abrasive and delamination wear are mainly the wear
mechanisms of the two composites under the applied testing conditions.
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