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In this paper, we designed the A356-B2O3-KBF4 reaction system to synthesize (AlB2 + Al2O3)/A356
biphasic particles-reinforced aluminum matrix composite with varying weight percentages (2%, 4%, 6%,
and 8%). The synthesis was achieved through mechanical mixing and mixed salt reaction. We studied the
friction and wear performance of the composite at room temperature using XRD, PC, SEM, EDS, laser
confocal microscopy, and microhardness analysis. Our results indicate that the AlB2 and Al2O3 duplex-
enhanced particles were effectively synthesized, with predominantly short rod morphology and local
clustering observed for the AlB2 particles. The AlB2 particles were mostly in the micron-scale range, while
the Al2O3 particles were mostly in the nanoscale range, both exhibiting agglomeration phenomena. Both
enhanced particles showed an agglomeration phenomenon and could grow together with the interface
binding very closely. At 6 wt.% mass fraction of biphasic particles, the composite exhibited the best
refinement effect on-Al grains, as well as the greatest friction reduction effect and wear resistance for both
the (AlB2 + Al2O3)/A356 composite and the A356 matrix alloy. The wear mechanism was primarily
abrasive wear, while the A356 matrix alloy’s wear mechanism was adhesive wear.

Keywords A356-B2O3-KBF4 system, composite material, duplex
particles, friction and wear behavior

1. Introduction

Particulate-reinforced aluminum matrix composites are
widely used and have significant advantages compared with
fiber-reinforced aluminum matrix composites [1-3], such as
isotropic nature, simple preparation process, and low cost [4-6].
The PAMCs (particulate aluminum matrix composites) have a
higher specific strength, specific stiffness, and wear resistance
than the aluminum alloy matrix [7-9]. However, in situ PAMCs
have advantages over external PAMCs, such as clean interface
and low process cost [10-12]. With the deepening of the
research, the preparation cost of aluminum in situ PAMCs is
still decreasing, so the in situ PAMCs can meet the require-
ments of lightweight, good designability, and low preparation
cost [13-16]. This allows aluminum in situ PAMCs to have
broad applications in both the military and civilian sectors,

especially in the vehicles, aerospace, and electronic packaging
industries [17, 18]. Because of the excellent friction wear
properties, in situ PAMCs have become the focus of many
researchers of friction wear behavior recently [19-22]. How-
ever, due to the choice of the matrix material, particle type,
friction wear working temperature, experimental external load,
and sliding speed will be studied on the friction wear behavior
of composite materials which have different degrees and the
mutual influence between the complexity of PAMCs [23-28].

In situ particles as enhanced phase will be evenly distributed
in the aluminum substrate, such as coarse particles [29, 30], so
many researchers add external field auxiliary reaction in the
process of in situ particle reaction to study the influence of
external field on particle morphology and distribution. The
standard methods include mechanical stirring, electromagnetic
stirring, high-energy ultrasonic field, etc [31-33].

Particle-reinforced aluminum matrix composite is a com-
posite material that uses aluminum and its alloy as the matrix
and is enhanced by external addition or internal in situ reaction
[34-37]. The related research of single particle-reinforced
aluminum matrix composite material has matured.

Successful particle-reinforced aluminum-based composite of
AlB2 prepared by powder metallurgy and the hot rolling
process by Han et al. [38], and others found that AlB2 particles
generated in situ significantly improved the wear resistance of
pure Al. The wear area and friction coefficient of the samples
also increased linearly with increasing load. The addition of
AlB2 has a significant reduction effect. Hidalgo-Hernandez
et al. [39] similarly prepared the AlB2 particle-reinforced
aluminum-based composite material and found that the material
achieved the highest wear resistance when the AlB2 particle
content was 4 wt%. The analysis of oxidation wear, particle
wear, and peeling wear. AlB2 particles play a direct role in the
wear behavior of composite material. Because the increase of
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boron content affects the wear behavior of composite material,
the wear resistance of composite material is obtained.

Bai et al. [40] prepared 7075 aluminum matrix composite by
mechanical alloying mechanism and the pressing sintering
method and found that when the mass fraction of Al2O3

particles reached 5%, the friction wear performance got the
composite. With the slight wear mechanism at room temper-
ature, it can be seen that the addition of Al2O3 can enhance the
wear resistance of the material. Yang et al. [41] found that when
the Al2O3 particles are nanoscale, the wear rate and friction
coefficient are reduced, while the particle size increases the
degree of wear and thus reduces the wear resistance of the
material.

Muraliraja and Wu et al. have studied the particles of single
SiC particles or single alumina particles-reinforced aluminum-
based composites. Many problems were also found in the
course of related studies [42, 43]. For example, a single
enhanced particle cannot meet the requirements of improving
multiple properties of the material, and the limitations of the
single enhanced particle mass fraction cannot be broken
through [44-46]. In terms of conventional performance, the
successfully synthesized bipolar particle-reinforced aluminum
matrix composite is significantly better than the single particles.
Narendra et al. [47] studied ZrB2 particle-reinforced aluminum
matrix. They found that the hardness and strength increased
with the increase in the total amount of particles, but as the
upper limit of reinforced particles was reached, the performance
was difficult to improve. Zhu et al. [48] study also introduced
ZrB2 particles-reinforced aluminum at the same time-Al2O3

particles and thus found that biphasic particles enhanced
composite than a single ZrB2 particle, strength has increased
significantly, and using the identical synthesis method, biphasic
particles have higher particle mass fraction limit, and perfor-
mance improvement limit also increased. Biphasic particles
have more advantages than single particles [49, 50]. Biphasic
particles can not only increase enhanced species to make up for
the lack of other performance or play synergy to improve some
performance further and can through different reaction systems
avoid thermodynamic dynamics, thus significantly improving
composite in situ enhanced particle mass fraction, and can even
achieve the effect of refining enhanced particles. There is a
significant development space to improve the friction perfor-
mance of materials [51].

Due to the in situ effects caused by the addition of enhanced
nanoparticles and the complexity of the reinforcement mech-
anism, it is relatively difficult to predict using conventional
analytical and numerical models [54] [57] [58]. Ahmadian et al.
[54] established a fast and reliable analytical model to predict
the morphological changes of nanocomposite powders during
mechanical alloying. There are also many differences in the
influence of different particles on the material properties. Najjar
et al. [57] found that the mechanical properties of the material
were greatly improved due to the excellent mechanical
properties of alumina, grain refinement, and dislocation motion
impedance. Different processing methods also have an impact
on the material properties [59-61]. The reinforcement of
composite materials is caused by grain refinement, uniformity,
reinforcing effect of particles, strain hardening, binding quality,
and particle size [62, 63]. Meselhy et al. [64] derived the
influence of the cumulative number of rolling runs on the
tensile strength and elongation of metal matrix composite. It is
found that tensile strength and elongation can be described as
exponential functions of tract times. Elwan et al. [65]

investigated the effects of the addition of FeTiO3 particles on
the microtissue evolution and mechanical properties during the
cumulative rolling of composites. The results showed that the
dispersion of the particles improved with increasing rolling
times.

A356 is a typical hypoeutectic Al-Si alloy composed of a-Al
dendrites and eutectic Si. The flexibility of A356 is very low
because the silicon phase is very brittle and unformable and
cannot accommodate the plastic deformation of the surrounding
matrix. The strength of A356 alloy is lower, because A356
alloy does not contain elements with obvious solid solution
strengthening effects or can combine with the matrix to form
intermetallic compound precipitation phases with high hard-
ness, such as zinc and copper. To overcome the low strength
problem, adding ceramic particles to A356 alloy to form the
composite may be a feasible method [52, 53].

In this experiment, the mixed salt reaction method was used,
and the A356-B2O3-KBF4 reaction system was designed to
prepare (AlB2 + Al2O3)/A356 composites with mass fractions
of 2 wt.%, 4 wt.%, 6 wt.%, and 8 wt.%, respectively. The
morphology, distribution, and size of the generated AlB2 and
Al2O3 particles in situ were analyzed. The influence law of the
particle content on the friction and wear behavior of the bipolar
composite was studied to determine the optimal mass fraction.
The mechanism of particles on friction reduction and wear
resistance of composite materials is discussed.

2. Experimental Materials and Methods

2.1 Experimental Materials

The selected (Al2O3 + AlB2) duplex particle enhancement
phase was used as the composite reinforcement of this
experiment. The A356-B2O3-KBF4 reaction system was used
to prepare the (AlB2 + Al2O3)/A356 composite material, and
the in situ reaction equation is:

2KBF4 þ 4Alþ B2O3 ¼ 2AlB2 þ Al2O3 þ 2KAlF4 (1)
After calculation, the Gibbs free energy difference function

(DGy0T) can be expressed by
DG ¼ DH� TDS ¼ �385:11< 0The calculation follows

that the reaction can be performed spontaneously.
Raw materials explicitly used include:

1. B2O3: Al2O3 particles were generated by reaction B2O3

with Al
2. KBF4: KBF4 was reacted with Al to generate AlB2 parti-

cles
3. Alloy A356 ingot: The main components of A356 alloy

used in this experiment as the composite matrix were Si:
6.5 � 7.5, Mg: 0.3 � 0.45, Ti < 0.2, Fe < 0.12,
Mn < 0.05, Cu < 0.1, Zn < 0.05, Al allowance
(wt.%).

2.2 Experimental Methods

The preparation of xwt.% (AlB2 + Al2O3)/A356 (x = 2, 4,
6, 8) necessitates high-quality B2O3 and KBF4 powders. The
particle size of the ground powder mixture should be between
20 lm and 30 lm. To achieve this, two inorganic salt powders
were dried at 250 �C for 2.5 hours, ground using a mortar, and
mixed thoroughly. Next, the A356 alloy ingot was melted in a
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high-frequency induction furnace and superheated to 850 �C in
air. The mixed salt was poured into the molten aluminum liquid
using a graphite bell cover and stirred well. After 30 min of
reaction time, a refining agent (1 wt.% C2Cl6) was added to the
melt to refine it, followed by the addition of a slag removal
agent. The melt was then allowed to cool down to 720 �C
before being cast into an iron mold measuring 200 mm 9 100
mm 9 20 mm. Table 1 shows the raw materials used.

A quantitative analysis was conducted on the microstruc-
ture, material composition, and grain size of the composites.
Additionally, the elements present in the material were
qualitatively analyzed using the EDS energy spectrum. The
3D confocal microscope was utilized to measure the average
cross-sectional area of the ground mark, and the wear rate of the
sample was calculated via a formula. To prepare the friction
wear test sample, wire cutting was implemented to create a
15 mm * 15 mm * 3 mm sample. Subsequently, the treated
friction wear test sample was subjected to the HT-1000 high-
temperature friction wear test machine at room temperature.
Table 2 displays the specific parameters employed during the
friction and wear test. Finally, three trial material tests were
performed to obtain the average of the final results.

3. Effects of Particle Content on Micro-Organiza-
tion and Friction Wear Behavior

3.1 Phase and Microtissue Analysis

3.1.1 Phase-Wise and Polarimetric Analysis. X-ray
diffraction (XRD) analysis was conducted on both A356
aluminum alloy and four groups of (AlB2 + Al2O3)/A356
composites with varying enhanced particle mass fractions.
Figure 1 presents the diffraction curves obtained during the
analysis. The black line in the figure represents the diffraction
curve of the A356 aluminum alloy, which primarily comprises
five prominent peaks of Al and some Si phases. Additionally,
weak peaks were observed alongside the dominant diffraction
peaks of primary aluminum. Subsequent analysis revealed that
these weak peaks corresponded to the Al2O3 and AlB2 phases,
respectively. Therefore, it can be concluded that the composite
material successfully incorporated target-enhanced AlB2 and
Al2O3 particles. Notably, the strength of the weak peaks
increased with increasing mass fraction, indicating a higher
content of corresponding phases in the composite material.
These results prove that the prepared composite materials’
enhanced particle mass fraction aligns with the designed
gradient increment.

The photomicrographs depict grains in various position
directions, which appear in different colors. The dark regions,
both large and small, may indicate clusters of particles in the
composite material or defects such as stomata that occurred

during material preparation. Figure 2 shows that the black areas
are present regardless of whether the enhanced particle mass
fraction is 2 wt.% or 8 wt.% (AlB2 + Al2O3)/A356 composite.
Most of the black region is located at the crystal boundary with
only a minimal amount within the crystal. Moreover, the
significant number of large black areas in the 8 wt.% composite
material is due to an increase in the number of enhanced
particles resulting in particle agglomeration to reduce interface
energy. To achieve even distribution and minimize accumula-
tion, the composite is synthesized using strengthening mixing
or other methods of mixing.

Polarized photographs of the composite were analyzed, and
the grain size was calculated. The A356 matrix, 2 wt.%,
4 wt.%, 6 wt.%, and 8 wt.% (AlB2 + Al2O3)/A356 composite
were approximately 266.1 lm, 205.5 lm, 175.1 lm,
158.6 lm, and 163.1 lm, respectively. And the distribution
of the grain size is shown in Fig. 3.

3.1.2 Microhardness analysis. Figure 4 is a microhard-
ness diagram of the A356 alloy and an enhanced A356
composite with different duplex particle content. As can be
seen from the figure, the Vicker microhardness change trend of
the A356 matrix and the composite material is inversely
proportional to the a-Al grain size in the material. This
phenomenon is consistent with the Hall–Petch formula at the
micron scale, representing more grain boundaries per unit area
of such matrix grains refined by enhanced grains. The shear
deformation of adjacent grains must produce sufficient stress
concentration at the grain boundary. Refinement grains create
more grain boundaries. If the crystal boundary structure does
not change, a more significant external force is needed to
generate a dislocation blockage and strengthen the material.

3.1.3 OM Analysis. As can be seen from Fig. 5, the
composite after the keller reagent corrosion crystal boundary
under the light mirror, and can clearly see many black and
white layer sheet or needle distribution at the boundary, this is
A356, alloy Si phase, presents a black and white needle,
because Si and Al formed Al-Si common crystal tissue.
Figure 5 can also observe many near yellow bars or short rod
particles, and the near yellow particles are AlB2 particles. Due
to the phase analysis of the particles, the light microscope will
conduct qualitative phase analysis by scanning electron micro-
scope to prove that the particles are AlB2 particles. However, it
is difficult to observe the Al2O3 particles of the composite in
Fig. 5, because the size of Al2O3 particles is generally in
nanometers or several micrometers, so it is difficult to find
under the light mirror, or some similar particles can be found
but their composition cannot be confirmed. In addition, there
are also in Fig. 5 a little dark black round spots, according to
the literature reading and combined with the spot size, think

Table 1 List of experimental raw materials

Mass fraction Al/g KBF4/g B2O3/g

2 wt.% 1000 51.4 14.3
4 wt.% 1000 102.8 28.6
6 wt.% 1000 154.2 42.9
8 wt.% 1000 205.6 57.2

Table 2 Room temperature friction and wear test
parameters (The experiment time was 20 min and the
friction radius was 4 mm)

Speed/rpm Loading/N

200 5
200 10
200 15
250 10
300 10
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these dark black spots may be stomatal defects, because the
system reaction will produce KAlF4 gas, and the experimental
process after the material reaction step is not careful, triad
refining agent after joining the stirring degree and retention
time is insufficient; there is a little pore during casting.

Figure 5(a), (b), (c), and (d) is 200 times the metallographic
point; obviously, from (a) to (d), the number of AlB2 particles

gradually increases; in addition, from Fig. 5(a), (b), (c), and (d)
we can see AlB2 particles more distributed at the grain
boundary and more particle agglomeration, and this may be
because the material crystallization, AlB2 particles by the
matrix aluminum crystal boundary, when more AlB2 particles
are pushed to the boundary, to reduce the surface energy to

Fig. 1 XRD patterns of A356 alloy and (AlB2 + Al2O3)/A356 composites with different particle contents

Fig. 2 Polarized light micrographs of (AlB2 + Al2O3)/A356 composites with different particle contents. (a) A356; (b) 2 wt.%; (c) 4 wt.%; (d)
6 wt.%; (e) 8 wt.%
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reduce the overall energy to the system to achieve stable state,
and AlB2 particles agglomeration phenomenon.

3.1.4 SEM and Energy Spectrum Analysis. From
Fig. 6, we can see many small silver-gray or even black square
or long rod-shaped particles. Through the EDS spectral

Fig. 3 Grain size distribution of different composites and A356 alloy. (a) A356, (b) 2 wt.%, (c) 4 wt.%, (d) 6 wt.%, (e) 8 wt.%, (f) the
distribution of the grain size

Fig. 4 The Micro Vickers Hardness of the matrix and A356 composites reinforced with different content of dual-phase particles
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Fig. 5 Metallographic micrographs of (AlB2 + Al2O3)/A356 composites. (a) 2 wt.%; (b) 4 wt.%; (c) 6 wt.%; (d) 8 wt.%

Fig. 6 SEM of (AlB2 + Al2O3)/A356 composites. (a) 2 wt.%; (b) 4 wt.%; (c) 6 wt.%; (d) 8 wt.%
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detection results (Fig. 6d), these long rods or massive objects
are AlB2 particles with a radial size of about 11 lm. In
addition, the presence of a large number of bright white dots or
small sheet particles of the material is also clearly visible. These
bright white particles were analyzed as Al2O3 particles by EDS
results (Fig. 6c).

As can be seen from the figure, with the improvement of the
enhanced particle mass fraction, random sampling of rod
particles and bright white dot particles quantity increased, and
the number of particles increased significantly, the effect is
noticeable, which further proves that the system can control the
reaction of raw material salt by calculation and then control the
enhanced particle mass fraction. It is evident from Fig. 6(a), (b),
(c), and (d) that the Al layer particles of rod-shaped AlB2 are
distributed at the crystal boundary and have different orienta-
tions because the crystal structure of AlB2 is a graphite-like
sheet structure of Al and B atoms alternately arranged. The Al
atomic layer is easy to converge to the Al layer of the Al-Mg2Si
sheet co-crystal phase along the crystal boundary, thus

minimizing the interface energy to achieve the most
stable state. Therefore, the AlB2 particles have different
orientations from the precipitation phase orientation. From
Fig. 6(a), (b), (c), and (d), we can also observe a large number
of fine bright white alumina particles. Compared with AlB2
particles, the alumina particles are more evenly distributed and
slightly scattered, but there are inevitably many polarization
areas, and the Al2O3 particles are mostly clustered into strips or
sheets.

As can be seen from Fig. 3, AlB2 particles are primarily
black and short rod shaped, while Al2O3 particles have a large
number of small-size round particles, while many long, rod-
shaped, and massive Al2O3 also appear. As shown in the red
box mark in Fig. 6(e), several circular Al2O3 particles can be
found in the nanometer range at 30 K x shooting. Moreover,
marked by the red circle shown in Fig. 6(f), the block Al2O3

and the sheet AlB2 particles are accompanied, and it is evident
that the interface between the two particles is purely and tightly
bound.

Fig. 7 Coefficient of friction of A356 matrix and xwt.% (AlB2 + Al2O3)/A356 composite under different loads. (a) 5N 200 rpm; (b) 10N
200 rpm; (c) 15N 200 rpm; (d) average friction coefficient
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3.2 Study on Friction and Wear Behavior

3.2.1 The Influence of the Load and Rotational Speed
on the Coefficient of Friction. Figure 7 and 8 show that the
addition of AlB2 particles and Al2O3 particles has some friction
reduction effect on the material. This is because the AlB2

particles and the Al2O3 particles act as buffer layers in the A356
matrix alloy. At different loads and different speeds, the mass
fraction of the Biphasic particles increased from 2% to 8%. The
friction coefficient of the composite material decreased by an
average of 8.1%, 15.6%, 28.8%, 16.6% (load), 20.2%, 25.9%,
35.5%, and 27.9% compared with the A356 alloy matrix
(rotation speed). This indicates that the content of the biphasic
particles and their dispersion on the composite surface can
significantly affect the friction coefficient of the material in the
friction tests. The increasing bipolar particle content tends to
reunite, and the agglomeration of duplex particles leads to a
relatively rough composite surface, which is the best effect
when the bipolar particle mass fraction reaches 6 wt.%. As seen
in Fig. 7, the friction coefficient of the material decreases as the

load increases. We believe that the friction wears mechanism
changes from adhesive wear to grinding grain abrasion, thus
reducing the friction strength and friction coefficient. As seen in
Fig. 8, the friction coefficient curve becomes relatively
unstable with the increase in the rotation speed because the
high rotation speed increases the friction surface temperature
and changes the friction wear mechanism to oxidative wear,
and excessive oxides on the friction surface lead to increased
roughness.

3.2.2 Effect of the Load and Rotational Speed
on the Wear Resistance. Figure 9 and 10 show that the
amount of wear on all materials increases to some extent as the
load increases. Under the same load, the composite with added
(AlB2 + Al2O3) particles has less wear and wear rates than the
A356 alloy. This indicates that the addition of (AlB2 + Al2O3)
particles significantly improves the wear resistance of the
material. Under the same load, when the particle content is
6 wt.%, the wear rate of the composite is reduced by 43.5%
(5N), 451.1% (10N), and 59.8% (15N) than the A356 alloy,

Fig. 8 Coefficient of friction of A356 matrix and xwt.% (AlB2 + Al2O3)/A356 composite under different rotating speed. (a) 10N 200 rpm; (b)
10N 250 rpm; (c) 10N 300 rpm; (d) average friction coefficient
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respectively. From Fig. 10, almost all materials decrease as the
load increases. There are two reasons for this: One is the change
of wear mechanism, from sticky wear to abrasive wear, thus
reducing the wear strength. On the other hand, during the wear

process, the adhesive wear-peeling material is welded to the
material surface, and the wear rate is reduced. The first reason is
that it is more conducive to the wear resistance of the material.

From Fig. 11(a), (b), and (c), there is a sizeable peeling
layer. This is because with the increased load, the A356 alloy

Fig. 9 Wear rate of A356 matrix and xwt.%(AlB2 + Al2O3)/A356 composite under different loads

Fig. 10 Wear volume of A356 matrix and xwt.%(AlB2 + Al2O3)/A356 composite under different loads
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subsurface crack also increases, resulting in massive peeling,
and the primary wear mechanism is adhesive wear. In
Fig. 11(d), (e), and (f), the wear surface of the 6 wt%
(AlB2 + Al2O3)/A356 composite is flatter than the wear surface
of the A356 alloy. The precise groove and fine peeling layer

indicate that the wear mechanism is mainly abrasive wear and
slight adhesive wear.

Figure 12 and 13 show the amount and rate of wear at
different rotational speeds. As with the wear under other loads,
the amount of wear of the same material increases with the

Fig. 11 SEM images of wear morphologies of A356 alloy and 6 wt.% (AlB2 + Al2O3)/A356 composite under different loads (a-c) A356; (d-f)
6 wt.% (AlB2 + Al2O3)/A356; (a, d) 5N; (b, e) 10N; (c, f) 15N

Fig. 12 Wear rate of A356 matrix and xwt.%(AlB2 + Al2O3)/A356 composite under different rotating speed
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rotation speed, while the composite material is less worn than
the A356 alloy. Unlike wear at different loads, the wear rate of
almost all materials increases with increasing speed. Under
different loads or different speeds, the addition of biphase
particles is conducive to improving the wear resistance of the
material. When the bipolar particle mass fraction reaches

6 wt.%, the wear rate of the composite is the most reduced
compared with the A356 alloy, reaching 41.1% (200 rpm),
36.9% (250 rpm), and 34.6% (300 rpm), respectively.

From Fig 14(a), (b), and (c), there are severe subsurface
fractures of the A356 alloy and obvious oxides. Using the EDS
energy spectrumof thewear surface, it is not difficult to see that the

Fig. 13 Wear volume of A356 matrix and xwt.%(AlB2 + Al2O3)/A356 composite under different rotating speed

Fig. 14 SEM images of wear morphologies of A356 alloy composite under different rotating speed. (a) 200 rpm; (b) 250 rpm; (c) 300 rpm; (d-
f) EDS mapping

6232—Volume 33(12) June 2024 Journal of Materials Engineering and Performance



oxygen content represented by the wear increases with increasing
speed.When the speed increases by300 rpm, themainmechanism
of A356 alloy wear is oxidative wear. This is due to the large
amount of friction heat generated at high speed, making the A356

alloymore easily oxidized. In Fig. 15(a), (b), and (c), it is clear that
6 wt% (AlB2 + Al2O3)/A356 composite wear did not exhibit a
subsurface fracture. Some oxides and grooves indicate that the
wear mechanism is oxidative wear and grinding abrasion. The

Fig. 15 SEM images of wear morphologies of 6 wt.%(AlB2 + Al2O3)/A356 composite under different rotating speed. (a) 200 rpm; (b)
250 rpm; (c) 300 rpm; (d-f) EDS mapping

Fig. 16 3D confocal images of wear scar morphology of different materials; (a) A356; (b) 6 wt.%(AlB2 + Al2O3)/A356 composite; load: 15N.
Rotating speed: 200 rpm

Fig. 17 3D confocal images of wear scar morphology of different materials; (a) A356; (b) 6 wt.%(AlB2 + Al2O3)/A356 composite; load: 10N.
Rotating speed: 300 rpm
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EDS energy spectrum shows that the oxygen content of the wear
surface is not as high as that of the A356 alloy. This is because: (1)
(AlB2 + Al2O3) refines the grain of the matrix, increasing the
hardness of the material and hindering the fracture of the material
surface during the wear process, and (2) (AlB2 + Al2O3) particles
can act as a buffer layer on the material surface so that the friction
strength of the wear surface is lower than the A356 alloy.

As shown in Fig. 16, under the conditions of 15N, 200 rpm,
the abrasion depth of the material was reduced from 231.5 lm
of the A356 matrix to 145.4 lm of the composite material,
decreasing by 37.19%. Figure 17 shows that the wear depth at
10N, 300 rpm of the material decreased from 293.5 lm for the
A356 matrix to 169.8 lm for the composite by 42.14%. It can
be seen that the friction and wear behavior of the composite
material under the influence of load or speed is greatly
improved compared with the A356 matrix.

3.3 Analysis of Friction and Wear Mechanism at Room
Temperature

The paper presents the friction wear model of composites,
illustrated in Fig. 18. The wear surface forms a mechanical
mixing layer (MML), which improves the material’s friction
properties by creating a thin layer of MML. This effect is
achieved by AlB2 and Al2O3 particles mixed into the compos-
ite. The presence of AlB2 and Al2O3 particles reduces the
friction contact surface and creates a microbulge in the MML,
leading to a reduced and stabilized friction coefficient. This
observation is consistent with the earlier analysis of the change
in friction coefficient. These results confirm that the addition of
AlB2 and Al2O3 particles optimizes the friction and wear
behavior of A356 alloy. Additionally, these particles act as
Orowan strengthening agents and refine the tissue, thereby
increasing the material’s crystal boundary and resistance to
displacement. Refining the particles also increases the number
of grains and movable sliding systems, resulting in a more
uniform distribution during wear and improved wear resistance.

4. Conclusion

In this study, we designed a reaction system consisting of
A356, B2O3, and KBF4. The aim was to synthesize dual-phase
particle-reinforced aluminum matrix composites with anti-

friction and wear-resistant properties through an in situ
mechanical stirring mixed salt reaction method. We conducted
investigations on the changes in microstructure and morphol-
ogy as well as the friction and wear properties at room
temperature. Based on our findings, we draw the following
conclusions:

• Through XRD analysis, AlB2 and Al2O3 duplex-enhanced
particles were successfully prepared in the A356-B2O3-
KBF4 reaction system. Through metallographic analysis
(AlB2 + Al2O3)/A356 composite material, it was found
that the morphology of AlB2 enhanced particles were
mostly short rods and distributed by local clusters.

• Microscopy, the A356 aluminum alloy and the (AlB2 +
Al2O3)/A356 composite-Al grain size with mass fractions
of 2 wt.%, 4 wt.%, 6 wt.%, and 8 wt.% were calculated,
and the results were 266.075 lm, 205.5 lm, 175.1 lm,
158.6 lm, and 163.1 lm, respectively. The best effect on-
Al grain refinement was achieved when the duplex parti-
cle mass fraction reached 6 wt.%.

• The analysis of SEM and EDS data of (AlB2 + Al2O3)/
A356 composite found that AlB2 particles are mostly mi-
cron size and Al2O3 particles are mostly nanosize. Both
enhanced particles reunite. AlB2 particles and Al2O3 parti-
cles can grow with each other, and the interface is very
close.

• To study the friction and wear behavior of the (AlB2 +
Al2O3)/A356 composite materials with the A356 alloy
and the particle mass fractions of 2 wt.%, 4 wt.%,
6 wt.%, and 8 wt.%, respectively, when the mass fraction
of the biphasic particles is 6 wt.%, (AlB2 + Al2O3)/A356
composite material has the best friction reduction effect
and wear resistance over the A356 matrix alloy matrix.
The wear mechanism of 6 wt.% (AlB2 + Al2O3)/A356
composite is mainly abrasive wear. The wear mechanism
of A356 matrix alloy is mostly adhesive wear.
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