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Abstract

In this paper, the A356-B2O3-KBF4 system was designed,
and (AlB2 ? Al2O3)/A356 in situ dual-phase reinforced
particle composites with mass fractions of 2 wt%, 4 wt%,
6 wt% and 8 wt% were prepared by the DMR method. The
acoustic-magnetic coupling control was carried out during
the preparation of 6 wt% (AlB2 ? Al2O3)/A356 composite.
XRD, PC, SEM, EDS, and dry friction tests studied the
composites’ microstructure and high-temperature wear
properties. The results show that the matrix a-Al grains of
the composite are refined under the action of the coupling
field, with a grain size of: 94.3 um. The AlB2 particles are
rod-shaped with a radial size of 11 um, and the Al2O3

particles are nano-sized flakes. The wear mechanism of
(AlB2 ? Al2O3)/A356 dual-phase in situ aluminum matrix
composites is high-temperature oxidation abrasive wear,
which differs from the adhesive wear of the matrix alloy.

Due to the anti-friction, lubrication and anti-wear effects of
the dual-phase in situ particles (AlB2 ? Al2O3), the wear
resistance of the composites is improved, and the coeffi-
cient of friction is reduced by 13.4% compared to the A356
matrix alloy. With the increase in temperature, the wear
resistance of 6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz
composite was substantially better than that of the A356
matrix alloy. The wear rate of the composite at different
temperatures was reduced by 8.82% (100 �C), 11.29%
(200 �C), and 13.69% (300 �C), respectively, compared
with that of the matrix A356.

Keywords: A356-B2O3-KBF4 system, acoustic-magnetic
coupling, composite material, duplex particles, friction
and wear behavior

Introduction

Aluminum alloys are widely used in the aerospace and

automotive industries due to their superior properties, such

as high specific strength, excellent low-temperature per-

formance, excellent corrosion resistance, chemical inert-

ness and other excellent properties.1 However, the

disadvantages of high-temperature resistance and poor

wear performance of aluminum alloy limit its application.

In order to improve the performance of conventional

aluminum alloys, aluminum alloys reinforced by ceramic

particles have been developed, called particle-reinforced

aluminum matrix composites.2–5

Particulate-reinforced aluminum matrix composites

(PAMCs) are widely used and have significant advantages

over fiber-reinforced aluminum matrix composites, such as

isotropic, simple and mature preparation processes and low

cost.6,7 In addition, PAMC can be secondary molded using

conventional processing methods.8–10

PAMCs have a higher specific strength, specific stiffness

and wear resistance than aluminum alloy matrix.11–16 Most

of the traditional research has focused on the addition ofReceived: 29 March 2023 / Accepted: 24 July 2023 /
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single anti-wear particles or lubricated wear-reducing par-

ticles to enhance the wear resistance of the material.17–22

Bai et al.23 studied the effect of Al2O3 particles on the

friction and wear behavior of 7075 aluminum alloy. The

results show that the friction and wear properties of the

composites reach the highest when the mass fraction of

Al2O3 particles reaches 5%. The wear mechanism at room

temperature is slightly abrasive wear. The addition of

Al2O3 can improve the wear resistance of the material.

Yang et al.24 studied the effect of particle size on friction

and wear behavior. Studies have shown that when Al2O3

particles are nano-sized, the wear rate and friction coeffi-

cient of the material decrease, and the increase in particle

size will increase the degree of abrasive wear and reduce

the material’s wear resistance. Agrawal et al.25 found that

the dispersed TiB2 particles have a refining effect on a-Al

grains and have a significant effect on the hardness, tensile

strength and dry sliding wear resistance of the material by

adding magnetic field stirring during melt solidification.

Yuan et al.26 fabricated AlB2 particle-reinforced aluminum

matrix composites. Experiments show that the in situ

generated AlB2 particles significantly improve the wear

resistance of pure aluminum and that adding AlB2 has a

significant friction-reducing effect. However, there are few

reports on introducing dual-phase particles ‘anti-wear27

and anti-friction27,28’ mechanisms to improve the wear

performance of materials. Therefore, this paper designs to

introduce AlB2 and Al2O3 dual-phase in situ particles to

improve the performance of A356 aluminum alloy mate-

rials by the direct melt reaction (DMR) method.

In situ PAMCs have the advantages of a clean interface and

low process costs compared to applied particle PAMCs. As

the research progresses, the preparation cost of aluminum

in situ PAMCs is still decreasing, and in situ PAMCs can

meet the requirements of lightweight, good designability,

and low preparation cost, which makes aluminum in situ

PAMCs can be used in military and civil fields, especially

in vehicles, aerospace, and electronic packaging industries

which have broad application prospects.

However, in situ particles as reinforcing phases in the

aluminum matrix can have uneven distribution, coarse

particles, and other undesirable conditions. Therefore,

exploring new methods to overcome the problems related

to particle formation in aluminum matrix composites has

become an essential direction for materials research.29 The

effect of external fields on particle morphology and dis-

tribution is investigated by adding an external field to an

in situ particle reaction. Standard methods include

mechanical stirring, electromagnetic stirring and high-en-

ergy ultrasonic fields.30–34 The role of a single external

physical field is limited, each has its advantages and dis-

advantages, and multi-field coupling has become a new

trend.35,36

Acoustic-magnetic coupling of external physical fields is

the more popular combination of multi-field coupling.37 In

recent years, many scientists have successfully fabricated

in situ particle-reinforced aluminum matrix composites

using the acoustic-magnetic coupling-assisted mixed salt

reaction method. Tao et al.38,39 investigated the effect of

the acoustic-magnetic coupling field on the dispersion of

ZrB2 particles by adding an acoustic-magnetic coupling

field during the in situ reaction and found that the acoustic-

magnetic coupling field had a significant effect on the

nanoparticle distribution and particle number increase. The

nanoparticles are refined, and the distribution is improved.

The coupling of ultrasound and magnetic field not only

solves the problems of a single physical field, but also

enlarges the advantages of a single physical field. Zhang

et al.40 produced Al2O3 and Al3Zr by in situ reaction with

the assistance of a pulsed magnetic field, with more uni-

form particle distribution, smaller particle size, and the

number of in situ particles increased, which is much more

nuanced than that without the assistance of pulsed mag-

netic field. Kai et al.41 prepared ZrB2/Al nanocomposites

with ultrasonic vibration and helical electromagnetic stir-

ring. Ultrasonic vibrations prevent the rapid growth of

in situ synthesized nanoparticles in the melt and disrupt

clustering, resulting in smaller sizes (10–50 nm) and rela-

tively more uniform distribution of in situ nanoparticles in

the final composite grains at the boundaries and/or inside

the aluminum matrix.

In this paper, (AlB2 ? Al2O3)/A356 composites with mass

fractions of 2 wt%, 4 wt%, 6 wt% and 8 wt% were

designed and prepared by the DMR method using A356-

B2O3-KBF4 system. The acoustic-magnetic coupling con-

trol was carried out during the preparation of 6 wt%

(AlB2 ? Al2O3)/A356 composite. XRD, PC, SEM and,

EDS analyzed the morphology, distribution and, size of

AlB2 and Al2O3 particles. The high-temperature frictional

wear behavior and mechanism of the 6 wt% (AlB2 ?

Al2O3)/A356-T6-1 kW-10 Hz dual-phase composite was

investigated by dry sliding frictional wear experiments.

Table 1. A356 Alloy Ingot Chemical Composition (wt%)

Elements Si Mg Ti Fe Mn Cu Zn Sn Pb Al

Components 7.39 0.37 0.16 0.1 0.05 0.05 0.05 0.01 0.03 91.79
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Experimental Procedure

Sample Preparation

The raw materials are A356 alloy ingots and inorganic salts

KBF4 and B2O3 powders. The experimental method is the

in situ reaction. The composition of the A356 alloy is

shown in Table 1. The reaction equation is as follows:

2KBF4 þ 4Al þ B2O3 ¼ 2AlB2 þ Al2O3 þ 2KAlF4

Calculate the mass of B2O3 powder and KBF4 powder

required to determine x wt% (AlB2 ? Al2O3)/A356 (x = 2,

4, 6, 8). The two inorganic salt powders were dried at

250 �C for 2.5 h and mixed in a mortar. The A356 alloy

ingot was melted and superheated to 850 �C by a high-

frequency induction furnace, and the mixed salts were

pressed into the molten aluminum with graphite bellows

and held for 30 min. After the reaction, the C4Cl4 refining

agent was added to the melt for drossing and degassing.

Wait for the melt to cool down to 720 �C and cast the melt

into the preheated iron mold to obtain the composite. After

microstructure observation, the optimum particle mass

fraction for composite preparation was determined by

comparing the matrix grain size and the amount and

distribution of particles produced for each mass fraction.

When the particle mass fraction reaches the best, the grain

size of the matrix is the smallest, and the distribution of the

particles is more uniform. The agglomeration of the

particles at the grain boundary is the slightest, and the

particles play the best role in refining the matrix grains and

strengthening the matrix.

Based on the optimum mass fraction, four portions of B2O3

powder and KBF4 powder were taken and dried at 250 �C
for 2.5 h, and the two inorganic salts were ground and

mixed in a mortar. The A356 alloy ingot was melted and

superheated to 850 �C by a high-frequency induction fur-

nace. The mixed salt is pressed into the molten aluminum

solution with a graphite bell for the reaction, with magnetic

field strengths of 5 Hz, 10 Hz and 15 Hz and an ultrasonic

field power of 1 kW. The reactions were held for 30 min

under different applied physical fields (no external field,

1 kW–5 Hz, 1 kW–10 Hz, and 1 kW–15 Hz). The acous-

tic-magnetic coupling field was applied every 5 min for a

total of six times, each time for 30 s. Figure 1 shows

schematic diagrams of laboratory equipment. After the

reaction, the C4Cl4 refining agent was added to the melt for

drossing and degassing. Wait for the melt to cool to

720 �C, and cast the melt into the iron mold preheated at

200 �C for 20 min to get the composite material.

Physical Phase Analysis

The material was analyzed by D8 ADVANCE X-ray

diffractometer (XRD), and the XRD specimens were cut

into 10 mm * 10 mm * 3 mm specimens by wire cutting.

Sandpaper was used to smooth the specimens to the same

height as the specimen table.

The test diffraction angle parameter is 20�–90�, and the test

speed is 2�/min.

Polarization Analysis

The Leica DM750P polarized light microscope was used to

analyze the material organization, and the Image Pro Plus

software was used to quantify the grain size of the material.

The specimens were cut into cubes of 10 mm * 10 mm *

10 mm using wire cutting, and the surfaces of the speci-

mens were sanded using 400#, 600#, 800#, 1000#, 1200#,

1500#, and 2000# sandpaper. Polishing was carried out on

the P-1 metallographic specimen polishing machine until

there was no scratches on the surface of the specimen.

Subsequently, under the condition of 22 V voltage and

0.1–0.2 mA current, the anode film was carried out on the

surface of the sample using the coating solution (the ratio

Figure 1. Schematic diagrams of laboratory equipments: (a) electromagnetic stirring device;
(b) ultrasonic vibration device.
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of the coating solution is: H2SO4:H3PO4:H2O = 43:38:19)

for 1.5–2 min.

SEM Analysis

In this experiment, the microstructure of the prepared

composites was observed and analyzed by FEI Nova-

Nano450 field emission scanning electron microscope. The

dispersion of in situ endogenous particles and the particle

size was observed, and the morphology of the friction wear

specimens was analyzed.

The 3D Confocal Analysis Performed

The abrasion of friction wear samples was analyzed by

LEXT OLS400 3D confocal microscope. A 3D confocal

microscope measured the average cross-sectional area of

the ground mark, and the formula calculated the wear rate

of the sample.

K ¼ C � S

F � L

where C is the wear circumference; S is the cross-sectional

area of the wear; F is the load; and L is the length of the

wear mark.

T6 Heat Treatment

The materials used for the high-temperature friction wear

behavior investigation were solution treated at 540 �C for

5 h. The specimens after solid solution treatment were

rapidly cooled in water at 60 �C and placed in an oven at

170 �C for 24 h of aging treatment. In the 24-h aging

treatment process, the specimens were subjected to Vickers

hardness tests hourly to derive the peak aging parameters.

Room Temperature Friction and Wear

In this experiment, the friction and wear test samples were

prepared by wire cutting, and the surface of the samples

was polished with 400#, 600#, 800#, 1000#, 1200#, 1500#,

and 2000# sandpaper. The test piece was polished with a

diamond metallographic polishing agent with a particle

size of 0.5 um on a P-1 metallographic sample polishing

machine. Finally, after polishing, the friction and wear test

samples were subjected to room temperature friction and

wear experiments on the HT-1000 high-temperature fric-

tion and wear tester. The opposite surface of the friction is

the steel plate, and the wear diameter is 4 mm. The friction

loads were 5 N, 10 N, and 15 N, and the friction speeds

were 200 rpm, 250 rpm, and 300 rpm. Table 2 shows the

specific friction and wear experimental parameters.

High-Temperature Friction Wear

The T6-treated composites with A356 alloy and A356-T6

were cut into friction wear test specimens using a wire

cutter, and the surfaces were sanded using 400#, 600#,

800#, 1000#, 1200#, 1500# and 2000# sandpaper. The

polished test piece was polished on the P-1 metallographic

sample polishing machine with diamond metallographic

polish with a grain size of 0.5 um. Finally, the polished

friction and wear test specimens are subjected to high-

temperature friction and wear test on HT-1000 high-tem-

perature friction and wear tester. The opposite surface of

the friction is the steel plate, and the wear diameter is

4 mm. The friction load and rotational speed were 10 N

and 200 rpm, respectively. The friction temperatures were

100 �C, 200 �C and 300 �C, respectively. Each material

was tested three times, and the average value was taken to

obtain the final results.

Characterization

XRD Analysis

The study analyzed (AlB2 ? Al2O3)/A356 composites with

mass fractions ranging from 2 to 8 wt% and A356 alu-

minum alloy using XRD. XRD measurements were per-

formed using a copper target. The diffraction angle

parameter is 20�–90�, the test speed is 2�/min, the step size

is 0.02�, and the dwell time is 2 s. MDI Jade software,

combined with PDF cards, was used for specific experi-

mental data analysis, and origin was used to produce XRD

spectra and calibrate the relevant diffraction peaks. Fig-

ure 2 displays the XRD results indicating that significant

Al and Si peaks are present in all five materials. In addition,

the XRD results for the four composites showed several

faint peaks, which were analyzed and identified as the

Al2O3 and AlB2 phases. The study successfully prepared

composites of (AlB2 ? Al2O3)/A356 with reinforced target

AlB2 particles and Al2O3 particles using the melt direct

reaction method of the A356-B2O3-KBF4 system.

Table 2. Room Temperature Friction and Wear Test
Parameters

Revolution speed
(rpm)

Load
(N)

Time
(min)

Friction radius
(mm)

200 5 20 4

200 10 20 4

200 15 20 4

250 10 20 4

300 10 20 4
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Polarization Analysis

Since the grains of different colors in the polarized

micrographs are grains of different orientations, the large

and small black areas may be the composites’ reinforced

particle clusters. Figure 3a–d shows the polarized images

of (AlB2 ? Al2O3)/A356 composites with reinforced

particle mass fractions of 2 wt%, 4 wt%, 6 wt. % and

8 wt%, respectively. The multiple of the polarized pho-

tograph is 100x. ImagePro Plus software calculated the

grain size of the randomly sampled polarized photos.

Figure 4 displays the results for grain size, which are as

follows: 210.34 um, 182.63 um, 160.36 um, and

165.63 um.

The grain size of the A356 matrix alloy decreases with

increasing particle mass fraction, with the best refinement

effect at a particle mass fraction of 6 wt%. In addition, the

particles are mainly distributed along the grain boundaries,

and agglomeration is most severe when the particle mass

fraction is 8 wt%. This happens because the aluminum

crystals in the matrix push the particles toward the grain

boundaries during crystallization. As more particles are

pushed to the grain boundaries, the particles agglomerate to

reduce the surface energy to reduce the overall energy of

the system and achieve a stable state. Therefore, when the

system synthesizes the composite material, it is necessary

to strengthen the stirring or use the external physical field

to make the particle distribution uniform and reduce the

agglomeration.

In order to verify the effect of the coupling field on the

particle distribution and the amount of particle production

within the composite, polarization analysis was carried out

Figure 2. XRD patterns of A356 alloy and (AlB2 1 Al2O3)/
A356 composites with different particle contents.

Figure 3. Polarized light micrographs of (AlB2 1 Al2O3)/A356 composites with different particle
contents (a) 2 wt%; (b) 4 wt%; (c) 6 wt%; (d) 8 wt%.
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Figure 4. Grain size distribution of different composites.

Figure 5. Polarized light images of 6wt% (AlB2 1 Al2O3)/A356 composites prepared under different
magnetic field frequencies (a) no outfield; (b) 1 kW–5 Hz; (c) 1 kW–10Hz; (d) 1 kW–15 Hz.
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on the 6 wt% (AlB2 ? Al2O3)/A356 composite. Figure 5

shows polarized images of the 6 wt% (AlB2 ? Al2O3)/

A356 composite prepared under different applied magnetic

fields at a magnification of 100x. These images provide

information on the microstructure of the composites, which

is affected by the direction and strength of the magnetic

field applied during fabrication. The grain size distribution

of the composites is shown in Figure 6, allowing further

analysis of the composite structure and properties. The

grain sizes of the 6 wt% (AlB2 ? Al2O3)/A356 composites

were measured using the Imagepro plus software. The

calculated sizes were 158.6 um, 111.6 um, 81.5 um, and

94.3 um for the applied physical field data of no outfield,

1 kW–5 Hz, 1 kW–10 Hz, and 1 kW–15 Hz, respectively.

According to Figures 5 and 6, adding an acoustic-magnetic

coupling external field control reaction during the prepa-

ration process leads to a significant decrease in the grain

size of the composite material. The grain size is the

smallest when the external physical field data is 1 kW–

10 Hz. With the magnetic field frequency increasing, the

grain size decreases from 158.6 um at no outfield to

81.5 um at 10 Hz. When the magnetic field frequency is

15 Hz, the grain size increases slightly due to the skin

effect of the magnetic field. The grains tend to change from

dendritic to equiaxed crystals. This is due to adding in situ

dual-phase particles as the core of heterogeneous nuclei.

With the increase in magnetic field frequency, the size of

in situ dual-phase particles decreases, and the core of

heterogeneous nuclei increases. Mutual obstruction during

the growth process will inhibit the growth rate so that the

tiny grains change from coarse dendrite to equiaxed

crystals.

SEM and Energy Spectrum Analysis

Figure 7 shows the SEM image of 6 wt% (AlB2 ? Al2O3)/

A356 composites prepared at different magnetic field fre-

quencies. The diagram shows many silver-gray or black

square or long rod-like small particles. The EDS energy

spectrum test results (Figure 7d) show that these long rod-

like or block-like objects are AlB2 particles with a radial

size of about 11 um. Additionally, a significant number of

bright white punctate particles can be observed in the

material. The EDS results (Figure 7a) show that these

bright white particles are Al2O3 particles, and the radial

size is nanoscale. Since the Al2O3 particles are already at

the nanoscale, the acoustic-magnetic coupling external

field control reaction mainly plays a role in the larger AlB2

particles. Under the same external field conditions, the

rotation and collision between AlB2 particles with large

size and rod-like morphology are more intense. On the

other hand, when Al2O3 particles with a smaller size and

rounder shape vibrate in the melt, the relative motion

between particles is not as intense as that of AlB2 particles.

Figure 7b shows that AlB2 is mainly distributed in the Al

matrix in the form of large particles and rods. With the

increase in magnetic field frequency, the particle size of

AlB2 decreases, and some AlB2 particle clusters in the

form of clusters appear. However, when the applied mag-

netic field reaches 15 Hz, due to the skin effect, the

Figure 6. Grain size distribution of different composites (a) no outfield; (b) 1 kW–5 Hz; (c) 1 kW–10 Hz; (d) 1 kW–
15 Hz; (e) average size.
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alternating current generated by the alternating magnetic

field in the melt exhibits an uneven distribution with less

internal and dense external. If the magnetic field frequency

is too high, the magnetization will increase. In situ,

endogenous particles migrate outward under strong cen-

trifugation. Long-term magnetic stirring may deteriorate

the in situ particle distribution, and the clusters will

become too large, affecting the material’s performance. In

addition, it can be seen from the diagram that the number

of particles per unit area also has an increasing trend with

the increase in the magnetic field due to the acoustic-

magnetic coupling external field regulation making the

reaction more complete.

Figure 7e, f shows 30K-fold SEM images of 6 wt%

(AlB2 ? Al2O3)/A356 composites to analyze the particle

morphology of AlB2 and Al2O3 particles. At 30 K mag-

nification, several circular Al2O3 particles can be found in

the nanoscale range. In addition, the red circle marker

shown in Figure 7f shows that that the interface between

the two particles and the matrix is pure and tightly bonded.

Introducing AlB2 and Al2O3 particles refines the matrix

grains and plays a role in fine grain strengthening.

Figure 7. SEM of 6 wt% (AlB2 1 Al2O3)/A356 composites (a, e, f) no outfield; (b) 1 kW–5 Hz; (c)1 kW–
10 Hz; (d) 1 kW–15 Hz.
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Therefore, in the process of friction and wear, the defor-

mation of the composite material is more uniform, and it is

not easy to produce local stress concentration so that the

wear surface material is not easy to fall off so that the

possibility of adhesive wear is reduced. In addition, the two

kinds of reinforced particles and the matrix are pure and

closely combined, which reduces the tendency of particles

to fall off from the matrix during the friction and wear

process, thus reducing abrasive wear.

Results

The Friction and Wear Behavior
of (AlB2 1 Al2O3)/A356 Composites Controlled
by Acoustic-Magnetic Coupling

Effect of Load on Wear Resistance

Figures 8 and 9 are the wear rate and wear volume of

6 wt% (AlB2 ? Al2O3)/A356 composites prepared at dif-

ferent magnetic field frequencies under different loads. As

the load increases, the wear of all materials increases to a

certain extent. Under the same load, the wear volume and

wear rate of the composites prepared by the acoustic-

magnetic coupling external field control during the prepa-

ration process are lower than those of the composites

prepared by the non-acoustic-magnetic coupling external

field control. This shows that the acoustic-magnetic cou-

pling external field regulation during the reaction process

significantly improves the material’s wear resistance, and

the acoustic-magnetic coupling external field regulation

makes the material grain refinement and enhances the

material’s wear resistance using fine grain strengthening.

Under the same load, when the magnetic field frequency is

10 Hz, the wear rate of 6 wt% (AlB2 ? Al2O3)/A356-

1 kW-10 Hz composite is 22.9% (5 N), 31.2% (10 N) and

33.5% (15 N) lower than that of 6 wt% (AlB2 ? Al2O3)/

A356, respectively. From Figure 9, almost all materials

decrease as the load increases. There are two reasons for

this: the change of wear mechanism, from sticky wear to

grinding grain 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.

Figure 10 shows a scanning electron microscope analysis

of the wear morphology of 6 wt% (AlB2 ? Al2O3)/A356

composites and 6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz

composite under different loads. From the analysis of

Figure 10a–c, it is found that there are furrows and peeling

layers in the wear morphology of 6 wt% (AlB2 ? Al2O3)/

A356 composites. The flat and precise grooves and fine

peeling layer on the wear surface of 6 wt% (AlB2 ?

Al2O3)/A356 composite indicate that the wear mechanism

is mainly abrasive and has slight adhesive wear. From

Figure 10d–f, it can be seen that the wear surface of the

6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz composite

material can hardly see the spalling layer, only some

grooves and some debris, and the wear mechanism is

mainly slight abrasive wear, which also shows that the

addition of the acoustic-magnetic coupling field in the

preparation process improves the wear resistance of the

material.

Figure 8. Wear rate of 6 wt% (AlB2 1 Al2O3)/A356 com-
posites prepared at different magnetic field frequencies
composite under different loads.

Figure 9. Wear volume of 6 wt% (AlB2 1 Al2O3)/A356
composites prepared at different magnetic field frequen-
cies composite under different loads.

International Journal of Metalcasting/Volume 18, Issue 2, 2024 1597



Effect of Rotational Speed on Wear Resistance

Figures 11 and 12 are the wear rate and wear volume of

6 wt% (AlB2 ? Al2O3)/A356 composites prepared under

different magnetic field frequencies at different rotational

speeds. The wear volume and wear rate of all materials

increase to a certain extent with the increase in rotational

speed, and the wear of composites prepared under the

regulation of acoustic-magnetic coupling external field is

better than that of composites prepared without acoustic-

magnetic coupling external field regulation at the same

rotational speed. At different speeds, the addition of

acoustic-magnetic coupling field control in the reaction is

beneficial to improve the material’s wear resistance. When

the magnetic field frequency reaches 10 Hz, the wear of

6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz composites is

the most reduced compared with 6 wt% (AlB2 ? Al2O3)/

A356 composites, reaching 31.2% (200 rpm), 27.2%

(250 rpm), and 28.4% (300 rpm), respectively.

Figure 10. SEM images of wear morphologies of 6 wt% (AlB2 1 Al2O3)/A356 composite and 6 wt% (AlB2 1 Al2O3)/
A356-1 kW-10 Hz composite under different loads (a, b, c) (AlB2 1 Al2O3)/A356 composite; (d, e, f) 6 wt%
(AlB2 1 Al2O3)/A356-1 kW-10 Hz composite; (a, d) 5 N; (b, e) 10 N; (c, f) 15 N.

Figure 11. Wear rate of 6 wt% (AlB21Al2O3)/A356 com-
posites prepared at different magnetic field frequencies
composite under different rotating speed.

Figure 12. Wear volume of 6 wt% (AlB21Al2O3)/A356
composites prepared at different magnetic field frequen-
cies composite under different rotating speed.
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Figure 13 shows the wear morphology of 6 wt% (AlB2 ?

Al2O3)/A356 composites and 6 wt% (AlB2 ? Al2O3)/

A356-1 kW-10 Hz composite. From Figure 13, the wear of

6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz composite is

significantly better than that of 6 wt% (AlB2?Al2O3)/A356

composites. When the rotation speed is increased to

300 rpm, the white oxide on the surface of the two mate-

rials indicates that the main wear mechanism is oxidative

wear. This is due to the large amount of friction heat

generated at high speed, which makes the material’s sur-

face more easily oxidized. In Figure 13c, f, it can be seen

that the wear layer of the 6 wt% (AlB2 ? Al2O3)/A356-

1 kW-10 Hz composite is significantly less than that of the

6 wt% (AlB2 ? Al2O3)/A356 composite. Some oxides and

grooves indicate that the wear mechanism of 6 wt%

(AlB2 ? Al2O3)/A356-1 kW-10 Hz composite is oxidation

wear and abrasive wear.

Analysis of High-Temperature Friction Results

T6 Heat Treatment

The main elements in A356 aluminum alloy are Al, Mg,

and Si. The needle-like Si phase forms stress concentra-

tions. The second phase Mg2Si formed also forms segre-

gation during the casting process of the alloy.42 Therefore,

the properties of the alloy can be optimized by heat treat-

ment, and the A356 aluminum alloy and 6 wt% (AlB2 ?

Al2O3)/A356 composites were treated by T6.

Figure 14 is the peak aging diagram of A356 alloy and

6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz composite after

T6 treatment, and it is evident that the T6 treatment has led

to an enhancement in the hardness of the cast aluminum

alloy A356. The aging peak hardness of 6 wt% (AlB2 ?

Al2O3)/A356-1 kW-10 Hz composite is about twice that of

A356 alloy. This is because the hardness of AlB2 and

Al2O3 nanoparticles is much higher than that of aluminum

matrix, which can give its intrinsic hardness to the matrix.

Adding a stronger and harder reinforcing phase to the

aluminum matrix can effectively hinder the movement of

dislocations, thereby improving the hardness and strength

of the nanocomposites.

Figure 15a shows the scanning image of A356 alloy after

T6 treatment. Mg2Si is continuously precipitated at the

grain boundary and connected into a network structure. At

this time, the number of Mg2Si is more. Figure 15b is the

scanning image of 6 wt% (AlB2 ? Al2O3)/A356-1 kW-

10 Hz composites after T6 treatment. The network struc-

ture of Mg2Si is broken and spheroidized, and a large

amount of Mg2Si is dissolved into the matrix. The peak

time of the material increases after the addition of rein-

forcing particles since AlB2 and Al2O3 at the matrix a-Al

grain boundary hinder the precipitation of Mg2Si during the

artificial aging process and prolong the artificial aging

time.

From Figure 16, Si in A356 alloy mainly exists as disor-

dered needles. T6 treatment can first dissolve the second

Figure 13. SEM images of wear morphologies of 6 wt% (AlB2 1 Al2O3)/A356 composite and 6 wt% (AlB2 1 Al2O3)/
A356-1 kW-10 Hz composite under different loads (a, b, c) (AlB2 1 Al2O3)/A356 composite; (b, c, d) 6 wt%
(AlB2 1 Al2O3)/A356-1 kW-10 Hz composite; (a, d) 200 rpm; (b, e) 250 rpm; (c, f) 300 rpm.
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Figure 14. Aging peak graph for A356 and 6 wt% (AlB2 1 Al2O3)/A356-1 kW-10 Hz (a) A356 (b) 6wt%
(AlB2 1 Al2O3)/A356-1 kW-10 Hz.

Figure 15. SEM of A356-T6 and 6 wt% (AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6.

Figure 16. Metallographic images of A356 alloy, A356-T6 alloy and 6 wt% (AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6
composite (a) A356 (b) A356-T6 (c) 6 wt% (AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6.
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phase and solute atoms into the alloy through the solid

solution process for homogenization treatment and

spheroidization of Si, followed by the precipitation of the

second phase in the supersaturated state through the aging

process. The precipitated second phase can effectively pin

the dislocation to improve the alloy performance. After the

T6 treatment, the needle-like material in the metallographic

diagram of A356 alloy is reduced, and the distribution is

more uniform. The needle-like Si can hardly be seen in the

metallographic diagram of the T6-treated composite

because the addition of the two-phase particles has a lim-

iting effect on the growth of Si.

Effect of Temperature on Friction Coefficient

Figure 17 illustrates the variation curves of friction coef-

ficient with temperature for A356 alloy, A356-T6 alloy,

and 6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz-T6. The

increased hardness of the T6 treatment increases the fric-

tional strength and coefficient of friction of the material

surface to some extent compared to the A356 and A356-T6

alloy. The friction coefficient of 6 wt% (AlB2 ? Al2O3)/

A356-1 kW-10 Hz composites with dual-phase particles

after T6 treatment is still lower than that of A356 and

A356-T6. The results reveal that the anti-friction effect of

the dual-phase particles on the material remains effective at

high temperatures.

As the friction temperature increases, the friction coeffi-

cient of all materials increases to varying degrees. It is

related to the softening of the material surface caused by

the increase in temperature, which makes more friction

surfaces peel off during the friction process, increasing the

roughness of the surface. At various temperatures, the

friction coefficients of 6 wt% (AlB2 ? Al2O3)/A356-

1 kW-10 Hz composites decrease by 10.9% and 26.5% at

100 �C, 11.2% and 13.7% at 200 �C, and 13.4% and 11.5%

at 300 �C.

Effect of Temperature on Wear Resistance

Figures 18 and 19 are the wear rate and volume of A356

alloy, A356-T6 alloy, and 6 wt% (AlB2 ? Al2O3)/A356-

1 kW-10 Hz-T6 composite at different temperatures.

Comparing A356 alloy with A356-T6 alloy, the T6 treat-

ment enhances the material’s wear resistance. The wear

Figure 17. Coefficient of friction of different materials at (a) 100 �C; (b) 200 �C; (c) 300 �C;
(d) average friction coefficient.
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rate and volume of the 6 wt% (AlB2 ? Al2O3)/A356-

1 kW-10 Hz-T6 composite is lower than those of the

A356-T6 alloy for the same friction temperature, further

indicating that the addition of duplex-phase particles has a

significant effect on the wear resistance of the material on

the one hand. On the other hand, the wear resistance of the

composite at high temperatures is still better than that of

the matrix alloy, which indicates that the material’s wear

resistance is still significantly improved by the dual-phase

particles at high temperatures. At different temperatures,

respectively, the wear rates of 6 wt% (AlB2 ? Al2O3)/

A356-1 kW-10 Hz-T6 composites were reduced by 33.1%

and 8.8% (100 �C), 42.6% and 11.3% (200 �C), 46.4% and

13.7% (300 �C), compared with A356 alloy and A356-T6

alloy.

Figure 20 shows the SEM analysis of the wear morphology

of A356 alloy, A356-T6 alloy, and 6 wt% (AlB2 ? Al2O3)/

A356-1 kW-10 Hz-T6 composite at different temperatures.

When the friction temperature is 100 �C, the friction sur-

face (a, b, c) of A356 alloy has different degrees of spalling

layer and sub-surface fracture. This is attributed to the fact

that the surface of the A356 alloy is softened at high

temperatures and the main wear mechanism is adhesive

wear. Combined with Figures (d, e, f) and Figures (g, h, i),

the surface wear of A356-T6 alloy and 6 wt% (AlB2 ?

Al2O3)/A356-1 kW-10 Hz-T6 composite is similar, and

the wear of the composite is slightly better. The addition of

dual-phase particles reduces the friction coefficient on the

material surface and decreases the friction strength

between the friction pairs. Both materials dominate by

abrasive wear at a friction temperature of 100 �C. When

the temperature rises to 300 �C, sub-surface fracture

occurs, and the wear mechanism is mainly adhesive wear.

The surface of the materials has large deformation, such as

pits and sub-surface fractures. Moreover, the heat gener-

ated during the friction process causes the oxidation of the

friction surface, and the color of different regions is dif-

ferent. A prominent peeling layer was found on the wear

surface. This is because the high temperature softens the

material on the friction surface and is not enough to firmly

bond with the material below, thus causing the surface to

fall off. These are the characteristics of adhesive wear.

Figures 21, 22, and 23 are the 3D confocal images of the

wear morphology of A356 alloy, A356-T6 alloy, and

6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz-T6 composites

at 100 �C, 200 �C and 300 �C. At the friction temperature

of 100 �C, the wear scar of the composite is reduced by

17.1% and 5.5% compared with A356 alloy and A356-T6

alloy; at 200 �C, the wear scar of the composite is reduced

by 31.5% and 16.6% compared with A356 alloy and A356-

T6 alloy; and at 300 �C, the wear scar of the composites

decreases by 40.4% and 19.2%, respectively, compared

with that of A356 alloy and A356-T6 alloy. The wear scar

depth of the composites is much lower than that of A356

alloy and A356-T6, which further shows that the wear

resistance of the composites is still significantly improved

compared with the matrix alloy in a high-temperature

environment.

Discussion

Synergy Action of Ultrasonic Field
and Magnetic Field

Figure 24 shows a schematic diagram of the forced con-

vection of the melt caused by the coupling field. The two

physical fields stir the melt from different directions. The

ultrasonic flow motion generated by the ultrasonic field

occurs along the axis of the horn, and the action caused by

the magnetic field is tangential to the horn. The intense

vibration effect of the coupling field helps to prevent the

formation of clusters and disperse the existing clusters in

Figure 18. Wear rate of A356 alloy, A356-T6 alloy and
6 wt% (AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6 composite at
different temperatures.

Figure 19. Wear volume of A356 alloy, A356-T6 alloy and
6 wt% (AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6 composite at
different temperatures.
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the melt, thereby refining the particles. In addition, contact

friction occurs between particles under an external physical

field, making the particles more rounded and producing a

spheroidizing effect. Meanwhile, the particle clusters are

broken, resulting in particle refinement. The coupling field

helps complete the reaction and heat transfer of the entire

melt, ensuring a uniform concentration in each melt region

to inhibit particle growth. In summary, coupled fields can

homogenize nanoparticle distribution, reduce the size and

improve nanoparticle morphology. Therefore, the coupling

of ultrasonic and magnetic fields not only solves the

problems associated with individual physical fields, but

also amplifies the advantages of these fields.

When coupled magnetic and ultrasonic magnetic fields are

applied to the melt, the magnetic and ultrasonic fields act

differently. The magnetic force and joule heat generated by

the magnetic field increase the nanoparticle volume frac-

tion and facilitate the reaction process. Firstly, the mag-

netization of the reactants and molten aluminum generates

Figure 20. SEM images of wear morphologies of A356 alloy, A356-T6 alloy, and 6 wt% (AlB2 1 Al2O3)/A356-1 kW-
10 Hz-T6 composite at different temperatures (a, d, g) 100 �C; (b, e, h) 200 �C; (c, f, i) 300 �C; (a, b, c) A356 alloy; (d,
e, f) A356-T6 alloy; (g, h, i) 6 wt% (AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6 composite.

Figure 21. Three-dimensional confocal images of wear morphologies of A356 alloy, A356-T6 alloy and 6 wt%
(AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6 composite at 100 �C.
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eddy currents on the surface, leading to the involvement of

more reactants in the reaction, increasing the reaction

products (Al2O3 and AlB2). Secondly, adding a rotating

electromagnetic field can cause the rotation of the melt,

aggravate the energy and structural fluctuation, and pro-

mote the nucleation to refine the grain.43 It can also

accelerate the mixing of the aluminum matrix and rein-

forcing particles, thus improving the distribution of

nanoparticles in the composites.

Analysis of Frictional Behavior

The friction and wear model of the composites is shown in

Figure 25. Due to the mechanical alloying mechanism, a

mechanically mixed layer (MML) is formed on the wear

surface. When a thin layer of MML with high hardness is

formed, the frictional properties of the material can be

improved. The MML formed by AlB2 particles and Al2O3

particles can achieve the above effect. When there are AlB2

and Al2O3 particles in the friction material, the MML with

micro-protrusions can reduce the friction contact surface

and even play a particular lubrication role, thus reducing

and stabilizing the friction coefficient. In addition, Al2O3

particles and AlB2 particles can play the role of Orowan

strengthening and refining the structure. The refined

structure increases the grain boundary area of the material

and the resistance to dislocation movement. The grain

refinement leads to an increase in the number of grains, and

the movable slip system also increases so that the

Figure 22. Three-dimensional confocal images of wear morphologies of A356 alloy, A356-T6 alloy and 6 wt%
(AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6 composite at 200 �C.

Figure 23. Three-dimensional confocal images of wear morphologies of A356 alloy, A356-T6 alloy and 6 wt%
(AlB2 1 Al2O3)/A356-1 kW-10 Hz-T6 composite at different 300 �C.

Figure 24. Schematic diagram of the forced convection
in the melt under the acoustic-magnetic coupling field.

Figure 25. Tribological behavior model diagram of
composites.
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deformation during the wear process can be evenly dis-

tributed to more grains, thereby improving the material’s

wear resistance (Figure 25).

Conclusion

(1) The microstructure of (AlB2 ? Al2O3)/A356

composites were analyzed. The dual-phase par-

ticles have a refining effect on the matrix a-Al

grains. The grain size of the A356 matrix alloy

decreases with increasing particle mass fraction.

When the particle mass fraction is 6 wt%, the

A356 matrix grain size is the smallest, and no

large particle agglomeration is found. Polarized

light microscopy, SEM and EDS characteriza-

tion of 6 wt% (AlB2 ? Al2O3)/A356 composites

with applied acoustic-magnetic coupling field

revealed that the acoustic-magnetic coupling

field control could effectively reduce the particle

size. The AlB2 particles are micron-sized rod-

shaped, and the Al2O3 particles are nano-sized.

When the magnetic field frequency is 10 Hz,

and the ultrasonic power is 1 kW, the matrix a-

Al grain refinement effect is the best.

(2) After T6 treatment of A356 alloy and 6 wt%

(AlB2 ? Al2O3)/A356-1 kW-10 Hz composite,

it is found that the peak aging time of 6 wt%

(AlB2 ? Al2O3)/A356-1 kW-10 Hz composite

is larger than that of A356 alloy. After adding

the reinforced particles, the peak time of the

material also increases. The AlB2 and Al2O3 at

the grain boundary of the matrix a-Al hinder the

precipitation of Mg2Si during the artificial aging

process and prolong the artificial aging time.

(3) Compared with A356 alloy and A356-T6 alloy,

the 6 wt% (AlB2 ? Al2O3)/A356-1 kW-10 Hz-

T6 composite has the best wear resistance and

the smallest friction coefficient, and the com-

posite has the shallowest wear scar depth. The

wear rate of 6 wt% (AlB2 ? Al2O3)/A356-

1 kW-10 Hz-T6 composite is reduced by

33.08% and 8.82% (100 �C), 42.55% and

11.29% (200 �C), 46.44% and 13.69%

(300 �C), respectively, compared with A356

alloy and A356-T6 alloy. (AlB2 ? Al2O3)

dual-phase particles significantly improve the

frictional wear properties of the material, even at

high temperatures. The introduction of particles

makes the primary wear mechanism of each

material different. The A356 alloy is subject to

adhesive wear, while the A356-T6 and 6 wt%

(AlB2 ? Al2O3)/A356-1 kW-10 Hz-T6 com-

posites are subject to abrasive wear.
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