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Abstract

A new A356-KBF4 system was established, and AlB2 par-
ticle-reinforced A356 composites were prepared by melt
direct reaction method. The effects of AlB2 particle content
on the material structure and mechanical properties were
investigated by scanning electron microscopy, microhard-
ness, and room temperature tensile tests. The ultimate
tensile strength of the AlB2/A356 composite materials was

increased by as much as 33% in the as-cast and 38% in the
T6 conditions.

Keywords: aluminum matrix composites, in situ synthesis,
mechanical properties, AlB2 particles, T6 treatment

Introduction

A356 alloy is a high-strength aluminum alloy that can be

heat-treated and strengthened. It has the advantages of

excellent casting performance, high specific strength, cor-

rosion resistance, and low cost. It has a wide range of

applications in the aerospace field. However, because the

coarse dendrites in A356 aluminum alloy affect its

mechanical properties, grain refinement is an effective way

to improve the properties of the alloy. At the same time, T6

treatment can also effectively improve the mechanical

properties of A356 alloy.1–6

In the industrial preparation, TiB2 refiner is prepared from

Al-Ti-B by powder metallurgy to refine a-Al, but the

addition of Ti will cause poisoning and weaken the prop-

erties of the alloy.7–9 Agrawal et al.10 studied the effect of

magnetic stirring on the microstructure of the composite

material during the melting and stirring process, and it was

found that the magnetic field added to the dispersed TiB2

particles also has a refinement effect on the a-Al grains,
which has an effect on the hardness, tensile strength and

dry slip resistance of the material. In addition, others refine

a-Al by adding rare earth elements.11,12 The addition of

rare earth elements can not only refine grains but also

replace iron in some Fe-containing brittle phases in alu-

minum alloys with rare earth elements. The performance

improvement of aluminum alloy has a considerable impact.

Introducing enhanced particles in aluminum alloy is also a

way to improve A356 alloy at present because the interface

between the particles produced in situ and the aluminum

matrix is clean and the bonding effect is good; the

endogenous particles in situ are receiving more and more

attention.13–18 The preparation of a-Al refiner particles by
in-situ reaction has become a feasible and effective way of

grain refinement. Jinhua Ding19 used melt spinning tech-

nology and ultrasonic vibration technology to successfully

prepare NdB6 nanoparticle-reinforced Al-Cu-Mn alloy

in situ so that NdB6 particles are uniformly dispersed in the

matrix alloy, and there is good wettability between the

particles and the aluminum. When the alloy is observed

using polarized light, the a-Al crystal grains have changed
from coarse dendrites to fine equiaxed crystals, and the

effect of refining is significant. The Al-Ti-C20–22 system

also has a very significant effect as a refiner. Chezheng Cao

et al.23 used Al-K2TiF6-C (diamond) to successfully gen-

erate TiC nanoparticles in situ, but the study found that the

wettability between C and Al is not sufficient and the C
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becomes oxidized. Chen Gang24 et al. tried to add kaolin

(Al2O3�2SiO2�2H2O) to the aluminum liquid in the semi-

solid state of A356 to generate c-Al2O3 particles by in-situ

reaction and calculated the mismatch with a-Al by TEM

analysis. c-Al2O3 also has the effect of refining a-Al
grains.

On the other hand, T6 treatment (solution treatment ?

artificial aging) of A356 aluminum alloy can also greatly

improve the mechanical properties of the material.25–30 I.

Chakrabarty31 et al. found that T6 treatment can break the

as-cast eutectic silicon dendrites and spheroidize the bro-

ken eutectic silicon dendrites. The coarse eutectic silicon is

transformed into fine spherical particles, which improves

the tensile strength and ductility of the material. All have

been significantly improved and are expected to meet the

basic requirements of automobile cylinder liners.

Among many in-situ reinforcement particles, AlB2 parti-

cles are used as effective nucleation sites for aluminum

alloys.32,33 Linlin Yuan et al.34 prepared AlB2/A356

composites by powder metallurgy and studied their friction

and wear behavior. Few studies on a-Al grain refinement

and alloy mechanical properties in in situ synthesized

composites. In this study, the in-situ AlB2 particle-rein-

forced A356 aluminum alloy composite was prepared by

developing a new A356-KBF4 system and subjected to T6

treatment. Analyze its microstructure to study its

mechanical properties.

Materials and Methods

Preparation for Composites

The raw materials used to prepare xwt% AlB2/A356 (x = 2;

4; 6; 8) composite materials are industrial A356 alloy ingots

(see Table 1 for composition) and inorganic salt KBF4
powder. The KBF4 powder was dried at 250 �C for 2.5

hours. The mold is preheated at 200 �C for half an hour.

Melting of A356 alloy ingots at 870 �C using a high-fre-

quency induction furnace, and then add KBF4 powder. To

avoid flotation, graphite clocks can be used to press inor-

ganic salts into the melt. At the same time, the magnetic

field is turned on, and the inorganic salt and the melt are

reacted for 30 minutes at a magnetic field frequency of 10

Hz. After the reaction, the melt is refined and the slag is

removed. After cooling the melt to 720 �C, it was poured

into a copper mold with dimensions of 100 9 20 9 200 mm

and obtain an ingot-like xwt% AlB2/A356 (x = 2;4;6;8)

composite material, then processed into tensile specimens.

(gauge length:15, thickness:2mm, width:4mm).

Hardness Testing

The hardness sample is processed into a cube of 10

mm910 mm910 mm by the SYJ-400 metallographic

cutting machine. Use KB30S hardness tester to perform

hardness test under 1N and formula (1), test each sample 10

times, and take the average value to obtain the Vickers

hardness of the material.

HV ¼ 0:102� F

S
¼ 0:012�

2Fsin a
2

d2
Eqn: 1

T6 Treatment

T6 treatment on the material under the condition of

(1) The solution temperature is set to 540 �C and

the temperature of the samples is kept for 6h,

then they are quenched in 50 �C water. Exper-

imental equipment: KSL-1200X heat treatment

furnace.

(2) The artificial aging temperature was set at

170 �C, and the test time was 15 hours, micro-

hardness was measured every hour after quench-

ing in water at 30 �C.

Mechanical Performance Test

The Instron-5569 universal tensile testing machine was

used to conduct tensile tests on tensile specimens with a

gauge length of 159592 mm3 at a constant tensile rate of

0.5 mm/min. Each material is subjected to three tensile

tests and the average value is taken to obtain the tensile

properties of the material. The true stress, true strain, and

work hardening rate are calculated by formula (2, 3, and 4).

rtrue ¼ reng � 1þ eeng
� �

Eqn: 2

etrue ¼ ln eeng þ 1
� �

Eqn: 3

n ¼ d ln rtrueð Þ
d ln etrueð Þ Eqn: 4

Table 1. Ingredients of A356 Alloy Ingots

Elements Si Mg Ti Fe Mn Cu Zn Sn Pb Al

Percentage 7.39 0.37 0.15 \0.16 \0.10 \0.05 \0.05 \0.01 \0.03 balance
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Characterization

SEM and metallographic samples were ground with

2000-grit sandpaper and then polished on a polishing

machine, and then the microstructure was observed.

Analysis of materials by means of characterization instru-

ments: X-ray diffraction (XRD, BRUKER D8 ADVANCE

XRD, Germany), polarizing microscope (PC, LEICA

ICC50 W, Germany), scanning electron microscope (SEM,

Carl Zeiss Merlin Compact, Germany) and an energy dis-

persive spectrometer (EDS). The size of a-Al grains is

measured by image pro plus software.

Results and Discussions

Phase Analysis

It can be clearly seen from Figure 1 that the XRD pattern of

xwt % AlB2/A356 composite shows the diffraction peak of

AlB2.In contrast, the XRD pattern of A356 does not show

the diffraction peak of AlB2, indicating that AlB2 particles

have been successfully synthesized. By searching the lit-

erature,35 it is determined that the reaction equation of

AlB2 is Formula 5

2KBF4þ 3Al ¼ AlB2þ 2KAlF4 Eqn: 5

The plane spacing between AlB2 and Al is obtained by

MDI Jade 6 software. According to formula (6), the

mismatch between AlB2 and Al matrix is calculated to be

3.76%, indicating that AlB2 particles have a specific

refining effect on Al grains.

dðhklÞsðhklÞn
¼ 1

3

X3

i¼1

jd uvwð Þis cos h� d ðuvwÞinj
d uvwð Þin

� 100%

Eqn: 6

Microstructure Morphology

Enhanced Particle Distribution

Figure 2 is the SEM image of different materials. The EDS

spectrum and atomic content of the particles are shown in

Figure 2 and Table 2. EDS analysis of the particles shows that

there are only two characteristic peaks ofAl andB elements in

the particles. The characteristic peak of AlB2 appeared in the

XRD analysis, so it can be inferred that the particles are AlB2

particles generated in situ. It can be seen from Figure 2 that

when the AlB2 particle content is 2wt% and 4wt%, the AlB2

particles are more dispersed but the number is smaller. AlB2

particles are hexagonal, which is consistent with the hexago-

nal lattice of AlB2. When the particle content increases to

6wt%, it can be clearly seen that the particles have a tendency

to agglomerate and the shape of the particles has many rect-

angular particles in addition to the hexagonal shape.

Grain Size Analysis

Figures 3 and 4 are the polarized light micrographs and a-
Al grain size distribution diagrams of A356 alloy matrix

and AlB2 particles reinforced A356 composites with dif-

ferent mass fractions. It can be seen from Figure 4(a) and

(e) that with the increase of the mass fraction of AlB2

particles, the size of the a-Al grains continues to decrease.

When the mass fraction of AlB2 particles reaches 6wt%,

the a-Al grains reach the minimum value. However, when

the mass fraction of AlB2 particles reaches 8wt%, the

refining effect of the reinforcing particles on the a-Al
grains fails. This may be due to the excessive aggregation

of the particles after the excessive particle content, and the

AlB2 particles that can be used as the core of the hetero-

geneous nucleation are reduced.

Hardness

Figure 5 shows the Vickers hardness diagram of A356

alloy and A356 composites reinforced with different AlB2

particles content. The standard deviation is shown in Fig-

ure 5 in the form of error bars. It can be seen from Figure 5

that the change trend of the Vickers microhardness of A356
Figure 1. XRD pattern of xwt%AlB2/A356(x = 2, 4, 6, 8).
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matrix and composite materials is inversely proportional to

the a-Al grain size in the material. This phenomenon is

basically consistent with the Hall-Petch formula in the

micron scale, which represents these refined grains have

more grain boundaries per unit area, and shear deformation

occurs in adjacent grains. A sufficient stress concentration

must be generated at the grain boundaries. Refining grains

can produce more grain boundaries. If the grain boundary

Figure 2. SEM and EDS images of the A356 matrix composites reinforced by different
content of AlB2 particles: (a):2wt% (b):4wt% (c):6wt% (d):8wt% (e): EDS spectrum of
AlB2.

Table 2. The Amount of Al and B

Element Weight% Atomic%

B 22.13 41.49

Al 77.87 58.51
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structure does not change, a greater external force is

required to generate dislocation plugging and strengthen

the material.

T6 Treatment

Figure 6 is the metallographic diagram of A356 alloy,

A356-T6 alloy, and 6wt.% AlB2/A356-T6 composite. It

can be seen from the figure that Si mainly exists in the

shape of chaotic needles in the A356 alloy. T6 treatment

can first dissolve the second phase and solute atoms into

the alloy through the solid solution process to homogenize

and make Si spheroidized, and secondly, the second phase

in the supersaturated state is precipitated through the aging

process, and the precipitated second phase The dislocation

pinning can effectively improve the properties of the alloy.

It can also be seen from the figure that the microstructure of

the A356 alloy treated by T6 is reduced and the distribution

of needle-like substances is more uniform. However, nee-

dle-like Si can hardly be seen in the metallographic dia-

gram of the T6-treated composite, which may be because

the addition of dual-phase particles has a limiting effect on

the growth of Si. The spheroidization of Si phase can

reduce the brittle phase in the alloy and enhance the

mechanical properties of the material.

Mechanical Properties

Figure 7 is the tensile curve of the matrix and the com-

posite material with different AlB2 content and the ultimate

tensile strength, yield strength, and elongation of these

materials are shown in Table 3. It can be seen from Fig-

ure 7 and Table 3 that the addition of AlB2 particles has an

optimizing effect on the mechanical properties of the

material. When the mass fraction of AlB2 reaches 6wt%,

the ultimate tensile strength of the material is increased by

Figure 3. PC images of the A356 matrix composites reinforced by different content
of AlB2 particles: (a):A356 (b): 2wt% (c): 4wt% (d): 6wt% (e): 8wt%.
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Figure 4. Grain size of the A356 matrix composites reinforced by different content of AlB2 particles: (a):A356 (b):
2wt% (c): 4wt% (d): 6wt% (e): 8wt% (f): average size.
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33.2% relative to that of the A356 matrix, and the elon-

gation of 6wt%AlB2/A356 composite material reached

18.12%. This may be caused by the refining effect of AlB2

on a-Al grains. The fine grains undergo plastic deformation

by external force and can be dispersed in more grains, the

plastic deformation is more uniform, and the stress con-

centration is smaller; the finer the grains, the larger the area

of the grain boundary; the more tortuous the grain

boundary, the less conducive to the propagation of cracks.

On the other hand, the true stress and true strain values of

the material are calculated by the tensile curve and the

lnrtrue-lnetrue curve is drawn (Figure 8). Through the

analysis of the figure, the work hardening index (n) of the
material is obtained. The n value of the A356 base alloy is

0.104. When the AlB2 particle content in the A356 alloy

reaches 6wt%, the n value reaches 0.253. The increase in

the n value represents the increase in the forming limit of

the material. The material can bear more at the moment

when the material shrinks stress, which may be another

reason for the increase in the tensile strength of the

material.

Figure 9 is the peak aging diagram of T6 treatment of

different materials. From the figure, it can be clearly found

that the hardness of cast aluminum alloy-A356 is

Figure 5. The Micro Vickers Hardness of the matrix and
the xwt%/A356 composite.

Figure 6. Metallographic images of A356 alloy, A356-T6 alloy, and 6wt.%AlB2A356-T6 composite (a): A356 (b):
A356-T6 (c): 6wt.%AlB2A356-T6 composite.

Table 3. The Ultimate Tensile Strength (UTS), Yield
Strength (YS), and Elongation (%) of Different Materials-

as-Cast Condition

Materials Ultimate tensile
strength (MPa)

Yield strength
(MPa)

Elongation
(%)

A356 158.8 ? 3 75.3 ? 2 4.3 ? 0.2

2wt%AlB2/
A356

187.3 ? 4 127.4 ? 3 8.7 ? 0.4

4wt%AlB2/
A356

192.6 ? 3 130.5 ? 3 14.2 ? 0.3

6wt%AlB2/
A356

211.6 ? 2 152.2 ? 4 18.1 ? 0.2

8wt%AlB2/
A356

191.5 ? 3 129.6 ? 3 13.0 ? 0.5

Figure 7. Engineering stress-engineering strain curves
of different materials.
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significantly improved by T6 treatment. The time to peak

for different materials is 8h (A356), 10 h (2wt%AlB2/

A356), 11h (4wt%AlB2/A356), 11 h (6wt%AlB2/A356), 12

h (8wt%AlB2/A356). By comparing the peak time of dif-

ferent materials, it can be seen that the peak time of the

material increases with the increase of AlB2 content, which

may be because some particles at the grain boundary hinder

the precipitation of precipitates during artificial aging,

prolonging the artificial aging time.

Figure 10 shows the tensile curves of composites with

different AlB2 contents and A356 matrix after T6 treat-

ment. The ultimate tensile strength, yield strength, and

elongation of these materials are shown in Table 4. From

the comparison of Tables 3 and 4, it can be seen that the T6

treatment significantly improves the tensile properties of

the material. When the mass fraction of AlB2 reaches

6wt%, the ultimate tensile strength is increased by 45.02%

compared with the material without T6 treatment. This is

Figure 8. lnrtrue-lnetrue curves of different materials.
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because some disperse phases in the total A356 after T6

treatment turn from metastable to stable state and these

disperse phases are more uniformly distributed through the

process of solid solution to reprecipitation. On the other

hand, the true stress and true strain values of the material

are calculated from the tensile curve, and the lnrtrue-lnetrue
curve is drawn in Figure 10. Through the analysis of the

graph, the work hardening index (n) of the material is

obtained. The n value of A356-T6 of 0.362 is much higher

than that of the A356 alloy without T6 treatment (Fig-

ure 11). When the content of AlB2 particles in A356 alloy

reaches 6wt %, after T6 treatment, the n value reaches

0.414. An increase in the value of n represents an increase

in the forming limit of the material. The moment the

material shrinks, the material can withstand more stress,

which may be another reason for the increased tensile

strength of the material.

Figure 12 is a SEM image of the tensile fracture of A356,

A356-T6, and 6wt % AlB2/A356-T6. It can be seen from

the figure that the fracture mode of A356 alloy is mainly

brittle fracture, and there are only some small dimples in

the fracture morphology. The fracture mode of the A356

alloy after T6 treatment is still brittle fracture, but the

Figure 9. Aging peak graph for different materials.

Figure 10. Engineering stress-engineering strain curves
of different materials under T6 at 8h (A356), 10 h
(2wt%AlB2/A356), 11h (4wt%AlB2/A356), 11 h
(6wt%AlB2/A356), 12 h (8wt%AlB2/A356).

Table 4. The Ultimate Tensile Strength (UTS), Yield
Strength (YS) and Elongation (%) of Different Materials
Under T6 at 8h (A356), 10 h (2wt%AlB2/A356), 11h
(4wt%AlB2/A356), 11 h (6wt%AlB2/A356), 12 h (8wt%AlB2/

A356)

Materials Ultimate tensile
strength (MPa)

Yield strength
(MPa)

Elongation
(%)

A356 221.31 ? 2 125.67 ? 2 7.3 ? 0.2

2wt%AlB2/
A356

257.64 ? 3 146.23 ? 3 15.53 ?

0.4

4wt%AlB2/
A356

271.96 ? 2 157.82 ? 2 18.56 ?

0.3

6wt%AlB2/
A356

306.32 ? 4 168.96 ? 4 23.26 ?

0.2

8wt%AlB2/
A356

273.80 ? 3 152.32 ? 2 17.23 ?

0.5
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Figure 11. lnrtrue-lnetrue curves of different materials under T6 at 8h (A356), 10 h (2wt%AlB2/A356), 11h (4wt%AlB2/
A356), 11 h (6wt%AlB2/A356), 12 h (8wt%AlB2/A356).
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dimples in the fracture morphology become larger, indi-

cating that the toughness has been improved to a certain

extent, which is consistent with the data shown by the

tensile curve. There are a large number of large dimples in

the tensile fracture morphology of 6wt %AlB2/A356

composite after T6 treatment, indicating that the fracture

form of 6wt %AlB2/A356 composite is ductile fracture.

This is due to the combined effect of the addition of AlB2

particles and the strengthening of the matrix by T6

treatment.

Conclusion

The AlB2 particle-reinforced A356 composite material

with different mass fractions was obtained by the melt

direct reaction method, and the following conclusions were

obtained:

(1) Phase analysis by XRD and microstructure

observation by SEM proved that the A356-

KBF4 system can prepare AlB2 reinforced A356

composites. Polarized observation of different

materials found that the addition of AlB2 has a

refinement effect on the a-Al grains.
(2) In the study of the as-cast material, it was found

that the hardness test and room temperature

tensile results show that the addition of AlB2

particles can significantly improve the mechan-

ical properties of the material. When the content

of AlB2 particles reaches 6wt%, the microhard-

ness and tensile strength of the material reach

the maximum value of 180.8 Hv and 211.6 MPa.

In addition, the elongation of the material is also

significantly improved due to the refinement of

a-Al by the addition of AlB2 particles.

(3) The mechanical properties of the T6-state

materials were tested and found that the

mechanical properties of all the tested materials

were significantly improved after T6 treatment.

The ultimate tensile strength of the 6wt% AlB2/

A356 composite increased by 38.5%, and the

fracture mode was ductile fracture. The presence

of particles inhibits the precipitation of the

precipitated phase during artificial aging, result-

ing in a longer time to reach the aging peak with

increasing particle content.
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