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Abstract: TiB2/Al−30Si composites were fabricated via in-situ melt reaction under high-energy ultrasonic field. The microstructure 
and wear properties of the composite were investigated by XRD, SEM and dry sliding testing. The results indicate that TiB2 
reinforcement particles are uniformly distributed in the aluminum matrix under high-energy ultrasonic field. The morphology of the 
TiB2 particles is in circle-shape or quadrangle-shape, and the size of the particles is 0.1−1.5 μm. The primary silicon particles are in 
quadrangle-shape and the average size of them is about 10 μm. Hardness values of the Al−30Si matrix alloy and the TiB2/Al−30Si 
composites considerably increase as the high energy ultrasonic power increases. In particular, the maximum hardness value of the 
in-situ composites is about 1.3 times as high as that of the matrix alloy when the ultrasonic power is 1.2 kW, reaching 412 MPa. 
Meanwhile, the wear resistance of the in-situ TiB2/Al−30Si composites prepared under high-energy ultrasonic field is obviously 
improved and is insensitive to the applied loads of the dry sliding testing. 
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1 Introduction 
 

Al−Si alloys are widely used in traffic tools, 
aerospace industries and electronic products areas due to 
their high wear resistance, excellent castability, high 
specific strength, strong heat conductive ability and low 
thermal expansion coefficient [1−3]. However, with 
increasing silicon content, the massive polygonal 
primary silicon and long needle-like eutectic silicon in 
hypereutectic Al−Si alloys split the matrix, which leads 
to the decrease of plasticity and toughness and limits 
further improvement of the properties of hypereutectic 
Al–Si alloys and the applications in wearing parts. In 
order to improve the hypereutectic Al−Si alloys’ 
integrated properties, various processing technologies 
have been tried. Some of them are micro-alloying 
element modifying treatment such as Na, Sr, P [4−6], 
new processing techniques such as rheocasting, rapid 

solidification, spray forming, equal channel angular 
pressing (ECAP), and ceramics particle (fiber) composite 
technologies such as ex-situ SiCp, Al2O3p, and the above 
technology combinations [7−12]. Among all the 
synthesis technologies of the composite, the in-situ melt 
reaction technology is one of the most promising 
methods. The ceramic-reinforced aluminum−silicon 
matrix composites by in-situ melt reaction synthesis 
show special merits as follows: 1) the thermodynamics 
stability of the in-situ reinforced particles is better than 
that of the ex-situ reinforcement particles; 2) the 
interface between in-situ particles and metal matrix is 
neat due to the fact that in-situ particles are formed in 
metal matrix, and the interface bonding intensity is high; 
3) the size of the in-situ particles is fine and the 
distribution in metal matrix is uniform; 4) the metal  
melt can directly be moulded into parts with complicated 
shape and size; 5) the equipment and process are  
simple and the reinforcement particles are not needed for  
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pre-process, and thus the cost is low. 
Although outstanding progress has been made in 

in-situ aluminum matrix composites in recent years, the 
microstructural and mechanical characteristics of the in- 
situ composites have not been yet fully understood. In 
particular, the ultrasonic technology is rarely used in the 
fabrication of the composites. SUSLICK [13] suggested 
that ultrasonic waves can generate small cavities in melt 
that can affect the chemical reaction dynamics. YANG  
et al [14] successfully fabricated bulk A356 composites 
reinforced with uniform dispersion of nano-sized SiC 
particles by an ultrasonic-assisted casting method. 
However, the combinations of both the in-situ and the 
ultrasonic technologies, have not been reported in the 
fabrication of the aluminum matrix composites. 

In this work, the in-situ TiB2 particle reinforced 
Al−30Si alloy matrix composites were fabricated under 
high-energy ultrasonic field, and the microstructures and 
wear properties of the as-prepared composites were 
comparatively investigated with those of the Al−30Si 
matrix alloy and the composites prepared without and 
with the ultrasonic field. In addition, the effects of the 
high-energy ultrasonic field on the size and morphology 
of the particles in the composites were discussed. 
 
2 Experimental 
 

The raw materials are Al−30Si ingots, inorganic salt 
K2TiF6 and KBF4 powders (average size of 20 µm). 
Firstly, the inorganic salt K2TiF6 and KBF4 powders were 
dehydrated at 250 °C for 3 h in an electric furnace. The 
Al−30Si alloy ingots were heated at 5 °C/min in graphite 
crucible (100 mm×120 mm×240 mm) in an electric 
furnace under nitrogen gas protection. When the 
temperature of the melt was 850 °C, the well mixed 
powders (mass ratio of K2TiF6 to KBF4 was 1:1.3) with a 
mass ratio of 15% (to the total Al−30Si alloy melt) were 
added and pressed into the aluminum melt with a 
campanulate graphite mantle. The mantle was used to 
avoid the aluminum melt floating onto the surface. 
During the in-situ melt reactions, the ultrasonic 
generation system was turned on and the cylindrical 
amplitude lever was immersed into the aluminum about 
5 mm in depth. Figure 1 shows the schematic illustration 
of the experimental setup. The frequency of the 
ultrasonic generator was 20 kHz and the maximum 
ultrasonic power of the equipment was 2.0 kW. The 
cylindrical amplitude lever with the diameter of 10 mm 
was made of a titanium alloy. To avoid the titanium alloy 
doping into the aluminum molten, a resistant 
high-temperature covering material was used to spray on 
the tip of the cylindrical amplitude lever of about 20 mm 
in length in axial direction and was dried. After 45 min, 
the melt was degassed, slag-removed and refined, and 

poured into a copper mould. After cooling to the room 
temperature in air, the composite ingot was processed  
as the testing specimens. The wear test specimens were 
sliced into discs with 30 mm in diameter and 8 mm in 
thickness by a linear cutting machine. The test surface of 
the composite specimen was polished using grade 1200 
emery paper. The counter sliding pin of 40Cr steel was  
5 mm in diameter and 20 mm in length. The roughness 
(Ra) of both the composite discs and the 40Cr steel pin 
was about 0.1 µm. 
 

 
Fig. 1 Schematic illustration of experimental setup 
 

An X-ray diffractometer (XRD, Dmax2500PC) 
using Cu Kα radiation was used to the determine the 
phase component of the as-prepared specimens, and 
scanning electron microscopy (SEM, JEOL, JSM-7001F) 
was used to analyze the microstructures. Wear property 
tests of the specimens were carried out at room 
temperature by using a wear apparatus (MG−2000) at a 
sliding velocity of 0.42 m/s. The diameter of the wear 
track was 23 mm. The wear mass loss of the specimens 
after cleaning in acetone was measured using an electron 
balance (MA110) with a sensitivity of 0.01 mg. The wear 
properties are the average values of three tests under 
each condition. 
 
3 Results and discussion 
 
3.1 Phase components of composites 

Phase components of the prepared composites were 
determined by XRD analysis. The XRD pattern is shown 
in Fig. 2. As shown in the pattern, the Al, Si and TiB2 
phases are obtained in the composites [15−17]. In 
Al−K2TiF6−KBF4 system, some chemical reactions take 
place in the molten aluminum liquid according to XRD 
results and thermodynamics calculation results. The 
formation of the in-situ TiB2 phases in our experiments is 
described by the following reactions: 
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Fig. 2 XRD pattern of prepared composites 
 
3K2TiF6+13Al=3Al3Ti+3KAlF4+K3AlF6           (1) 

 
2KBF4+3Al=AlB2+2KAlF4                     (2) 

 
Al3Ti+AlB2=TiB2+4Al                         (3) 

 
It is suggested that K2TiF6 and KBF4 can react with 

Al to form TiB2 phase: 
 

6KBF4+3K2TiF6+10Al=9KAlF4+K3AlF6+3TiB2     (4) 
 
KAlF4 and K3AlF6 gas ran partly out of the 

aluminum melt and the residual was degassed by 
degasifying agent. 
 
3.2 Effects of high-energy ultrasonic field on 

microstructures of composites 
Figure 3 shows the SEM image and energy 

dispersive spectrum (EDS) of the TiB2/Al−30Si 
composites prepared under high-energy ultrasonic field. 
As shown in Fig. 3(a), the in-situ TiB2 reinforced 
particles are uniformly distributed and dispersed in 
aluminum matrix. The morphology of the in-situ 
particles is presented in circle-shape or quadrangle-shape 
with a size of 0.1−1.5 μm. Primary silicon particles are 
presented in quadrangle-shape with a size of 10 μm. The 
interfaces between the in-situ TiB2 particles and 
aluminum matrix are neat. Figures 3(b) and (c) show the 
EDS analysis for regions A and B in Fig. 3(a), 
respectively. These EDS results further confirm that TiB2 
reinforced phases are formed via in-situ melt reactions 
from Al−K2TiF6−KBF4 system. 

Figure 4 shows SEM images of the TiB2/Al−30Si 
composites prepared without and with high-energy 
ultrasonic field in Al−K2TiF6−KBF4 system. As shown in 
Fig. 4(a), the morphology of the in-situ TiB2 particles 
without the field is not distinct and the particle volume 
fraction is small. In contrast, the in-situ TiB2 particles 
with high-energy ultrasonic field (Fig. 4(b)) are clearly 
observed and the particle volume fraction is considerably 
larger (Fig. 4(a)). These results indicate that the melt 

 

 
Fig. 3 SEM image (a) and EDS analysis (b, c) of TiB2/Al−30Si 
composites prepared under high-energy ultrasonic field 
 
reactions under high-energy ultrasonic field have 
thoroughly completed while the melt reaction without the 
field are probably in a transition stage. 

Figure 5 shows optical micrographs of the 
composites prepared without and with high-energy 
ultrasonic field in Al−K2TiF6−KBF4 system. In order to 
observe the morphology of the primary silicon, the OM 
graphs shown in Fig. 5 are in black-white style pattern. 
Without high-energy ultrasonic field, the morphology of 
the primary silicon is presented in large snowflake-shape; 
while with high-energy ultrasonic field, the morphology 
of the primary silicon is in mass-shape with sizes of 
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Fig. 4 SEM images of TiB2/Al−30Si composites prepared in 
Al−K2TiF6−KBF4 system: (a) Without high-energy ultrasonic 
field; (b) With high-energy ultrasonic field 
 

  
Fig. 5 Optical micrographs of composites fabricated without 
high-energy ultrasonic field (a) and with high-energy ultrasonic 
field (b) 

10−20 μm. The variations of the morphology of the 
primary silicon contribute to the wear properties of the 
prepared composites that will be investigated below. 

The effects of ultrasonic power on the optical 
micrographs of the prepared composites are shown in  
Fig. 6. It can be clearly seen that the primary silicon is 
refined and the morphology is optimized with the high 
energy ultrasonic power increasing from 0 to 1.2 kW. As 
the high-energy ultrasonic power increases, the acoustic 
streaming and cavitation effects are intensified. So, the 
primary silicon is easily broken up, blunted and moved 
in the stickiness aluminum melt. As a result, the size of 
the primary silicon becomes small and the ball-shaped 
silicon is obtained. The mechanism of the high-energy 
ultrasonic field on the size and morphology of the 
primary silicon can be interpreted as follows [17]. 

Firstly, the primary silicon is not an ideal single 
crystal. Some defects such as pore cave, twin,  
dislocation, secondary grain boundaries and weak 
bonding zones exist within primary silicon. Under the 
acoustic streaming and cavitation effects, the primary 
silicon is easily broken down in the defect position 
especially when the primary silicon with large size in 
length is burst and collided with other primary silicon. 
The collision force can make the primary silicon broken 
down along the weak bonding zone. These contribute to 
the size of the primary silicon decreasing and the 
morphology blunting. 

Secondly, the growth of primary silicon shows 
obvious anisotropy because of its small facet. As the 
melt temperature decreases, the preferential growth 
makes the primary silicon longer in size. In other words, 
this preferential growth weakens the spherical ability of 
the primary silicon. However, with the help of the 
streaming and cavitation effects, the anisotropic growth 
of the primary silicon is impeded or abated. Furthermore, 
large amount of mechanical twins can be generated along 
all directions of primary silicon. These contribute to the 
flank deposition and growth along the directions for the 
silicon atom in aluminum melt, and the thickness of the 
primary silicon is increased. Thus, the preferential 
growth of the primary silicon is reduced and the 
spherical ability is increased. As a result, the size and the 
morphology of the primary silicon are optimized as the 
streaming and cavitation effects are strengthened with 
increasing the high energy ultrasonic power. 

Thirdly, the curvature of primary silicon’s surface 
increases with increasing the high-energy ultrasonic 
power. As usual, the larger the curvature of primary 
silicon’s surface is, the higher the content of the balance 
solute element is. It is suggested that the content of the 
balance solute element at the interface between primary 
silicon and aluminum liquid also increases as the 
curvature increases due to the high-energy ultrasonic 
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Fig. 6 Effect of ultrasonic field power on size and morphology of primary silicon: (a) 0; (b) 0.6 kW; (c) 0.8 kW; (d) 1.2 kW 
 
field. According to the crystal growth theory, the solute 
elements tend to diffuse from the large curvature regions 
to the little ones, which is a spontaneous process from 
high energy to low one. Therefore, the sharp wedge 
angle spheroidizing for primary silicon is achieved 
during this process due to the high-energy ultrasonic 
field. 
 
3.3 Hardness of composites 

The hardness properties of the Al−30Si matrix alloy 
and the TiB2/Al−30Si composites fabricated without and 
with high-energy ultrasonic field are shown in Fig. 7. It 
indicates that the hardness values of the Al−30Si matrix 
alloy and the prepared composites obviously increase 
with increasing the ultrasonic power. At a given 
ultrasonic power, the hardness value of TiB2/Al−30Si 
composites is far higher than that of the Al−30Si matrix 
alloy. In particular, the maximum hardness value of the 
in-situ composites is about 1.3 times as high as that of 
the Al−30Si alloy when the ultrasonic power is 1.2 kW, 
reaching 412 MPa. It is reasonable to believe that such 
hardness increase is related to both the refinement of the 
in-situ TiB2 particles (Fig. 3(a) and Fig. 4(b)) and the 
dispersion of the primary Si particles (Fig. 5(b) and   
Fig. 6(d)) due to the high-energy ultrasonic field. 

 
3.4 Wear properties of composites 

Figure 8 shows the variation in mass loss of the 

 

Fig. 7 Hardness of Al−30Si alloy and TiB2/Al−30Si 
composites 
 
composites fabricated without and with high-energy 
ultrasonic field from Al−K2TiF6−KBF4 system. The dry 
sliding wear parameters are as follows: sliding velocity 
0.42 m/s, diameter of the wear track 23 mm, wear time 
120 min and different applied loads. As shown in Fig. 8, 
the wear mass loss values of the composites fabricated 
with high-energy ultrasonic field are greatly lower than 
that of the composites fabricated without high-energy 
ultrasonic field at the same load. For example, as the 
load is 140 N, the wear mass loss (3.873 mg) of the 
composites fabricated with high-energy ultrasonic field 
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is only about 52% of that (7.386 mg) without high- 
energy ultrasonic field. In addition, with the load 
increasing from 60 to 140 N, the wear curve of the 
composites fabricated with high-energy ultrasonic field 
is flatter than that of the composites without high-energy 
ultrasonic field. The wear mass loss values only increase 
from 3.081 to 3.873 mg as the load increases from 60 to 
140 N in the case of high-energy ultrasonic field. These 
results indicate that the wear resistance of the composite 
fabricated with high-energy ultrasonic field is obviously 
improved and the wear resistance is insensitive to the 
amount of applied loads. Obviously, this improved wear 
resistance is also attributed to the changes of the size and 
morphology of the in-situ TiB2 and primary silicon after 
using the high-energy ultrasonic field. 
 

 
Fig. 8 Mass loss of TiB2/Al−30Si composites fabricated 
without and with ultrasonic field 
 
3.5 Worn surface of composites 

The micrographs of the worn surface of the 
composites fabricated without and with high-energy 
ultrasonic field are shown in Fig. 9. The results reveal 
that both the worn surfaces of the composites fabricated 
with and without high-energy ultrasonic field show 
typical abrasive wear feature (Figs. 9(a) and (b)). The 
wear path is not homogeneous and a non-uniform wear is 
noticeable, showing wear outstanding zones and areas 
with grooves along the sliding direction and plastic 
deformation after a sliding time of 120 min. Grooves are 
formed by the reinforcing materials, which include the 
in-situ TiB2 particles and the primary silicon particles. 
The wear inactivation is mainly caused by the two 
particles above. On these surfaces, fractured appearance 
areas are observed (Fig. 9). It can be seen that the layer 
of material has been removed as debris from the surface 
and the debris is in the form of thin sheets. 
 
4 Conclusions 
 

1) TiB2/Al−30Si composites were fabricated via in- 

 

 
Fig. 9 Micrographs of worn surface of composites fabricated in 
Al−K2TiF6−KBF4 system: (a) Without high- energy ultrasonic 
field; (b) With high-energy ultrasonic field 
 
situ melt reactions under high-energy ultrasonic field. 
With the assistance of high-energy ultrasonic field, the 
in-situ TiB2 reinforced particles are uniformly distributed 
and dispersed in the aluminum matrix. The morphology 
of the TiB2 particles is presented in circle-shape or 
quadrangle-shape and the size of them is 0.1−1.5 μm. 
Meanwhile, the size and the morphology of the primary 
silicon are also optimized using high-energy ultrasonic 
field. The primary silicon particles are presented in 
quadrangle-shape and the average size of these particles 
is about 10 μm. 

2) The hardness values of both Al−30Si matrix 
alloy and the prepared composites are significantly 
increase with increasing high-energy ultrasonic power. In 
particular, the maximum hardness value of the in-situ 
composites is about 1.3 times as high as that of the 
Al−30Si matrix alloy as the ultrasonic power is 1.2 kW, 
reaching 412 MPa. 

3) The wear resistance of the composite prepared 
under high-energy ultrasonic field is obviously improved 
and the wear resistance is insensitive to the amount of 
applied loads. The worn surface of the composites shows 
typical abrasive wear feature. As the load is 140 N, the 
wear mass loss of the composites fabricated under high- 
energy ultrasonic field is only about 52% of that of the 
composites without high-energy ultrasonic field. 
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高能超声场下熔体原位反应制备 
TiB2/Al−30Si 复合材料及其耐磨性能 

 
张松利 1，董宪伟 2，赵玉涛 1，刘满平 1，陈 刚 1，张振坤 1，张宇荧 1，高雪华 1 

 
1. 江苏大学 材料科学与工程学院， 镇江 212013；2． 河北联合大学 矿业工程学院，唐山 063009 

 
摘  要：在高能超声场下利用熔体原位反应制备 TiB2/Al−30Si 复合材料；利用 XRD、SEM 及干磨损试验研究此

复合材料的显微组织和磨损性能。结果表明：在高能超声场作用下，原位 TiB2颗粒在铝基体中分布均匀，形貌为

圆形或四边形，尺寸在 0.1~1.5 μm 之间。初生硅的形貌为四边形，平均尺寸为 10 μm。随着高能超声功率的增加，

Al−30Si 基体合金及 TiB2/Al−30Si 复合材料的硬度明显提高；特别是当超声功率为 1.2 kW 时，复合材料的硬度达

到 412 MPa，是基体合金的 1.3 倍。复合材料的磨损性能得到明显提高，载荷的变化对复合材料的磨损量影响不

大。 

关键词：TiB2/Al−30Si 复合材料；熔体原位反应；高能超声场；磨损性能 
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