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Abstract: To improve the wettability of hypereutectic Al−60Si alloy and enhance the mechanical properties of the 
joints, Al−60Si alloy was joined by ultrasonic soldering with Sn–9Zn solder, and a sound joint with in-situ Si particle 
reinforcement was obtained. The oxide film of Al−60Si alloy at the interface was identified by transmission electron 
microscopy (TEM) analysis as amorphous Al2O3. The oxide of Si particles in the base metal was also alumina. The 
oxide film of Al−60Si alloy was observed to be removed by ultrasonic vibration instead of holding treatment. Si 
particle-reinforced joints (35.7 vol.%) were obtained by increasing the ultrasonication time. The maximum shear 
strength peaked at 99.5 MPa for soldering at 330 °C with an ultrasonic vibration time of 50 s. A model of forming of Si 
particles reinforced joint under the ultrasound was proposed, and ultrasonic vibration was considered to promote the 
dissolution of Al and migration of Si particles. 
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1 Introduction 
 

Hypereutectic Al–Si alloys with high Si 
content have numerous advantages, including high 
specific strength [1−3], low adjustable thermal 
expansion [4], high thermal conductivity [5], and 
good wear resistance and corrosion properties [6,7]. 
In addition, hypereutectic Al−Si alloys have   
good plating ability and laser weldability, which 
allow them to be widely applied in many fields, 
such as electronic packaging, automotive industry, 
and machinery [8]. However, compared with 
conventional metals and alloys, Al–high-Si alloys 
exhibit relatively poor machinability. Therefore, 
welding methods are often required to expand the 
range of application of these hypereutectic Al−Si 
alloys [9]. 

Owing to the large difference in physical and 

chemical properties of silicon particles and the base 
aluminum alloy, it is difficult to obtain a sound 
joint involving hypereutectic Al−Si alloys. The 
joining methods for these alloys include fusion 
welding [10], friction stir welding [11], transient 
liquid-phase (TLP) bonding [12], and ultrasonic 
brazing [13−15]. However, fusion welding methods 
are associated with high heat output, which 
decreases mechanical properties of the joints. For 
instance, fine Si particles can grow into coarse Si 
phases at elevated temperature using TIG and CO2 
laser welding, which reduce the mechanical 
properties of the joints of Al−high-Si alloys [10,16]. 
These processes are also not suitable for large-area 
welding of hypereutectic Al–Si alloys in electronic 
applications. High-strength joints with fine Si 
particles are achieved by friction stir welding [17]; 
however, this technique is not suitable for welding 
an irregular seam of a packaging box. Therefore,  
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low-temperature welding techniques with process 
flexibility should be considered to join hyper- 
eutectic Al−Si alloys. 

However, oxide films of hypereutectic Al−Si 
alloys were hardly to remove by the low- 
temperature welding methods. Hypereutectic  
Al−Si alloys were recently successfully welded by 
partial TLP (transient liquid phase) bonding and 
ultrasonic-assisted bonding [18,19]. SUN et al [20] 
successfully bonded Al−27Si and Al−50Si alloys 
by partial TLP bonding at 530 °C in vacuum, 
yielding a strong metallurgical joint using a Cu 
interlayer. XU et al [21] obtained a high-strength 
bond of an Al/Al−27Si joint using partial TLP 
bonding at 550 °C. Ultrasonic cavitation has 
successfully been utilized to remove the oxide film 
and enhance wettability [22,23]. Ultrasonic-assisted 
brazing and soldering are suitable for welding 
aluminum matrix composites [24]. A Zn-based 
interlayer was used to achieve a sound joint of 
Al−50Si alloy at a lower temperature (390 °C) by 
ultrasound-induced TLP bonding [25]. All the joints 
obtained were at a high temperature, which were 
not suitable for the joining of electronic packaging. 
ZHU et al [26] used Sn−5In filler metal to solder 
hypereutectic Al−Si alloys via an ultrasound- 
induced liquid-phase method at the relatively low 
temperature of 180 °C in air, and Si particles were 
induced into the bond; however, the joint strength 
was below 7 MPa. 

The study showed that it is difficult to achieve 
a sound joint of hypereutectic Al−Si alloys at low 
temperature, which is required in the electronic 
packaging industry. In addition, the oxide film on 
the surface of high-Si aluminum alloys is 
considered a barrier to obtain a metallurgical bond. 
However, the microstructure of the oxide film and 
its removal from hypereutectic Al−Si alloys with a 
high content of Si particles on the surface is not 
clear. Therefore, the removal behavior of oxide film 
of hypereutectic Al−Si alloys were investigated 
through TEM observation. And Si particles were 
introduced in-situ into the weld to strengthen the 
joints of Al−60Si hypereutectic alloys by ultrasonic 
vibration with Sn−9Zn filler metal at low 
temperature. The microstructure evolution and 
mechanical properties of the joints, and the 
microstructure and removal of the oxide film under 
ultrasonic vibration were investigated in the present 
work. 

 
2 Experimental 
 

The experimental material was commercial 
hypereutectic Al−60wt.%Si alloy fabricated by hot 
pressing sintering method (Baienwei New Materials 
Technology Co., Ltd., Tianjin, China). The 
microstructure of hypereutectic Al−60Si alloy is 
shown in Fig. 1, where light grey phases and dark 
grey phases were identified as Si particles and Al 
substrate, respectively. And a small amount of 
impurity phases containing iron were also been 
found, as shown in Table 1. The thermal physical 
properties and mechanical properties of base 
Al−60Si alloys and Sn−9Zn solders are given in 
Table 2. Wetting experiments were carried out  
with specimens of 25 mm × 25 mm × 2 mm to 
investigate the removal of oxide. The filler metal 
mass was 0.4 g. Soldering experiments were carried 
out using samples of 50 mm × 10 mm × 3 mm, and 
the lap length is 10−15 mm. The hypereutectic 
Al−60Si samples were mechanically finished using 
abrasive paper from 300# to 2000# grit, and then 
ultrasonically cleaned in acetone for 30 min before 
joining. Self-made Sn−9wt.%Zn eutectic filler 
metal was used. The melting point of the Sn−9Zn 
alloy was 198 °C. 
 

 

Fig. 1 Microstructure of hypereutectic Al−60Si alloy 
 
Table 1 Compositions of phases in hypereutectic Al− 
60Si alloy in Fig. 1 (wt.%) 

Point Si Al Fe Mn 

1 99.74 0.26 − − 

2 − 100 − − 

3 10.94 65.93 22.67 0.46 
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Table 2 Thermal physical properties and mechanical 
properties of Al−60Si alloy and Sn−9Zn solders 

Alloy Thermal conductivity/ 
(W·m−2·K−1) 

CTE/ 
K−1 

Tensile 
strength/MPa 

Al−60Si 150 10.6×10−6 181 

Sn−9Zn 68.2 23.4×10−6 38 

 
Ultrasonic vibration with a power of 400 W, a 

pressure of 0.15 MPa, and an amplitude of 10 μm at 
a frequency of 20 kHz was applied on the lower 
Al−60Si alloy plate in the soldering experiments 
under atmospheric conditions, as shown in Fig. 2(a). 
The wetting experimental setup is shown in 
Fig. 2(b). The effect of soldering temperature was 
investigated in the range 240−360 °C and the 
ultrasonication time was 10 s. Samples were 
soldered with ultrasonic vibration for 10, 30, 50, 70, 
and 90 s to investigate the effect of ultrasonication 
time on the microstructure and mechanical 
properties of the joints. 

Microstructures of the joints, including 
fracture surfaces, were investigated using field- 
emission scanning electron microscopy (SEM; FEI, 
Quanta FEG250, USA) combined with energy- 
dispersive X-ray spectroscopy (EDS) and 
transmission electron microscopy (TEM; FEI 
TECNAI G2 F20 X-Twin, USA). TEM 
accompanied by scanning transmission electron 
microscopy (STEM) and high-angle annular dark 
field (HADDF) analysis was used to investigate 
element distribution. The TEM samples were 
prepared using a focused ion beam (FIB; FEI-FIB 
Strata 400S, USA). Three parallel samples of the  

joints were tested for shear strength using an 
electronic tensile testing machine (Instron-5928, 
UK) with a pressure-head speed of 1 mm/min. 

 
3 Results and discussion 
 
3.1 Removal of oxide film 

The removal behavior of oxide film of 
hypereutectic Al−60Si alloys is investigated 
through wetting experiment. Figure 3 shows 
interfaces between Sn−9Zn filler metal and 
Al−60Si alloy produced with different ultrasonic 
vibration time at 300 °C. At the start 
(ultrasonication time of 0.1 s), few areas of the 
oxide film were removed by ultrasonic cavitation 
and the Sn−9Zn solder spread on the Al−60Si 
surface with the most oxide film remaining 
(Fig. 3(a)). Figure 3(b) shows mapping of the 
element distribution. Si particles could be clearly 
seen in the Al matrix of the Al−60Si base metal. As 
the ultrasonic vibration time increased to 0.5 s, the 
remaining oxide film was observed as a black 
straight line in Figs. 3(c, d). Large amounts of 
aluminum dissolved into the seam, leaving the Si 
particles under the remaining oxide film. The 
maximum dissolution width of aluminum was about 
14 μm. Figure 3(e) shows that the oxide film of the 
Al−60Si alloy was completely removed at an 
ultrasonic vibration time of 1 s and the maximum 
dissolution width of the aluminum increased     
to 22 μm. A dark red phase of aluminum  
dendrites could be seen in the seam (Fig. 3(f)). As 
the ultrasonic vibration time increased to 2 s, the  

 

 
Fig. 2 Schematic diagrams of ultrasonic-assisted soldering (a) and wetting (b) 
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Fig. 3 Microstructure of interface (a, c, e, g) and mapping of element distributions (b, d, f, h) of Sn−9Zn/Al−60Si alloy 
soldered at 300 °C for different time: (a, b) 0.1 s; (c, d) 0.5 s; (e, f) 1 s; (g, h) 2 s 
 
dissolution width increased to 40 μm (Fig. 3(h)). 
With increasing dissolution of Al, some Si particles 
without a surrounding Al matrix migrated into     
the seam under the ultrasonic vibration (Fig. 3(g)). 
Similar results were reported for the ultrasonic- 
assisted brazing of cemented carbide, in which WC 
particles were found to migrate into the seam due to 
dissolution of Co and the ultrasonic effect [27]. 

The magnified graph of the oxide film of the 
joints ultrasonic soldered for 0.5 s at 300 °C is 
shown in Fig. 4. The compositions of the residual 
oxide film and the phases identified by EDS 
analysis are given in Table 3. The composition test 
was not so exactly for the oxide film is too thin. 
However, the compositions of Points 1 and 2 
containing plenty of oxygen element, and the line 
scanning results also show enrichment of oxygen 
element at the interface, as shown in Fig. 4(b). 

Ultrasonic vibration is considered to remove 
the oxide film by the ultrasonic cavitation effect 
[23]. Although Fig. 3 suggests that the time for 
which the ultrasonic vibration was applied on the 
Al–60Si plates played an important role in removal 
of the oxide film, the mechanism by which the 
holding treatment affects the oxide removal is not 
clear. To investigate the effect of holding time on 
removal of the oxide film, the samples were held 
for different time after 0.1 s ultrasonic vibration, as 
shown in Fig. 5. Compared with Fig. 3(a), the most 
significant differences were the increase in the 
width of the Al dissolution (20 μm) for a holding 
time of 10 min and the appearance of obviously 
damaged oxide films at the interface. The 
dissolution width increased to 30 and 40 μm with  

 

Fig. 4 Microstructure of oxide film (a) and line scanning 
of interface (b) of joints ultrasonically soldered for 0.5 s 
at 300 °C 
 
Table 3 Compositions of oxide film and phases at 
interface in Fig. 4 (wt.%) 

Point Sn Si Al Zn O 

1 58.48 3.32 26.31 0.9 10.99 

2 58.15 6.07 20.11 0.6 15.07 

3 87.13 0.53 10.36 0.89 1.09 

4 19.12 75.64 2.32 0.3 2.62 
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Fig. 5 Microstructures of interface (a, c, e) and mappings of element distribution (b, d, f) of Sn−9Zn/Al−60Si alloy 
soldered 300 °C for holding time: (a, b) 10 min; (b, c) 20 min; (e, f) 30 min 
 
increasing holding time of 20 and 30 min, 
respectively, as shown in Figs. 5(c−f). This result 
implies that dissolution increased with holding time. 
Al dendrites were found in the seam (Figs. 5(d, f)); 
however, oxide film still remained between the 
Sn−9Zn filler and Al−60Si base metal. This 
suggests that the holding treatment could not 
remove the oxide film: holding time caused more 
base metal to dissolve into the solder; the oxide film 
was mainly removed by ultrasonic vibration. 

The microstructure of the interface between 
Sn−9Zn solder and the Al−60Si alloy soldered at 
300 °C with 0.1 s ultrasonic vibration was observed 
by TEM, as shown in Fig. 6. Figures 6(b−d) show 
the patterns of the marked regions in Fig. 6(a). 
Regions I and III were confirmed as Si particles  
and Sn−9Zn solder, respectively. Region II, the 

interface between Sn-based filler metal and Si 
particles, was identified as an amorphous layer. 

The magnification of interface of Region II  
in Fig. 6 was observed using HADDF mode. The 
element distribution at the interface was studied by 
mapping scanning using the HADDF mode, as 
shown in Figs. 7(a−f). Figures 7(b, c) show that 
aluminum and oxygen were enriched at the interface, 
but no other elements were observed, implying that 
an aluminum oxide film existed in the interface. 
The oxide film of Al−60Si alloys was about 
30−40 nm in width (Fig. 7(a)). The composition of 
the oxide film (Region A) is shown in Table 4, 
which confirmed an Al2O3 film by EDS results 
(Al39.11O60.42Si0.26Sn0.21). Figures 7(d−f) show that 
one side of the oxide film was composed of silicon 
particles, while the other side showed the presence of 



Yuan-xing LI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 77−90 82 

 

 
Fig. 6 Typical transmission electron micrographs of 
interface between Si particles and Sn−9Zn filler metal 
soldered at 300 °C with 0.1 s ultrasonic vibration:     
(a) Bright-field image of interface; (b−d) Electron 
diffraction patterns of Regions I, II and III, shown in (a), 
respectively 
 
Sn and Zn, indicating the Sn–9Zn filler metal. And 
Fig. 3(a) shows that the oxide film was not completely 
removed in the interface with 0.1 s ultrasonic 
vibration. Interestingly, the Al–60Si alloy had large 
numbers of Si particles enriched at the interface, 
which can be seen in Figs. 3 and 5 and confirmed 
by Figs. 6(a, c); however, the oxide film formed on 
Al−60Si alloy was alumina instead of silica, which 
is most likely due to the stronger affinity of 
aluminum and oxygen than silicon and oxygen. 

Figure 8 shows HRTEM images of the 
interface between Sn–9Zn filler metal and the Si 
particles. Regular crystal structures of Sn and Si 
could clearly be seen in Fig. 8(a), and were 
confirmed by the electron diffraction patterns in 
Figs. 8(b, c). Different local areas of the oxide film 
marked in Fig. 8(a) showed different structures. 
Most of the oxide film was identified as an 
amorphous layer, as shown in Fig. 8(d); some Al2O3 
crystal structure was identified in Fig. 8(e). This 
observation showed that there were some Al2O3 
crystal particles distributed in the Al2O3 amorphous 
layers. 

 
3.2 Si particle-reinforced joints 

Figure 9 shows the microstructure evolution  
of joints that were ultrasonically soldered for 10 s  
at different soldering temperatures. The typical 
microstructure of Al−60Si alloy (Fig. 9(c)) showed 
some black spherical phases (α-Al, Region 1), small 
black blocky phases (Si particles, Region 4), and 
grey rods (Zn-rich phases, Region 2) distributed in 
a white Sn matrix (Region 3), which confirmed by 
the EDS results shown in Table 5. The dissolution 
of Al increased with increasing the soldering 
temperature and α-Al phases were observed in the 
bond. Some Si particles without a surrounding Al 
matrix migrated into the bond on dissolution of Al 
(Figs. 9(a−d)). Similar mechanisms were revealed 

 

 
Fig. 7 Morphology (a) and element distribution mapping (b−f) of interface of Region II in Fig. 6 
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Table 4 Composition of Region A enclosed by yellow 
dashed line in Fig. 7(a) (at.%) 

O Al Si Sn 

60.52 39.01 0.26 0.21 
 
in the ultrasonic joining of ceramic particle- 
reinforced metal matrix composites [27]. It seems 
that the soldering temperature had little effect    
on the migration of Si particles into the bonds. The 
content of Si particles in the bond remained low, 
even at a soldering temperature as high as 360 °C. 

The effect of ultrasonic vibration time applied on 
the plates was investigated and the results are 
shown in Fig. 10. At the soldering temperature   
of 330 °C, when the soldering time increased to 
30 s, Si particles and α-Al spherical phases were 
observed in the bond (Fig. 10(a)). As the ultra- 
sonication time increased, larger numbers of Si 
particles (Region 4) migrated into the bond, 
achieving Si particle-reinforced joints in Al−60Si 
alloy, as shown in Figs. 10(b, c). The compositions 
of the phases in the joints are shown in Table 6.  

 

 
Fig. 8 High-resolution transmission electron micrograph of interface (a) and electron diffraction patterns of Regions   
I (b), II (c), III (d) and IV (e)  
 

 
Fig. 9 Microstructures of joints ultrasonically soldered for 10 s at different temperatures: (a) 240 °C; (b) 270 °C;     
(c) 330 °C; (d) 360 °C 
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Table 5 Compositions of phases in joints in Fig. 9(c) 
(wt.%) 

Region Zn Al Si Sn 

1 8.25 90.88 0.35 0.52 

2 98.19 0.95 0.41 0.45 

3 1.06 0.45 0.15 98.34 

4 0.33 3.16 88.72 7.79 
 
Cavities were found in the bonds of joints  
soldered with excessively long ultrasonication time 
(Fig. 10(d)). It is shown that ultrasonic vibration 
time played a more important role than soldering 
temperature in obtaining Si particle-reinforced 
joints in the Al−60Si alloy. 
 
3.3 Diffusion and dissolution at interface 

The interface of joints soldered at 330 °C with 
50 s ultrasonic vibration time is shown in Fig. 11(a). 
An amount of Si particles migrated from the Al–
60Si alloy to the bond. According to the mapping 
scanning image (Figs. 11(b, c)), the bigger particles 
with round edges were Al that originated due to 
dissolution by Sn−9Zn solder. The smaller particles 
with sharper edges were identified as Si. Amounts 
of Si particles moved into the bond with dissolution 
of the Al matrix. Figures 11(d, e) show the 

distribution of zinc and tin, respectively, which 
suggests that the diffusion distance of zinc to the 
Al−60Si base metal was longer than that of tin. This 
is mainly because the solid solubility of zinc in 
aluminum is greater than that of tin in aluminum. 
The above results show that Sn−9Zn solder diffused 
to the Al−60Si alloy with longer ultrasonic 
vibration, which led to a larger amount of Al 
dissolution and migration of Si particles. This can 
be attributed to the role of ultrasound in promoting 
dissolution and diffusion of elements [28]. 

Further evidence of the promoting effect of 
ultrasonic vibration is shown in Fig. 12. Line 
scanning images show that as the ultrasonication 
time increased from 10 to 50 s, the diffusion 
distance of Sn increased from 7.1 to 35 μm, and  
that of zinc increased from 19 to 77 μm. The long- 
distance diffusion of element with increasing the 
ultrasonic time was mainly due to the promoting 
effect of ultrasound on element diffusion, which 
was revealed by Ref. [27]. And the diffusion 
distance of zinc is wider than that of tin because  
of larger solubility of zinc in aluminum at the 
soldering temperature. Thus, these results indicate 
that ultrasonic vibration time played an important 
role in promoting diffusion and dissolution of 
elements. 

 

 

Fig. 10 Microstructures of joints soldered at 330 °C for different ultrasonication time: (a) 30 s; (b) 50 s; (c) 70 s;     
(d) 90 s 
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Table 6 Compositions of phases in joints in Fig. 10 
(wt.%) 

Region Zn Al Si Sn 

1 98.38 1.00 0.27 0.35 

2 2.07 0.35 0.25 97.33 

3 10.58 88.64 0.19 0.59 

4 0.32 2.46 95.03 2.19 

 
3.4 Mechanical properties and strengthening 

mechanism 
Figure 13 shows the shear strength of joints 

soldered at 330 °C with different ultrasonic 
vibration time. Shear strength increased with 
increasing ultrasonication time and peaked at 
99.5 MPa when the utrasonication time was 50 s, 
and then declined as the ultrasonic time continued 
to increase. As shown in Fig. 8, the Si particles are 

considered to reinforce the joints, which may have a 
significant impact on mechanical properties. 
Figure 11 shows that the volume fraction of silicon 
particles in the joints increased with ultrasonic time, 
and the mechanical properties increased with the 
volume fraction of silicon. As the ultrasonic 
vibration was 50 s, the volume fraction of Si 
particle increased to 35.7%. However, according  
to Fig. 9(d), the mechanical properties of the joint 
with 90 s ultrasonic soldering time reduced for the 
defects in the bond. And volume fraction of Al 
increased with the increasing time of ultrasonic 
vibration, peaked at 20.5% as the ultrasonic time 
was 70 s, which was also considered to contribute 
to the mechanical properties of the joints. The 
volume fraction of Si is much higher than that    
of Al and positively correlated with mechanical 
properties, which means that Si plays the most 
important role in strengthening the joints. 

 

 
Fig. 11 Morphology of interface (a) and mapping scannings of elements (b−f) of joints soldered at 330 °C with 50 s 
ultrasonic vibration 
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Fig. 12 Line scanning images (a, b) and distributions of elements at Sn (c, d) and Zn (e, f) interface of joints soldered at 
330 °C with different ultrasonication time: (a, c, e) 10 s; (b, d, f) 50 s 
 

 

Fig. 13 Mechanical properties of joints with different 
ultrasonication time 
 

Figure 14(a) shows two opposite fracture 
surface of joints that were ultrasonically soldered 

for 10 s at 330 °C. The fracture surfaces present 
brittle features with flat morphology. Figures 14(c, d) 
show that both sides of the fracture surface were 
rich in tin, indicating that the fracture occurred in 
the seam. Figures 14(e, f) show that little aluminum 
or silicon accumulated at the edge of the fracture 
surface, which means that this region was the 
interface. Therefore, most fracture occurred in the 
joint seam, suggesting that this was the weakest 
region of the joint. 

When the ultrasonication time increased to 
50 s (Fig. 15), the left side of the fracture was rich 
in tin and zinc, and the right side was rich in 
aluminum and silicon. This suggests that the left 
side was the Sn−9Zn solder in the seam and the 
other side was Al−60Si alloy base metal, and 
therefore fracture occurred in the interface between 
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Fig. 14 Morphology of fracture surfaces (a) and distributions of elements (b−f) of joints ultrasonically soldered for 10 s 
 
the solder and base metal. Figure 13 shows that 
shear strength of joints soldered for 10 s was lower 
than that of joints soldered for 50 s. The fracture 
position moved from the seam to the interface, 
implying that the seam was strengthened as     
the ultrasonic vibration time increased to 50 s. 
Figure 10 shows a considerable amount of Si 
particles distributed in the seam that was 
ultrasonically soldered for 50 s, while there were 
few Si particles in the seam that was soldered for 
10 s (Fig. 9(c)). It is thus considered that Si 
particles reinforced the joints, leading to transition 
of the fracture location. 

Figure 16 illustrates the formation of Si 
particulate reinforced joints. Figure 16(a) shows 
that, at the beginning of soldering, small areas of 
the oxide films were broken by the ultrasonic 
cavitation effect, and solders wetted on the oxide 
films. Few Si particles and Zn-rich phases could  
be observed in the joints. With the increasing of 

ultrasonic time, more and more oxide film was 
removed by ultrasonic vibration, and Sn−9Zn 
solders diffused to hypereutectic Al−60Si matrix, 
leading to amount of element Al to dissolve to the 
bond. And there were areas of dissolution zone 
under the oxide film with the free Si particles, as 
shown in Figs. 16(b) and 3(c). And then, the oxide 
films were totally removed by the ultrasound 
(Fig. 16(c)), and zinc and tin elements diffused to 
the base metal, leading to more and more Al 
dissolution. Round Al phases were observed in the 
center of the seam. And more and more Si particles 
gathered in both sides of the joint. At last, as the 
ultrasonic vibration continued to increase, amount 
of diffusion and solution occurred between solders 
and hypereutectic Al−60Si base mental. A large 
number of Si particles without Al surrounding 
migrated to the bond, forming a uniform particle 
reinforced joint under the ultrasonic disturbance, as 
shown in Fig. 16(d). 
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Fig. 15 Morphology of fracture surface (a) and distributions of elements (b−f) of joints ultrasonically soldered for 50 s 
 

 
Fig. 16 Formation of Si particle reinfored joints under ultrasonic soldering of hypereutectic Al−60Si alloys: (a) At 
beginning of wetting; (b) Removal of oxide film; (c) Diffusion and dissolution; (d) Si particle reinforced joint 



Yuan-xing LI, et al/Trans. Nonferrous Met. Soc. China 35(2025) 77−90 89 

 
4 Conclusions 
 

(1) The oxide film of Al−60Si alloy at the 
interface was identified by TEM analysis as 
amorphous Al2O3. The oxide of Si particles in the 
base metal was also alumina. The oxide film was 
observed to be removed by ultrasonic vibration. 

(2) Si particle-reinforced joints (35.7 vol.%) 
were obtained by increasing the ultrasonication 
time. The maximum shear strength was 99.5 MPa 
for soldering at 330 °C with an ultrasonic vibration 
time of 50 s. 

(3) A model of forming of Si particles 
reinforced joint under the ultrasound is proposed. 
Ultrasonic vibration promoted diffusion of Sn and 
Zn and dissolution of Al. Si particles without a 
surrounding Al matrix migrated to the seam. 

(4) Joints with few Si particles mainly 
fractured in the seam. Fracture of joints with higher 
amount of Si particles occurred in the interface, 
which showed that Si particles could reinforce the 
joints. 
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摘  要：为了改善过共晶 Al−60Si 合金的润湿性，提高接头的力学性能，采用 Sn−9Zn 焊料超声焊接 Al−60Si 合

金，得到了原位 Si 颗粒增强的良好接头。采用透射电镜(TEM)对 Al−60Si 合金界面处的氧化膜进行分析，鉴定其

物相为非晶 Al2O3。并且，母材中 Si 颗粒的氧化膜经鉴定也是 Al2O3。经过试验发现氧化膜的去除主要是依靠超

声振动，而非保温处理。通过延长超声时间，可获得硅颗粒增强接头(35.7%，体积分数)。当焊接温度为 330 ℃、

超声振动时间为 50 s 时，焊缝抗剪强度最大，达到 99.5 MPa。提出了超声作用下 Si 颗粒增强接头的形成机理模

型，认为超声振动起到了促进 Al 溶解和 Si 颗粒迁移的作用。 

关键词：过共晶 Al−60Si 合金；超声波辅助钎焊；硅颗粒增强相；Sn–9Zn 钎料 
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