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A B S T R A C T   

This paper introduces a new welding process. Based on the traditional solid phase diffusion welding, the ul
trasonic energy field is introduced, and the acoustic plastic effect caused by ultrasonic vibration propagating in 
the solid phase medium is used to promote the plastic deformation of the base metal, so as to form an effective 
joining. Combined with the model analysis, the theory proves that the introduction of ultrasonic energy field can 
reduce the welding pressure and shorten the welding time. The plastic deformation was confirmed by the 
observation of dislocation and twinning in the weld seam with Ag as intermediate layer in atmospheric envi
ronment. The maximum shear strength of the welded joint is about 84.33 MPa. It was also found that the oxide 
Ag2O can help compounds with different crystal structures form bonds.   

1. Introduction 

With the continuous development of the field of electronic pack
aging, silicon carbide and nitride are introduced into electronic devices 
so that they can operate continuously at temperatures above 350 ◦C [1, 
2]. The Cu substrate commonly used in electronic devices appears to be 
delaminated in practical applications and cannot further meet the use 
conditions [3,4]. 

Aluminium alloys are among the most widely used lightweight al
loys. They have been widely used in automotive and aerospace fields 
[5–8]. Additionally, they are used in the radiators of automobiles 
because of their excellent thermal stability. It was reported that 1500 
thermal cycles between -55 ◦C and ~250 ◦C were conducted on an 
aluminium alloy. Cracks and delamination were not observed for the 
aluminium alloy in the experiment, and thus, the alloy can be used as a 
substrate instead of Cu in electronic packaging [9]. Therefore, it is 
necessary to develop a new process to connect aluminium alloys. 

Traditional solid phase diffusion welding technology can reduce the 
formation of joint defects such as deformation, cracking and segregation 

[10,11]. This process relies on the application of high pressures for long 
times to promote microplastic deformation of the surface of the material 
to be welded, and elemental forms a close joining. At present, relevant 
research reports show that ultrasonic softening in solid media can pro
mote the plastic deformation of materials [12,13]. Therefore, a new 
welding process is designed in this paper, which introduces ultrasonic 
energy field on the basis of traditional solid phase diffusion welding. The 
acoustic plastic effect caused by the propagation of ultrasonic vibration 
in solid medium is used to promote the plastic deformation of base 
metal, accelerate the mutual diffusion of elements, form effective 
metallurgical bond, shorten welding time, improve welding efficiency 
and reduce welding cost. 

In this paper, a 2024 light aluminium alloy was connected by ul
trasonic assisted solid phase diffusion welding with Ag foil as the in
termediate layer. The effects of different ultrasonication times on the 
microstructure and mechanical properties were studied. The effect of 
ultrasound on the contact interface between the base metal and inter
layer was studied. Effects of ultrasonication on plastic deformation be
tween the base metal and interlayer were evaluated. 
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2. Experimental procedures 

2.1. Materials 

In this paper, 2024 Al with shear strength of 285 MPa and 99% Ag 
foil with thickness of 0.05 mm were purchased from the market. The 
chemical composition parameters are shown in Table 1. The 2024 Al 
sample with the size of 10 mm × 10 mm x 5 mm was used as the base 
metal, and the Ag foil was made of 10 mm × 10 mm x 0.05 mm as the 
interlayer. The base metal was grinded on 400 #, 800 #, 1500 #, 2000 # 
water sandpaper in turn, and the contact surface was polished into 

mirror by 1 um Al2O3 polishing agent. The polished base metal and 
interlayer were placed in anhydrous ethanol for ultrasonic cleaning for 
15 min and then dried and placed in a vacuum dryer for standby. 

2.2. Soldering process 

As shown in Fig. 1 (a), a self-assembly set of ultrasonic-assisted 
welding system equipment is used in the welding process, which is 
equipped with an ultrasonic generator, muffle furnace induction heating 
device and a circulating cooling system. Place the sample in the muffle 
furnace heating device in the form of 2024Al/Ag/2024Al sandwich. The 
ultrasonic probe was placed on the upper surface of 2024Al in the 
sandwich structure, and a constant pressure of 0.1 MPa was applied. 
Two K-type thermocouples were placed to detect the welding temper
ature. Raise the temperature to 500 ◦C, apply ultrasonic vibration time 
20 s, 35 s, 50 s, 65 s. After the ultrasonic treatment, the upper surface 
pressure was maintained at 0.1 MPa until the sample was cooled to room 

Table 1 
2024Al chemical composition table.  

Element Fe Cu Mn Mg Cr Zn Al 

Content 0.5 3.8–4.9 0.3–1.0 1.2–1.8 0.1 0.25 Bal.  

Fig. 1. (a) Welding process diagram; (b) Shear test schematic.  

Fig. 2. Microstructure of the joint obtained by different ultrasonic vibration time: (a) ultrasonic vibration for 20 s; (b) ultrasonic vibration for 35 s; (c) ultrasonic 
vibration for 50 s; (d) ultrasonic vibration for 65 s; (e) al-ag binary phase diagram and (f) intermetallic compound thickness and ultrasonic time fitting diagram. 
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temperature, and the sample was taken out under unloading pressure. 

2.3. Characterization and observations 

The microstructure of the sample weld was observed under a scan
ning electron microscope ( SEM, ZEISS MERLIN Compact and S-3400), 
and the energy spectrum analysis of the microstructure and composition 
was performed. The transmission samples were prepared by Fast Fourier 
Transformation (FIB) and observed under high-resolution transmission 
electron microscopy (HRTEM, Talos F200X). The strength was measured 
by a WDW-D100EIII micro electronic universal testing machine at a 
constant speed of 0.5 mm/min at 250 ◦C. The schematic diagram of the 
strength test process is shown in Fig. 1 (b). Test at least three times under 
each test condition. The fracture surface morphology was detected by 
SEM. 

3. Experimental results 

Fig. 2 (a) - (d) show the microstructure of the joint obtained at 500 ◦C 
for different ultrasonic vibration times. No obvious defects, such as 
cracks and holes, were observed around the weld. 

Fig. 2 (a) shows that when the ultrasonic vibration time was 20 s, a 
grey phase formed on both sides of the reaction interface, and its 
thickness was uneven and discontinuous. The grey phase on one side of 
the intermediate Ag layer was less than that on the other side, and the 
total thickness of the grey phases on both sides was approximately 22.7 
μm on average. On the Al side of the upper and lower interfaces, a grey- 
white needle-like material appeared. 

Fig. 2 (b) shows the microstructure of the joint after ultrasonic vi
bration for 35 s. The grey phase continued to grow along the reaction 
interface, and the total thickness of the grey phase on both sides aver
aged approximately 30 μm. The grey phase thickness on both sides of the 
upper and lower reaction interface was uniform, and the weld width 
became wider. The thickness of the intermediate layer Ag decreased and 
was gradually consumed by the reaction. The greyish-white needles on 
the 2024Al side of the upper and lower interfaces gradually increased. 

Fig. 2 (c)–(d) show the microstructures of the joints obtained by 
applying ultrasonic vibration for 50 s and 65 s, respectively. The 
thickness of the grey phase formed at the reaction interface continued to 
increase, and the average sum of the grey phase thicknesses on both 
sides was 37 μm and 41.8 μm. The grey phase thickness on both sides of 
the reaction interface tended to be average, the overall width of the weld 
continued to increase, and the intermediate Ag layer gradually 
decreased with increasing ultrasonic vibration time. The distribution of 
grey-white acicular matter on both sides of Al continued to increase. 

As shown in Fig. 2 (c), 8 points at different locations were selected for 
EDS elemental analysis of the composition of the grey phase. Elemental 
analysis results are shown in Table 2. The atomic percentages of Al and 
Ag at point 3 are approximately 2:3. According to the Al–Ag binary 
phase diagram in Fig. 2 (e) and the relative valency effect in the Hume- 
Rothery principle, the solubilities of the high-valence component and 
low-valence component differ, and as a result, Ag and Al cannot form a 
continuous solid solution at the welding temperature of 500 ◦C [14]. 
When the atomic percentage of Al is approximately from 23 at% to 40 at 
%, Ag2Al with a hexagonal structure precipitates in the matrix. Thus, the 
grey intermetallic compound at point 3 is Ag2Al [15]. 

Fig. 3 shows the microstructure of the grey-white needle-like mate
rial on the 2024Al side of the joint obtained at 500 ◦C for different ul
trasonic vibration times. Fig. 3 (a) shows the microstructure of the grey- 
white matter on the 2024Al side of the welded joint obtained by ultra
sonic vibration for 20 s. The figure shows that the diffusion thickness of 
the grey-white needles is approximately 4.9 μm, and the grey-white 
needles are chaotic. 

Fig. 3 (b) shows the microstructure of the grey-white matter on the 
2024Al side of the welded joint obtained by ultrasonic vibration for 35 s. 
The figure shows that the diffusion thickness of the grey-white needles 
increased with increasing ultrasonic vibration time, and the diffusion 
layer thickness was approximately 12.9 μm. The number of grey-white 
needles increased, and the distribution was more uniform. Many grey- 

Table 2 
Element composition at different positions of the joint obtained by ultrasonic 
vibration for 20 s.   

Al(at%) Ag(at%) Possible phase 

Point 1 3.85 96.15 Ag 
Point 2 4.02 95.98 (Ag) 
Point 3 39.5 60.5 Ag2Al 
Point 4 66.07 33.93 (Al)+ Ag2Al 
Point 5 94.61 5.39 (Al) 
Point 6 100 0 Al 
Point 7 88.14 11.86 (Al) 
Point 8 41.38 58.62 Ag2Al+(Al)  

Fig. 3. The morphology of grey-white matter in the welded joint under different ultrasonic vibration time: (a) Ultrasonic vibration for 20 s; (b) Ultrasonic vibration 
for 35s; (c) Ultrasonic vibration for 50s; (d) Ultrasonic vibration for 65s; (e) 65 s local expansion diagram of ultrasonic vibration. 
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white dots were observed far from the reaction interface. With ultrasonic 
vibration, the base metal 2024Al gradually changed from a single block 
to several ellipsoids, and the grey phase filled the gaps between the el
lipsoids. According to the EDS data at point 8 in Table 2, the grey phase 
in the gaps between the ellipsoids was Ag2Al+(Al). According to 
elemental analysis, Ag2Al+(Al) is precipitated from the Al grain 
boundary of the base metal. 

Fig. 3 (c)–(d) show the microstructure of the grey-white matter on 
the side of the 2024Al welded joints obtained by ultrasonic vibration for 
50 s and 65 s. The figures showed that with increasing ultrasonic vi
bration time, the thickness of the grey-white needle-like diffusion layer 
increased, and the number of needles also increased. With increasing 
ultrasonic vibration time, the amount of grey-white dot-like material 
increased and dispersed in the ellipsoidal blocks of 2024Al. The amount 
of 2024Al in the ellipsoidal blocks increased gradually. 

Fig. 3 (e) shows the local amplification of the grey-white material in 
the diffusion layer in the joint obtained by ultrasonic vibration for 65 s. 
According to the figure, there were three different forms of grey-white 
matter in the red circle. The No. 1 red circular frame was close to the 

reaction interface, and the grey-white matter in the frame was needle- 
like, with an average length of approximately 2.5 μm. Most of the 
grey-white acicular matter intersected and was distributed in a disor
derly manner. The No. 2 red round frame was located a short distance 
from the reaction interface, and the grey-white substance in the frame 
was needle-like, with an average length of approximately 1.1 μm. The 
distribution of grey-white acicular matter was chaotic. Compared with 
the grey-white needles in red round frame No. 1, the grey-white needles 
gradually decreased in size with distance from the reaction interface. 
The No. 3 red round frame was located far from the reaction interface, 
and the grey and white matter in the box was dotted with an average 
length of less than 0.2 μm. The grey-white dots were dispersed in the 
ellipsoidal blocks of Al, which separated from the Al matrix. According 
to the morphological transformation process of the grey-white matter, 
with increasing distance from the reaction interface, the diffusion of the 
grey-white matter gradually decreased from grey-white needles with an 
average length of 2.5 μm to grey-white dots with an average length of 
less than 0.2 μm, until it completely disappeared. 

Fig. 4. (a) FIB sample selection diagram; (b) Transmission sample diagram.  

Fig. 5. TEM morphology of (a) joint of Al/Ag/Al joint by ultrasonic assisted solid phase diffusion welding; (b) Interface morphology between 2024Al and the 
product; (c) is the EDS detection diagram at the interface; (d) HRTEM image of the interface between 2024Al and the product. 
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4. Discussion 

A linear fit was performed to analyse the variation of the thickness of 
the intermetallic layer of Ag2Al with the applied ultrasonication time in 
an atmospheric environment. The results showed that the square of the 
thickness of the layer of the intermetallic compound Ag2Al was linearly 
proportional to the ultrasonication time, and the regression coefficient 
was 0.9753, as shown in Fig. 2 (f). 

The linear relationship can be expressed as [16]: 

I2
Ag2Al =D

′

Agt (1)  

where IAg2Al in the formula is the thickness of the layer of the interme
tallic compound Ag2Al; D′

Ag is the diffusion coefficient of elemental Ag in 
elemental Al under ultrasonic vibration; and t represents the time that an 
ultrasonic vibration is applied. 

The measured data in Fig. 2 (a)–(d) were substituted into the for
mula, and the mutual diffusion coefficient D′

Ag =2.88×10-7 cm2/s be
tween Ag and Al under ultrasonic vibration was calculated according to 
the fitting results. Without ultrasonic vibration, the mutual diffusion 
coefficient of Ag and Al is DAg = 6.6×10-9 cm2/s [17]. Comparing the 
diffusion coefficients of the two elements showed that ultrasonication 
can increase the mutual diffusion coefficients of Ag and Al by approxi
mately two orders of magnitude. This indicates that ultrasonic vibration 
can promote atomic diffusion at the solid interface. 

To further analyse the reaction at the interface, a sample that un
derwent ultrasonic vibration for 20 s was selected for FIB to prepare the 
transmission sample. The position shown in Fig. 4 (a) was selected to 
prepare TEM samples. The figure showed that the thickness of the 

intermetallic compound Ag2Al was approximately 12.7 μm. Therefore, 
the length of the region selected for the TEM sample was approximately 
14.4 μm. The sample contained base metal, intermetallic Ag2Al and an 
intermediate layer. In Fig. 4 (b), there is grey intermetallic Ag2Al, and a 
lesser amount of a light grey phase that is not detected by SEM and EDS. 

Fig. 5 shows the HRTEM and EDS of the Al/Ag/Al joint formed by 
ultrasonic assisted solid phase diffusion welding. Fig. 6(a) shows that the 
selected positions can be divided into three parts, namely, base metal 
2024Al, product and Ag in the intermediate layer. There was a small 
number of needles in 2024Al. Fig. 5 (b)–(c) show the microscopic 
morphology and EDS diagram at the interface between 2024Al and the 
product. The needles were mainly composed of Ag and a small amount 
of Al. As shown in Fig. 5 (d), region I at the interface between 2024Al 
and the product was selected for high-resolution analysis. Fig. 5 (d) 
shows that there are two parts of the phase in region I, namely, Al and 
the intermetallic compound Ag2Al. 

A fast Fourier transform (FFT) was performed at the interface be
tween Al and intermetallic Ag2Al. It can be observed from the FFT di
agram that there were many dislocations at the interface, mainly 
distributed on the Ag2Al side, and no obvious dislocations were found on 
the Al side. Observations prove that slip occurred at the interface, and 
the material underwent plastic deformation. Dislocations were concen
trated on the side of the generated intermetallic compound Ag2Al, while 
no obvious dislocations were found on the side of 2024 Al. This phe
nomenon occurred because the stacking fault energies of various types 
of phases differed, resulting in various regions of dislocations. A phase 
with small stacking fault energy is more prone to dislocation accumu
lation or disorderly distribution [18]. The stacking fault energy of Al is 
166 mJ/m2, while that of the intermetallic compound Ag2Al is 

Fig. 6. Shows the (a) morphology of the region II at the intermediate layer Ag and the producer interface in Fig. 5; (b) Interface HRTEM image; (c) SAD1 electron 
diffraction pattern; (d) SAD2 electron diffraction pattern. 
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approximately 85~87 mJ/m2 [19]. The stacking fault energy of the 
intermetallic compound Ag2Al was smaller than that of Al, so the dis
locations were mainly distributed on the side of Ag2Al. 

Fig. 6 shows an HRTEM image and electron diffraction patterns of 
region II at the intermediate layer Ag and the product interface in Fig. 5. 
Fig. 6 (a) shows an HRTEM image of region II of the intermediate layer 
of Ag and the product interface. The figure shows that there were three 
phases in the interface, and electron diffraction measurement was car
ried out in the region where the three phases were located. From the 
inset in Fig. 6 (a), it was determined that the phase in the upper left 
corner is the intermetallic compound Ag2Al. The lower right corner 
phase is the intermediate layer Ag. Fig. 6 (c) shows the electron 
diffraction pattern of the transition phase between the intermediate 
layer Ag and intermetallic compound Ag2Al phase. The calibration 
showed that the phase was Ag3Al. Combined with the phase diagram in 
Fig. 2 (e), at 450 ◦C, the intermetallic compound Ag2Al reacted with the 
intermediate layer Ag to form the intermetallic compound Ag3Al. 

The expression is as follows: 

Ag2Al + (Ag)⇌Ag3Al 

The expression shows that the inclusion reaction was concentrated 
on the Ag side of the intermediate layer. Fig. 6 (b) shows an HRTEM 
image at the interface between the intermediate layer Ag and the 
generated intermetallic compound Ag3Al. A fast Fourier transform (FFT) 
was performed at the interface between Ag and Ag3Al. The FFT diagram 
shows that there were many dislocations at the interface, and they were 
dispersed on the Ag side. 

It can be seen from the starting force of dislocation that: 

τp =
2G

1 − γ
exp

(

−
2πω

b

)

(2) 

In the formula, τp is the critical shear stress; G is the shear modulus; γ 
is Poisson’s ratio; ω is the slip surface spacing; and b is the dislocation 
Berger vector length. 

According to formula 2, the crystal structure of the intermediate 
layer of Ag was FCC, and the crystal structure of the intermetallic 
compound Ag3Al was BCC. Usually, the slip surface spacing ω of face- 
centred cubic structures is larger than that of body-centred cubic 
structures, and the calculated critical shear stress of face-centred cubic 
structures is smaller, so the middle layer of Ag in face-centred cubic 
structures was more prone to dislocations. According to the previous 
analysis, when the stacking fault energy is smaller, the material is more 
prone dislocations. The stacking fault energy of Ag is one of the smallest 
in known metal materials, and its stacking fault energy is approximately 
16~22 mJ/m2 [20,21]. Therefore, dislocations were more likely to 
occur in the intermediate layer of Ag than in the intermetallic compound 
Ag3Al, resulting in more dislocations on the Ag side than on the Ag3Al 
side. Fig. 6 (d) shows the electron diffraction calibration on the Ag side 
of the intermediate layer. According to the diffraction pattern, twins 
appeared on the Ag side of the intermediate layer. Usually, because the 

slip system of dense hexagonal structures is smaller than that of 
face-centred cubic structures and body-centred cubic structures, dense 
hexagonal structures do not easily slip. Under large stresses, dense 
hexagonal structures are more prone to twinning than face-centred cubic 
structures and body-centred cubic structures. However, no twinning was 
found in the hexagonal close-packed Ag2Al. Face-centred cubic struc
tures with small stacking fault energy are prone to twinning, such as 
austenitic steel [22]. According to the previous analysis, the stacking 
fault energy of Ag is approximately 16~22 mJ/m2 and that of Ag2Al is 
approximately 85~87 mJ/m2. The stacking fault energy of Ag2Al is 
much larger than that of Ag. Therefore, twins appeared in the 
face-centred cubic structure of Ag, and no twins appeared in the hex
agonal close-packed structure of Ag2Al. At the same time, the twinning 
phenomenon observed in the intermediate layer of Ag proved that 
incomplete dislocation movement occurred at the interface. Combined 
with the dislocations observed at the interface between Ag2Al and Al and 
the interface between Ag3Al and Ag, plastic deformation occurred at the 
interface. According to the dislocation rate, the relevant model is 
established to analyse the influence of ultrasonic vibration on material 
deformation in solid phase diffusion welding, and the expression is as 
follows [23]: 

ε̇= ε̇0exp
(
− ΔF
KT

)

(3) 

In the formula, ε̇ is the strain rate; ε̇0 is a strain constant; k is a 
Boltzmann constant; T is the absolute temperature; and ΔF is the 
Helmholtz free energy. 

As shown in Fig. 7(a), the Helmholtz free energy can also be 
expressed as ΔF = ΔG + ΔW. In the formula, ΔG is expressed as the 
change of Gibbs free energy in the system, and ΔW is expressed as the 
work done by the external environment on the system. When ultrasonic 
vibration is introduced into solid phase diffusion welding, ΔG and ΔW in 
the system are reduced, resulting in a decrease in ΔF in the system [23]. 
According to formula (3), the strain rate of the material is calculated to 
increase, and the material is more prone to deformation. 

Miguel Lagos formulated a theoretical model of diffusion welding, 
from which can be used to derive an expression relating the interfacial 
bond rate to the strain rate [24]. 

λ=
Ȧ
A
= ε̇

⎡

⎢
⎣ −

π − 4θc + (1 − 2α)sin(4θc)

π sin(2θc)
[
cot(2θc) + α

(
2θc −

π
2

)]

⎤

⎥
⎦ (4) 

In the formula presented above, Ȧ represents the area of interfacial 
bonding, A represents the total area of the surface to be welded, ε̇ rep
resents the strain rate, and θc is the angle a grain makes to the z axis 
before and after diffusion welding, as shown in Fig. 7 (b). 

The interfacial bonding rate λ can be used to obtain the time required 
for welding. 

Fig. 7. The relationship between Helmholtz free energy and external work, Gibbs free energy [23]; Diagram of grain angle [25].  
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t=
ln
(

1 − A
l2

)

d2

− λl2 (5) 

In the formula presented above, l is the lattice constant and d is the 
grain size. 

Formulas (4)-(5) show that the application of ultrasonication to a 
solid metal causes the strain rate ε̇ of the material to increase, such that 
the interfacial bonding rate λ increases. As the interface bonding rate λ is 
inversely proportional to the welding time t, the welding time t de
creases. Therefore, the application of ultrasonication can effectively 
shorten the welding time. 

The Derby model, one of the cavity closure models that has been 
developed for solid-state welding, describes an initial plastic deforma
tion mechanism, showing that a well-defined plastic deformation is 
needed for diffusion welding. When the pressure σ’ on the joint interface 
is higher than the yield strength σy of the metal, plastic deformation 
begins [26,27]. 

The pressure on the interface can be expressed as [26,27]. 

σ′

=
pa − γ

e
(6) 

In the formula presented above, γ is the surface energy, p is the 
pressure of diffusion welding, and e is half the bonding interface length. 

The application of ultrasound can reduce the yield strength σy of the 
material, which decreases the σ’ required for plastic deformation. In 
Fig. 2, there is no discernible void in the interface, such that e remains 
constant. Then, Formula (6) shows that the pressure p required for 
welding decreases. Therefore, applying ultrasonication can reduce the 
welding pressure, while maintaining an effective joining at the interface. 

It is proven that ultrasonic vibration can lead to plastic deformation 
of materials. The introduction of an ultrasonic energy field into tradi
tional solid phase diffusion welding can reduce the welding time and 
pressure parameters. 

Fig. 8 (a) shows the morphology of the interface between the inter
metallic compounds Ag2Al and Ag3Al. The diagram shows that there was 

Fig. 8. SEM, EDS and electron diffraction patterns of the interface between the two products.  

Fig. 9. EBSD diagram of 2024Al–Ag–2024Al joint obtained by ultrasonic assisted solid phase diffusion welding.  

Q. Wang et al.                                                                                                                                                                                                                                   



Materials Science & Engineering A 833 (2022) 142520

8

a transition layer, approximately 333.3 nm thick, between the two 
intermetallic compounds. Fig. 8 (b)–(d) shows that Al and Ag were 
evenly distributed, and O was mainly distributed in the excess layer. The 
diffraction pattern analysis at the transition layer is shown in Fig. 8 (e). 
According to the diffraction pattern, there were amorphous diffraction 
rings and diffraction spots around the amorphous diffraction rings in the 
transition layer. R1 = 2.3 nm corresponds to the (2 0 0) crystal plane of 
Ag2O, and R2 = 1.4 nm corresponds to the (3 1 1) crystal plane of Ag2O. 
It is inferred that the transition layer may have consisted of Ag2O grains, 
amorphous Ag2O and a small amount of Al [28]. According to Fig. 8 (f), 
there were three elements, Ag, O and Al, in the transition layer. Due to 
the introduction of ultrasonic vibration, the number of dislocations in 
the system increased and accumulated, so that the compound in the 
system was in an unstable state, the atom was in an active state, and it 
was easier to separate from its original equilibrium position, which led 
to the emergence of a local small range of amorphous structures. 

Fig. 9 shows the EBSD test diagram of the ultrasonic assisted solid 
phase diffusion welding in Al/Ag/Al joints. The sample area selected for 
EBSD is like that selected for the transmission sample, which included 
the intermediate layer Ag, base metal 2024Al and intermetallic 

compound. As shown in Fig. 9 (a), fine grains with different orientations 
appeared at the interface between Ag2Al and Al, indicating that grain 
refinement occurred at the interface between the intermediate layer and 
the base metal. As shown in Fig. 9 (b), red indicates the deformed grain 
region, blue corresponds to the recrystallized grain region, and yellow 
shows the undeformed recrystallized grain region. The diagram shows 
that red deformed grains accounted for approximately 50%, blue 
recrystallized grains accounted for approximately 24%, and yellow un
deformed recrystallized grains accounted for approximately 26% of the 
whole joint. The red deformed grains were mainly concentrated in the 
middle layer Ag and the base metal Al side. Combined with previous 
analysis, many dislocations and twins appeared in the joint, indicating 
that plastic deformation occurred in solid metal materials during 
welding. When solid metal deforms, the oxide film on the surface of the 
metal material is squeezed and deformed, resulting in rupture. Pure 
metals are exposed and come into close contact with each other. With 
the promotion of ultrasonic diffusion, the mutual diffusion between el
ements is accelerated, thus forming an effective joining. 

Fig. 10 (a) shows the mechanical strength diagram of the welded 
joint for different ultrasonic vibration times. The figure shows that the 

Fig. 10. (a) Shear strength of joints obtained under different ultrasonic time; (b) Ultrasonic vibration for 20 s and 65 s to obtain the fracture of the joint XRD; (c) The 
fracture morphology of the joint was obtained by ultrasonic vibration for 20 s; (d) The fracture morphology of the joint was obtained by ultrasonic vibration for 65 s; 
(e) Ultrasonic vibration for 65 s to obtain the amplification diagram of joint fracture morphology. 

Fig. 11. Fracture morphology of welded joint under ultrasonic vibration for 65 s.  
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strength of welded joints first increased and then decreased with 
increasing ultrasonic vibration time. When the ultrasonic vibration time 
was 50 s, the strength of the welded joint reached the maximum value of 
84.33 MPa. Fig. 10 (b) is the fracture XRD test diagram of the welded 
joint for ultrasonic vibration times of 20 s and 65 s. The figure shows that 
there was a brittle intermetallic compound, Ag2Al, in the fracture after 
ultrasonic vibration for 20 s, which indicates that fracture occurred on 
the side of the brittle intermetallic compound Ag2Al. Only Al was 
detected in the fracture surface after ultrasonic vibration for 65 s. 
Combined with the fracture morphology, it can be observed that the 
fracture occurred at the acicular solid solution on the Al side. This shows 
that with increasing ultrasonic vibration time, the shear strength of 
welded joints first increased and then decreased, and the fracture posi
tion changed from intermetallic Ag2Al to a needle-like diffusion layer on 
the Al side. Fig. 10 (c) shows the fracture morphology of the welded joint 
obtained when the ultrasonic vibration time was 20 s. The figure shows 
that the fracture mostly had a tongue-like pattern, which characterises 
brittle fracture. Fig. 10 (d) shows the fracture morphology of welded 
joints obtained by ultrasonic vibration for 65 s. The figure shows that 
there were many dimples in the fracture, which was ductile fracture. 
This shows that with increasing ultrasonic vibration time, the fracture 
mode changed from brittle fracture to ductile fracture. Fig. 10 (e) shows 
the amplification diagram of the fracture morphology of the welded 
joint obtained by applying ultrasonic vibration for 65 s. The grey matter 
in the gaps between the ellipsoidal blocks of 2024Al was Ag2Al + (Al). 
There are a lot of solid solution (Al) and many needles in the fracture, 
and fracture occurred at the diffusion layer of the needles. According to 
the analysis of the grey-white needles at the fracture, the Ag content was 
58.26 at %, and the Al content was 41.74 at %. Combined with Figs. 5 (c) 
and Fig. 10 (e), the grey-white needles were Ag2Al + (Al). 

Fig. 11 shows the fracture morphology of the welded joint under 
ultrasonic vibration for 65 s. The figure shows that many ellipsoidal Al 
lumps were dispersed in the dimple-like fracture morphology. The grey 
material filled the gap between the lumps, and the grey-white needles 
were dispersed in the lumps. Combined with the previous component 
analysis, the interstitial filler and grey-white needles were Ag2Al + (Al), 
and the ellipsoidal block was Al. 

Fig. 12 shows a schematic diagram of changes on the 2024 side for 
different ultrasound effects. The figure shows that with increasing 
ultrasonication time, Ag in the intermediate layer gradually diffused 
outward from the grain boundaries, and 2024Al formed several ellip
soidal lumps. The grey phase material filled the interstices between the 
blocks. The grey phase material was determined to be Ag2Al + (Al) by 
EDS. At the same time, there were grey needle-like and grey point-like 
particles on the 2024Al side. Fig. 12 (d) shows that with increasing 
distance from the reaction interface, the grey-white needles gradually 
decrease and shorten, forming grey-white dots, until they disappear 
completely. According to the combined analysis in Figs. 5 (c) and Fig. 10 
(e), the grey-white needle-like substance and grey-white phase sub
stance were both Ag2Al + (Al). Combining the fracture morphology and 
XRD diagram shown in Fig. 9 indicates that the intermetallic compounds 
Ag2Al and (Al) were present at the fracture position of the welded joint 
shown in Fig. 11 (a) and (d), respectively. 

5. Conclusion 

In this paper, the ultrasonic assisted solid phase diffusion welding 
was successfully applied to join 2024Al by filling with Ag at 500 ◦C in 
air. The shear strength of the joint for the ultrasonic times of 50 s was 
84.33 MPa, and the fracture occurs at the solid solution layer. Two 
compounds with different crystal structures appeared in the weld, and it 
was found that the oxide Ag2O helped the effective joining of the two 
compounds. Dislocations and twins were observed in the weld, which 
indicated that plastic deformation had occurred. Combined with the 
model analysis, the results show that the ultrasonic energy field can 
optimize the welding process, reduce the welding pressure and shorten 
the welding time, and the ultrasonic vibration can promote the plastic 
deformation of metal materials. According to the calculated results of 
diffusion coefficient, it can be known that ultrasonic vibration can 
promote the mutual diffusion of elements. 

This paper provides a new and efficient welding process suitable for 
most metal materials. 
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