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Abstract

Ultrasonic welding is an effective ways to achieve a non-reactive/immiscible heterogeneous metal connection, such
as the connection of magnesium alloy and titanium alloy. But the thermal mechanism of magnesium alloy/titanium
alloy ultrasonic welding has not been defined clearly. In this paper, the experimental and the finite element analysis
were adopted to study the thermal mechanism during welding. Through the test, the temperature variation law dur-
ing the welding process is obtained, and the accuracy of the finite element model is verified. The microscopic analysis
indicates that at the welding time of 0.5 s, the magnesium alloy in the center of the solder joint is partially melted and
generates the liquid phase. Through the finite element analysis, the friction coefficient of the magnesium-titanium
ultrasonic welding interface can be considered as an average constant value of 0.28. The maximum temperature at
the interface can exceed 600 °C to reach the melting point temperature of the magnesium alloy. The plastic deforma-

analysis

tion begins after 0.35 s and occurs at the magnesium side at the center of the interface.
Keywords: Ultrasonic welding, Magnesium alloys, Titanium alloys, Thermo-mechanical analyses, Finite element

1 Introduction

Ultrasonic metal welding is a special method of con-
necting the similar metal or dissimilar metals by using
the mechanical vibration energy of the ultrasonic fre-
quency. Under static pressure, it converts the elastic
vibration energy into the frictional work, deformation
energy and limited temperature rise between work-
piece interfaces, to instantly activate the atoms in the
welding area of the work-piece and to enable mutual
penetration of the molecules at the interface of the
two phases, ultimately achieving the solid connection
of the weldment [1]. The ultrasonic welding has been
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and indicate if changes were made.

widely used in many applications, such as tube seal-
ing and wire joining [2-4]. According to the previous
literatures can be seen that, the mechanism of ultra-
sonic welding of similar and dissimilar metals have
been explored from the perspectives of microstruc-
ture analysis, mechanical property analysis, tempera-
ture field distribution, and stress distribution [5-10].
Most research in the area of USW have worked on the
microstructure and the tensile properties of the ultra-
sonic spot welded joints [11-17]. To date, the ultra-
sonic welding mechanism has not been defined clearly.
The reason is that the welding process is extremely
short, and many important mechanical laws, such as
flow trend of material, law of plastic deformation, and
distribution of temperature field, cannot be obtained
by existing tests [18, 19]. Therefore, numerical simu-
lation has become an important means to investigate
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ultrasonic welding mechanism. Chen Kunkun con-
ducted the thermal-mechanical analysis to explore
the effect of ultrasonic energy on the welding pro-
cess quantitatively [20]. The conclusion is that acous-
tic softennign effect increases structural deformation
significantly, which is beneficial for joint formation.
Meanwhile, heat generation from both frictional work
and plastic deformation is slightly influenced by acous-
tic softennign effect. Cai et al. [21] used both Abaqus/
Standard and Abaqus/Explicit to simulate the coupled
mechanical-thermal phenomena. The results show
that the combination model (Standard/Explicit) can
predict the energy and temperature distribution asso-
ciated with the ultrasonic welding process, as well as
distortion. Kim et al. [22] present a finite element anal-
ysis model of ultrasonic spot welding to simulate the
welding process of Aluminum alloy. The influence of
heat, generated by friction and the accompanying large
plastic deformation have been observed by the model.
De Vries [23] and Elangovan et al. [24] computed fric-
tion heat and plastic deformation heat by the heat pro-
duction formula, then apply heat to the finite element
model as boundary conditions. Temperature distribu-
tion and their influences on the workpieces, sonotrode
and anvil were analyzed.

According to previous literatures can be seen that
lots of researches on simulated welding process of soft-
hard materials, such as aluminum-copper, aluminum-
steel, and magnesium-steel. However, the simulated
welding process of magnesium-titanium dissimilar
metals is rarely reported. There are many difficulties
in joining dissimilar Mg/Ti-based alloys. Severe dif-
ferences between the base metals exist in terms of
physical, chemical, and metallurgy properties. In pre-
vious studies [12], ultrasonic welding was carried out
on magnesium—titanium dissimilar alloys to inves-
tigate the influences of welding parameters on joint
strength. The artificial neural network optimized by
Genetic Algorithm was used to establish an analytical
model. On the basis of the continuation of the results,
this study resumes work on the ultrasonic welding of
magnesium—titanium. Through the experimental study,
the temperature variation law during welding and the
microscopic phenomenon of the joint cross section are
obtained. Finite element model is used to establish the
thermal analysis model of magnesium—titanium ultra-
sonic welding. In comparison with those of the tem-
perature test and the cross-section micro-analysis of
the joint, the accuracy of the model is verified, the aver-
age friction coefficient during welding is determined,
and the variation law of temperature and plastic strain
fields during welding is obtained through finite element
model analysis.
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2 Experimentation

In this study, 1.0 mm thick AZ31 magnesium alloy sheet
and 1.0 mm thick Ti6Al4V titanium alloy sheet were
selected. The specimens are 100 mm long and 25 mm
wide. Sandpaper was used to polish the surfaces of the
specimens before welding. The welding of a 10 x 10 mm?
tip area is conducted under a clamping pressure of
0.3 MPa, a power of 2500 W, a frequency of 20 kHz, an
amplitude of 20 pm, and welding time ranging from 0.3 s
to 1.35(0.3,0.5,0.8, 1.0, 1.3).

In ultrasonic welding experiment, the method of meas-
uring temperature usually uses infrared camera and ther-
mocouple [20-24]. The advantages of infrared camera
are convenient and fast. But it can only measure surface
temperature changes, not internal temperature changes.
Thermocouples enable real-time measurement of inter-
nal temperature changes. However, when ultrasonic
welding on soft materials, the welding process is prone to
large deformation of the material. And that lead to fail-
ure of the thermocouple. In this experiment, titanium
alloy has higher hardness and is not easily deformed
during welding. Therefore, thermocouples are used to
obtain more accurate temperature changes in welding
process. The schematic setup for measuring interfacial
temperatures is shown in Figure 1. A hole with a diam-
eter of 0.5 mm is drilled from the side into the specimen
of Ti6bAl4V as close to the top surface as possible with-
out penetrating it. A thermocouple of 0.5 mm in diam-
eter was inserted into the hole. The interfacial surfaces of
the to-be-welded specimens were rubbed using a sand-
paper. In this manner, the temperature at 0.2 mm below
the weld interface i.e., at the center of the thermocouple,
could be measured. The actual interfacial temperatures
should be higher than the measurement. The microstruc-
tures and fracture surfaces of the joints were observed
using an optical microscope (OM) and a scanning elec-
tron microscope (SEM) equipped.

3 Material Model

The AZ31 magnesium alloy and Ti6Al4V titanium alloy
selected in this experiment are common commercial
materials, and numerous scholars have studied their
mechanical and thermophysical parameters [25-29], as
shown in Table 1.

Ultrasonic welding, under the synergistic effect of
high-frequency vibration and vertical pressure, generates
a large amount of heat rapidly, and heat affects the stress
distribution and deformation of materials in the gen-
eration and conduction. This process is a typical thermo
mechanical coupling. Materials produce a wide range of
temperature variation and plastic deformation. There-
fore, the constitutive model of the materials needs to
consider these two points. In this study, the JC model [30]
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Figure 1 a Mg/Ti ultrasonic welding; b interfacial temperature testing
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Table 1 The mechanical and thermophysical parameters of materials

Conductivity (W/ Expansion coefficient Heat capacity Young's modulus Poisson’s ratio Density (kg/m?3)
(m-K)) (") (x 10%)/ (GPa)
(m3.K))
AZ31 magnesium 79 (20 °C) 2.5 % 1072 (25 °C) 1.02 (20 °C) 45 (20°C) 0.27 1740
92 (149 °C) 2.7 x 107° (100 °C) 1.34 (426 °Q) 43.7 (93 °C)
98 (204 °C) 2.9 x 107° (200 °C) 41.3(149°Q)
102 (260 °C) 3.2 x 107° (300 °C) 35.2(204°C)
105 (31 6 °C) 29.4 (260 °C)
110 (371°0) 233 (352°0)
113 (627 °Q)
Ti6Al4V titanium  6.80 (20 °C) 9.1 x 107°(100°C) 2.35(20°0) 114 (20 °Q) 0.34 4440
7.93 (100 °C) 92 x 10~ (ZOO °Q) 2.52(200°C) 110 (100 °Q)
8.79 (200 °C) 9.3 x 107°(300 °C) 2.76 (400 °C) 104 (200 °C)
1047 (300 °C) 95 x 10~ (400 °Q) 3.50 (600 °C) 98 (300 °C)
12.56 (400 °C) 9.7 x 107 (500 °C) 3.90 (800 °C) 92 (400 °C)
14.24 (500 °C) 1.0 x 107 (600 °C) 84 (500 °C)
15.91 (600 °C) 74 (600 °C)
17.20 (800 °C)
is selected to simulate the constitutive relation of materi- 0, for t<t,
als. JC dynamic constitutive model describes flow stress T={t—t)/tn—1t) for t<t<ty (2)
as the product form of three functions, namely, strain 1, for t > t,,

hardening, strain rate reinforcement, and thermal soften-
ing. That is, this model possesses temperature variation
and high strain rate. Therefore, the JC model is applicable
to this study. The specific forms of the JC model are as
follows:

Oeq = [A+B(Feg)"][14+ Cln (1+é¢")] (1= 77),

(1)

where o¢q (MPa) is equivalent stress; &, is the equivalent

plastic strain; éeq* is the dimensionless plastic strain rate,

eq™ = £eq/&0, in Which &, is strain rate in the test and &g

is reference strain rate; A, B, C, n and m are the material

parameters measured at or below the reference tempera-
ture; 7T is the non-dimensional temperature defined as:

where ¢ is the test temperature, ¢,, is the melting tem-
perature of metals, and ¢, is the reference temperature
defined as the one at or below which there is no tempera-
ture dependence on the expression of yield stress. In this
study, the reference temperature is set as room tempera-
ture, namely 20 °C. The function T as well as constants A
(MPa), B (MPa), C, n, and m are determined by related
literatures [25—-29] as follows (Table 2).

4 Finite Element Model

The ultrasonic welding process is simulated by a
thermal-mechanical coupling FE model. The model
incorporated with commercial software Abaqus 6.16.
C3D8RT element is picked to model the work-pieces
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Table 2 Parameters in Johnson-Cook material model

t, (°C) A (MPa) B (MPa) C n m
AZ31 magnesium 641 192 2183 0.092 037 0.95
Ti6AI4V titanium 1600 870 990 0.008 101 14

/i

Figure 2 The schematic of FEM

in thermal-mechanical coupled analysis. ‘C3D8RT” is 8
node trilinear displacement and temperature element,
with reduced integration point and hourglass control.
‘C’ stands for continuum, ‘3’ for trilinear, ‘D’ for dis-
placement, ‘R’ for reduced and ‘T’ for temperature. This
element type is suitable for thermal-mechanical cou-
pling analysis works, which is the situation of USW. The
numerical simulation in this study uses the dynamic and
explicit algorithms, and abundant computing resources
and long welding time are required to further improve
calculation efficiency. This simulation simplifies the
sonotrode and fixes all degrees of freedom for the unit
at the solder joint corresponding to base plate. Welding
is divided into two steps; the first step is directly apply-
ing a vertical pressure to the surface unit of the solder
joint, and the second step is inducing the surface unit
of the solder joint to perform periodic vibration of the
ultrasonic frequency to simulate welding (Figure 2). The
effect of this simplification is that during actual welding,
the surface of the solder joint exhibits plastic deforma-
tion, which is consistent with the sonotrode indentation,
due to the presence of the sonotrode, and the sonotrode
conducts a portion of the heat. However, the focus of this
study is on the thermal process and plastic deformation
between the contact interfaces, which does not consider-
ably influence the evolution of the interface. Therefore,
this simplification is reasonable. The size of FE model is

consistent with experiment, as shown in Figure 2. Grids
are denser at the welding concentrating area to reduce
hour-glassing effect and improve computation accuracy.
Specifically, the element size is approximately 0.1 mm
along the thickness direction to accurately get the tem-
perature changes.

Several heat sources, including friction heat produced
at the welding interface, heat produced by plastic defor-
mation at the welding interface, and heat produced by
plastic indentation on the contact surface between the
welding head and the material, exist in ultrasonic weld-
ing. Among these, the most important heat source is
the friction heat produced at the welding interface. This
heat source follows the Coulomb friction model. In
|Tfic| = i - p, a relative sliding is observed at the inter-
face; in [ti| < - p, the interface is relatively static.
When the interfaces slip, the interface friction begins.
The heat equation is expressed as follows:

qgr=n-un-v, (3)

where 7 is the fraction of frictional heat dissipation, u is
the coefficient of friction and v is speed of the slipping
motion.

Unlike friction heat production, although the heat pro-
duced by plastic deformation at the interface is small, it
cannot be ignored. The vertical pressure in the ultrasonic
welding process does not usually cause the plastic defor-
mation of the interface. However, the modulus of elastic-
ity of materials is reduced with the continuous increase
of the welding temperature. In addition to the acoustic
softening of materials caused by excess frequency vibra-
tion, a large amount of plastic deformation is generated
at the welding interface. The heat equation is expressed
as follows:

qp = noé?, (4)

where 7 is the fraction of heat dissipation due to plastic
strain which ranges between 0 and 1. o is the effective
stress and &7/ is the plastic strain rate.

The transient heat transfer governing equation for
ultrasonic welding is as follows [18]:

AT _ 0 (0T 8 (AT 0 (0T o
p——=—\|ky— — | ky— — | k— .
v = ax\ "o ) T oy \Par ) T oz \Fae

(5)
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where pj, is the material density. ¢, is the material specific
heat. k is the heat conductivities in «x direction. kj is the
heat conductivities in y direction. k, is the heat conduc-
tivities in z direction. T is temperature. Q is the amount
of heat generation.

In the kinetic analysis, the mechanical response of
the material is controlled by the differential equation of
motion. The finite element format is:

pi+ciu+ku=f, (6)

Mii+ Cis+ Kit = F, )

where p is the material mass. ¢ is the damping coeffi-
cient. k is the stiffness coefficient. fis the body force. M
is the structural mass matrix. C is the structural damping
matrix. K is the structural stiffness matrix. F is the vector
of the external applied load. it is the nodal accelerations. i
is the nodal velocity. u is the nodal displacement.

In Abaqus/Explicit algorithm, the temperature
response can be controlled by thermal coupling diffusion
equation:

Q=CT + AT. (8)

Forward difference integration for temperature can get
the following formula:

Tisy = T + AtarnC 1 (Q — AT), (9)

where C is the lumped capacitance matrix. A is the heat
transfer matrix. Q is a vector characterizing heat source.
T is the temperature at node. 7 is the temperature rate
vector. i is the increment number in a dynamic explicit
step.

The control formula of the welding process includ-
ing frequency of ultrasonic vibration and amplitude of
sonotrode vibration as follows:

U = Upax Sin (2nf . t), (10)
where Upay is the amplitude of vibration (20 pm), f is
vibration frequency (20 kHz) and ¢ is welding time. The
product of welding point pressure and welding point area
is equal to the product of cylinder pressure and section-
area. Therefore, the welding point pressure is 40 MPa as
the cylinder pressure is 0.3 MPa.

5 Results and Discussions

5.1 Experiment Analysis

Figure 3(a) shows a temperature history diagram at the
interface near the center of the solder joint at different
soldering times of 300, 500, 800, 1000, and 1300 ms. The
maximum temperature at each welding time is at the end
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Figure 3 Measured temperatures inside the titanium alloy at 0.2 mm
below the weld interface

of welding (a slight delay occurs due to the delay of heat
conduction). The maximum temperature levels at 300,
500, 1000, and 1300 ms are 404.3 °C, 444.2 °C, 472.6 °C,
and 504.6 °C, respectively.

For further observing the trend of temperature change,
the time history map is enlarged and the history map of
the first 1.5 s is observed, as shown in Figure 3(b). From
the figure, the slope of the curve is large before 0.4 s of
welding time, which indicates rapid temperature increase;
this increase is the main temperature increase phase of
the magnesium-titanium ultrasonic welding. According
to the following finite element analysis, the amount of
plastic deformation of the material is small at this stage,
and the heat generation caused by plastic deformation is
minimal; thus, the main source of heat generation at this
stage is the frictional heat generation between interfaces.
Notably, the slope of the curve before 0.4 s does consid-
erably change and approaches linearity (the slope of the
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curve begins to decrease only at approximately 0.4 s).
This result indicates that the friction coefficient does not
markedly change during the main temperature increase
phase of magnesium-titanium ultrasonic welding. More-
over, the friction coefficient can be considered an average
constant value despite dynamically changing. When the
welding time approaches 0.4 s and welding temperature is
approximately 430 °C, the slope of the temperature curve
begins to decrease sharply. This result indicates that at
the beginning, the temperature increase begins gradu-
ally and exhibits a steady trend because of the large heat
generated by the previous friction after 0.4 s. Although
the melting temperature of the magnesium alloy is not
reached at this time, the material softens under the
action of high temperature and ultrasonic acoustics.
When the material softens, the frictional heat generation
rate is considerably reduced, and increased temperature
is mainly caused by plastic deformation heat generation.
In comparison, previous scholars’ research shows that
despite heat generation and plastic deformation being the
main source of heat during ultrasonic welding, heat gen-
eration is the main source of heat, whereas plastic defor-
mation produces less heat; thus, a slow or even constant
tendency for temperature growth exists.

5.2 Determination of Friction Coefficient and Temperature
Validation
Friction and wear play an important role during the slid-
ing of two surfaces under cyclic loading. In the field of
friction and wear, the coefficient of friction is an impor-
tant part. Siddiq et al. [31] proposed a friction law which
comprises of static and kinematic friction components.
Results suggest that, in real experiments, friction work
only breaks up the oxide layer at the weld interface and
disperse it along and near the interface. Gao and Douma-
nidis [32] proposed a time dependent friction coefficient
by calculation method and finite element method. The
results show that the friction coefficient increases almost
linearly until a certain time, then remains unchanged,
and then begins to decrease over time. Huang et al. [33]
investigates the relationships between temperature rise
during ultrasonic forming and changes in the friction
coefficient. The finite element analysis model used a
constant coefficient of friction based on Coulombs fric-
tion model. To simulate the experimental behavior, the
friction coefficient was reduced when the ultrasonic
vibration is applied on the workpieces. Previous studies
have established increased friction coefficient variation
equations for the slip magnitude, contact pressure, and
number of cycles and temperature of the material dur-
ing ultrasonic welding. In the experimental analysis of
the present work, the temperature increase and station-
ary phases during welding approach a linear trend, the
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friction coefficient can be considered constant according
to the frictional heat generation Eq. (8). This study aims
to use the finite element model in adjusting the fric-
tion coefficient to match the simulation results with the
experimental results, thereby obtaining the friction coef-
ficient of magnesium-titanium ultrasonic welding. The
accuracy of FEM is also verified. The test results show
that at the temperature increase phase from the begin-
ning of welding to nearly 0.4 s, the welding temperature
is approximately 430 °C; after 0.4 s, the stationary phase
is reached, and the temperature measurement point is
the center position of the solder joint, which is 0.2 mm
from the interface. The test is consistent, and the tem-
perature history curve of the finite element model analy-
sis results also selects the same position. In keeping with
the test, the temperature history curve of the numeri-
cal model analysis results selects the same position. The
friction coefficient by trial and error is highly challeng-
ing to determine because the inherent characteristics of
the dynamic and explicit algorithms entail short time and
few steps, whereas welding time is extended in this study,
and calculation of each value requires long time. Finally,
the friction coefficient value is 0.28. Figure 4 shows the
comparison between the test and the FEM temperature
history. The temperature verification indicates that the
simulation and test results agree well, and the maximum
error does not exceed 25 °C.

Figure 5(a) shows the joint cross-section of the mag-
nesium-—titanium heterogeneous metal at 500 ms. Fig-
ure 5(b)—(d) show the interface micro-morphology of the
local portion of the center of the solder joint, the edge of
the solder joint, and the unwelded portion (the red square
in Figure 5(a), respectively. A strip-shaped grain refine-
ment area is found at the local interface of the center of
the solder joint (Figure 5(a)), and the enlarged structure
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Figure 4 The comparison between the test and the FEM
temperature history
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Figure 5 Cross-sectional morphology of the joint interface: a macro view; b the center of weld; ¢ the edge of weld; d the non-welded zone

Figure 6 Morphology of the locally refined grains at the weld
interface with 2000 times

of the local grain refinement at the solder joint interface
is shown in Figure 6. From the figures, the grain size of
the magnesium alloy at the interface is 3—4 um, which is
considerably finer compared with the average grain size
of 30 um of the base material. Generally, grain refine-
ment is induced by the liquid metal under rapid cooling
conditions. Therefore, the local grain refinement layer

at the interface indicate that the magnesium alloy at the
interface is locally melted during magnesium-titanium
heterogeneous metal welding; moreover, the temperature
at that point exceeds 600 °C, which reaches the melting
temperature of the magnesium alloy. In the comparison
with the cross-sectional view of the joint, the tempera-
ture at the center of the solder joint of numerical simula-
tion also exceeds 600 °C, which reaches the melting point
temperature of the magnesium alloy; the edge tempera-
ture of the solder joint is 426—480 °C; and the unwelded
parts are highly consistent with the test, thereby further
verifying the accuracy of numerical simulation results.

5.3 Analysis of Temperature Field

Figure 7(a)-(e) show the temperature field distribution
along the Y-axis at the center of the solder joint at weld
times of 0.05, 0.1, 0.2, 0.4, and 0.6 s. The temperature field
distribution indicates that temperature during welding is
generated at the contact interface and is conducted to the
surroundings. Figure 7(a) shows that in the initial weld-
ing stage, the temperature increase starts at the edge of
the solder joint edge because of the initial deformation of
the magnesium sheet under the vertical pressure, result-
ing in stress concentration at the edge of the solder joint.
The contact at the edge is tight during vibration; thus,
the temperature increase starts at the edge of the solder
joint. With the progress of welding, heat spreads to the
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Figure 7 Temperature field distribution at different welding time points
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surroundings, causing a large thermal-force deforma-
tion at the center of the solder joint. Therefore, the center
position of the solder joint is increasingly tight, and the
temperature increase starts from the center position
interface to spread to the surroundings until the end of

welding. Given that the thermal conductivity of the mag-
nesium alloy is higher than that of the titanium alloy,
the temperature increase at the magnesium alloy side is
more rapid than that of the other alloy. When the weld-
ing time reaches 0.1 s, the maximum temperature at the
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interface exceeds 289 °C; when the welding time reaches
0.2 s, the maximum temperature at the interface exceeds
432 °C; when the welding time reaches 0.4 s, the maxi-
mum temperature at the interface exceeds 548 °C and
approaches 600 °C, and the temperature continues to
pass to the surroundings; when the welding time reaches
0.6 s, the maximum temperature at the interface exceeds
600 °C. Notably, consistent with the test results, the
maximum temperature growth rate decreases when the
welding time exceeds 0.4 s, whereas the range of solder
joints increases at the maximum temperature. This phe-
nomenon is attributed to the softening of magnesium
alloy under the combined action of high temperature and
ultrasonic energy, in addition to temperature conduction
to the surroundings. Therefore, under vertical pressure, a
tight bond exists at the solder joint and the range of sol-
der joints at the maximum temperature is continuously
expanded under the combined action of friction and
plastic deformation heat.

5.4 Analysis of Plastic Deformation

Figure 8 shows a time history diagram of the plastic dissi-
pative energy of the overall structure. When the material
is plastically deformed, the energy is released in the form
of heat, which is another source of ultrasonic welding
temperature increase; thus, the level of dissipated energy
represents the degree of plastic deformation. Figure 8
shows that in the first 0.35 s, the entire welded structure
is basically not plastically deformed due to its linear elas-
tic state; hence, the heat in the first 0.35 s comes from
the interface friction heat generation. After 0.35 s, plastic
dissipative energy is generated, representing the begin-
ning of plastic deformation. As welding time increases,
the slope of the plastic dissipative energy curve increases
considerably, which indicates that plastic deformation
rate increases, and the degree of plastic deformation of
the overall structure begins to increase. This finding is
due to the combination of temperature increase and
ultrasonic softening effect; the material is softened, and
plastic deformation easily occurs.
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Figure 8 The plastic dissipation for whole model
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Figure 9(a)—(d) show the plastic strain field distribu-
tion along the Y-axis at the center of the solder joint at
weld times of 0.4, 0.5, 0.6, and 0.7 s. Figure 9 shows that
the plastic deformation of the entire welded structure is
mainly produced at the magnesium alloy. At 0.4 s, cer-
tain plastic deformation occurs mainly at the center of
the joint, with a small degree and extent of deformation;
at 0.5 s, the range and degree of plastic deformation at
the interface considerably expand and diffuse to the top
of the magnesium plate; at 0.6 s, the range and degree
of plastic deformation at the interface further increase.
Upward warpage visible to the naked eye occurs at the
edge of the magnesium plate because of the deforma-
tion of the overall solder joint structure, which is due
to long welding time under the synergistic effect of the
vertical pressure and the ultrasonic frequency vibra-
tion. This deformation may crucially affect joint fatigue
performance [34] and influences the interface failure
form of the joint tensile strength test [35]; at 0.7 s, the
range and degree of plastic deformation at the inter-
face further expand, warping deformation of the edge
of the welded structure becomes increasingly evident,
and the plastic flow of the material at the joint tends to
occur to both sides under the extrusion of vertical pres-
sure. Therefore, the overall trend of plastic deformation
occurs at the center of the solder joint and spreads to
both sides and the top as soldering time increases.

6 Conclusions

In this study, magnesium-titanium ultrasonic weld-
ing test is conducted, and the thermo-mechanical
analyses of magnesium—titanium ultrasonic welding is
performed using FEM. The following conclusions are
obtained.

During welding, the first 0.4 s mainly involves the
temperature increase phase. At this stage, the tempera-
ture increases rapidly in a linear trend. After 0.4 s, the
magnesium alloy is softened by the combination of high
temperature and ultrasonic softening, which makes the
temperature rise insignificant. The microscopic analysis
indicates that at the welding time of 0.5 s, the magne-
sium alloy in the center of the solder joint is partially
melted and generates the liquid phase.

The friction coefficient of the magnesium—titanium
ultrasonic welding interface can be considered as an
average constant value of 0.28. The maximum tem-
perature at the interface can exceed 600 °C to reach
the melting point temperature of the magnesium alloy.
There is no plastic deformation before 0.35 s. Then,
plastic deformation begins after 0.35 s and occurs at the
magnesium side at the center of the interface. As the
welding time continues to increase, the range of plastic
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a The plastic deformation distribution of 0.4s
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Figure 9 The plastic strain field distribution along the Y-axis at the center of the solder joint

deformation and the degree of deformation increase
considerably, extending to both sides and the top of the
magnesium plate.
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