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Abstract: Ultrasonic metal welding (USMW), a prominent solid-state joining technique, stands out by producing joints with
high strength and minimal electrical resistance while consuming far less energy than traditional welding methods. This unique
combination makes it particularly well-suited for precision welding of small components and thin metal sheets across various
industries. At present, USMW attracts growing attention and adoption within the automotive industry, with a particular
surge in applications for new energy vehicles. Its ability to reliably join delicate battery components, conductive materials,
and lightweight structures aligns perfectly with the sector’s demands for efficiency, durability, and innovation. This paper
attempts to summarize the effect of various enhancement strategies employed in UMSW on the mechanical performance of
joints, including the process parameter optimization, the weldability between materials and their combinations, the methods
of the thermal assistance and implanting interlayer materials between interfaces of the metal sheets. Furthermore, the related
application of numerical simulation and online monitoring techniques were introduced, which provided a desirable platform
for explaining the joint formation process and improving the welding process robustness. In addition, the mechanism of
USMWed interface bonding evolution was discussed in detail. The research results synthesized in this review will provide
valuable information for engineers developing USMW systems, researchers exploring related mechanisms, and future studies
aiming to advance innovations in the USMW fields.
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1. Introduction

Ultrasonic metal welding (USMW) is a green and cost-
effective technology with great potential for current and
future applications. The environmental merits of USMW
are significant, as this process does not generate any welding
gases or fumes associated with atmospheric warming and
environmental pollution. Moreover, USMW technology
is very economical and practical due to its advantages of
lower energy consumption, high speed, i.e. short welding
time, no demands for vacuum, binder as compared to
any other welding methods. The origin of USMW can be
traced back to the early 1950s, when American researchers
conducted experiments on electric resistance spot welding
with addition of ultrasonic vibrations. Unexpectedly, they
discovered that materials could be joined without the
application of welding current and this accidental discovery
led to the development of USMW technology [1]. This is

a solid-state joining technique which involves frictional
motion of the surfaces of sheets under clamping pressure
and ultrasonic mechanical vibrations. During this process,
surface oxides and contaminants are dispersed under the
action of shear and frictional forces to bring the metallic
surfaces into contact. As the temperature increases due to
frictional heating, the sheet materials experience softening
and severe plastic deformation, eventually resulting in the
formation of metallurgical bonds [2].

At present, there is still a problem in producing high-
quality welds of nonferrous metals via USMW technique due
to the lack of high enough tensile properties, hardness and
welding stability of the weld joints. In particular, this problem
is related to the existence of an upper power limit of the
USMW equipment, which directly leads to a low value of the
energy transferred to a welding interface making it impossible
for the material to undergo enough plastic deformation
there [3,4]. Therefore, to achieve high quality weld joints
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and improve their mechanical properties, it is essential to
induce significant plastic deformation of the materials at a
welding interface during USMW. Numerous studies have
confirmed that the plastic strain at the welding interface
during USMW was mainly affected by welding parameters,
such as ultrasonic vibration amplitude, welding power, energy
and time, clamping pressure, tool design, etc. [5-10]. Also,
the plastic deformation capacity of metals to be welded is
determined by microstructural features such as the dislocation
structure, precipitated phases, grain size, etc. [11]. Moreover,
macroscopic characteristics of the base metals, such as sheet
thickness, hardness, surface roughness and oxidation, are also
important [12-14]. It is remarkable that a brittle and hard
intermetallic layer at interfaces between dissimilar materials is
easily formed by USMW despite the low welding temperature,
leading to the degradation of mechanical properties [16].
Although this problem cannot be completely avoided, adding
an appropriate low melting point material as an interlayer has
been shown to effectively enhance the mechanical properties
of the joints [15,16]. In fact, the mechanical properties of the
welded joints of similar materials can also be enhanced by
adding interlayers due to the capacity of promoting material
flow, leading to occurrence of larger plastic strain at the weld
interface [17,18]. In addition, some prior studies have shown
that preheating specimens can significantly improve the joint
strength [19], and increasing the welding temperature can
enhance the atomic diffusion ability.

To enhance the quality of welds produced during USMW
and to better elucidate the bonding mechanisms of welding,
several other efforts have been made, including online
monitoring, machine learning [20,21], and the dynamic
welding process simulation by the finite element modeling.
A sound joint can be formed using the methods mentioned
above, eliminating the need for direct experimental work.

In view of the above, this article aims to summarize the
relationships of welding parameters, interfacial temperature,
and deformation behavior with the mechanical properties
from the perspective of various kinds of improvement
strategies employed during USMW. Moreover, potential
future research directions and prospects in this area are
identified and discussed at the end of the review.

2. Ultrasonic metal welding
system and principles

The key components of a USMW system, as illustrated in

Fig. 1 [22], include four main segments: the ultrasonic
generator, booster, transducer, and horn. The ultrasonic

® transducer

controller

Fig. 1. (Color online) Diagram of an USMW machine [22].

booster

generator converts the line frequency of 50 Hz or 60 Hz
into the operating frequency, which typically ranges from
approximately 20 kHz to 120 kHz with high precision
[23]. The transducer transforms the high-frequency
electrical oscillations into mechanical vibrations of a
designed frequency. Mechanical vibrations generated by
the transducer are amplified by the booster. Subsequently,
the amplified vibrations are transmitted to the horn. Finally,
the horn imparts ultrasonic energy to a workpiece clamped
between the anvil and horn, thereby completing the welding
process [24].

During USMW, energy conversion continuously
occurs in the ultrasonic system. That is, electrical energy is
transformed to the energy of high-frequency mechanical
vibrations. Reciprocal motion of the upper sheet occurs
under these vibrations, causing relative friction motions
of the surfaces of the two workpieces. Surface oxides and
contaminants disperse under the action of shear and
frictional forces, leading to the formation of metal-to-metal
contacts and joining between the two workpieces [2]. The
joint formation process during USMW of two Cu sheets, as
shown in Fig. 2.

It is worth mentioning that, although the sonotrode,
workpieces, and anvil continuously change their relative
positions throughout the different stages of the welding
process, a local plastically deformed welding region is
ultimately generated between the two workpieces. The
specimens, however, remain in a solid state in the entire
process, as the material melting point is not reached.
Studies show that, for both similar- and dissimilar-
metal welding, the process temperatures remain below
the melting points of metals. Therefore, compared to
traditional fusion welding methods, the formation of
intermetallic compounds at the interface is significantly
reduced within this temperature range. However, it cannot
be completely eliminated, particularly in dissimilar metal
welding processes. Consequently, many researchers explore
solutions to further reduce the intermetallic compounds
and enhance the joint strength, which will be discussed in
detail later.

Furthermore, the aforementioned research indicates that
the primary issue in the USMW process is the inadequate
quality and strength of the joint, primarily resulting from
improper welding parameters. Based on a chosen welding
configuration, even minor changes can significantly affect the
welding process. This will be systematically discussed from two
perspectives: machine-dependent and workpiece-dependent
factors.

Vibration

Workpieces

Anvil
(Stationary)
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Fig. 2. (Color online) Schematic diagram of joint formation process [23].

3. Equipment parameters
optimization approach

The primary process parameters for USMW include
ultrasonic frequency, static force, vibration amplitude,
welding energy, welding time, peak power, and tooling.
Notably, not all of these parameters are independent. For
example, USMW machines can be configured to operate
in either energy-controlled or time-controlled modes [2].
Consequently, these variables interact with each other
during the joint formation process. For instance, altering
the welding time effectively adjusts the welding energy
input. Specifically, welding energy is the product of power
and time. Although most machine-dependent effects remain
unchanged without operator intervention, the welding power
output typically fluctuates due to the load characteristics.
This fluctuation results in a negative correlation between
power and welding energy on one hand, and welding time
on the other. The relationships among peak power, welding
energy, and welding time are illustrated in Fig. 3.

Py Peak power Pp
2 Weld
o energy J

Ey Time

Fig. 3. Relationship among peak power, welding energy and welding
time [2].

3.1. Ultrasonic frequency

Ultrasonic vibrations can be generated in two main ways,
depending on the power excitation method of an ultrasonic
generator. Accordingly, there are two types of ultrasonic
generators commonly used: conventional and automatic ones.
Conventional ultrasonic generators have gradually become
obsolete due to the requirement for manual adjustment of
frequency and the difficulty in achieving suitable resonance.
In contrast, modern automatic ultrasonic generators feature
integrated systems that maintain the transducer at its
resonant frequency by regulating the output, which greatly
improves welding stability. In other words, the ultrasonic
generator must be capable of accurately tracking the changes
in the resonant frequency of the ultrasonic transducer in a
timely manner. This is one of the important reasons for its
growing popularity. As a footnote, note that the ultrasonic
frequency refers to the mechanical vibrations generated
by the transducer. Typically, depending on the specific
ultrasonic systems and application, oscillation frequencies
range from 15 to 300 kHz. For instance, welding machines
for metallic sheets or wires commonly operate at 20, 30, or
40 kHz, whereas higher frequencies, such as 60 or 150 kHz,
are utilized for microjoining applications.

During USMW), the resonant frequency of the vibration
system is not constant. Several factors can influence the
resonant frequency of the transducer. First of all, machine-
related factors such as heating of waveguides during
prolonged operation, unstable static pressure, tooling type
and wear can affect the resonant frequency. Secondly, the
resonant frequency greatly depends on the load changes due
to changes of conditions. Heating sample, acoustic softening,
sample-to sample changes in the friction conditions at
“welding tip-upper sheet”, “upper sheet-bottom sheet” and
“bottom sheet-anvil” result in the changes of the load from
sample to sample and during the welding cycle for a given
pair of sheets. Therefore, to compensate these changes and
maintain the system at a resonance, the machine generates
a range of frequencies and utilizes a feedback control circuit
to achieve the frequency modulation, rather than directly
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generating a fixed frequency. A typical example of the
frequency change during welding of copper sheets by welding
machine UUSM 6-20 (“Ultra-resonance”, Ekaterinburg,
Russia) is presented in Fig. 4.
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Fig. 4. (Color online) A typical example of welding power (green
line) and frequency (black line) changes with time during USMW.

One can see from Fig. 4, despite the changes of welding
conditions, the generator supplies fairly constant power,
which is due to the very accurate monitoring and appropriate
change of the frequency.

Typical USMW machines designed for a nominal
working frequency of 20 kHz are equipped with generators
capable of producing a range of decided frequencies (say,
19 kHz to 21 kHz) rather than a single frequency (20 kHz).
In high-power USMW applications, 20 kHz is a commonly
used frequency. At this frequency, high ultrasonic power can
generate very high strain rates and strains within less than
one second during the shearing of micro asperities at the
interface between specimens [24].

3.2. Vibration amplitude

Vibration amplitude is a critical parameter in USMW, as
it is directly related to the amount of energy transferred to
the welding area. It should be noted that the amplitude of
ultrasonic vibration is typically very small. To compare, as the
studies have shown, a human hair typically measures between
75 and 100 pm in diameter. So, the vibration amplitudes
during UMSW are generally less than the diameter of hairs.
As a result, the vibration amplitude is almost imperceptible
to the naked eye and can only be accurately measured using
highly sensitive instruments, such as displacement sensors
[25,26].

It is important to note that the vibration amplitudes can
be measured in two ways, as the peak amplitude (or semi-
amplitude) and as the peak-to-peak amplitude. The latter
is the difference between the negative and positive peaks
of sinusoidal displacement wave. The former is a half of
the peak-to-peak amplitude. Peak-to-peak amplitude is the
common way of specifying amplitude and commonly the
term “amplitude” means it by default.

The vibration amplitude used in welding systems also
has two output forms. One form is ultrasonic amplitude as
a dependent variable, which varies with the power of the
welding system. The other form is ultrasonic amplitude as
an independent variable. Due to additional characteristics

of a feedback control system, it can be set and controlled
at the power supply. The choice depends on the materials
and tooling used. The welding amplitude is regulated by the
machine’s controller, which sets it as a percentage of the horn’s
maximum output [27]. To better illustrate the relationship
between these two quantification methods, Shin et al. [25]
presented the correlation between the vibration amplitude
percentage and the vibration displacement amplitude, as
shown in Fig. 5. Similar results were also reported by Feng
et al. [26], as exhibited in Fig. 6. In comparison, even if the
vibration displacement percentages are at the same levels, the
numerical values of the vibration displacements are not the
same. This discrepancy is caused by differences in welding
equipment and pressure levels.

Note that the variation in ultrasonic amplitude during the
welding process serves a dual purpose. Firstly, it can directly
affect the joint strength. Secondly, it controls the welding
process by influencing other process parameters. Moreover,
during USMW, the vibration amplitude of the samples was
lower than that of the sonotrode due to an increase in the
bonding area. As early as in 2003, Kong et al. [28] reported
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that the average linear weld density increases approximately
linearly as the amplitude rises from 6.8 to 14.3, as shown in
Fig. 7. However, the increase in linear weld density has less
effect on the improvement of the joints’ resistance to peeling.

Park et al. [29] investigated the USMW of copper sheets
and evaluated the weldability of the workpiece based on their
tensile strength. Samples were produced using amplitude
settings in the range of 40% to 80% in 20% increments,
welding pressures from 1.5 to 2.5 bar in 0.5 bar increments,
and welding times from 0.4 to 0.34 s, recorded every
0.02 s during the welding process. The results indicated
that higher numerical percentages of vibration amplitude
corresponded to increased tensile strength. Additionally, a
threshold point exists at lower levels of vibration amplitude.
This indicates that higher vibration amplitudes significantly
influence the optimal performance achieved in the USMW
of Cu sheets. Kumar et al. [30] employed the combination
of experimental and simulation approaches to analyze the
effect of ultrasonic amplitude on the joints. The simulation
results were consistent with the experimental observations.
The analysis indicated that as the ultrasonic amplitude
increased, the tensile strength of the joints improved slightly.
Therefore, increasing the ultrasonic amplitude can enhance
the weldability of the workpieces. Ji et al. [31] investigated
the bulk microstructure evolution of USMWed Al foils.
Experiments were performed at welding amplitudes of 40%,
60%, and 80% independently, and it was found that the
grain size continuously decreased with increasing welding
amplitude. The minimum grain size of 25 um was observed at
the highest amplitude of 80%. Elangovan et al. [32] conducted
experimental work using conventional USMW equipment
(2500 W, 20 kHz) to join Cu sheets with thicknesses of 0.2 mm
and 0.3 mm, and also developed mathematical models and
performed finite element analysis. The authors employed
two welding methods, seam welding and spot welding, for
a comparative study of joining Cu sheets. Moreover, prior to
the experiments, the specimens were cleaned with acetone to
remove impurities. The simulation results agree well with the
experimental data, both indicating that the welding interface
temperature increases with increasing the amplitude. They
explained that the increase of the amplitude facilitated the
sliding interactions between the contact areas, leading to
significant plastic deformation and increase of the welding
interface temperature, as exhibited in Fig. 8. Shin et al. [25]
investigated the impact of vibration amplitude on USMW
of A5052-H32 alloy sheets. They found that as the vibration
amplitude increased, the penetration depth of the horn tip
also increased gradually.

Thus, there is a close relationship between the vibration
amplitude and bond density. Higher vibration amplitude
facilitates effective welding by enabling the workpiece to
maintain an optimal interfacial configuration. However, note
that only certain ranges of vibration amplitude will yield
positive effects. When choosing amplitude, the adhesion
between the tooling and the samples should also be considered.

To alleviate the excess tool/part adhesion and the part
deformation during USMW, some researchers have used
two different amplitude settings during USMW, which was
very effective in enhancing the joint strength and appearance
quality of the welded material. The transition from the first to

the second amplitude setting was controlled by time, energy
level, and peak power trigger points, providing an effective
method to optimize the initial welding process, known as
amplitude stepping. An example of amplitude profiling is
shown in Fig. 9 [33].

Baboi et al. [33] compared the mechanical strength with
the quality of joints produced using stepped amplitude and
constant amplitude modes and found that the amplitude
stepping increased the joint strength and reduced the
welding time. However, amplitude stepping did not affect the
sticking behavior between the tooling and parts, resulting
in the absence of any significant improvement in the horn
adhesion. This is consistent with the results reported by
Al-Sarraf et al. [34].
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Fig. 7. Effect of welding parameters on linear weld density [28].
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3.3. Static force or welding pressure

Static force is a critical parameter in USMW. Its primary
function is to press the specimens firmly together, ensuring
intimate contact between the components and facilitating
the formation of the welded area. This force is applied by the
sonotrode tip and anvil, providing the necessary clamping
pressure. In USMW, ultrasonic vibration is applied parallel
to the workpiece surface, while the static force is always
perpendicular to both the vibration direction and the
specimen surface. The appropriate value of the static force is
selected based on factors, such as material properties, sheet
thickness and the welding area. If the clamping pressure
is too high, the friction force at the welding interface may
exceed the friction between the welding material and the
tool, hindering the relative motion of the workpieces and
ultimately leading to welding failure. Excessive pressure can
also attenuate the vibration amplitude, thereby reducing
the strength of the weld joint. Conversely, if the clamping
pressure is too low, ultrasonic energy transfer to the
specimen is insufficient, resulting in inadequate frictional
work. In this case, ultrasonic energy is lost due to surface
slippage between the welding tip and the top sheet, causing
insufficient deformation at the welding zone and resulting in
a weak or even incomplete joint. It was shown that, among
various process parameters, welding pressure has the most
significant influence on joint properties, followed by welding
time and amplitude. Zhu et al. [35] conducted experiments
using USMW to join Ti6Al4V and A6061 aluminum alloy
sheets, applying welding pressures ranging from 0.3 to
0.5 MPa. The results showed that the optimal welding
pressure is 0.4 MPa, at which the effective ultrasonic vibration
energy transferred to the specimen via the sonotrode tip is
maximized. Shakil et al. [36] employed a 2.4 kW lateral drive
USMW system to join 3003 aluminum alloy with 304 stainless
steel, investigating the effect of clamping pressure on the
mechanical strength of the joints. They observed that, at a
welding pressure of 30 psi, increasing the clamping pressure
allowed the same level of mechanical strength to be achieved
using lower energy input and within a relatively short welding
time. Li et al. [37] studied the effect of clamping pressure
on the USMW of dissimilar metals joints (Cu/Al sheets)
using a combination of experiments and simulations. Their
work examined parameters such as vibration amplitude,
interface temperature, plastic deformation, intermetallic
compound formation, and welding strength. The researchers
found that the average vibration amplitude decreases
with increasing the welding pressure. Moreover, excessive
pressure leads to the extrusion of trace elements from the
base material to the interface, which affects interfacial
diffusion and promotes the formation of intermetallic
compounds, ultimately resulting in poor joint bonding
quality. The relationship between the tensile shear strength
and clamping force is shown in Fig. 10.

When considering the relationship between pressure
and static force, it is important to distinguish between two
ways of specifying pressure. In most USMW machines, the
static force is supplied by a pneumatic press. The operator
can adjust the air pressure within this press, which is often
referred to as the “welding pressure”. In contrast, the clamping
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Fig. 10. Lap-shear strength under the various pressure values [37].

pressure is the pressure actually exerted on the specimen
by the welding tip, which is defined as the clamping force
divided by the area of the weld tip.

3.4. Power, energy and time

The three welding parameters — power, welding time,
and energy — are closely interrelated. When the power is
constant, the energy input is simply the product of power
and welding time. More generally, the energy corresponds to
the time-integrated power. Consequently, when evaluating
the effects of welding parameters on the mechanical
strength of joints produced by USMW, specifying either the
welding time or the welding energy may be, to some extent,
equivalent. Most of welding machines can operate in any of
the two regimes in which either energy or time is set as an
independent parameter.

The actual welding power imparted to the welding zone
is lower than the one supplied by the ultrasonic generator.
The energy losses occur due to the low electromechanical
conversion efficiency of the piezoelectric materials, as well as
due to the dissipation in the transducer, booster and sonotrode
within the ultrasonic system. Accurate measurement of the
actual power or energy in the weld zone is very difficult, so
their values are estimated by subtracting the consumption
during idle vibrations from the total input electrical power.
This is also why USMW machines typically offer both energy
mode or time mode settings. Increasing the welding time
directly increases the total welding energy input, assuming
the power remains constant.

The welding energy input directly influences the
temperature at the welding interface. The peak temperature
is determined by the total welding energy, and the heat is
primarily concentrated in the center of the interface rather
than on the top surface. As the welding time increases, the
extent of material softening also increases, leading to the
formation of larger dimples on the joint fracture surface.
These larger dimples are indicative of enhanced plasticity.
However, excessive welding energy input may cause significant
softening, localized melting, or severe stress concentrations
due to excessive penetration of the sonotrode tip into the
material, which can potentially compromise the integrity of
the joint. As early as in 1970, Richter [38] experimentally
validated these observations. Macwan et al. [39] investigated
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USMW of aluminum to galvanized high-strength low-alloy
steel. The tensile lap shear load initially increased with an
increase of the welding energy. After reaching its maximum
value, the tensile lap shear load decreased with further
increasing the welding energy, as illustrated in Fig. 11. This
is because, at low welding energy, the plastic deformation
of the material is insufficient to achieve full contact at the
interaction point, limiting the metal flowability and resulting
in the lower joint strength. However, excessive welding
energy can damage the base material, significantly reducing
the effective thickness of the weld due to the increased
material flowability. This reduction of effective thickness
decreases the load-carrying capacity, adversely affecting
the joint strength. Zhou [6] studied the microstructure and
mechanical performance of Al/Ti joints produced by USMW.
It was observed that the effective thickness of the joints
decreased almost linearly with increasing the welding time, as
the sonotrode tip continuously penetrated into the aluminum
sheet, thinning the weld zone. Michael et al. [5] investigated
the effect of the welding energy input on the mechanical
strength of magnesium alloy joints. Results indicate that
increasing the welding energy is conductive to the welding
interface temperature, promoting the material softening
and improving the welding quality. But, excessive welding
energy input could result in over-welding and a reduction
in the joint quality. Zhao et al. [40] studied the effect of the
welding energy on the USMWed Al/Cu joints, and found
that the mechanical strength of joints initially increased
with increasing the welding energy, peaking at 1000 ] before
dropping significantly. They observed a swirl-shaped pattern
at the welding interface, leading to the mechanical locking
between the metals and enhancing the bonding strength. But,
cavity defects and intermetallic compounds were more likely
to form at the extremely high energy levels. Throughout this
process, the failure mode transformed from the interfacial
debonding to the nugget pullout and then returned to the
cleavage failure.

As study in the field of USMW advances, it has become
evident that all possible interactions between process
parameters have a significant impact on joint strength. These
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Fig. 11. Effect of the welding energy or welding time on the lap shear
load [39].

process parameters are highly interdependent. However,
previous studies have primarily focused on their individual
effects on joint strength. Consequently, it is crucial to
comprehensively consider a range of welding parameters
during the actual welding process to optimize the USMW
procedure and achieve superior joint quality. USMW is also
highly sensitive to variations in surface conditions, such as
the presence of contaminants or oxide layers. Importantly,
the actual amount of vibration energy delivered during
welding can vary from one weld to another, even when all
process parameters are held constant. Therefore, energy
control is typically employed to minimize inconsistencies in
weld quality.

3.5. Properties of tooling

During USMW, weld formation occurs at the interface
between two specimens positioned beneath the sonotrode
tip. This process is driven by localized frictional heating
generated by the ultrasonic vibration of the sonotrode, which
promotes the increased plastic deformation and material
flow within the contact region. Therefore, tools should
be designed or adjusted to ensure that more energy and
vibration can be transferred to the workpiece being welded.
Typically, sonotrode tips and anvils with different hardness
and roughness values are needed to choose depending on
the weld workpieces from various materials for obtaining
the optimal USMW performance. These components should
be easily replaceable and disassemblable. Tool wear and tear
is inevitable in USMW, meaning that there is a maximum
number of welds that each tool can fabricate. Once this
maximum is reached, it is necessary to replace the sonotrode
tip and anvil to prevent a reduction in the effective welding
energy delivered to the weld zone. The knurl pattern of the
sonotrode tip significantly affects the contact stress and
friction coeflicient at the interface between the sonotrode
tip and the workpieces, thereby playing a crucial role in
joint formation. Taking the lap joint as an example, the
geometrical design of the knurl pattern on the welding tool
surface is primarily determined by the working surfaces,
which are subject to wear or adhesion to the metal sheets.
Depending on the base material, a protective coating may
be required. Material flow occurs more readily beneath the
peaks of the sonotrode tip, where higher stress concentration
is exerted compared to the valleys. Meanwhile, the purpose
of the anvil is to support and secure the workpiece during
welding, ensuring efficient transfer of energy and vibration to
the material. This enhanced transfer promotes frictional heat
generation and facilitates the formation of a strong bond at
the weld interface. To facilitate these functions, the interface
between the tool and the workpiece is typically machined
with knurled patterns consisting of grooves and lands, or
other appropriately shaped surface textures. This surface
modification increases roughness, thereby improving grip
force and reducing relative slippage between the workpiece
and the welding tip, which in turn minimizes power losses
during welding. Research has shown that the surface patterns
of the welding tool play a critical role in influencing both the
temperature rise and extent of workpiece adhesion during
welding. Shin et al. [25] investigated USMW of A5052-H32
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alloy sheets and analyzed three different combinations of
horn and anvil patterns, designated as Horns A, B, and C,
and Anvils A, B, and C in Fig. 12. Their results indicated that
the effect of the horns and anvils on the welding interface
temperature and joint mechanical properties were more
pronounced than those of the welding parameters, such as
amplitude and welding time.
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Fig. 12. (Color online) Patterns on the surface of the horn (a) and
anvil (b) [25].
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Observation Time 4

Observation Time 15

Nishihara et al. [9] examined the effect of two types
of weld tips with different contact face geometries on the
mechanical properties of USMWed Al/Fe joints. They found
that, under identical welding conditions, joints produced
by the cylindrical tip exhibited higher strength than those
formed with the flat knurled tip. Feng et al. [26] designed
three sonotrode patterns with varying morphologies,
including two types of pyramid-shaped teeth with maximum
depths of 2.5 mm and 2.0 mm, respectively, as well as
quadrangular pyramid-shaped teeth. It was found that the
quadrangular pyramid-shaped horn was more conducive
to promote the plastic flow between materials, resulting in
more effective joining. This finding is consistent with the
results of two-dimensional plane model simulation results
reported by Lee et al. [10]. To better analyze the tool wear
process, Shao et al. [41] summarized the wear variation
characteristics of the pyramid-shaped sonotrode tip in
both the vibration direction and the perpendicular one.
The authors found that, regardless of the direction, the tips
of the regular pyramid shape were completely worn down,
eventually forming a trapezoidal shape. This finding was
consistent with the spatiotemporal modeling of anvil surface
evolution reported by Yang et al. [42], as shown in Fig. 13.
The complete dataset consists of 19 observations, and the
spatiotemporal progression of a part of the anvil surface
is illustrated in Fig. 13. However, Jahn et al. [43] reported
that USMWed joint of AA6111-T4 aluminum was not
significantly influenced by the variations in anvil cap size or
knurl patterns.

Nong et al. [12] reported that mechanical properties
of joints were significantly improved when a spherical tool
was used, as compared to a flat tool, owing to the higher
clamping pressures exerted by the spherical tool, which

Observation Time 8

Observation Time 19

Fig. 13. (Color online) Spatiotemporal progression of a part of the anvil surface during USMW: observation time 1 (a), observation time 4 (b),
observation time 8 (c), observation time 11 (d), observation time 15 (e) [42].
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promoted more severe plastic deformation at the welding
interface. Not only are the shapes of the welding tip and
anvil knurls important, but their relative positions during
welding can also significantly influence the quality of the
welds. Murzinova et al. [44] analyzed the relationships
between local tensile and compressive strains and the quality
of copper joints, and found that compressive strains above
15% are required to achieve high-quality joints. Furthermore,
the strain distribution was found to depend on the relative
positions of the teeth of the sonotrode tip and the anvil.

With the widespread application of USMW technology,
further study is warranted to improve the joint strength by
optimizing technological parameters. However, from the
overview of the above methods that affect joint quality, it is
evident that each parameter affects the weld quality differently.
Therefore, it is challenging to establish an optimal set of welding
parameters that can be universally applied to all workpiece
materials. The best welding parameters for each material
can be determined through the minimal testing and optimal
experimental design. Improper parameter adjustments can
result in under-welding or over-welding. Insufficient pressure
can lead to under-welding, which significantly reduces the
welding strength. On the other hand, over-welding can cause
severe plastic deformation characterized by excessive joint
thinning and distortion, leading to cracks propagating along
the horn indentation edge.

4. Properties of base metals

The USMW process involves complex material flow and
plastic deformation, utilizing mechanical vibration to
produce high-quality USMWed joints. With the continuous
improvement in the performance requirements of
components in the aeronautical and automotive industries,
there is an increasing demand for hybrid joints between
similar and dissimilar materials. Therefore, the type of
materials to be welded must be carefully considered. Key
material parameters include elastic modulus, yield strength,
hardness, and surface roughness. Softer metals such as Al,
Cu, Ni, Mg, Au and Ag, and their alloys are more easily
welded ultrasonically, which is attributed to the significant
plastic deformation caused by softening during USMW.
Studies show that as the material strength and hardness
increase, the USMW process becomes more difficult to
complete. Additionally, surface roughness can also affect the
welding quality.

4.1. Hardness or yield strength

USMW of thin materials, especially those with lower hardness,
often results in severe plastic deformation, distortion, and
thinning of the samples compared to harder materials, as
softer materials are generally more sensitive to ultrasonic
vibration energy. However, excessive indentation on the
joint surface can negatively affect both the appearance of the
parts and their subsequent application. As the yield strength
or hardness of the welding material increases, the power
required by the USMW equipment increases significantly.
This is because the amount of welding energy transmitted
to the bonding interface gradually decreases and the degree
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of material softening is reduced, making it more difficult
to ultrasonically weld harder materials. Imai et al. [45]
demonstrated that materials with lower hardness facilitate
the transmission of vibration energy, thereby making it
easier to achieve a high-quality A1050-H24/A1050-O
joint by utilizing the softer A1050-O material. On the
other hand, the results of USMW for dissimilar materials
primarily depend on the hardness differences between the
welded specimens. For instance, welding Cul220 to AI1050
sheets leads to greater plastic deformation in Al than in Cu,
regardless of whether the aluminum is on the horn or anvil
side, as reported by Shin and De Leon [46]. Similar results
were observed by Shin and De Leon [47] in the USMW of
Al/Mg joints.

The same material can have different hardness values
in different structural states. Of a particular interest is a
comparison of the weldability of conventional coarse-grained
sheets and the ones with an ultrafine-grained (UFG) structure,
i. e. with grain sizes well below 1 um. UFG materials are much
harder than coarse-grained ones at ambient temperatures,
but at elevated temperatures they become more ductile.
Due to this feature, their weldability can be higher than
that of conventional metals. This is confirmed by the recent
studies of UMSW of Ni sheets with coarse grained and
UFG structures which demonstrated higher lap shear stress
of joints of UFG sheets [48]. After UMSW of UFG sheets,
gradient microstructure was formed with grain sizes ranging
from 3 pum in the bottom sheet to 6 um in the upper one and
10 pum in the narrow joint zone [49].

Mukhametgalina et al. [50] investigated the microstructure
and mechanical properties of the joints of commercially pure Ti.
Titanium is much harder than Al and Cu and welding it
requires significantly higher energy and temperatures. The
authors found that high-quality joints were formed at energy
levels that increased the temperature sufficiently to induce
a to B phase transformation.

4.2. Thickness

In USMW, the top sheet oscillates along with the sonotrode
tip, and heat generation gradually increases due to the
interfacial friction between the materials. As the workpiece
thickness increases, the loss of acoustic energy transmitted
by the welding tip also increases. This reduces the relative
motion between the workpieces, resulting in lower interface
temperatures and strains. High-quality joints can only be
fabricated when the material is sufficiently softened [3].
Therefore, an essential requirement for producing sound
joints is that the materials possess an appropriate thickness
for welding. Increasing the thickness of the parts, especially
those in contact with the sonotrode tip, necessitates a larger
sonotrode tip area, higher clamping force, and generally
greater welding power. Miiller et al. [51] found that reducing
the thickness of the top metal sheet typically results in a
significantly lower welding energy requirement. At higher
energies, excessive welding (over-welding) may occur.
Imai et al. [45] reported that the shape of the specimen
affects the mechanical strength of the joints, and lower
weld strength is observed in specimens with larger sizes or
increased thickness.
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4.3. Surface roughness

The conditions at the interface between materials are also
critical for heat generation during welding. Consequently,
even minor variations in surface quality can significantly
affect the welding quality. Typically, the decreased surface
roughness results in a slower temperature increase at the
interface in the later stages of welding, due to the combined
action of compression and shear forces. Satpathy and
Sahoo [14] investigated the effects of surface roughness
and microhardness on bond strength, and concluded that
joint strength gradually decreased with increasing surface
roughness, as shown in Fig. 14. This phenomenon occurs
because excessive surface roughness leads to a progressive
reduction in the relative motion between workpieces, weakens
the horizontal shear force, and lowers the temperature
rise at the interface, ultimately decreasing the degree of
plastic deformation. Excessive roughness not only results in
unwelded areas, but also impedes plastic deformation, both of
which hinder the formation of high-quality joints. However,
greater roughness can increase the initial temperature growth
rate, as demonstrated by Chen et al. [53].

Mukhametgalina et al. [52] studied the effect of the surface
condition of Cu sheets on the quality and strength of joints
processed by USMW. Sheets with three different surface states
were used: simply washed by alcohol as-received state I with
the average roughness R =0.10 um, finely polished state II
after grinding with emery paper P1200 (R =0.10 um), and the
state III after grinding with coarse paper P240 (R =0.47 um).
The peak lap shear load was the highest for the state I and the
lowest for state III. Notably, although states I and II exhibited
the same surface roughness, the joint strength in state II was
lower than in state I, which was attributed to the presence
of an oxide film-another critical surface characteristic
influencing weld quality.

On the other hand, by establishing a mesoscale model,
Huang et al. [54] studied the effects of various surface
conditions, such as polishing, filing, and round grinding, on
the bonding strength in USMW using multiscale simulations
and experimental testing. The results demonstrated that
an appropriate increase of roughness could help improve
the joint mechanical strength. An appropriate increase in
roughness can enhance frictional heat generation during
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USMV, increase the interface temperature, reduce material
flow resistance, and strengthen the “mechanical self-lock”
phenomenon of the material at the interface, thereby
improving joint strength. Surface treatment of workpieces
and appropriate enhancement of material surface roughness
are crucial for increasing interface plastic deformation
and improving the mechanical bonding strength of joints.
Lin et al. [13] investigated the effect of surface roughness
on the joining strength of nickel/steel joints. Their results
revealed that with mirror-polished surfaces, mechanical
strength increased rapidly as welding time increased.
However, when the surface roughness of one of the materials
was higher, two distinct bonding strength evolution behaviors
were observed, and a longer welding time was required to
increase the contact fraction and enable the formation of
micro-joining areas. The presence of rough surface peaks led
to localized clamping stress at limited contact regions, thereby
hindering the formation of new contact areas. As a result, the
rapid increase in joining strength was delayed until sufficient
contact regions were established. Furthermore, improving
the roughness on both surfaces further postponed the rapid
growth in joining strength, due to the reduced number of
effective contact regions formed between the base metals.
The influence of surface roughness on the formation of the
bonding interface is illustrated in Fig. 15.

5. Thermal preconditioning

To increase the plastic deformation of the weld interface, a
convenient method is thermal preconditioning of the material.
Preheating can make the temperature distribution at the
interface more uniform, enhance welding energy efficiency,
and improve the weldability of the material, as reflected
in the increased weld area and degree of bonding. Thermal
assistance has been proven to be effective in enhancing
the quality of various manufacturing processes, primarily
through methods such as surface treatment and preheating.
This section discusses issues related to material properties
and pretreatment methods, as investigated by researchers.
Luo et al. [55] investigated the joint formation process under
both ambient and preheated conditions. Optical micrographs
of joints formed at ambient and preheated states are
presented in Fig. 16. The results demonstrated that preheating
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Fig. 14. (Color online) Effects of the surface conditions on the mechanical strength of Al/Cu joints [14].
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Fig. 15. (Color online) Sketch map of the bonding interface formation process with different surface roughness: smooth/smooth (a-d);

rough/smooth (e-g) [13].

1200 J at room temp. 1200 J at 50 °C 1200 J at 150 °C

1200 J at 150 *C 300 um

Bonding line at bottom
interface
|

Minimum undulating 300 pm
bonding line Interlocking at valley

1600 1, room temp. 2000 1, room temp. '

Slight undulating 300 pm

bonding line 4
Interlocking at valley

1600 J, 50 °C 2000 J, 50 °C

300 pm

100 pm Obvious undulating

bonding line Interlocking at valley

1600 T, 150°C i 20007, 150°C '

b c
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13



Ni et al. / Letters on Materials 16 (1), 2026 pp. 3-22

significantly enhances joint formation and markedly improves
mechanical strength, particularly at the interface closest to the
anvil. The beneficial effect of preheating was most pronounced
during the initial stage of USMW and gradually decreases as
the process continues. Overall, the preheating method can
increase the robustness of multilayered joints.

Yang et al. [56] proposed a novel preheating method
for workpieces prior to welding. In this technique, a high-
intensity direct current (DC) was applied from the sonotrode
tip, passed through the faying interface and metal sheets, and
conducted into the anvil, generating resistive heat via the Joule
effect, as illustrated in Fig. 17. Compared to conventional
USMW, DC assistance significantly increased both the peak
power and peak temperature, resulting in enhanced material
ductility and reduced resistance to plastic deformation. This
promoted joint formation during the initial stage of USMW
and lead to a substantial improvement in lap shear strength.

Lee et al. [57] conducted thermo-mechanical simulations
to investigate vibrations and temperature distributions in
USMW Al/Cu multilayered joints. The simulation results
indicated that the lowest temperature occurred at the interface
between the thicker metal sheet and the anvil. Furthermore,
the simulations predicted that preheating could lead to a
more uniform temperature distribution across the joint,
thereby enhancing weldability at the preheated interfaces.

6. Implanting an interlayer

The mechanical properties of USMWed joints can also be
improved by introducing interlayer materials between the
joining components. The primary functions of interlayers
were to adjust the joint composition, thereby suppressing
the growth of interfacial intermetallic compounds and
enhancing overall weldability, or to reduce the coeflicient
of friction at the welding interface, which lowered power
consumption. Both effects contributed to an increase in
the interface temperature, promoting significant plastic
deformation mainly in the vicinity of the joint. Furthermore,
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interlayers with high plasticity could alleviate local stress
concentrations generated during USMW, resulting in joints
of superior quality. Interlayer metals were typically classified
as either powder or foil types. Therefore, selecting an
appropriate interlayer material based on the characteristics
of the base metals could effectively enhance joint strength
and meet the requirements of engineering applications.

6.1. The type of powder

There are various types of metal powder interlayers,
each serving distinct functions. Ni et al. [58] found that
increasing the friction coefficient between the two sheets
at the welding interface facilitates rapid surface activation.
Their experiments showed that employing Al 2219 powder
as an interlayer significantly improved the maximum tensile
load of Al/Cu joints, achieving a failure load of 73.4 MPa,
approximately 2.3 times higher than that of Cu/Al joints
without an interlayer (31.8 MPa). Similar findings were
reported by Zhang et al. [59]. To better visualize the
plastic flow during USMW, Qi et al. [60] introduced
interlayers composed of materials different from the base
metal, concluding that joints with interlayers exhibited
more pronounced plastic flow. Balasundaram et al. [61]
investigated USMW of Al/Cu joints using a Zn interlayer,
demonstrating that the microhardness of the joint decreased
with increasing energy input due to grain growth at elevated
temperatures, in line with their earlier findings [62,63].
Additionally, joints with a Zn interlayer exhibited higher lap
shear tensile strength and fracture energy compared to those
without the Zn interlayer.

6.2. The type of foils

The foil interlayers at the weld interface can also significantly
enhance the mechanical properties of joints. These foils act
as buffers, facilitating the atomic diffusion transitions at the
interface and minimizing, or even preventing, the formation
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C

Fig. 17. (Color online) Diagrammatic drawing of the electric Joule effect assisted ultrasonic welding system (a), details of welding location (b)

and patterns on the knurled sonotrode tip (c) [56].
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of brittle intermetallic compounds, thereby improving the
strength of USMWed joints. For example, Ao et al. [64]
reported that introducing a 20 um thick pure Cu foil between
a NiTi alloy and stainless steel resulted in a joint strength
of 690 N without any detectable intermetallic compounds.
Fracture occurred at the NiTi/Cu interface, and the presence
of large dimples on the Cu side indicated a ductile fracture
mechanism. Peng et al. [65,66] added Cu and Ag foils,
respectively, between Al 6022-T43 and ZEK100-O Mg
alloys. Their results showed that the mechanical strength of
joints with interlayers increased by at least 31% compared to
those without interlayers. The improvement was attributed
to the elimination of the undesirable Mg Al , phase and the
formation of an Ag-based solid solution layer, which enhanced
the bonding strength. Similarly, Gu et al. [67] introduced a
30 um thick Zn foil between AZ31B Mg alloy and 6082-T6 Al
alloy, boosting joint strength by 90%. This enhancement was
ascribed to the formation of beneficial Mg-Zn structures
and Zn-Al solid solutions at the interface, instead of the
brittle Al Mg phase. Further, Lin et al. [68] compared
the deformability of Al and Ni interlayers, demonstrating
that a highly plastic interlayer promotes material flow at
the interface and reduces welding defects. Dash et al. [69]
examined the microstructure and mechanical properties
of USMWed joints between AA707-clad AA7075-T6 alloy
and galvanized high-strength low-alloy (HSLA) steel.
The presence of an AA2-clad layer on the Al sheet and a
Zn layer on the HSLA sheet suppressed the formation of
detrimental intermetallic compounds, resulting in superior
shear tensile and fatigue strengths. In addition to metallic
foils, coatings can also play a comparable role, similar to the
grain deformation effects induced by mechanical grinding,
in enhancing the weld interface properties.

6.3. Alcohol and others

Watanabe et al. [70] investigated the effect of adding
ethyl alcohol droplets on the tensile load of USMWed
A6061-T6/A6061-T6 joints. The ethanol droplets at the
weld interface increases the relative movement between
the base metal sheets, promotes the generation of higher
interface temperatures, and results in a larger welded area.
In the absence of ethanol droplets, the number of dimples
on the fracture surface decreases, and a new shriveled
region becomes evident. The mechanical strength of joints is
significantly improved with the addition of ethanol droplets,
leading to fracture occurring within the base metal. Similar
results were reported by Yang et al. [71]. USMW is a process
in which thermal softening effects are observed both at the
surface and within the volume of the sheets, facilitating the
breakdown of surface oxide layers and other contaminants.
However, fractured oxide particles or contaminants may
adhere to the welded interface. To achieve optimal weld
quality, it is generally effective to remove the oxide film
prior to welding, although this is seldom required in USMW
due to its tolerance for suboptimal surface conditions.
Nevertheless, consistency of surface conditions should be
considered. Heymann et al. [72] examined the influence
of metal sheet surface condition on USMW process
effectiveness, demonstrating that sonotrode adhesion and
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weld quality are improved when cleaner samples are used.
Liu et al. [49] studied the effects of oxides and oils on the
mechanical properties of Al/Cu joints fabricated by USMW.
The experimental data showed that there was little difference
in joint mechanical strength between cleaned and uncleaned
interfaces. However, the cleaning procedure increased
metallurgical bonding at the welding interface by up to 45%.
Since vibration in USMW is only applied to one side of the
joint, precise positioning of metal sheets is crucial.

7. Application of information technology

During USMW, the temperature at a welding interface rises
rapidly over a short period, resulting in significant plastic
deformation of the materials adjacent to the interface. The
evolution of the contact interface is highly complex. The
small area of the bonding interface makes it challenging to
experimentally determine the influence of welding process
parameters on the joining mechanism. As a result, finite
element modeling (FEM) is commonly employed to simulate
the USMW process. Furthermore, real-time in-process
monitoring is beneficial for both evaluating weld quality and
managing the overall welding system. A well-developed real-
time feedback control system can help prevent undesirable
variations in weld output and mitigate the risk of system
failures. Such systems may incorporate a range of sensors,
including pressure and temperature sensors, power and
energy input monitors, acoustic sensors, and displacement
sensors. By integrating these technologies, weld quality
assurance can be enhanced and system reliability maintained.

7.1. Modeling and simulations

This section provides an overview of the development
of numerical simulation techniques. Early numerical
simulations focused primarily on friction coeflicients, rather
than considering the combined effects of surface friction
and plastic deformation in USMW tools and workpieces.
Currently, commercially available FEM software is sufficiently
advanced to generate models of stress and strain responses,
temperature distribution, and plastic deformation in metal
sheets, even at the microstructural level. As a result, these
models can provide valuable insights into the joining
mechanisms and predict the weld quality. FEM is thus highly
effective for estimating the appropriate conditions of joints
and provides an efficient means to evaluate whether welding
parameters will perform adequately with the chosen materials,
without the need for direct experimentation. According to the
current study findings, FEM models are commonly developed
using an explicit, coupled thermo-mechanical formulation
to represent frictional heat generation and temperature
distribution at the welding interface. Models with realistic
geometric configurations and appropriate computational
accuracy are preferred. However, many models restrict their
analysis to the sample-tool interface and are limited to short
welding times due to model complexity. Additionally, the
material parameters are temperature-dependent, and are
primarily based on properties such as thermal expansion,
thermal conductivity, yield stress, specific heat, plastic strain,
and elastic modulus. In contrast, the sonotrode tip and the
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anvil are typically assumed to be temperature-independent.
Therefore, the accuracy of these models is limited by
assumptions, such as constant heat input, fixed material
thermal properties, a constant friction coefficient, and a single
yield strength value. Elangovan et al. [73] developed a model
to predict heat generation during the welding of two metal
sheets. This model can estimate the elevated temperatures
reached in the welding process based on parameters, such as
metal sheet thickness, clamping pressure, friction coeflicient,
and welding time. The authors also explained how material
properties, surface conditions, and process variables influence
welding behavior. By incorporating the effects of temperature
and force during USMW, the model is capable of addressing
several challenges that arise during the USMW process.

In contrast, Li et al. [74] developed a three-dimensional
(3D) model to investigate the effects of ultrasonic vibrations
on the elevated temperature and plastic deformation.
Comparisons between simulated and experimental weld
cross-sections at various welding times indicated similar
trends in thickness changes from the base material as a result
of severe plastic deformation. Siddiq and Ghassemi et al.
[75] developed a micromechanics-based crystal plasticity
model capable of simulating submicron-scale microtexture
evolution in materials subjected to ultrasonic vibration. They
performed thermo-mechanical analyses to predict frictional
heat generation based on a temperature-dependent friction
coeficient. The results demonstrated that the friction force at
the welding interface was reduced, attributed to both thermal
and acoustic softening effects. Shen et al. [76] developed a 3D
metallo-thermomechanically coupled FEM model focusing
on the microstructure at the welding interface to predict
the grain growth and severe plastic deformation under the
thermo-mechanical loading conditions. The microstructural
evolution during USMW predicted by the model was
validated by experimental results with high accuracy. To
better understand the fundamental bonding mechanisms,
molecular dynamics simulations of USMW were conducted
by Yang et al. [77], Shim et al. [78], and Nazarov et al. [79,80].
These simulations provided a clearer view of the welding
process, from atomic diffusion to dislocation formation and
temperature variation at the interface, thus revealing the
mechanisms underlying joint structure evolution.

7.2. Online monitoring technique and machine
learning

The ongoing demand to improve quality and productivity
continues to drive advancements during USMW. A critical
aspect of this progress is the development of more effective
process monitoring and control methods. To ensure that only
high-quality battery joints proceed to subsequent production
stages, achieving near-zero misdetection rates in monitoring
the welding process is essential. Current research efforts
focus on measuring and visualizing the effects of process
parameters and individual disturbances during USMW.
Statistical investigations employing machine learning have
also been successfully conducted to analyze the influence of
welding parameters on joint mechanical strength. However,
identifying suitable monitoring tools and establishing reliable
correlations between their outputs and USMW outcomes
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or corresponding models remains a persistent challenge.
While ultrasonic welding machines are commonly equipped
with built-in system monitoring capabilities, users can
typically collect data on power consumption and sonotrode
displacement. Nevertheless, linking these measurements
directly to joint quality remains complex. However, these
metrics can be utilized to detect missing wires or sheets
in a stack-up, as variations in displacement values may
indicate such defects. Excessive power consumption may
signal a material or mechanical issue that leads to poor joint
quality, but pinpointing the exact cause remains challenging
[67]. As previously discussed and further demonstrated by
Zhao et al. [25], thermal monitoring has remained a primary
inspection method due to the wide range of available sensors.
Mongan et al. [21] confirmed the effectiveness of machine
learning in predicting the mechanical strength of joints
between steel and aluminum specimens. Meng et al. [81]
demonstrated that machine learning-based response surface
methods can simultaneously optimize welding parameters
under multiple load cases, such as shear and T-peel strength.
Mantra [82] and Zhao et al. [20, 83] utilized artificial neural
networks to develop analytical models based on process
parameters. Welding variables, including clamping pressure,
time and amplitude, were used as inputs to the artificial
neural network to create a training model capable of
predicting joint mechanical strength under various welding
conditions. However, this approach typically requires a large
number of experiments to obtain the prior data necessary
for training an accurate prediction model. To address this
issue, Yang et al. [84] proposed a novel response surface
modeling method based on hybrid multi-task learning,
which enhances the predictive performance of response
surface models without increasing experimental costs.

8. Mechanical properties

It is essential to evaluate USMWed joints under conditions
that closely resemble real-life applications. Weld strength,
which reflects the mechanical performance of the joint, is a
key indicator of overall weld quality. Consequently, ensuring
safety is a fundamental requirement for products that utilize
USMW.

8.1. Evaluation of weld strength and failure mode

The strength of a joint is characterized by its maximum load-
carrying capacity before failure occurs. Testing is typically
conducted under quasi-static loading conditions. The
U-tensile test is used to assess the joint’s normal strength,
the lap-shear test evaluates shear strength, and the T-peel
test measures a combination of both normal and shear
strength. Both U-tensile and T-peel testing will damage the
joint, highlighting the importance of finding a new method
to evaluate USMWed joints using nondestructive testing.
The resulting failure modes, which are commonly associated
with the weld strength, can be commonly utilized to
identify the weld strength. The typical failure modes include
complete pull-out failure, interfacial failure, and mixed
failure. Complete pull-out failure is generally categorized as
an over weld due to the excessive thinning and distortion of
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the joints, resulting in the cracks propagating along the horn
indentation. Interfacial failure is considered as a form of
underwelding, as debonding initiates and propagates along
the weld interface, which is typically associated with low
mechanical strength. Mixed failure is a combination of the
aforementioned modes, where fracture often originates at
the weld interface and extends through the thickness of the
base metal. This failure mode generally results in relatively
high weld strength, and such joints are commonly regarded
as having sound quality. In general, two critical conditions
should be considered when analyzing these three failure
modes. First, material waviness or elemental diffusion should
be present at the weld interface. Second, the differences
in material properties between the metal sheets should be
minimal. Typical tensile shear load (N)-displacement (mm)
curves as a function of welding energy are shown in Fig. 18.

8.2. Hardness distribution

To provide a better illustration of the hardness distribution
at the welding interface, many researchers segment the
microhardness profile across the joint cross-section into
several regions: base material hardness, hardness at the
center of the welding interface, hardness in the valley
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Fig. 18. (Color online) The curves of tensile shear load (N)-displacement
(mm) changing with welding energy.

areas, hardness in the peak areas, and hardness in the heat-
affected zone. Due to variations in the materials used, the
hardness distribution patterns can differ. Typically, for soft
metals, the material beneath the valleys of the sonotrode tip
exhibits lower hardness compared to that beneath the peaks.
However, all these hardness values are higher than those of
the original material. This is because plastic deformation at
the center of each sonotrode tip peak is more pronounced
than beneath the valleys, resulting in significant cold working
under each peak. Grain boundaries serve as major barriers
to dislocation slip. Finer grains, which form at lower welding
energies, provide greater resistance to localized plastic
deformation, thus increasing hardness and strength. With
increasing welding energy or time, more heat is generated,
leading to grain growth and a subsequent reduction in
hardness. The observed hardness variation is consistent
with the Hall-Petch relationship, as shown in Fig. 19 [67].
Additionally, coarsening and dissolution of strengthening
precipitates within the materials can further decrease the
hardness at the interface.

Furthermore, Ao et al. [85] investigated the transverse
hardness profiles of weld cross-sections subjected to different
thermal processing temperatures for 24 hours, as shown in
Fig. 20. As the thermal processing temperature increases,
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Fig. 20. (Color online) Relationship between the hardness distribution
and heating temperatures [85].

360 : 360 i T

. Interfacial.bonding zone —=— 1100

320F - —— 1400 ] 320F / ; | = |I 133 JJ

280k ey ,!Egg j agpk Ma/Zn interface | = !J-:;;gg'}
. = . —y—2
= s40- 00Tl \ <2500
P = n:A[ interface
2 200F e 200k
= b4
2 i
2 160F = 160f
= 082- g
=2 120+ oos2-Te T 1201
= 65-85HV 5

8o oS S=C ) = Sof Residual Zn
a0k ! sk mterlaver
-1.0 0.8 0.6 04 0.2 00 02 04 06 08 LO  .015-0.12-0.09-0.06-0.03 0.00 0.03 0.06 0.09 0.12 0.15
Distance from weld center. mm Distance from weld center. mm
a b
Fig. 19. (Color online) Hardness distributions of the Mg/Al (a) and Mg/Zn/Al (b) joints [67].

17



Ni et al. / Letters on Materials 16 (1), 2026 pp. 3-22

the hardness of the Al base metal remains nearly constant,
indicating that temperatures below 400°C have no significant
effect on its hardness. In contrast, the Cu base metal tends
to soften with increasing temperature. Meanwhile, due to the
formation of intermetallic compounds, the hardness at the
welding interface increases as the heating temperature rises.
Under all conditions, the hardness at the joint interface is
higher than that of both the Al and Cu base metals, primarily
due to the presence of intermetallic compounds.

9. Study of bonding mechanism

Due to the complex thermo-mechanical behavior at the
welding interface, the mechanism of USMW for bonding
formation remains elusive and lacks a unified conclusion.
A large number of researchers have sought to clarify the
mechanism of USMW from various perspectives, including
the welding process [86-88], grain evolution [87,89], and
dislocation slip [90], among others. Bakavos and Prangnell
[3], Lee et al. [91] and Zhang et al. [92] investigated USMW
of similar metals, and demonstrated that the workpieces
were joined by both metallurgical bonding and mechanical
interlocking. Zhao et al. [43] observed voids, swirl-like
structures, and intermetallic compound layers at the welding
interfaces of USMWed Al/Cu joints. They demonstrated
that the swirl structures facilitated mechanical interlocking
between the materials, thereby enhancing joint strength.
Fujii et al. [87] examined the weld formation process in
USMWed Cu/Al joints, as shown in Fig. 21. They explained
that, at the initial stage of USMW, severe plastic deformation
occurs at the welding interface. The oxide layer on the
material surfaces is broken down and dispersed into the Al
alloy together with some Cu particles. Subsequently, the Al
alloy undergoes shear deformation along the direction of
ultrasonic vibration. Finally, Cu diffuses into the Al alloy,
resulting in metallurgical bonding. The bonding mechanism

is analogous to an annealing process following cold work,
where instantaneous work hardening and softening occur
simultaneously.

Consequently, two major principles of interfacial bonding
are recognized during USMW. The first principle posits that
high-frequency ultrasonic energy and frictional heat, while
insufficient to cause melting, enhance the diffusion rate of
molecules or atoms on the outer layers of the welded materials
within the welding area, resulting in metallurgical bonding at
temperatures below the melting point. The second principle
suggests that high-frequency ultrasound, combined with
high clamping pressure, induces intense plastic deformation
at the contact points within the welding region, generating
localized high temperatures that may cause partial melting
and ultimately produce a sound joint. Therefore, to better
elucidate the mechanisms of interfacial bonding in USMW,
more precise temperature measurement devices should be
developed. According to Sa et al. [75], plastic deformation
is facilitated by the reduction in deformation load and
energy requirements due to the acoustic softening effect.
As a result, less heat is needed, and the rapid application
of ultrasonic energy lowers the static stress of the metals,
further promoting the plastic deformation. Watanabe et al.
[19] investigated the effect of ultrasonic vibration on
the stainless steel joints. Their results demonstrated that
ultrasonic vibrations facilitated the formation of equiaxed
grains and promoted their accumulation in the center of
the weld. The mechanical strength and elongation of the
welded section were significantly enhanced with ultrasonic
vibration compared to those produced without it. Chen et al.
[93] further confirmed that acoustic softening of the material
improved plastic deformation, resulting in substantial plastic
flow at the welding interface. Consequently, a larger contact
surface was formed between the mating sheets, with voids
almost entirely eliminated, thereby increasing the mechanical
strength.
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Fig. 21. (Color online) Schematic diagrams of the joint formation process of USMWed Al/Cu joint [87].
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The bonding mechanism in USMW consists of several
stages. As the vibration continues, interfacial diffusion occurs
due to the resulting oscillation, creating a structure that
resembles a diffusion weld. A rapid rise in the temperature
at the welding interface is followed by plasticization of the
metal, completing the welding process without causing
melting at the interface. Kelly et al. [94] modeled the acoustic
softening effect during ultrasonic consolidation and found
that acoustic softening could reduce the yield stress by more
than 82%, whereas thermal softening typically reduces yield
stress by only about 5%.

10. Conclusions and future trends

This paper reviewed the research status of USMW, including
the USMW system and principles, and the enhancement
measures for the mechanical performance of USMWed
joints, summarized from two aspects: process parameters and
material properties. The process parameters include USMW
frequency, amplitude, static pressure, welding power, welding
energy, welding time, tool design, and welding frequency.
The influences of each parameter on the properties of
USMWed joints were discussed respectively. In addition, the
weldability of materials was evaluated, including hardness,
yield strength, thickness, surface roughness, preheating
treatment, and other influencing factors. Achieving good
bonding requires not only the optimal selection of process
parameters, but also improvements in the welding ability of
the material during USMW. Furthermore, various viewpoints
were considered to account for the bonding mechanism of
USMW, with particular attention to the degree of mechanical
mixing and material flow, which play important roles in the
successful combination of two sheets.

Future research on enhancing joint strength can primarily
focus on the following aspects:

1. Study on multi-point welding systems. Currently,
most metal ultrasonic spot welding systems are single-point
welding systems. In practical production, multiple points
often need to be welded on the same workpiece, and the
welding sequence will inevitably affect the quality of the joint.
Developing a multi-point welding system with coordinated
control is of great significance for improving workpiece
quality and expanding the application range of welding
processes.

2. Establishment of a welding process parameter dataset.
There are many factors that influence the strength of ultrasonic
welding joints, and the welding parameters vary significantly
for different plate thicknesses and materials. The method of
determining welding parameters is mostly based on trial and
error, which is time-consuming and costly. Establishing a
relevant database of welding process parameters is of great
guiding significance for reducing production costs and
improving production efficiency.

In conclusion, the authors are confident that the rapid
advancement of artificial intelligence and machine learning
will enable the development of science-based design
guidelines for selecting optimal materials and welding
process parameters. We anticipate that USMW technology
will become increasingly intelligent, with its applications
expanding across a broader range of fields.
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