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Abstract
Ultrasonic welding (UW) process offers the ability to create highly efficient solid-state joints for lightweight metal alloys with
low power consumption. During the process, a distinct diffusion layer is observed at the joint interface that undergoes severe
plastic deformation at elevated temperature. A hierarchical multiscale method is proposed in this study to predict the diffusion
behavior of the UW process of dissimilar materials. The method combines molecular dynamics and classical diffusion theory to
calculate the thickness of the diffusion layer at the welded interface. A molecular dynamics model is developed for the first time
that considers the effect of transverse ultrasonic vibration to simulate the evolution of the diffusion layer. The effect of ultrasonic
vibration at the atomic level is assumed to provide thermal energy at the joint interface and the mechanical movement of atoms.
The influence of sinusoidal velocity change during ultrasonic vibration is incorporated by numerically time integrating the
diffusivity at different ultrasonic velocity. The simulation result shows that the solid-state diffusivity depends on temperature,
pressure, and transverse ultrasonic velocity. Higher temperature, pressure, and ultrasonic velocity result in higher diffusivity
leading to larger diffusion layer thickness. This article provides a comprehensive review of the diffusion bonding behavior and its
dependence on process variables. It also presents a numerical approach combining molecular dynamics and hierarchical
multiscale calculation to predict the diffusion layer thickness for the UW process of dissimilar materials.

Keywords Molecular dynamics . Diffusion bonding . Ultrasonic welding . Dissimilar materials . Interface . EAMpotential

1 Introduction

Structures made of multi-metal alloys, including aluminum
(Al), copper (Cu), magnesium (Mg), nickel (Ni), and titanium
(Ti) alloys, are of increasing demand in aerospace, battery for
electric vehicles, and electronics industries due to their tech-
nical and economic advantages [1]. Solid-state joining mech-
anism of those dissimilar materials is complex and includes
mechanical, chemical, and thermal transformations during the
process [2]. In recent years, ultrasonic welding (UW) [3, 4]
has become one of the popular choices for solid-state joining

because of its low power consumption, easy automation, and
environment friendliness [3]. Particularly, it is used to join
thin-layered dissimilar materials for cell terminals and bus
bars in lithium-ion batteries, which are widely utilized in con-
sumer electronics, smart grids, and electric vehicles. The
mostly used metals and metal alloys in these applications in-
clude Al, Cu, and other materials with high electrical and
thermally conductivities [5].

Some of the existing researches on the UW process of Al-
Cu dissimilar material joining focused on the experimental
analysis of process optimization, microstructure evolution,
and mechanical strength of joining interface [6, 7]. Zhao
et al. [6] conducted experiments to join a single layer of Cu
with a single layer of Al in a lap joint configuration using
different ultrasonic welding energy. After investigating the
effect of welding energy on the interface region of Al-Cu
ultrasonic welded joint, they concluded that the strength of
the welded joint increased until the welding energy increased
to a threshold value, and then the strength started to decrease.
They also observed that the failure mode of the welded joint
also changed from interface de-bonding to nugget pullout with
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the increase of welding energy. In addition, various micro-
structures with different morphologies and properties were
observed in the interfacial region based on the work done by
Wu and co-workers [7].

Although numerous works have been done to study the
bonding mechanisms of the UW process for over decades,
the process is still arguably the least understood welding pro-
cess. Various observations have been reported for the UW
process including interdiffusion, recrystallization, plastic de-
formation, work hardening, contaminant breaking, heat gen-
eration due to friction and plastic deformation, and melting
[8–12]. Particularly, diffusion bonding has been observed at
the interface between copper and aluminum for an extended
period of welding time [6, 13–17]. It has been observed that
the welding time plays a crucial role in determining the thick-
ness of the interfacial diffusion layer [14]. On the other hand,
formation of intermetallic compound (IMC) has been reported
as well at the interface during the UW process of dissimilar
materials [6, 14, 18]. It shall be noted that no existence of the
diffusion layer and IMCs was reported during the UW process
of Mg and Ti alloy [19]. Xu et al. [18] reported that the for-
mation of the diffusion layer and IMCs depends on the inter-
face temperature during the UW process. They concluded that
if the temperature went beyond the melting temperature of one
of the working materials, the probability of IMC formation
increased. Excessive high ultrasonic welding energies also
increase the possibility of the formation of interfacial IMCs
[6]. In conclusion, the formation of IMCs in the interface
during the UW process significantly depends on material
combination and processing condition.

Overall, most of the existing studies of diffusion bonding
during the UW process were based on experimental observa-
tions at the macroscale. However, diffusion bonding is an
atomistic physical phenomenon, in which atoms of one mate-
rial diffuse into the crystal structure of another material due to
the thermal and pressure condition at the material interface. It
has been known that molecular dynamics (MD) is a powerful
tool to elucidate physical phenomena at the nanoscale, since it
is free of experimental uncertainties due to sample prepara-
tion, fixture condition, etc. It has been employed to study
nanomaterials and composites [20, 21], nanodevices [22,
23], and behavior of lubricant between sliding solids [24]. In
the community of advanced manufacturing, MD simulations
provided useful information about material nanostructure evo-
lution at the nanoscale during the macroscale manufacturing
process like explosive welding, friction stir welding, and met-
al cutting [25–27]. In one of these works, Chen et al. [25]
concluded that the atomic diffusion mostly took place in the
unloading state of the explosive welding process based on
their MD simulations.

A few MD simulations have been reported to study diffu-
sion bonding at Al-Cu, Cu-silver (Ag), and Ni-molybdenum
(Mo) interface [28–31]. Li et al. [28] showed that Cu atoms

deeply diffused into Al side, whereas Al atoms hardly diffuse
into the interior of the Cu side under atmospheric pressure
condition. Chen et al. [29] illustrated that the interface pres-
sure played an important role in determining the diffusion
layer thickness of the Cu-Ag joint. It was observed that a
higher pressure led to a thicker amorphous interfacial diffu-
sion layer. Chen et al. [30] also studied the effects of temper-
ature and surface roughness on the diffusion joining strength
during tensile deformation. One of their observations was that
the thickness of the simulated diffusion layer remained similar
after it cooled down to room temperature. In addition, Zhang
et al. [31] simulated solid-state interfacial reaction in Ni-Mo
system and showed amorphization in the interface area. They
found that the growth rate of the amorphous layer was higher
in the Ni side than the Mo side because Ni had a lower atomic
weight. It shall be noted that only thermal loading and pres-
sure at the interface were considered to study diffusion bond-
ing in all of the reported MD simulations. On the contrary, the
UW process is significantly different from those reported dif-
fusion bonding processes. During the UW process, ultrasonic
vibration is applied parallel to the material top surface. The
ultrasonic energy input is one of the prime sources of energy
during the process. It has been reported that the vibration
amplitude and frequency did not decay significantly from
the top layer to bottom layer during the multilayer UW pro-
cess with fine knurl pattern [32]. Therefore, the transverse
velocity loading needs to be considered when studying the
diffusion phenomena of the UW process.

The interface diffusion phenomena during the UW process
significantly depends on the thermomechanical loading con-
dition at the interface [6, 13–17]. The author’s group has pre-
viously developed a high-fidelity FE modeling approach
using ABAQUS/explicit under 20-kHz vibration [33]. The
model considered the high-frequency cyclic loading, thermal
softening, and acoustic softening to simulate the dynamic
thermomechanical material response at the interface at the
continuum scale. The model is capable of providing the dy-
namic thermomechanical loading during the UW process with
shorter welding time. Authors group also developed a
DEFORM-based computationally cost-effective model for
longer welding time [34]. The effective pressure at the Al-
Cu interface, where diffusion occurred, varied from 100 to
150 MPa based on location in the interface [33, 34].

In this paper, a comprehensive study of the diffusion bond-
ing phenomenon during the dissimilar Al-Cu UWprocess was
reported through both experimental observations and numer-
ical analyses. The atomistic bonding phenomena during the
UW process are captured for the first time byMD simulations.
The novelty in the MDmodels is that the transverse ultrasonic
vibration was considered to mimic the UW process. Since the
timescale of the ultrasonic vibration is much higher than the
timescale of the MD simulation, several MD simulations are
conducted at different positions of the vibration cycle and the
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effective diffusivity is calculated by numerical time integra-
tion of those positions. Therefore, the effect of ultrasonic vi-
bration on the diffusion bonding during the UW process
would be considered. The effects of ultrasonic vibration, pres-
sure, temperature, dissimilar lattice orientation, and crystal
defects were studied via MD simulations. In addition, a hier-
archical multiscale method, consisting of MD and classical
diffusion models, was proposed to predict diffusion layer
thickness and compared to the experimental measurements.
The outline of this paper is as follows. After the introduction,
the methodology of experimental investigation and numerical
simulations are described in “Section 2.” “Sections 3” in-
cludes results and discussion followed by the conclusions.

2 Methodology

2.1 Experimental setup

The UW experiments were carried out with three layers of
pure Al sheet (45 mm× 19mm× 0.2 mm) over a layer of pure
Cu sheet (45 mm× 19 mm× 0.5 mm) in a lap joining config-
uration, as illustrated in Fig. 1. The sheets were joined by a
Branson® L20 ultrasonic welder. A clamping force/welding
pressure of 0.2 MPa was applied in the vertical direction to
hold the joined Al and Cu sheets. The sonotrode was placed
on the top of the aluminum sheets to provide ultrasonic vibra-
tion in the transverse direction with an amplitude of 35 μm at

the 20-kHz frequency. The induced velocity and displacement
profiles are shown in Fig. 2. Both of them are sinusoidal
curves with a period of 50 μs. The amplitudes are 35 μm
and 4.4 m/s respectively for displacement and velocity. They
are the maximum displacement and velocity of the sonotrode.
During the welding pad (12.7 mm× 8 mm), consisting of 5 ×
3 spherical knurls with a radius of 1.2 mm, was inserted under
the sonotrode. It has been shown that the vibration amplitude
and frequency will not significantly decay when the wave
reaches the Al-Cu interface [32]. During the UW process,
welding energy of 500 J was used as recommended by Lee
et al. [3] to generate a good quality weld.

In addition, real-time temperature monitoring away from
the welded zone [35] showed that the temperature in the
welded region was in the range of 500 °C~525 °C. Such a
temperature is well below the melting temperature of each
material and is lower than the eutectic temperature
(548.2 °C) of the Al-Cu phase diagram as well. Therefore,
melting was less likely to happen for the welding process in
this study.

The diffusion bonding interface was characterized between
the third Al layer and the Cu layer as shown in Fig. 1. The
selected site underwent larger deformation and heat genera-
tion as the local welding pressure was higher due to its loca-
tion at the center beneath the knurl. After welding, focused ion
beam (FIB) cut was made at the specified location and scan-
ning transmission electron microscopy (STEM) and energy-
dispersive X-ray spectroscopy (EDXS) to get the chemical
composition around the Al-Cu interface.

2.2 Molecular dynamics

The MD simulations were conducted using a large-scale
atomic/molecular massively parallel simulator (LAMMPS)
[36] to study the diffusion bonding mechanism during the
UW process of dissimilar materials (Al and Cu). Multibody
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Fig. 1 Schematic representation of the experimental setup for the UW
process
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embedded-atom method (EAM) potential for Al and Cu [37]
was employed to approximate interatomic interactions.
During the simulation, the positions, and velocities of the
atoms were updated by numerically integrating Newtonian
equations of motion. The velocity Verlet algorithm was
adopted, and the time step was chosen as 2 fs.

A three-dimensional MD model was developed as shown
in Fig. 3. The model consisted of an Al block on the top of a
Cu block. The <001> plane was chosen for both materials at
the welding interface. The gap between the two blocks was set
as the average of the lattice constants of Al (4.05 Å) and Cu
(3.615 Å). The lattice sizes of the transverse plane (i.e., X-Y
plane) were chosen to be 28 × 28 and 25 × 25 for Cu and Al
respectively so that the Al-Cu mismatch would be as small as
0.03%. Such a misfit at the Al-Cu interface was the same as
the experimental setup while the computational cost was
manageable.

The heights of Al and Cu blocks were ~ 25 nm to avoid
boundary effects in the vertical direction. Four layers of atoms
at the bottom of the Cu block and four layers at the top of the
Al block were fixed with applied external pressure as the
boundary condition. The periodic boundary condition was
applied in transverse directions.

The MD simulation included four stages: relaxing, heating,
welding, and cooling. The thermomechanical loading condi-
tions in the interface during the simulation were obtained from
the high-fidelity FE model developed by the author’s group
[33]. At the beginning of the relaxing stage, i.e., relaxation,
velocities of atoms were assigned based on the Maxwell-
Boltzmann distribution to generate the initial configuration.
Then, the MD simulation was conducted in an isothermal-
isobaric (NPT) ensemble for at 300 K for 20 ps. The Nose-
Hoover thermostat [38, 39] was employed for temperature

regulation. In addition, the pressure in the transverse direc-
tions was maintained at an atmospheric level using the
Nose-Hoover barostat [40], while a pressure of 100 MPa
was applied in the vertical direction. The pressure in the ver-
tical direction was simulated using high-fidelity FE model
developed by the author’s group based on the UWexperiment
conditions as described in “Section 2.1.” After the simulated
model reached a thermodynamic equilibrium state, the tem-
perature was increased to 800 K within 200 ps. This heating
stage is to imitate that the welding interface was rapidly heated
during the UW process. The applied temperature is simulated
by macroscale high-fidelity FE calculations [33]. At the stage
of welding, the temperature (800 K) was maintained for up to
750 ps, which is assumed as the welding time. The duration of
the welding stage in MD simulation was assumed to the
welding time, in which the diffusion phenomenon occurs.
The pressure conditions in the heating and welding stage were
kept as same as the relaxing stage.

It shall be noted that the transverse cyclic velocity due to
ultrasonic vibration should be applied as boundary condition
according to the experimental setup. However, the timescale
of MD simulation is a nanosecond, which is far less than the
timescale of experiments, i.e., microseconds or seconds.
Therefore, the cyclic loading cannot be directly applied in
the MD simulations. The loading due to transverse cyclic ve-
locity is decoupled into two separate effects. The first is the
induced energy from the ultrasonic vibration and the second is
the mechanical movement. The induced energy from ultrason-
ic vibration was already approximated by increasing the tem-
perature of the simulated system at the stage of heating. To
study the effect of relative transverse motion at the Al-Cu
interface during the UW process, a transverse velocity was
added to each Al atom along one of transverse directions to
initiate the relative mechanical movement at the Al-Cu inter-
face. It also needs to keep in mind the velocity direction and
magnitude also change during the process. A few simulations
were conducted by considering the change of direction and
keeping the same magnitude. It was found that the direction
change did not have a significant impact on theMD results. To
accommodate the change of the magnitude of the transverse
velocity from 0 to 4. 4m/s during one-quarter of a vibration
cycle, five simulations with different velocity magnitude was
considered. Details of the result are discussed in “Section 3.”
As mentioned earlier, the timescale of the one ultrasonic vi-
bration cycle is much higher than the simulation time of the
MD model. To counter this issue, the simulated diffusion re-
sults of those five simulations were numerically time integrat-
ed to get the equivalent diffusion within a vibration cycle. At
the last stage of cooling, the systemwas cooled down to 300 K
for 200 ps, and the diffusion layer thickness was measured
based on the molecular configurations after examining the
positions of Al and Cu atoms. In MD simulations, 200 ps is
enough to gradually reduce the temperature until the simulated
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Fig. 3 MD model configuration of the UW process
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system reaches to a thermodynamic equilibrium state at the
room temperature. Such a short time is assigned due to the
small size of the MD simulated model as well as the periodic
boundary conditions.

2.3 Hierarchical multiscale method

2.3.1 Calculating diffusivity via molecular dynamics

Although MD can elucidate the diffusion phenomena at the
nanoscale, it was unable to reproduce the diffusion layer thick-
ness, measured based on STEM images from macroscale ex-
periments, due to the limitation of timescale in MD simula-
tions. A hierarchical multiscale model is proposed in this pa-
per to accurately predict diffusion layer thickness by passing
the material diffusivity calculated from MD to the classical
diffusion theory which is a continuum model.

It has been known that the material diffusivity at the mate-
rial interface can be calculated by Fick’s first law [41–43],
which relates the diffusive flux to the concentration under
the assumption of steady state and is given by:

J i ¼ −Di
∂φ
∂xi

ð1Þ

where Ji is the flux of atoms or diffusion flux in direction i,
Di is the diffusion coefficient, i.e., diffusivity, and φ is the
atomic concentration. In this study, the diffusion only happens
in one direction, so Di will be used as D in the rest of the
article.

Figure 4 schematically represents the molecular model of
the Al-Cu diffusion interface. Periodic boundary conditions
were applied in all transverse directions while Al and Cu in-
flow in opposite directions. During the MD simulation, atoms
from each side flow inside the diffusion region. Once the
simulated system reaches to the thermal dynamic equilibrium
state, based on the atomic positions, the diffusion fluxes, Ji
(with a unit of atoms/nm2/ps), of Al and Cu in the diffused
region can be determined, as well as the concentration gradi-

ent ∂φ
∂z

� �
. Consequently, the diffusivity of Cu in Al and the

diffusivity of Al in Cu can be calculated by Eq. (1)
respectively.

2.3.2 Predicting the diffusion layer thickness via classical
diffusion theory

After passing the diffusivity from the molecular model to the
continuum model, the diffusion layer thickness was then cal-
culated via the classical diffusion model. According to the
classical diffusion theory, once the system reaches an equilib-
rium state under the isothermal condition, the regular diffusion
process of Cu and Al should meet the classical diffusion equa-
tion by Fick’s second law [41].

∂φ
∂t

¼ D∇2φ ð2Þ

where t is the diffusion time and D is the diffusivity. Since the
UW process studied in this paper is a one-dimensional diffu-
sion problem, in which diffusion happens perpendicularly to
the contact interface, the conventional solution is as follows:

φ z; tð Þ ¼ N

2
ffiffiffiffiffiffiffiffi
πDt

p e
−z2
4Dt

� �
ð3Þ

where N is the quantity of diffusion matter and z is the diffu-
sion distance. It has been known that integrating the atom

concentration function to 3
ffiffiffiffiffiffiffiffi
2Dt

p
gives 99.7% accuracy for

calculation of the number of diffusion atoms [25], as shown
below.

∫
3
ffiffiffiffiffiffi
2Dt

p

0

φ z; tð Þ
N

dz≈99:7% ð4Þ

Thus, the thickness of the diffusion layer (L) can be calcu-
lated by:

L ¼ ∑
i¼Cu;Al

3
ffiffiffiffiffiffiffiffiffi
2Dit

p
ð5Þ

Numerical time integration is performed to calculate the
thickness of the diffusion layer.

3 Results and discussions

3.1 Experimental results

EDXS line scanning was performed at a few locations across
the Al-Cu interface on a sample produced by the UW process
using the experimental condition as described in
“Section 2.1.” It recorded the elemental composition between
two points on either side of the interface along with a straight
line. Then, the atomic concentrations of Al and Cu,
representing the percentage of material in terms of atom

Interface length (dx)

Fig. 4 Schematic MD representation of Fick’s first law to calculate the
diffusivity at the interface
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numbers, were calculated and shown in Fig. 5. The corre-
sponding STEM images of the diffusion interface were at-
tached as well. Figure 5 a shows the concentration measure-
ment at one location. The blue dots represent Al while the red
dots stand for Cu. The EDXS line scan result shows a smooth
transition of elemental concentration from ~ 0 to 100% for
both the element within the diffusion layer. It also shows that
no IMC layer was formed at the UW interface. The region, in
which the atomic concentrations change, is defined as the
diffusion bonding layer. Its thickness was measured as
92 nm. Figure 5 b shows the concentration measurement at
the other location, and the diffusion layer thickness was mea-
sured as 53 nm. The measured thicknesses at other locations
were between 53 and 92 nm. The experimentally measured
diffusion layer thickness varies widely along the welding line.
Surface roughness difference at various location of the inter-
face and the difference of local stress condition at the peaks

and valleys of the knurl pattern contribute to the non-
uniformity of the diffusion layer thickness along the welding
line.

3.2 MD simulation of diffusion bonding

3.2.1 Diffusion phenomenon

At first, a few MD simulations were conducted to elucidate
diffusion phenomenon as described in “Section 2.2.” In MD
simulations, the interface was heated up to 800 K after relax-
ation, and the interface pressure was 100 MPa. A transverse
velocity of 2.2 m/s was added on each Al atom to initiate the
relative motion at the Al-Cu interface. Figure 6 shows the
molecular configurations of the diffusion phenomenon after
various welding times: 250 ps, 500 ps, and 750 ps. It can be
seen that the diffusion layer was thicker under longer welding
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time. In addition, it can be seen that Cu diffused further in Al
than Al in Cu.

Figure 7 showed the concentration distribution of Al-Cu
when the interface temperature is 800 K. It shows a smooth
transition of atom concentration from the Cu layer to the Al
layer. It suggests that there is no IMC layer formed in the
interface.

3.2.2 Effects of the UW process parameters on diffusion
bonding

Using MD simulations, we considered the following effects
on diffusion layer thickness: the interface temperature, the
interface pressure, and the initial transverse velocity.

Figure 8 shows the evolution of the diffusion layer thick-
ness during the UW process at different interface tempera-
tures: 750 K, 800 K, 850 K, and 900 K. The welding time
kept as 750 ps, and the final thickness varied between 6 and
16 nm. It shall be noted that the interface temperature in MD
simulations intimates the welding energy utilized in the ac-
tual UW process. A higher interface temperature represents
higher welding energy. At the same time, high temperature
causes the atoms to have thermal vibration with a larger
amplitude. As a result, the atoms can diffuse larger depth
compared to low temperature.

When considering different interface pressures: 50 MPa,
100 MPa, and 150 MPa, the final diffusion layer thicknesses
are different as well, as shown in Fig. 9. The interface pressure
assisted the movement of the atoms across the interface. As

the interface pressure was increased from 50 to 150 MPa, the
final thickness was enlarged from 8 to 10 nm.

The application of transverse velocity in the MD model is
one of the unique differences from existing molecular simula-
tions of diffusion bonding phenomena. As described in
“Section 2.1,” after the simulated model was heated to
800 K, a transverse velocity was added to each Al atom to
initiate the mechanical relative motion at the Al-Cu interface
due to ultrasonic vibration. We first conducted a few simula-
tions by applying a transverse velocity of 2.2 m/s but consid-
ering various directions and direction change. At first, two
separate simulations were conducted with the transverse ve-
locity applied in opposite directions. The diffusion layer thick-
nesses were observed very close to each other.

We did observe that the diffusion layer thickness changed if
different initial transverse velocities were applied as shown in
Fig. 10. When the transverse velocity due to ultrasonic
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vibration increased from 1.25 to 4.4 m/s, the thickness was
increased from 8 to 12 nm. Each velocity is corresponding to
the velocity profile change in one-quarter of an ultrasonic
vibration cycle. The conclusion coincides with higher welding
energy resulting in a thicker diffusion layer.

3.2.3 Effects of material crystal structure on diffusion bonding

A few other MD simulations were conducted to conclude that
the mismatched crystal orientations at the welding interface
had no significant effect on diffusion layers. However,

vacancy defects, i.e., defects resulting from missing atoms in
the crystal, were likely candidates to influence the diffusion
process significantly. It has been reported that vacancy defects
had a significant effect on material properties [44]. In his pa-
per, we only considered one-atom vacancies, in which only
one atomwasmissing. A three-dimensional (3D) random field
model [45] was used to generate randomly distributed vacan-
cies in the MD initial configuration based on a prescribed
percentage of vacancy volume fraction. A schematic represen-
tation of the simulation domain with randomly distributed
vacancies is shown in Fig. 11. For each prescribed vacancy
volume fraction, multiple initial configurations were generat-
ed for MD simulations to consider the location uncertainty of
vacancies.

Figure 12 showed the variation in diffusion layer thickness
when the Al and Cu crystal blocks had vacancy volume frac-
tion in a range of 0 to 4%. With 4% of vacancy defect, the
average diffusion layer thickness can increase by 27%. When
a vacancy defect exists in a crystal, neighboring atoms
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Fig. 11 MD simulation configuration showing single-atom vacancies on
both Al and Cu blocks
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become less stable and tend to move away from their pristine
positions. The mobility of the interface atoms increased with
the presence of vacancy defect. It can be concluded that more
vacancy defects resulted in easier diffusion of atoms.

3.3 Hierarchical multiscale calculation

3.3.1 Diffusivity calculation via molecular dynamics

To validate the MD calculation of diffusivity, various temper-
atures between 750 and 900 K were considered, and the re-
sults were compared to the reported diffusivities [41]. TheMD
simulations were conducted under the atmospheric pressure in
all directions. The diffusivity of Cu in Al was calculated at
each temperature using Eq. (1). The experimentally measured
diffusivities, as the baseline, were reported by Mehrer [41].
Figure 13 shows that the calculated diffusivities of Cu in Al

agreed well with the experimentally reported values. Here, Tm
stands for the melting temperature of Al which is considered
as 933 K. As the temperature increased, the diffusivity also
increased. It shall be noted that the diffusivity of Al in Cu was
also calculated. It can be seen that the diffusivities of Al in Cu
were significantly lower than the diffusivities of Cu in Al. It is
because that Cu atoms have a smaller radius (1.278 Å) than Al
atoms (1.443 Å) and Al has a larger lattice constant (4.05 Å)
than Cu (3.615 Å). Therefore, it was easier for Cu atoms to
diffuse into a region of Al atoms.

To calculate the Al-Cu diffusion layer thickness via the
proposed hierarchical multiscale method, the diffusivity of
Al in Cu and Cu in Al under the UW process needs to be
calculated first via MD simulation. As a difference from the
validation described above, a transverse velocity of 2.2 m/s is
applied on the Al layer to initiate the relative mechanical
movement according to the ultrasonic vibration. The diffusiv-
ities of both Al and Cu increased significantly as shown in
Fig. 14.

We also studied the effects of the interface pressure and the
initial transverse velocity on material diffusivity during the
UW process as shown in Fig. 15. It can be seen that the
diffusivity increased as interface pressure is increased. In ad-
dition, a higher initial transverse velocity resulted in a larger
diffusivity. It is obvious that the transverse velocity encour-
ages shear deformation and helps breakup of the regular crys-
tal lattice. As a result, diffusion activation energy increases
and more atoms diffuse across the interface. The above con-
clusions agree with the observation/conclusions from MD
simulations of diffusion discussed in “Section 3.2.”

3.3.2 Calculation for diffusion layer thickness

After obtaining the diffusivities from MD simulations, the
diffusion layer thickness can be calculated via the classical
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diffusion model using Eq. 5. The welding time in experi-
ments is 0.6 s since the UW process requires 0.6~1.0 s to
have a good joint [3, 13]. Therefore, the MD simulation was
unable to reproduce the diffusion layer thickness measured
in the experiments. It has been reported that the temperature
of the interface increased to a peak value during the process
and went down thereafter [46, 47] during the UW process.
Although the whole welding process cannot be considered
as an isothermal process at the macroscale, the assumption
of a constant diffusivity is adopted in the classical diffusion
theory. Therefore, the diffusivity calculated from an isother-
mal MD simulation can be passed from the molecular model
to the continuum model in the hierarchical multiscale
framework.

Figure 16 compares the diffusion layer thicknesses
from both MD simulations and hierarchical multiscale cal-
culations when the welding time is in the order of a pico-
second. It can be seen that the thicknesses from both
methods are in a good agreement in picosecond timescale.
For the MD calculation, interface temperature is used as
800 K, 100 MPa vertical interface pressure is used, and a
2.2 m/s transverse ultrasonic velocity is used. In addition,
the diffusional layer thickness is also predicted by the
hierarchical multiscale approach at the actual welding
timescale. The predicted diffusion layer thickness is
122 nm, which is overpredicted compared to experimen-
tally measured thickness. In the MD simulation, the
starting interface is considered as an ideal condition with
no surface peak and valleys whereas, during actual exper-
iments, the surface processes surface roughness. At the
same time, there is local pressure difference at the peak
and valley of the interfacial region which also contributes
to the wide variation of diffusion layer thickness during
experiments. However, during the MD simulation, only
one pressure condition is considered at the interface.
Considering all those assumptions to simplify the MD

model, the predicted final diffusion layer thickness agrees
well to the experimental result.

4 Conclusions

In this paper, a comprehensive review is conducted on the
diffusion bonding phenomena during the UW process and
the process variables that influence the diffusion process. An
atomistic simulation was used to investigate the interface dif-
fusion during the UW process of dissimilar material (Al and
Cu). A molecular dynamics model was developed for the first
time that considered the effect of transverse ultrasonic vibra-
tion to simulate the evolution of the diffusion layer during the
UW process. The classical diffusion theory and MD simula-
tions were combined into a hierarchical multiscale model to
calculate the thickness of the diffusion layer during the pro-
cess. The influence of transverse ultrasonic velocity on the
atom diffusion at the atomic level is approximated by thermal
energy at the interface and mechanical movement of atoms.
The solid-state diffusivity was calculated from the MD simu-
lation result. Numerical time integration was performed on the
diffusivity value at different positions within an ultrasonic
vibration cycle to incorporate the effect of a complete sinusoi-
dal vibration cycle. The proposed model is capable to predict
the diffusion behavior and its dependence on process vari-
ables. The effects of randomly located vacancy defects on
the diffusion layer thickness were also investigated in the
study. The vacancy defect helped to increase the mobility of
the atoms to diffuse deeper into the opposite crystal resulting
in an increase of diffusion thickness. This model provides a
guideline to control the diffusion phenomena and the diffusion
layer thickness during the UW process.
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