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Laser keyholewelding of dissimilarmetals has broad applications in various industrial fields. However, dissimilar
metalmixing in themolten pool often causes the formation of detrimental intermetallic compounds that can un-
dermine the performances of the dissimilar metal joints. In this study, the metal mixing process in laser keyhole
welding of dissimilar metals is investigated with a combination of experimental and modeling approaches. The
parametric experimental study is conducted to reveal the effects of laser power, welding speed, and heat input
on the metal mixing in the fusion zone. Ex-situ energy-dispersive X-ray spectroscopy element mapping is used
to characterize the metal mixing status in the fusion zone. To investigate the underlying physics of the welding
process, a numerical model is developed to simulate the heat transfer, fluid flow, andmetalmixing in themolten
pool. It is found that the recoil pressure contributes to an upward flow that pushes copper to migrate from the
bottom of the molten pool to the top. Meanwhile, the Marangoni force generates one backward flow and two
side vortices that facilitate the metal mixing. An increase of laser power increases both the recoil pressure and
the Marangoni stress, which drives more copper to migrate upward and mix with aluminum. An increase of
welding speed reduces the molten pool lifetime, which reduces the metal mixing by the fluid flow. The investi-
gation of dissimilar metal redistribution provides insights regarding the formation of intermetallic compounds in
the joints, which is valuable for the design and optimization of the welding process in different industries.
© 2020 General Motors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Dissimilarmetalwelding has beenwidely utilized in various industries,
such as construction, automotive, aerospace, and electronics, where differ-
ent materials provide advantages due to their specific material properties
[1–3]. Joining these dissimilarmetals using a robustmethod then becomes
very important. Laser welding can be performed at a high welding speed
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which significantly increases the throughput, and hence has been consid-
ered as a promising joining process for dissimilar metals. However, a crit-
ical challenge for laser welding (as well as all other fusion welding
processes) of dissimilar metals is the formation of intermetallic com-
pounds (IMCs). As dissimilar metals are melted in the molten pool, they
can mix to form IMCs during solidification [4–7]. IMCs are usually brittle
materials with reduced electrical conductance, which can remarkably un-
dermine the mechanical and electrical performances of dissimilar metal
joints [8–10].

Numerous experiments have been carried out on the dissimilar
metal welding using both standard [11–17] and modified [18–26]
laser welding processes. For the standard laser welding process, most
of the reported work was focused on investigating the effects of differ-
ent welding parameters on the IMCs formation in the fusion zone, mi-
crostructure of joint materials, and mechanical properties of the joints
[11–15]. Only limited efforts were taken to understand the metal
mixing in the welds [16,17]. Fortunato et al. [16] compared the metal
mixing results in the molten pool for lap joints of Aluminum (Al)-
on-Copper (Cu) and Cu-on-Al configurations. Similar vortex mixing
patterns were observed in the Al-rich region for both stack-ups.
Shamsolhodaei et al. [17] investigated the element distribution in
the laser welding of butt joints between Nickel (Ni) alloy and Cu.
When the laser was focused on the joint centerline, the final joint
had a homogeneous element distribution. When the laser was offset
from the joint centerline by 50 μm toward the Cu side, an uneven
mixing was observed in the final joint. It was speculated that the
offset altered the temperature distribution, which further affected
the fluid flow and metal mixing in the molten pool.

In the modified laser welding of dissimilar metals, features such as
laser beam oscillation [18–20], ultrasonic vibration [21–23], or external
magnetic fields [24–26], are implemented. These techniques can alter
the fluid flow and metal mixing in the molten pool. Kraetzsch et al.
[19] found that when the laser beam oscillation frequency was fixed
at 2500 Hz, a homogeneously mixed fusion zone could be produced
with the laser beam oscillation at amplitudes of 0.9 mm and 0.4 mm
for lap joint and butt joint configurations, respectively. Itwas speculated
that the additional laser beam oscillation led to severer keyhole fluctu-
ation that accelerated the fluid flow and extended the molten pool life-
time, both of which facilitated metal mixing in the molten pool. Zhou
et al. [22] showed that for laser welding of a Ni alloy and stainless
steel, the distribution of Ni in the fusion zone changed from uneven to
even when the ultrasonic vibration power acting on the welding plat-
form was increased from 0 W to 500 W. It was speculated that the
cavitation and acoustic streaming effects caused by the ultrasonic vi-
bration generated high-intensity turbulent flows in the molten pool
to accelerate the mixing of dissimilar metal elements. Yan et al. [24]
found that by applying a steady magnetic field of 120 mT in laser
welding of steel and Al alloy, the average thickness of the IMCs
layer was increased up to 25 μm. It was speculated that the magnetic
field facilitated iron diffusion into Al.

While all these experiments have successfully revealed the effects of
different factors on themetalmixing, the fundamental physics that gov-
ern themixingprocess are not clearly understood. All the theoretical ex-
planations regarding dynamic phenomena during the welding process
are usually speculations based on the ex-situ characterization of the
joint microstructure. Since it is still technically challenging to perform
in-situ investigations on the dynamic metal mixing during laser
welding, Computational Fluid Dynamics (CFD) simulation offers
another approach to assist the understanding of this important issue.

Extensive efforts have beenmade in themodeling of laserwelding of
dissimilar metals. However, most reported work was focused on con-
duction mode laser welding. These modeling studies can be divided
into two categories based on the specific fluid problems that they
targeted: laminar flow models and turbulent flow models.

For the laminar flow models, some early modeling works from
Phanikumar et al. [27,28] studied the heat transfer and fluid flow in
the molten pool and their effects on the metal mixing in laser welding
of butt joints between Ni and Cu. The results showed that the molten
pool geometrywas asymmetric due to the difference of thermal proper-
ties between the two metals. As the molten pool developed, the Ni side
was melted earlier and experienced more convection and mixing. In a
recent work, Hu et al. [29] conducted similar work on laser welding be-
tween stainless steel and Ni in the butt joint configuration. The results
also showed the asymmetric temperature field and molten pool geom-
etry due to thedifferent thermal properties between the twometals. Be-
cause of the insufficient molten pool lifetime for metal mixing at the
early stage of melting, iron was unevenly distributed in the fusion
zone. Esfahani et al. [30] investigated the mixing of two engineering al-
loys (instead of pure elementmetals), i.e., low carbon steel and stainless
steel in laser welded butt joints. They concluded that the molten pool
dynamics, surface topology, and alloy mixture were significantly influ-
enced by the temperature gradient and surface tension of the molten
pool. Xue et al. [31] studied the metal mixing of Cu and Al in the lap
joint configuration. Their modeling results indicated that the diffusion
of the two metals was the main mechanism that formed the composi-
tion transition layer in the fusion zone.

In the turbulent flowmodels, additional turbulence equations or the
modification of material properties (e.g., mass diffusivity, thermal con-
ductivity, and viscosity) due to the turbulent flow effect need to be con-
sidered [32,33]. Chakraborty et al. [34,35] studied the metal mixing
process with special attention to the inclusion of additional turbulence
equations in themodel. The turbulent flowmodel predicted amore uni-
form concentration field of the twometals than the laminar flowmodel.
Moreover, the turbulent flow model predictions agreed well with the
experimental results, while the laminar flow model showed a 10 wt%
underestimation of the Ni concentration.

While these modeling studies have revealed the Marangoni force
as being the dominating driving force for the fluid flow and metal
mixing in the conduction mode laser welding of dissimilar metals,
the dominating mechanisms in the keyhole mode laser welding
can be drastically different. There has been evidence from both ex-
periments [36–38] and simulations [38–41] to demonstrate that
the unstable keyhole fluctuation in the laser keyhole welding of sin-
gle metals can significantly alter the fluid flow in the molten pool.
Similar effects should be expected for keyhole welding of dissimilar
metals. Substantial work has been reported to investigate the key-
hole dynamic, fluid flow in themolten pool, thermal history, andme-
chanical properties of welds [42–46]. However, only a few models
investigated dissimilar metal mixing in the molten pool. Isaev
et al. [47] built a 3D numerical model for laser keyhole welding of
titanium and stainless steel with an intermediate Cu insert. The
fluid flow and the metal mixing were not explicitly calculated in
the model, and the possible locations for metal melting and mixing
were only speculated upon the temperature field. Tomashchuk
et al. [48] used the COMSOL software to build a simplified 2D
model for laser keyhole welding of butt joints between steel and
Cu. They found that a zero laser offset from the centerline of the
joint provided more evident metal mixing in the molten pool.
However, the model used a predefined circular moving keyhole,
and the effects of dynamic keyhole fluctuation on the fluid flow
and metal mixing were not considered. Wu et al. [49] developed a
3D model using the Fluent software for laser keyhole welding of
lap joints between stainless steel and titanium. Heat transfer,
fluid flow, keyhole wall evolution, and solute diffusion between
dissimilar metals were simulated in this model. Since the model
only considered diffusion but neglected advection, only a diffusion
layer could be observed at the interface between the twometals in-
stead of a mixing layer due to the fluid flow. Tan and Huang devel-
oped a 3D model to investigate the effect of thermo-fluid flow on
the metal mixing process in laser keyhole welding of lap joints of
Ni and Cu [50], but the predictions were not validated against the
experiments.



Table 1
Experimental parameters.

668 W 922 W 1170 W

0.2 m/s #1 #2 #3
0.276 m/s #4 #5
0.35 m/s #6
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In this work, both experiments and simulations are used to study
the underlying physics of metal mixing in laser keyhole welding of
dissimilar metals in the lap joint configuration. A parametric study
is conducted to identify the effects of different welding parameters
on the metal mixing in the fusion zone. A CFD model is developed
to reveal the underlying physics of the metal mixing process by
predicting the heat transfer, fluid flow, and metal mixing in the mol-
ten pool. The effects of different welding parameters on the spatial
distributions of laser absorption, temperature, driving forces, fluid
flow, and metal mixing in the molten pool are quantitatively ana-
lyzed based on the modeling results. By combining the experimental
and modeling results, the underlying physics of the metal mixing
process in laser keyhole welding of dissimilar metals are revealed.
2. Experiment setup

Fig. 1 shows the lap joint configuration for the experiments. Al
and Cu are selected due to their broad applications in various batte-
ries. An AA1100 Al plate of 0.2 mm thickness is placed on top of a
nearly pure Cu (C10100) plate of 0.5 mm thickness. Irradiation of
the stack-up is performed with a fiber laser with a maximum
power output of 2000 W at the wavelength of 1070 nm. The laser beam
is delivered by an optical fiberwith a dimension of 50 μm in diameter be-
fore connecting to a galvo scanner, which results in a minimum spot size
of approximately 115 μm at the focal plane. The working distance of the
scan head is 300 mm and the scanning area with the f-theta lens is
125 mm by 125 mm. The laser is focused along the normal direction of
the top surface of the Al plate and moves linearly to perform line
scan welding. Shielding gas is not used in the experiment because
the shielding gas flow will create an external mechanical impact on
the molten pool surface that may change the fluid flow and metal
mixing in the molten pool.

In order to investigate the effects of differentwelding parameters on
themetal mixing process, multiple joint samples are producedwith dif-
ferent welding parameters, as shown in Table 1. Six cases in the para-
metric matrix are selected for further analyses. The three cases in the
top row, i.e., #1, #2, and #3, have identical welding speed but different
laser powers. The three cases in the right column, i.e., #3, #5, and #6,
have identical laser power but different welding speeds. The three
cases in the matrix diagonal, i.e., #1, #4, and #6, have identical heat
input (3340 J/m, defined as laser power divided by welding speed)
but different laser powers and welding speeds.

After welding, the joints are cut along their cross-sections and polish
the cut surfaces. An optical microscope is used to observe the geometry
of the fusion zone cross-sections. Energy-dispersive X-ray spectroscopy
(EDS) element mapping is used to characterize the Cu concentration
field in the cross-sections, whichcan reflect the metal mixing situation
in the molten pool.
Fig. 1. Experiment setup of laser keyhole welding for Al\\Cu lap joints.
3. Model description

A 3D numerical model is developed using the Flow-3D® software.
The calculation domain of the model is shown in Fig. 2. This calculation
domain represents a small subset of the experimental coupons and
welding region. The coupon thickness for the material is the same for
the model as in the experiment.

The calculation domain is divided into uniform meshes. A mesh
convergence test is carried out by using five different mesh sizes (25 μm,
20 μm, 15 μm, 10 μm, and 5 μm) to run the simulation for case #6. The
time step is set accordingly to ensure that the Courant–Friedrichs–Lewy
(CFL) number is less than 0.5 for the simulations. The total mesh numbers
for the five mesh sizes are 1.92 × 105, 3.75 × 105, 8.98 × 105, 3 × 106, and
2.4 × 107, and the corresponding calculation times are 0.17 h, 0.8 h,
3 h, 18 h, and 312 h on a 20-core machine with Intel Xenon CPU
2.30 GHz and 192 GB RAM. The maximum temperature and maximum
velocity in themolten pool are chosen as the criteria for the convergence.
As shown in Fig. 3,mesh independent solutions of themaximum temper-
ature and maximum velocity have been achieved with a mesh size of
<10 μm. Therefore, a mesh size of 10 μm is chosen in this study.

As Fig. 2 shows, boundary conditions are imposed on the calculation
domain to approximate conditions in the experiment. Since the top and
the bottom parts of the calculation domain are air, the boundary condi-
tions are set to be the constant pressure (atmospheric pressure) bound-
ary condition. The four sides of the calculation domain are set to be the
outflow boundary condition.

3.1. Fluid flow and metal mixing

The fluid flow determines the metal mixing process in the molten
pool. In this model, the velocity field, temperature field, and Cu concen-
trationfield are all calculated for the solid and liquid phaseswith the fol-
lowing governing equations.

∂
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Fig. 2.Model setup and calculation domain.



Fig. 3.Mesh convergence test.

Table 2
Thermal properties of Al and Cu as a function of temperature T(K) at solid (s) and
liquid (l) states.

Property Al Cu

ρ (kg/m3) −4.99 × 10−4 T2 + 0.322 T + 2648 (s)
−0.299 T + 2670 (l)

8960 (s)
−0.807 T + 9072 (l)

k (W/m∙K) −0.067 T + 248 (s)
−2.099 × 10−5 T2 + 7.892 × 10−2 T + 33.9
(l)

7.509 × 10−2 T + 418.8
(s)
4.976 × 10−2 T + 89.7
(l)

cp (J/kg∙K) 1199 (s)
1127 (l)

385 (s)
572 (l)

γ (mN/m) −0.127 T + 993 (l) −0.176 T + 1552 (l)
μ (mPa∙s) 10(−0.7324+803.49/T) (l) 10(−0.4220+1393.4/T) (l)
Tm (K) 933 1358
Tv (K) 2743 2835
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∂
∂t

ρYð Þ þ ∇ ρ V
*
Y

� �
¼ ∇ Dρ∇Yð Þ ð4Þ

In the mass conservation equation (Eq. (1)), ρ is the density of the

fluid, and⇀V is the fluid velocity. In the momentum conservation equa-
tion (Eq. (2)), μ is the fluid viscosity, P is the pressure, K is the isotropic
permeability expressed by the Kozeny-Carman equation, and g is the
gravity. The last two terms on the right-hand side of Eq. (2) are the
source terms that represent the damping force for the liquid phase
and the gravitational force, respectively. In the energy conservation
equation (Eq. (3)), T is the temperature, h is the material enthalpy,
and k is the thermal conductivity. In the species conservation equation
(Eq. (4)), Y is the Cu concentration in weight percentage, and D is the
mass diffusivity. The thermal properties of Al and Cu used in this work
are temperature dependent and are listed in Table 2 [51–54].

3.2. Keyhole formation and evolution

The Volume-Of-Fluid (VOF) method [55–58] is employed to track
the evolution of interface (including the molten pool surface and key-
hole wall). Eq. (5) shows the governing equation of VOF.

∂ f
∂t

þ ∇ f ∙ V
*� �

¼ 0 ð5Þ

Here f is the fraction of liquid volume over cell volume and⇀V is the
fluid velocity obtained from the solution from Eq. (1) and Eq. (2). The
VOF method defines f=1 in the cells of liquid or solid, f=0 in the cells
of gas, and 1>f>0 in the cells on the interface. By solving Eq. (5), the dis-
tribution of fwill be updated, and the interface appears in the cells with
1>f>0.

There are three major forces on the interface. The first is the recoil
pressure caused by metal evaporation, which can be calculated with
Eq. (6) [59].

Precoil ¼ αPv∙ exp
ΔHv

γv−1ð ÞcvTv
1−

Tv

T

� �� �
ð6Þ

Here α is the evaporation coefficient, Pv is the evaporation pres-
sure, ΔHv is the latent heat of evaporation, γv is the heat capacity
ratio of metal vapor, cv is the specific heat of metal vapor, Tv is the
evaporation temperature, and T is the temperature at the keyhole
wall. The direction of the recoil pressure is along the normal direc-
tion of the keyhole wall and points toward the liquid side. The sec-
ond force is the Laplace pressure PL, which is caused by the surface
tension on a curved interface as calculated by Eq. (7).

PL ¼ γκ ð7Þ
Here γ and κ are the surface tension and interface curvature, respec-
tively. γ is a function of temperature T and Cu concentration Y. The third
force is theMarangoni force caused by the gradient of surface tension on
the interface. The spatial variations of temperature and Cu concentra-
tion on the interface cause a gradient of the surface tension. The surface
tension gradient caused by the temperature gradient is the thermo-
capillary stress,which has been included in themajority of laser keyhole
weldingmodels. The surface tension gradient caused by the Cu concen-
tration gradient is the soluto-capillary stress, which has barely been
mentioned in the existing literature. The thermo-capillary stress and
the soluto-capillary stress altogether forms the Marangoni stress σM

which can be calculated by Eq. (8).

σM ¼ ∇sγ ð8Þ

Here ∇s calculates the gradient along the tangent direction of the
interface.

3.3. Laser-material interaction

The laser experiences multiple-reflections in laser keyhole
welding, so the ray-tracing model is used to model this phenomenon
[38,60–62]. This method divides the laser beam into multiple rays.
Each ray has a specific size, direction, and power. Then the multiple
reflection route of each ray is explicitly tracked based on the law of
reflection. For each incidence, the absorbed laser power equals the
power of the incident ray multiplied by the absorption rate. The ab-
sorption rate is defined as the percentage of laser power that can be
absorbed by the materials. It depends on the laser wavelength, inci-
dent angle, material, and temperature. In this work, the build-in ray-
tracing function in Flow-3D® is used to predict the laser absorption
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in the keyhole. The absorption rates of Al and Cu are calculated as
temperature-dependent [63].
4. Result and discussion

4.1. Experimental results

The molten pool geometry (white dashed curve) and Cu concentra-
tion field (color map) for the six cases can be found in the EDS element
mapping results in Fig. 4.

It is found that the molten pool geometry changes significantly with
the welding parameters. The general molten pool geometry shows a
larger width on the Al side than that on the Cu side for all six cases.
Three geometric descriptors are defined for themolten pool to better in-
vestigate the changes to the molten pool based on welding parameters
(shown in Fig. 5(a)): the maximum molten pool width on the Al side
(denoted by Width1), the molten pool width at the interface of Al and
Cu (denoted by Width2), and the molten pool depth on the Cu side
(denoted by Depth). The geometry descriptors as functions of the
laser power andwelding speed are shown in Fig. 5.With afixedwelding
speed, the molten pool dimensions increase with an increasing laser
power, as shown in Fig. 5(b). With a fixed laser power, the molten
pool dimensions increase with a decreasing welding speed, as shown
in Fig. 5(c). These two trends can be easily explained by a heat input cal-
culation: an increase in laser power or a decrease in welding speed will
increase the heat input, which leads to a wider and deeper molten pool.
With the heat input fixed in cases #1, #4, and #6, the molten pool di-
mensions slightly increase from case #1with the “low” parameter com-
bination (i.e., low laser power and welding speed) to case #6 with the
“high” parameter combination (i.e., high laser power and welding
speed), as shown in Fig. 5(d). This is because the time available for the
heat to be dissipated away from the laser heating spot is shorter in #6
due to the high welding speed. A higher percentage of the absorbed
laser power will be utilized locally to melt the metal.

It is also found that Al and Cu have been redistributed during
welding, but they are not completely mixed over the entire molten
pool. Two regions of very different concentrations are formed in the
molten pool with a sharp boundary between them. The top region
Fig. 4. Experimental results of EDS elementmapping of themolten pool geometry (white dashe
patterns (white arrows) in the cross-section view of the molten pool for six cases.
(denoted as Region I hereafter) has all the Al coming from the top Al
plate, but a reasonable amount of Cu has flowed up from the bottom
Cu plate and is mixed well with Al. The bottom region (denoted as
Region II hereafter) is dominated by the pre-existing Cu in the bottom
plate, but a minor amount of Al has flowed down from the top Al
plate and is well mixed with Cu.

To quantify the amount of Cu that flows to the top region from the
bottom Cu plate, the average Cu concentration in Region I is calculated
from the EDS element mapping results and shown as a function of the
welding parameters in Fig. 5(e). For cases #1, #2, and #3 with a fixed
welding speed, the average Cu concentration in Region I increases
with the increasing laser power. For cases #3, #5, and #6 with a fixed
laser power, the average Cu concentration in Region I increases with a
decreasing welding speed. Different metal mixing patterns can also be
observed from the experimental results. For case #1, #4, and #6 with
a fixed heat input but increasing laser power and welding speed, the
high laser power and high welding speed scenario (case #6) is more
likely to form vortex mixing patterns in Region I. While the low laser
power and low welding speed scenario (case #1) has a uniformly dis-
tributed mixing in Region I.

Cracks are found in the fusion zones in cases #2, #3 and case #5, in
which the average Cu concentration in Region I is above 50wt%. Accord-
ing to the Al\\Cuphase diagram, IMCs of Al2Cu, AlCu, Al3Cu4, and Al4Cu9
are likely to formwith the Cu concentration of>50wt% [8,9]. These brit-
tle IMCsmay have caused the cracks in the fusion zone as indicatedwith
the black arrows in Fig. 4.
4.2. Simulation results and discussion

4.2.1. Model validation
The model has been applied to simulate all the cases listed in

Table 1. Modeling results are validated by comparing their molten
pool geometries and Cu concentration fields against the experimen-
tal results. The modeling results of all cases agree reasonably well
with the experimental results. Two typical cases (#1, 668 W at 0.2 m/s;
and #6, 1170 W at 0.35 m/s) are selected to show the validation results,
as given in Fig. 6. The predicted molten pool geometries are compared
with the optical microscope image results side-by-side. The predicted
d curve), Cu concentration field (colormap), cracking locations (black arrows), andmixing



Fig. 5. Experimental results of the Cu concentration of joint cross-section of case #4, (a) showing the definition of geometric descriptors. Geometric descriptors are shown as functions of laser
power, welding speed, and different parameter combinations of the same heat input for (b–d) respectively. The average Cu concentration in Region I is shown for six cases (e).
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Cu concentration fields are compared with the EDS element mapping
results side-by-side. For a more quantitative comparison, EDS element
line scanning is conducted along a horizontal line (AA’) at the middle of
the Region I and a vertical line (BB’) at the center of the molten pool.
4.2.2. Metal mixing process
To illustrate the physics for themetalmixingprocess, themodeling re-

sult of case #6 is presented below. Four snapshots of the welding process
are given in Fig. 7. For better visual effects of themolten pool, keyhole dy-
namic, and metal mixing process, the calculation domain is sliced along
the center plane of the welding direction (i.e., longitudinal direction).
Fig. 7(a) shows that the keyhole has fully penetrated the top Al plate
and starts to penetrate the bottom Cu plate. This indicates the initial
stage of themetal mixing process where themelted Cu at the bottom be-
gins to move upward. Fig. 7(b) shows that the keyhole has just entered
the quasi-steady state and the Cu has started tomixwith the Al in Region
I. Fig. 7(c) shows the stage where the keyhole and molten pool geome-
tries and themetal mixing pattern have both reached quasi-steady states.
The Cu element distribution is still evolving in the liquid molten pool but
is already fixed in the solidified fusion zone. Eventually, Fig. 7(d) shows
the redistributed dissimilar metal elements in the entire fusion zone
after the welding process is completed. A crater and a pore are formed
at the end of the weld.

A further investigation is then focused on the physics regarding the
metal mixing in the quasi-steady state. The simulation results at 3.29 ms
for case #6 (i.e., Fig. 7(c)) are shown in Fig. 8 to study the quasi-steady
state, and the following observations can be made.
• The laser absorption is critical to the entire welding process. The distri-
bution of the laser heat flux in the keyhole is shown in Fig. 8(a). The
black dashed line is the initial boundary of the Al plate and the Cu
plate. Due to themultiple reflections of the laser rays inside the keyhole,
the majority of the laser power has been deposited on the keyhole bot-
tom as well as the lower portion of the rear keyhole wall.

• The laser heat flux determines the temperature distribution on
the keyhole wall and in the molten pool. As shown in Fig. 8(b),
the high-temperature area is mainly at the bottom keyhole wall
due to the highest laser heat flux in the area. Also, a temperature
gradient can be observed at the molten pool surface: a higher
temperature is found in the area with a higher laser heat flux,
and the temperature is lower in the area with a lower laser heat
flux.

• The temperature distribution on the keyhole wall determines the driv-
ing forces for the fluid flow in themolten pool. Fig. 8(b) shows the driv-
ing forces and the projected fluid velocity field, with the fluid velocity
vector (both direction and speed) visualized by the black arrows. First,
the high temperature at the keyhole bottom generates a recoil pressure
of megapascal magnitude to push the fluid away from the keyhole bot-
tom. This flowwill be deflected by the molten pool boundary and then
flow upward. It is denoted as the upward flow in the following discus-
sion. Second, the temperature gradient at the molten pool surface gen-
erates aMarangoni force that drives thefluid on themolten pool surface
tomove from the high-temperature areas to the low-temperature areas,
i.e., backward to the molten pool tail. This flow is denoted as the back-
ward flow in the following discussion. Finally, once the liquid arrives at
themoltenpool tail, itwill turn around andmove forward to the keyhole



Fig. 6. Comparison of the experimental and modeling results of the molten pool geometry and Cu concentration field for (a) case #1 and (b) case #6.

7W. Huang et al. / Materials and Design 195 (2020) 109056
again. This is denoted as the forward flow in the following discussion.
The backward flow and forward flow collaboratively form a vortex on
the center plane.

• Eventually, the fluid flow determines the metal mixing in the molten
pool. Fig. 8(c) shows the Cu concentration distribution at the center
plane of the molten pool as a result of the fluid flow. Cu at the molten
pool bottommigrates with the upward flow into Region I of the molten
pool. Once it gets close to the top surface of the molten pool, it will flow
along the backward-forward vortex to mix with the Al in Region I.

The predicted distribution of Cu concentration on the center plane of
the joint is shown in Fig. 9(a) and matches reasonably well with the



Fig. 7. Snapshots of Cu concentration fields at differentmoments of simulation for case #6.
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experimental results in Fig. 9(b). Specifically, the prediction is consis-
tent with the experimental result in the following two aspects:

• Bands of high and low concentrations (as marked out by the white
dashed curves) are generated alternatively in the solidified region.
The model reveals that the banded distribution of concentration is
caused by the unstable fluctuation of the keyhole. While the general
fluid flow and metal mixing pattern in the molten pool have been de-
scribed in Fig. 8, the keyhole fluctuation can change the laser heat
flux, temperature, and recoil pressure at the keyhole bottom, and
hence change the fluid velocity (particularly the upward flow). When
there is a surge of high-speed flow in the molten pool, the whole flow
pattern enables a more effective mixing of the two metals, generating
a higher Cu concentration in Region I of the molten pool and a higher
Al concentration (i.e., a lower Cu concentration) in Region II. As the
mixed metals solidify at the tail edge of the molten pool, a band of
high Cu concentration will be “locked” in Region I of the solidified re-
gion, and a band of low Cu concentration will be “locked” in Region II
of the solidified region. The bands are well aligned with the solidifica-
tion front (i.e., the molten pool boundary) of the moment. Similarly,
when there is a surge of slow flow in the molten pool, bands of low
Cu concentration and low Al concentration will be “locked” in Regions
I and II of the solidified regions, respectively.

• Some Cu-rich clusters (as marked out by the red dashed circles) can be
found in Region I of the solidified region. These Cu-rich clusters indicate
the insufficient mixing of Al and Cu at certain locations during the
welding process. Themodel reveals the formation process of these clus-
ters. When Cu flows into Region I and moves toward the molten pool
surface or themoltenpool boundary, someCu-richfluid clusters solidify
rapidly (due to the high thermal conductivity of Cu) before they break
up tomixwith Al. Therefore, these Cu-rich clusters are typically located
close to the molten pool surface and molten pool boundary.

While Fig. 8(c) shows the projected fluid flow in the center plane of
the molten pool, three locations, labeled by “A”, “B”, and “C”, have been
marked out in Fig. 8(c), and the driving forces and resultant projected
fluid flow on these three cross-sections from the simulation are
shown in Fig. 10. The following observations can be made from the
cross-sectional analyses.

• Section A is located on the keyhole center. As shown in Fig. 10(a), the
recoil pressure is the dominating driving force and it pushes the fluid
away from the keyhole bottom. Besides, the Marangoni force contrib-
utes to the vortex flow on both sides of the molten pool.

• Section B is located behind the rear keyholewall. As shown in Fig. 10(b),
an upward flow is observed in the center region of this section to drive
the Cu into Region I. This flow is the upward flow in Fig. 8(b). In the
meantime, the Marangoni force dominates on the molten pool surface
to drive the vortex flow on both sides of the molten pool. The two vor-
tices drive the upward-flowing Cu to go sideways and mix with Al.

• Section C is located close to the tail of the molten pool. As shown in
Fig. 10(c), there are still twoflowvortices on the two sides of themolten
pool, which is driven by the Marangoni force. The force is smaller than
that on section B because the local temperature gradient ismuch lower.

It is noted that the flow vortices on the two sides of the molten pool
near its top surface have been found on all the three cross-sections.
These vortices are consistent with the Al\\Cu mixing vortices on the
joint cross-sections revealed by the EDS element mapping results in
Fig. 4.

4.2.3. Effects of welding parameters on metal mixing
While a qualitative introduction of the physics is already given in

Section 4.2.2 for case #6, more quantitative analyses will be performed
in this section. The values of all variables of interest will be obtained for
each case from their simulations, and the dependency on the processing
parameters will be determined. This analysis will reveal the effects of
welding parameters on the fluid flow and metal mixing in the process.

Fig. 11 presents a series of data to investigate the effects of welding
parameters on the migration of Cu. The migration of Cu is primarily
driven by the upward flow shown in Fig. 8(b). The amount of Cu that
flows upward is quantified by the average Cu concentration in Region I.

The effects of laser power on the Cu migration are shown in column
(a) of Fig. 11. The welding speed is fixed at 0.2 m/s in cases #1, #2, and
#3, while the laser power is increased from 668 W to 922 W and
1170 W. As a result, the maximum laser heat fluxes on the keyhole wall
are 4.5 × 1010 W/m2, 6 × 1010 W/m2, and 6.5 × 1010 W/m2 for the
three cases, and the maximum temperature on the keyhole wall in-
creases from 5900 K to 6350 K and 6500 K. The maximum recoil



Fig. 8. Simulation results of the longitudinal section views of (a) laser heat flux field,
(b) temperature and fluid velocity fields, and (c) Cu concentration field for case #6.
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pressure on the keyhole wall are 1.05 × 106 Pa, 1.25 × 106 Pa, and
1.33 × 106 Pa, respectively. The increasing recoil pressure in the
three cases drives the fluid flow to accelerate, with the maximum
Fig. 9. Comparison between the (a) simulation result and (b) experimenta
fluid velocity being 9m/s, 11.2 m/s, and 12.5 m/s, respectively. An in-
crease in the fluid velocity can drive more Cu to flow upward, and
thus the average Cu concentration in Region I increases from 28 wt
% to 47 wt% and 55 wt% in the three cases.

The effects of welding speed are shown in column (b) of Fig. 11. The
laser power is fixed at 1170 W in cases #3, #5, and #6, while the
welding speed is increased from 0.2 m/s to 0.276 m/s and 0.35 m/s.
The maximum laser heat flux, maximum temperature, and maximum
recoil pressure on the keyhole wall are very similar in all the three
cases due to the identical laser power, but the maximum fluid velocity
decreases from 12.5 m/s to 10.9 m/s and 8.7 m/s. This is because the in-
crease of welding speed allows less time for one region to be heated by
the laser, and hence less time is available for the local fluid to be accel-
erated by the laser-induced recoil pressure. As a result, the maximum
fluid velocity and the average Cu concentration in Region I are reduced
in the three cases.

The effects of different parameter combinations for the same heat
input are shown in column (c) of Fig. 11. The heat input is fixed at
3340 J/m for cases #1, #4, and #6, while the welding parameters
are changed from a “low” combination to “medium” and “high”. As
the laser power is increased, themaximum laser heat flux, maximum
temperature, and maximum recoil pressure also increase in the
three cases. As the welding speed is increased, the fluid in one region
has less time to absorb heat from the laser and accelerate due to the
recoil pressure. The conflicting effects of the increasing recoil pres-
sure and the decreased acceleration time result in the maximum
fluid velocities in the three cases being very similar, i.e., around
9 m/s, as thus similar average Cu concentrations in Region I are
found for the three cases as well, i.e., around 30 wt%.

Once Cu enters Region I, it will mixwith the pre-existingAl in the re-
gion. It ismentioned in thediscussion of Fig. 10 that theMarangoni force
is themajor reason for themixing, and here amore quantitative analysis
is presented in Fig. 12.

The effects of laser power on the Al\\Cu mixing are shown in col-
umn (a) of Fig. 12. When the welding speed is fixed at 0.2 m/s and the
laser power is increased from 668 W to 1170 W, the maximum
Marangoni stress is increased from 4.2 × 104 N/m2 to 5.8 × 104 N/m2

and 7.0 × 104 N/m2. Driven by the Marangoni force, the maximum
fluid velocity on the molten pool surface increases from 2.05 m/s to
2.25 m/s and 2.63 m/s. In the meantime, the molten pool lifetime in-
creases from 2.8 ms to 3.8 ms and 4.2 ms due to the increased laser
power. Both the increased surface fluid velocity and elongated molten
pool lifetime can improve the Al\\Cu mixing, so the standard deviation
of Cu concentration in Region I is slightly decreased, indicating a more
uniform distribution of Cu in Region I.

The effect of welding speed is shown in column (b) of Fig. 12. The
same laser power but different welding speeds are used in these
l result of the Cu concentration field at the longitudinal section view.



Fig. 10. Simulation results of the temperature and fluid velocity fields, and Cu concentration field of the (a) cross-section A, (b) cross-section B, and (c) cross-section C in case #6.
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three cases. Due to the identical laser power, their maximum
Marangoni stresses are all around 7.5 × 104 N/m2, and their maxi-
mum fluid velocities on the molten pool surface are all around
2.6 m/s. However, the increasing welding speed causes the molten
pool lifetime to decrease from 4.2 ms to 3.0 ms and 2.4 ms, which al-
lows less time for the Marangoni-driven vortices to mix the Cu with
Al. As a result, the standard deviation of Cu concentration in Region I
increases from 14.5 wt% to 17.6 wt% and 19 wt%, indicating a slightly
less uniform distribution of Cu.

The effects of different parameter combinations for the same heat
input are shown in column (c) of Fig. 12. The welding parameters are
changed from the “low” combination to the “medium” and “high” com-
binations in cases #1, #4, and #6. Due to the increasing laser power, the
maximum Marangoni stress increases from 4.2 × 104 N/m2 to



Fig. 11. Effects of welding parameters on the maximum laser heat flux, maximum temperature, maximum recoil pressure, maximum recoil-driven fluid velocity, and
average Cu concentration in Region I based on the simulation result.
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7 × 104 N/m2 and 7.7 × 104 N/m2 and the maximum surface fluid ve-
locity is increased from 2.05 m/s to 2.35 m/s and 2.48 m/s. Due to the
increasing welding speed, themolten pool lifetime is decreased from
2.8 ms to 2.6 ms and 2.4 ms. The standard deviation of the Cu con-
centration is found to be increasing in the three cases, indicating
that the “high” parameter combination produces the least uniform
Cu distribution in Region I.
5. Conclusions

In conclusion, a combination of a multi-physics numerical model
and experiments are presented to understand the metal mixing pro-
cess in laser keyhole welding of Al-on-Cu lap joints. On the experi-
mental side, ex-situ EDS element mapping provides observations of
the molten pool geometry and Cu concentration field as functions



Fig. 12. Effects of welding parameters on the maximum Marangoni stress, maximum Marangoni-driven fluid velocity, molten pool lifetime, and standard deviation of Cu
concentration in Region I based on the simulation result.
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of laser welding parameters. On the modeling side, the numerical
model successfully reproduces the molten pool geometry observed
by the optical microscope and Cu concentration field observed by
the EDS element mapping under different welding conditions. More-
over, the model provides information regarding the distribution of
the laser heat flux on the keyhole wall and its effects on the tem-
perature, recoil pressure, Marangoni stress, fluid flow, and metal
mixing, all of which are difficult to measure via experiments.
With the combination of experimental and numerical results, the
major findings of the work are summarized below:

• As the laser power is increased orwelding speed is decreased, the heat
input is increased. This leads to larger dimensions of the molten pool,
and it also allowsmore Cu tomigrate to the top of themolten pool and
mixwith Al.When the heat input is fixed, the parameter combination
with high laser power and high welding speed allows larger molten
pool dimensions and more Cu travel upward to mix with Al. When
the Cu concentration is above 50 wt% in the top region of the molten
pool, cracks can be found in the fusion zone.

• The migration of Cu is due to the upward flow inside the molten pool
right behind the rear keyhole wall, which is driven by the recoil pres-
sure on the lower portion of the keyholewall. As the laser power is in-
creased, the keyhole wall temperature and the associated recoil
pressure increase. As thewelding speed is increased, less laser heating
time is available for the liquid in one region to be accelerated by the
recoil pressure. These two effects by the laser power and welding
speed collaboratively determine the velocity of the upward flow,
which positively correlates to the amount of Cu that can migrate to
the top region of the molten pool.

• The Al\\Cu mixing in the top region of the molten pool is enabled by
the vortices on the two sides of the molten pool near its top surface.
The vortices are primarily driven by the Marangoni force on the mol-
ten pool surface. As the laser power is increased, the Marangoni force
increases, which helps to accelerate the vortices and mix Cu with Al
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more effectively. As the welding speed is increased, less time is avail-
able for the vortices tomix Cu and Al in themolten pool. These two ef-
fects collaboratively determine the uniformity of the Al\\Cumixing in
the top region of the molten pool.

• While the fluid flow andmetalmixing in laser keyholewelding follow
the above general patterns, the fluid velocity and the uniformity of
metal mixing both vary in space and time due to the intrinsic fluctua-
tion of the keyhole.

The combination of experiments and numerical modeling provides
an effective approach to understand the complex phenomena of the
fluid flow andmetal mixing process in laser keyhole welding of dissim-
ilar metals. This framework is expected to provide insights regarding
the IMC formation during themolten pool solidification,which is critical
for the properties and performance of the joints between dissimilar
metals.
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