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Abstract: This study investigates the thermal-stress characteristics of a bi-metallic Ti-6 Al-4V-Nitinol
butt joints manufactured via laser welding. Particularly, the thermal profile along the weld interface
and the deformation profile of the finished welded workpiece. A decoupled transient thermo-
mechanical simulation model was constructed to recreate the welding process. This decoupled
thermomechanical simulation model consisted of two transient simulation models. A transient
thermal simulation model and a transient structural simulation model, with the thermal history of
the transient thermal model being fed into the transient structural model. Both the thermal and
structural portions of the model utilized temperature-dependent thermal and structural properties of
Ti-6Al-4V and Nitinol. The temperature profile of the transient thermal-stress model aligns with the
experimental thermal profile within 5% error. The deformation profile also matches the experimental
results within 5% error. This approach to modeling laser welding can stand as a guide to predict both
thermal and deformation profiles generated during the laser welding process.

Keywords: laser welding; FEA; dissimilar metals; thermal simulation

1. Introduction

Laser welding (LW) is a popular fusion bonding process [1]. LW is a commonly used
in the automotive industry as it has significant advantages over more traditional welding
techniques such as resistance spot welding (RSW) [1,2]. LW allows for a wide range of
material combinations, in addition to being a noncontact process [3]. The wide range of
material selection and virtually no tool wear make LW an industry standard for automated
manufacturing processes especially assembly line production. The primary limitation of
LW is that the workpieces to be joined must remain fixed relative to the laser’s focal point
during the process [1,4].

The LW process can be broken into 4 steps, which are initial contact, heat diffusion,
melting, and resolidification [5]. Step 1 consists of the laser’s initial point of contact, where
the workpiece materials begin absorbing the laser energy. Step 2 begins instantaneously
once step 1 occurs. During step 2 the absorbed laser energy is diffused into the bulk
material via conduction. Once the material at the point of contact reaches its melting
temperature step 3 occurs. In step 3 a melting pool forms. When the melting pool has
formed step 4 occurs, in which the laser’s point of contact moves forward along the weld
interface. This allows the melting pool to resolidify and steps 1 through 3 occur at the new
location along the weld interface. This results in a moving melting pool which is followed
by a moving resolidification front. The welding process is complete once the resolidification
front reached the end of the weld interface. A diagram illustrating this process can be seen
in Figure 1.
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Figure 1. Diagram illustrating the process of LW of dissimilar components.

Thermal modeling of LW has been explored in [6] as part of a thermomechanical
simulation study whose focus was determining the effect of thermal strain and strain
caused by phase transformation on the residual stress on the welded component. The
parameters under consideration in this study were weld power, velocity, shielding gas
flow rate, laser radius of the sphere of influence, laser radius of the cone of influence, and
plate thickness. The ability to predict the temperature profile of the weld interface during
the welding process can allow for temperature optimization. The temperature profiles at
different distances were then compared to experimental values. From the simulated thermal
history, the phase transformation and residual stress were calculated for the welded part.

Thermomechanical analysis of keyhole LW was also performed in [7]. In a similar
manner to [6], this study focused on thermal modeling to determine what phase transfor-
mation occurred to how both of those influenced the residual stress of the welding keyhole
area. This study also sought to compare the simulated material hardness to experimental
data. In addition, this study did not investigate the deformation profile along the welded
area. Instead focusing on directional and residual stress.

However, these studies looked at model geometries with large thicknesses. With [6]
having a plate thickness of 4.24 mm and [7] having a plate thickness of 6 mm. In addition,
these studies focused primarily on residual stress while not noting the deformation profiles
generated from said stress.

The study in [8] focused on the experimental joining of dissimilar metals via LW and a
thermal simulation of the welding process. A summary of the process parameters used for
that study can be seen in Table 1. Note that the disparity between the measured weld time
and the theoretical weld time arose from the time required for the LW machine to align the
laser head at the beginning and end of the LW process.

Table 1. Process parameters used for the LW experiment.

Laser Heat Weld

Trial Specimens Power Input Speed Measured Theoretical
W) (j/cm) (mm/s) Weld Time (s) Weld Time (s)

1 1500 5 12.07 12

1 2 750 375 20 3.02 3
3 75 100 0.6 0.6
4 3000 5 12.07 12

2 5 1500 750 20 3.02 3
6 150 100 0.6 0.6
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The materials used were Ti-6Al-4V (Ti-64) [9], and Nitinol (NiTi) [10]. Ti-64 is the
material of choice for the creation of Blisks [11], but Ti-64 is also used in the medical industry
as an implant material for artificial knees, hip, shoulder joints, and bone fixators [12]. Ti-64
is so highly favored for use in implants because it has excellent biocompatibility, especially
with bone tissue [13].

The thermal model in [8] was a two-dimensional model for the transient thermal
analysis, which was capable of simulating the moving heat input which simulated the
movement of the laser along the intended weld interface. While this was successful
in predicting the maximum temperature during the welding process compared to the
experimental results, it could not accurately predict the temperature profile along the weld
interface. In addition, it was not coupled to a structural simulation to determine the weld
deformation created at the end of the LW process. The work detailed herein improves upon
simulation work in [8] by developing a decoupled transient thermomechanical simulation
model to determine the temperature profile and deformation profile at the end of the
LW process.

The main goal of this work is to simulate the LW process thermally and structurally to
determine how the temperature profile changes during the welding process and how the
structure distorts at the weld of the welding process. The simulation primarily focuses on
comparing the thermal profile at the end of the welding process and the final deformation
profile across the weld interface at the end of the welding process. Understanding the
thermal and structural characteristics of the weld interface during the LW process makes it
possible to determine what process parameters will not produce a successful weld. Thus,
through the use of simulations the necessary weld parameters can be determined without
sacrificing materials and time.

To summarize, the current work aims to:

create a simulation model to continue further evaluating the work completed in [8];
develop a thermal-stress model to compare against an experimental welding specimen.

e determine the effect of reduced weld speed has on heat retention, and deformation
profiles along the weld interface.

This work created a model that allows for identifying heat retention and weld distor-
tion. In addition, this work seeks to detail methods, assumptions, and modeling to better
predict temperature profiles and structural characteristics.

2. Materials and Methods
2.1. Simulation Structure

To predict the thermal profile and model distortion of two simple rectangular prisms,
a model of the LW process was created in ANSYS Workbench. The choice to use of a
commercially available software for this study made as the software offered the ability
to easily adjust parameters, and the ability to apply both thermal loads and structural
constraints to 3D geometries.

The model was designed to match the experimental build from [8], where the welding
process was thermally recorded using an IR camera. The camera captured the top view of
the thermographic profile for both workpieces during the LW process. From the IR data,
a thermograph displaying the temperature field at the end of the welding process was
selected. The thermal profile along the weld interface was extracted from the thermograph
and depicted temperature as a function of pixel length. This profile was then converted to
display the temperature as a function of workpiece length.

Material Properties

The general properties of Nili were primarily used. A summary of the general
properties can be found in Table 2.



Energies 2022, 15, 6949

4 of 14

Table 2. Constant material properties of NiTi used for simulation.

Material NiTi

p (kg-m~3) 6450
T (°C) 1300

Cp I kg 1K1 836.8
ot (MPa) 895

v (unitless) 0.33

To supplement the general properties, several temperature-dependent thermal and
structural properties were added. These properties came from open literature sources [14]
and [15]. The temperature-dependent properties of NiTi can be seen in Figure 2. The
emissivity of NiTi was approximated to be that of Nickel under high thermal load [16].
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Figure 2. Chart displaying the following material properties as functions of temperature for NiTi;
Young’s Modulus [14], coefficient of linear thermal expansion [15], and thermal conductivity [15].

The ANSYS model utilized temperature-dependent thermal and structural properties for
Ti-64. These transient properties for Ti-64 were based on open literature sources [17,18]. The
temperature-dependent thermal properties can be seen in Figure 3, while the temperature-
dependent mechanical properties are shown in Figure 4. To account for Ti-64’s stress
hardening at high temperatures, bilinear hardening based on open literature [17] was also
added to the model. Figure 5 displays the bilinear hardening profiles of Ti-64 at varying
temperatures. The emissivity of Ti-64 was approximated to 0.30 [19].

Note that in Figure 4 the thermal properties each have a different temperature range
for which they are considered functions of temperature. For each thermal property it is
assumed that for temperature values outside the given thermal range the thermal property
is a constant value.

2.2. Simulation Model

The model created in ANSYS was divided into two interlinked models. A two-
dimensional transient thermal model and a three-dimensional transient structural model.
This was done to save computation time as both workpieces had identical dimensions
and their thicknesses were far less than their lengths d/L = 0.033 < 0.1. Thusly, the
temperature gradient through the thickness of the workpieces can be assumed to be
constant. This allowed for a quick thermal simulation whose thermal history would
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then be imported into a structural simulation with a finer mesh. The model geometry of
the transient thermal model can be in Figure 6.
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Figure 3. Chart displaying the following thermal properties as functions of temperature for Ti-64;
thermal conductivity [18], specific heat capacity [18], and density [17].
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Figure 4. Chart displaying the following mechanical properties as functions of temperature for Ti-64;
Young’s Modulus [17], Poisson’s Ratio [17], and the coefficient of linear thermal expansion [17].
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Figure 5. Bilinear hardening as a function of temperature for Ti-64 [17].
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Figure 6. Model geometry for both the transient thermal and the transient structural simulations.

Note that the three-dimensional structural model has the same two-dimensional
surface dimensions as the thermal model, thus Figure 6 also illustrates the top view model
geometry of the structural simulation model.

The thermal model utilized a combination of triangular and quadrilateral mesh ele-
ments. The weld interface was divided into 12 segments each having 60 divisions, while the
left and rightmost edges of the geometry each had 40 divisions. Along with this, smoothing
was set to high, and element edges were set to be straight. The mesh across the entire
model geometry can be seen in Figure 7. The element size and all other mesh settings were
left to their default values. The structural model utilized hex-type elements with a total
of 65,351 nodes and 20,869 elements. Again, smoothing was set to high, and the element
edges were set to be straight. In addition to this, the element size was set to 1 mm. All
other mesh settings were left to their default values. The choice of mesh sizing for both the
thermal and structural models was made so that the number of nodes generated would not
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exceed the limit allowed by the FEA software, while still having a dense mesh along the
weld interface along with an average mesh quality above 0.75.

0.00 30.00 60.00 (mm)
)

| T
15.00 45.00

Figure 7. Mesh distribution for the LW FEA model.

2.2.1. Thermal Model

The transient thermal model considers conduction, convection, and radiation as heat
transfer mechanisms. The governing equation used in the transient thermal simulation
is the energy balance for heat conduction through a solid body, shown in Equation (1).
This shows mathematically how the mechanisms relate to the changing temperature as a
function of weld time. Since both the surrounding air and the workpieces are completely
stagnate during the LW process, the convection coefficient of air over a flat plate was used.
The governing equation utilized by ANSYS Transient Thermal can be seen in Equation (1):

daT 6T T
PCPE = (a + @> hAs(T — Typp) + €0 As (T4 - Tfm) +zq' (1)

where p is the density (kg/ m3), t is the time (s), k is the thermal conductivity (W/m-K),
Cp is the heat capacity of the plate material (J/kg-K), T is the plate temperature (°C), T, is
the temperature of the ambient air, Ty, is the temperature of the surroundings to which
the element radiates (°C), & is the heat transfer coefficient (W/m? K), ¢ is the emissivity of
the material, A is the surface area (m?2), ¢ is the Stefan-Boltzmann constant (W/m?2-K%),
g is the heat flux (W/m), and x, y, and z values represent distances along the element (m).
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Figure 8 illustrates the both the thermal boundary conditions and loads applied to
the thermal model. In addition, constant emissivity values for both materials were used to
account for radiation effects on the outer edges of the workpieces. The ambient temperature
of the model was set at 22 °C. The temperature-dependent material properties of Ti-64 and
NiTi were added into ANSYS to allow for greater model accuracy.

qgen
QCiw + Grad | 9eonv

NETANSS

qr

]
=%

Qcond Gcond

ENAUARARAAR LA AR A ALY
AANAARALAAA AR AL AR AR AR AN

Ti-64 Nitinol

7T 777

Qconv + Qrad Qconv + Qrad

Figure 8. Heat transfer paths of the LW specimen.

2.2.2. Structural Model

Additional boundary conditions were required to couple the structural simulation
with the thermal results. The top surfaces of both workpieces were free to deform while
all other faces of the workpieces were held in place to account for the workpieces being
clamped in place during the welding process. Along with this, the transient thermal
values were applied to the structural model. As with the transient thermal model, the
temperature-dependent material properties of Ti-64 and NiTi were added into ANSYS to
allow for greater model accuracy.

3. Results and Discussions
3.1. Thermal Simulation Results

The thermal simulation was able to successfully determine the thermal profile along
the weld interfaced. Figure 9 shows the temperature field across both workpieces at the
end of the simulation. Figure 9 clearly shows that temperature decreases exponentially as
the distance from the weld interface increases.

From Figure 9, the thermal profile along the weld interface was extracted. This thermal
profile was compared to the IR thermal profile. The thermograph taken at the end of the
welding process and the converted thermal profile can be seen in Figure 10.

As the IR data showed that after distances greater than 10 mm away from the weld
interface the temperature became constant, the dimensions of the simulation model were
reduced to 2 mm by 10 mm by 60 mm. This is greatly reduced compared to the dimensions
of the experimental workpieces which are 2 mm by 120 mm by 60 mm. The comparison
between them can be seen in Figure 11, where it can be seen that the simulated profile is well
within 5% error of the experimental profile. In addition, it also shows that the simulated
thermal profile also follows the same general trend and shape as the experiment profile.
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Figure 9. Top view of the temperature filed across the workpieces at the end of the simulation.

Figure 10. IR image taken at the end of the welding process.
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Figure 11. Comparison of the simulation’s thermal profile along the weld interface to the experimental
thermal profile.

3.2. Structural Simulation Results

The structural analysis was completed to determine the deformation created during
the LW process. The only load applied to the model is the time-history thermal profile
created during the transient thermal analysis. The model had fixed constraints on its top,
bottom, left, and rightmost surfaces. A fixed constraint was also applied to the bottom
surfaces. In addition, the weld interface surfaces were set to be joined with no separation.
Finally, the top surfaces were left unconstrained. This was done to help ensure the accuracy
of what occurred experimentally. The top view of the simulated deformation field is shown
in Figure 12. From Figure 12, the longitudinal deformation profile along the weld interface
was extracted as a function of length. The simulated longitudinal deformation profile is
shown in Figure 13. As it would have been too difficult to measure transient longitudinal
deformation profiles experimentally, it was decided that transverse deformation profiles
would be examined. The transverse deformation profile of the experimental results could
be easily measured without destroying the samples. Figure 14a—c display the top view of
the deformation along the weld interface for trial 2’s specimens at 5 mm/s, 20 mm/s, and
100 mm/s, respectively.
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Figure 12. Two dimensional deformation profile of the specimen.
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Figure 13. Weld deformation profile along the Y-axis.
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Figure 14. Photos displaying the top views of the deformation along the weld interface for trial
2's specimens; (a) at 5 mm/s, (b) at 20 mm/s, and (c) at 100 mm/s.

The comparison between the simulated and experimental transverse deformation
profiles is shown in Figure 15. From it, it is clear that the simulated and experimental
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profiles are in good agreement, with the simulation results being within 5% error of the
experimental data.
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Figure 15. Comparison of the simulated transverse deformation profile to experimental results.

3.3. Considerations for Other Phenomena

This study focuses on the thermal-stress characteristics along the weld interface, but
other physical phenomena can be explored further to determine how further explored to de-
termine how the melting and resolidification affect the thermal field across the workpieces.
The effect of the melting and resolidification fronts could be explored utilizing a specifi-
cally designed analysis focusing on the change in temperatures in the bulk material as the
melting and resolidification fronts pass by. Along with this, an examination of the effect
residual stress caused by resolidification has on the weldability could be done as well. This
could be done through the use of a program designed to simulate melt flow to determine
the changes in stress caused by the resolidification front, crystallization, weldability.

4. Conclusions

This study produced a simulation model to predict a butt jointed workpiece’s temper-
ature profile and distortion in terms of weld time, in addition the simulated deflection was
in good agreement with experimental data collected.

The thermal model accounted for conduction, convection, and radiation.
The thermal simulation results show that the temperature profile is within 5% error of
the experimental data collected.

o The results also showed that the heat loss increased exponentially as the distance away
from the weld interface increases.

In conclusion, this work can be used as a guide for modeling and creating a decoupled
thermomechanical simulation for LW to predict the thermal values during welding and the
resulting distortion along the weld interface. This guide can be used for both same material
and similar joining via LW. In addition, the model can be utilizing to reduce the probability
of weld failure by simulating results beforehand.
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