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Abstract: Distribution of temperature during the welding process is essential for predicting and
realizing some important welding features such as microstructure of the welds, heat-affected zone
(HAZ), residual stresses, and their effects. In this paper, a numerical model was developed using
COMSOL Multiphysics of dissimilar laser welding (butt joint) of AISI 316L and Ti6Al4V thin sheet
of 2.5 mm thickness. A continuous mode (CW) fiber laser heat source of 300 W laser power was
used for the present study. A time-dependent prediction of temperature distributions was attempted.
The heat source was assumed as a Hermit–Gaussian analytical function with a moving velocity
of 120 mm/min. Both convective and radiant heat loss and phase change of the materials were
considered for the analysis. In addition, variation of temperature-dependent material properties was
also considered. The maximum and minimum temperature for the two materials at different times
and the temperature in the different penetration depths were also predicted. It was found that the
average temperature that can be achieved in the bottom-most surface near the weld line was more
than 2400 K, which justifies the penetration. Averages of maximum temperatures on the weld line at
different times at the laser spot irradiation were identified near 3000 K.The temperature fluctuation
near the weld line was minimal and decreased more in the traverse direction. Scanning with a
displaced laser relative to the interface toward the Ti6Al4V side reduces the maximum temperature at
the interface and the HAZ of the 316L side. All of these predictions agree well with the experimental
results reported in current literature studies.

Keywords: numerical model; dissimilar; time-dependent; laser heat source; thermal properties

1. Introduction

Titanium alloy of grade 5 (Ti6Al4V) and AISI 316L both have some excellent individual
properties which make them suitable for different industrial applications. Ti6Al4V has low
density, high specific strength, high erosion resistance, and high operating temperature [1],
which make it suitable for aerospace and nuclear industries. However, AISI 316L is cost-
effective and has high corrosion resistance. Dissimilar joining of Ti6Al4V with AISI 316L can
be found in different industries such as in petrochemical, aerospace, and nuclear sectors.
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The main challenge of joining dissimilar materials [2–4] with differences in properties
is the formation of intermetallic compounds (IMCs), which are brittle. There is also a
high probability of crack formation due to residual stress generation. Solid-state joining
processes such as diffusion bonding and friction stir welding process can be employed
to join such materials to reduce IMC formation as it happens at low temperature. The
major two drawbacks of the diffusion bonding process are large heat affected area and
time-consumption. Friction stir welding is suitable for joining dissimilar metals; however,
it even yields satisfactory outcomes for lap joint designs. The fusion welding process
increases the chance of IMC formation as it has a high operating temperature [4,5]. It
is very difficult to control the molten pool in the arc welding process and an expensive
tantalum or vanadium sheet may be required to join them successfully [5]. High energy
beam fusion welding using lasers can reduce HAZ and process time [5,6]. The formation of
IMCs cannot be removed fully, but it can be controlled under optimal welding parameters.

A successful metal joint should be the priority for any welding process, but for realiz-
ing the process more deeply, numerical modeling is currently required. Laser welding [6–8]
has become popular among other welding processes for joining both similar [9,10] and
dissimilar materials [11,12]. The main reasons for its popularity are due to the higher
precision and reduced HAZ zone during the joining process. Due to the complex nature
of the laser welding process and the parameters involved in it, the numerical simulations
are thereby desired for elucidating the joining process [13–16]. Past studies that modeled
the laser welding process have aimed to predict the effects of the laser welding process
on the resulting welded joints [16–20]. FE (finite element) simulation software such as
ABAQUS, ANSYS, FLUENT, etc., has been used for 2D or 3D analysis of welding pro-
cesses in different studies [17–20]. COMSOL [21,22] is one of the comparatively newer
multiphysics software that can simulate the dynamics of the welding process. COMSOL
is certainly a friendly choice for combining multiple physics, chosen for modeling and
simulation purposes. The main complexity of simulation of the laser welding process is
that all of the temperature-related parameters change in a very short span. Using ANSYS,
Ranjbarnodeh et al. [23] predicted the temperature distribution for dissimilar welding
of two different sheets of steel for the arc welding process. The maximum temperature
obtained was more than 2100 ◦C. A nonsymmetric weld pool shape and temperature distri-
bution was obtained. Akbari et al. [24] predicted the temperature distribution in Ti-6Al-4V
welded joints using pulsed laser welding; their FE results matched their experimental data
very well. Their results showed that decreasing the welding speed increased the peak
value of temperature, while the width of the molten poll decreased. Kumar and Sinha [25]
prepared a numerical model to predict the temperature distribution of two dissimilar steel
alloys using ANSYS and validated their model against experimental temperature data
collected using a K type thermocouple. Results reported that regardless of the disparity
throughout thermal conductance of the components, the maximum temperature attained
on the 304L portion of the varied weld-assemblage junction was higher than the maximal
temperature obtained on the St37 carbon-steel portion. The maximal temperature variation
of both materials lowers as backward from a welding-line [25]. Despite the fact that the
source for heat energy is applied unevenly/uniformly throughout the numeric paradigm
design, the temperature region curvature acquired for distinct laser-butt welding (DLBW)
of 304L and St37 appears nonlinear and inherently unstable [25]. It was also discovered
that the temperature profile both for identical and DLBW joints decreased dramatically
close the weldment/welding-direction and then reduced marginally throughout the area
farther aside toward a welding-line [25]. Attar et al. [26] used the FORTRAN programming
language for predicting weld geometry, temperature contour, and strain distribution of
copper and steel of 2 mm thickness joined by disk laser. They concluded that among all
temperature-dependent properties, specific heat and thermal conductivity have a higher
impact in numerical simulation. Li et al. [27] studied temperature field and molten pool
dimensions with respect to the thickness of Ti6Al4V. The analysis indicated that the thin
sheet decides an array for variables chosen throughout an attempt to attain an acceptable
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penetrating depth and breadth of melt pool [27]. Results indicated that the temperature and
dimensions of such molten weld pool are significantly affected through altering a pulsed
laser process variable. Reasonable weld bead quality was produced by selecting suitable
process parameters. Because of the various cooling rates, the plate thickness now had the
greatest effect on welding deviation. A comparatively low rate of cooling, caused by the
thinner sheet producing a significantly greater temperature difference on the thin sheet,
increasing pulsed laser power-beam source absorption as well as deviating a pool of molten
metal against the thin sheet [27]. When the laser power density was reduced, the melting
flow rate and temperature of the molten weld pool increased significantly more than when
the other parameters were changed. The numerical simulations of temperature gradients
matched the scientific evidential studies as well. Raising the weld speed to between 120 to
372 mm/min resulted in a significant reduction in the temperature of an adjoining proxim-
ity region of a molten weld zone between 280 and 98 ◦C for it and 0.1 cm thickness [27].
With 0.15 cm thickness, the temperature dropped from 224 to 68 ◦C. While the depth of
a molten weld zone was the same across all thicknesses (0.1 and 0.15 cm), the breadth of
a weld zone for 0.1 cm thickness was almost twice as large as the width of the melt pool
for 0.15 cm thickness due to the orientation and slope of a weld zone toward the thinner
layer [27]. Other research [28–32] assessed the transient temperature profile [20,33,34] of the
weld materials utilizing finite element-based 3D models, considering various heat source
models [35–38]. There are very few works with COMSOL on this and the combination is
not considered much in the previous literature. In the present work, the thermo-physical
properties of both materials (AISI 316L and Ti6Al4V) are considered to be temperature
dependent and the interpolation method issued to obtain the properties in intermediate
temperatures. Thereby, the transient (time dependent) 3D model in COMSOL is used to
generate the geometry, mesh, isothermal contour, and temperature distribution along the
weld line. Weld thickness is predicted for a fiber laser welding of dissimilar butt joints.
For both AISI 316L and Ti6Al4V, temperature dependent material parameters such as heat
capacity, thermal conductivity, and density are taken into account. Transient isothermal
contours help to understand the heating and cooling phenomena during the process.

Using COMSOL Multiphysics, Jayanti et al. [39] developed a model for AISI 316L
stainless steel welding using a pulsed laser beam as a heat source [21,22]. The thermal
profiles were estimated in terms of surface temperature and isothermal contour, and hence,
the temperature distribution was probed at radial directions from the centerline weld
and on depth direction of the laser spot position. Their observations were discussed.
Similarly, the thermal profile of the keyhole was predicted when the pulse was present
and absent. The shape of the keyhole was viewed from both the top and front view [39].
The predicted keyhole was then compared with practical observation and results revealed
that the temperature depended on the change in nonlinear physical properties such as
density, thermal conductivity, thermal diffusivity, total enthalpy, inward heat flux, and
Paclet number, which were plotted for the welding of AISI 316L stainless steel joint to
study the change in microstructure and the mechanical properties [39].

Indhu et al. (2020) developed a (3D) axial symmetry model for laser welding of
dissimilar materials in conduction welding mode [40]. To validate the model, experiments
were carried out using a high power diode laser on dual phase steel and aluminum alloy in
conduction mode. The model takes into account both the heat transfer and fluid flow. The
temperature distribution of the weld pool and the weld pool geometry were contrasted
against the empirical study observations [41–43].

The generation of the weld bead was aided by the laser energy density (LED). It was
observed from the model that the peak temperature increased with escalated LED [40–43].
Owing to the increase in temperature, the amount of heat conducted into the material
increased, which resulted in higher penetration depth. At the temperature distribution
along YZ plane at a LED of 371 J/mm2, the model generated a weld width of 6400 µm and
a depth of 789 µm. At a lower LED of 297 J/mm2, the weld width and penetration depth
were reduced to 5410 µm and 393 µm [40–43].
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The temperature profile was retrieved from the boundary by using six domain point
probes positioned in the YZ plane along the weld’s cross section [40–43]. The temperature
profile was depicted by the heating time and the cooling time for both cases at LED (371 J/mm2

and 297 J/mm2). At higher LED (371 J/mm2), i.e., at lower scanning speed (8 mm/s), the laser
remained in contact with the material for a longer time, which further resulted in increased
heating time of 0.4 s and higher peak temperature of ~8200 K [40–43]. As the LED decreased
(297 J/mm2), the heating time reduced to 0.25 s with a much lower peak temperature of
~7800 K. Results also revealed that another phenomenon that governed the weld width and
the depth was the Marangoni convection force. Marangoni effect was the mass transfer that
occurred due to the gradient in the surface tension in the molten weld pool [40–43].

The surface tension of the molten metal was increased with increase in temperature.
The warmer liquid at point ‘a’ had lower surface tension and was pulled toward point
‘b’ [40–43]. The surface tension gradient along the molten pool caused an outward shear
stress. As a result, the molten metal moved from the weld’s center to the pool’s margins
before returning below the pool’s surface. At higher LED, the Marangoni convection
increases, which result in larger weld width [40–43]. The influence of surface tension and
gravitational forces were minimal when compared to the Marangoni convection forces
acting in the weld [40–43].

In industries, welding of modern engineering materials including stainless steel and
titanium alloys find a variety of applications due to the need to tailor the location of materi-
als where a transition in mechanical properties, temperature, pressure, and/or performance
in service is required. Owing to the wide range of uses with numerous advantages of the
laser assisted welding process, it is essential to update, understand, and model before
implementing industrial applications. As a result, the major goal of this research is to
construct a finite element based three dimensional model for laser (CW) dissimilar welding
of AISI 316L and Ti6Al4V with 2.5 mm thickness in butt weld configuration by using COM-
SOL Multiphysics codes. A three dimensional conical shape laser heat source model was
considered. Weld geometry, mesh formation, transient temperature distribution prediction,
development of temperature contours across the joint were accomplished. Individual spe-
cific and comparative temperature-distribution-based graphical representations of the two
dissimilar welds (AISI 316L and Ti6Al4V) were plotted and further analyzed for efficacious
comprehension and a better understanding of the thermal mechanisms involved in the
welding process.

2. Definition of the Model

Two thin sheets of AISI 316L and Ti6Al4V with a thickness of 2.5 mm were used
for laser welding in a butt joint design, as shown in Figure 1. The size of the sheets
considered for modeling was 20 mm × 10 mm for both materials. A continuous mode
(CW) fiber laser heat source of 300 W and laser beam radius of 200 µm was used for
the present study. No filler material was used in this study. It was also assumed that
the laser was focused on the welding line and moving at a constant speed of 2 mm/s.
The transient study COMSOL was used for the prediction of the temperature fields in
the welded joints. Thermophysical properties of both materials were considered to be
temperature dependent and the interpolation method was used to obtain the properties
for intermediate temperatures. The heat source plane was assumed as the z = 1 mm plane
and the top surface of the sheets as the z = 0 plane. The work planes and work samples
were considered as the union for simulation in design and evaluation prospective using
COMSOL software.
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Figure 1. Geometry of the model.

For the present study, the following assumptions and features were used:

(a) Radiation and convection heat loss from the surface are considered for modeling.
(b) The ambient temperature is 298 K and the system is within good thermal isolation

from the environment.
(c) The change in phase during the process is also taken into account.
(d) The thermo physical properties of the materials change with the change of temperature.
(e) The position of the laser beam is vertical to the surface.
(f) Latent heat during a phase change is considered for simulation. Latent heat for

melting of Ti6Al4V and AISI 316L is 286 kJ/kg and 260 kJ/kg respectively.

For modeling, the melting temperatures considered were 1703 K for AISI 316L and
1878 K for Ti6Al4V. In transverse electromagnetic (TEM00) mode, a three dimensional conical
heat source was studied using the Hermit–Gaussian spatially distributed model [44,45]. As
shown in Figure 2, for modeling the profile, a Hermit-Gaussian analytical function was used
as it is one of the accurate profile model modes for laser welding. Previous research [46–48]
that used this laser heat source model found that the results of numerical simulation agree
well with experimental data, and provide a good match with the real weld pool shape with an
error percentage as low as 7–8%, whereas other heat source models showed lower accuracy
when compared against the experimental data [44–49]. In the fusion welding process, a heat
source can be modeled as either a point heat source or line heat source. The mathematical
expression of the heat source model follows:

an1 = exp

[
−
{
(a− a0)2

2× siga2

}
−
{
(b− b0)2

2× sigb2

}]
(1)
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The heat input equation of a moving heat source follows:

Qin = Q0× (1− Rc)× Ac×
(

1
π×sigx×sigy

)
× an1(x, x0, sigx, y, y0, sigy)

× exp{−Ac× abs(z) }
(2)

The origin of the new coordinate frame was not static with respect to the old frame. It
moves at a constant velocity with respect to the old frame:

d(t) = d0 + tvno (3)

where, vno and d0 are constant vectors. The vector vno is the velocity of the origin of the
new frame with respect to the old frame. d is the position vector of the origin of the new
frame with respect to the old frame. The velocity of the origin of the new frame is the time
derivative of d:

d
dt

d =
d
dt
(d0 + tvno) = vno (4)

This vector gives the velocity of the origin of the new coordinate system with respect
to the origin of the old coordinate system. In this model, only y axis velocity and t need
to be considered in the new coordinate system for obtaining the boundary conditions. As
long as t is not equal to 0, the position vectors with respect to one frame are different from
the position vectors with respect to another frame.

At t = 0, d(0) = d0. The vector vno has three components; Among them, d/dt(dx) = 0,
d/dt(dy) = 0, and d/dt(dy) = 2, which means that for any value of t, dx(t) = dx0 and dz(t) = dz0.

The starting position of the laser source is assumed to be 10 mm on x axis and 2 mm
on y axis. The laser is moving at a velocity of 2 mm/s along the y axis and the total moving
time for a sample is 17 s. The global parameters used for this model are given in Table 1.
The model arguments with upper and lower limit is mentioned in Table 2.Temperature
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dependent thermal parameters (Table 3) are plotted from material properties [49,50]. These
plots are important for obtaining the property values of intermediate temperatures within
the working range, as shown in Figure 3. Some essential constant parameters are presented
as well (Table 4).

Table 1. Global parameters.

Parameters Value Details

x0 10 [mm] x coordinate
y0 2 [mm] y coordinate

Sigx 0.200 [mm] Deviation along x
Sigy 0.200 [mm] Deviation along y
Rc 0.001 Reflection coefficient
Ac 5 [1/cm] Absorption coefficient
Q0 300 [W] Laser power
L1 10 [mm] Material size 1
L2 10 [mm] Material size 2
LZ 2.5 [mm] Thickness of the sheet

Time step 0.2 Time step for storing solution
End time 17 [s] End time step

V 2.0 [mm/s] Laser velocity
L 40 [mm] Length of sheet

Table 2. Model arguments with limits.

Arguments Upper Limit Lower Limit

a (L1 + L2) 0
a0 x0 x0

Siga Sigx Sigx
b 2(L1 + L2) 0

b0 y0 y0
sigb sigy Sigy

Table 3. Temperature dependent properties with units.

Name Value Unit

Density rho(T) kg/m3

Thermal conductivity k_iso(T) W/(m·K)
Heat capacity at constant

pressure Cp(T) J/(kg·K)
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Table 4. Constant properties.

Name Value

Convective heat transfer of air(h) 10 W/m2K
Emissivity(ε) 0.85

The model was developed with all the required parameters and simulated for the
processing time step of 0.2 s as analyzed. The average isosurface temperature and the
thermal contours across AISI 316L stainless steel and Ti6Al4V joint were obtained as output
in order to estimate the temperature distribution during laser irradiation, similar to that
of the welding process for specified parameters. Then, in order to probe temperature
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distribution in the direction of laser irradiation (z axis) and across the weld joint (x axis),
the probe points were considered. From the probe points, the transient thermal responses
in the two coordinates were probed at various points, since the thermal profiles as obtained
from surface temperature and thermal contours were directly exposed the temperature
distribution of entire weld joint.

3. Numerical Model

The FE model was built using the heat transfer option in the solid section of COMSOL
Multiphysics. The simulation is based on the basic time dependent conduction equation
for heat transfer in solids in three dimensions. The heat source moves along the y-axis at
a velocity v(y) presented in the moving coordinate system, which ties to the moving heat
source. Conduction takes a major role in transferring the heat which is applied by the laser
beam to the particles of the working materials. Suitable boundary conditions are used to
solve the transient heat conduction equation. Equation (5) makes it understandable that
heat conduction within the materials depends on other parameters such as density, heat
capacity, and thermal conductivity:

ρcp
∂T
∂t

+ ρcp

(
dy
dt

)
∇T +∇·→q = Q (5)

→
q = −k∇T (6)

where ρ is the density, cp is the specific heat at constant pressure, t is time, T is the tempera-

ture, k is the thermal conductivity, Q is volume heat rate and
→
q is the heat flux vector.

Convection of heat between the surface and with the surroundings was considered
as a part of heat lost during the laser welding process. Negligence of convection effect
during simulation can be reflected as error when it is compared with any experimental
data [51]. The heat loss from the top surfaces by natural convection was taken into account.
The governing heat flux equation for convection is:

qc = h(T − Text) (7)

where h is convective heat transfer coefficient and Text is the surrounding temperature.
Heat loss in another form, i.e., radiation, was also considered during the simulation.

Part of the total heat applied on the working surface is lost through radiation process. The
accuracy of the model can be improved and the energy balance becomes more realistic by
introducing these losses:

−→n ·qr = εσ
(

T4
ext − T4

)
(8)

where
→
n is normal outward vector, ε is the emissivity, and σ is Stefan’s constant.

Mesh Convergence Analysis

Meshing has a vital role in obtaining an accurate simulation model. COMSOL has
a provision to make the meshing coarse or fine. Generally, the mesh at the vicinity and
near the weld line should be finer than the rest of the two parts. Free tetrahedral meshing
was chosen in the model builder as it is only fully an automatic 3D mesh generator and
can be applied in any 3D geometry for various simulations with good accuracy. Figure 4
shows the free tetrahedron mesh formation of predefined extremely finer size with high
optimization level. Near the weld line, the mesh was refined again for good simulation
output. In the mesh used, there are 129,718 domain elements, 12,236 boundary elements,
and 576 edge elements. Weld-bead element has an average quality of 0.8405. With a growth
rate of 1.3, the mesh model has a maximum element size of 0.8 mm and a minimum of
0.008 mm.
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Figure 4. Mesh modeling of the weld joint assembly.

4. Results

This section shows the computed transient temperature distribution by colored con-
tour levels and graphs obtained from the simulated models.

4.1. Temperature Propagation during the Welding

The study was conducted with a 300 W fiber laser heat source for two dissimilar
materials having a thickness of 2.5 mm. The moving speed of the laser heat source was
adjusted to 2 mm/s. Figure 5 shows temperature propagation of the upper surface on both
sides from the weld line that can be predicted from these temperature distribution images.
By the distinguishing colors of the image, it is possible to divide the weld bead zone into
4–5 zones: fusion zone, heat affected zone, softening zone, and base metal zone. Figure 5a–c
shows large temperature gradients nearer to the heat source during the heating process.
Figure 5d is for t =13 s and it basically indicates the heating process, but the cooling process
had not begun at the areas farther from the heat source; i.e., the temperature gradient was
still increasing. The last contour plot of Figure 5 (t = 16 s) clearly indicates the cooling
process had started at the farther portion; i.e., temperature gradient began decreasing in
those parts.
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No very large fluctuation was observed in the temperature distribution along the
weld line, as the heat supply was in continuous mode. The average value of fluctuation
was nearer to 200 K. More fluctuation could be observed if the input mode was pulsed [39].
Farther from those in radial directions on both sides much less heat fluctuation was ob-
served, which vanishes where no direct irradiation occurred. The temperature distribution
of this part was similar for continuous and pulsed mode as direct irradiation was absent.
However, no melting took place as a result of the temperature being less than that of
the melting point for both materials. Thus, only a 4–5 mm of melt zone was observed
in the model. This becomes clear from the probe points in the radial direction of joint,
which revealed that, even at a distance of 5 mm from the weld, the temperature was near
1200 K—lower than the melting temperature of either material (Section 4.3).

The temperature distribution at the top and bottom weld bead showed that the
higher temperature fluctuation throughout the top bead, which was due to the irradiation,
remained well above the melting point of AISI 316 stainless steel and Ti6Al4V, which
further ensured the full penetration welding for the entire joint. The predicted heat flow
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directions in terms of temperature gradient were oriented toward the solid region during
laser–material interactions, and started decreasing while distance increased. This might
be due to the heat loss by convection and radiation to the ambient surroundings, by
conduction to the radial directions, and larger thermal gradient to the depth.

4.2. Isothermal Contours

Any time within the welding process, the welds develop at different temperatures at
different positions. Isothermal contours, as shown in Figure 6, provide a view at a certain
time instant in which regions or areas occupying the same temperature are within the
range of 400–3000 K.
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Figure 6 basically shows one of the three-dimensional representations of the transient
temperature field. The isothermal elongated ellipsoid shapes form in the direction of laser
source movement. The laser source is moving and focused, which results in elongated
shape of the isothermal representation nearer the source. To reiterate, the transient isother-
mal contours show the heating and cooling phenomena and regions with metallurgical
similarity that be predicted from the analysis of the contours.

4.3. Temperature Probes

The nonlinear physical properties such as density, thermal conductivity, diffusivity,
and the change in total enthalpy were simulated as functions of transient temperature
distribution. Among those properties and by utilizing the model, an estimation of time-
dependent temperature distribution using different probe points was highly likely. Hence,
influence of temperature on the changes in microstructure and consequent changes in ther-
momechanical properties were highly predictable by using an iron–iron carbide diagram,
time temperature transformation diagrams, etc.

The entire geometry is considered as two different temperature probe domains for
two different materials. The maximum and minimum temperatures for the domains are
predicted. The maximum temperature is achieved along the weld line, where the path
of the laser beam is acting, as shown in Figure 7a. It reaches around 3300 K for both
domains in a zero offset condition. The average temperature of the two domains is different
as AISI 316 is less thermally conductive than Ti6Al4V (Figure 7b) [52]. Furthermore, the
average temperature increases as the process progresses and reaches a range of 1200–1250 K
after 17 s. It is a computational procedure. The temperature achieved at any point at a
certain instant can be represented by a point probe on the domain, and thus the heat
propagation procedure can be understood properly. There is a difference of almost 50 K
in average temperature even in that short span. Nguyen et al. [53] observed a 40–50 K
difference in two-domain temperatures for a dissimilar study with austenitic stainless steel
and copper, due to same type of differences in thermal properties. Boundary temperature
probes are taken along the weld line (see Figure 8a), perpendicular to the weld line, along
with the thickness (see Figure 8b), and both sides at the same distance from the weld
line. The center of the plate reaches the maximum temperature at t = 9 s, when the heat
source is just at the top of the center, and started decreasing as the source moves forward
due to cooling(see Figure 9b).The nature of the distribution is obvious and resembles that
of a study done by placing four thermocouples 2 and 3 mm from the weld line on both
sides [54]. Figure 9a shows the temperature gradient of a point together with the thickness.
At a thickness of 2 mm, the temperature reaches near 2600 K. It was also observed that the
peak temperature was not reached at a same time for the top and bottom surface, but there
was little delay at the bottom and not the top region. This is due to the late response of
absorption in the bottom surface. The bottom surface took a fraction of second more time
than the top. However, both surfaces maintained maximum temperature more than the
melting point. It shows that almost full penetration can be achieved as it is more than the
liquidus temperature of either material. Temperature changes along the domain probes
were recorded during the simulation and plotted. The boundary temperature point probe
distribution on the top surface along the parallel x axis (Figure 10) is very effective for
understanding the transient temperature reached at any point within the two welded parts.
The peak temperature is noticed at the weld joint and it gradually decreases along the
traverse direction. Peak temperatures of the two domains at the same distance began to
vary as the distance increased from the weld line (Figure 11).
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Figure 11. Temperature distribution of temperature probes of two different domains having the same Y = 20 mm.

There is a temperature difference of up to 200 Kat points (0, 20, 0) and (20, 20, 0). The
maximum temperature reached in the middle of the work pieces at traverse direction lies
between 1100 K and 1200 K, while the edges along the traverse direction remain below
1000 K. This also satisfies the experimental observation of a k-type thermocouple in a
welding study of two dissimilar materials [25]. Edge temperature probes along the top and
bottom edge of the weld line (Figure 12) are used for temperature distribution (Figure 13).
The maximum temperature reached in the z = 0 surface is more than the z = −2.5 surface,
which is very normal for any inward heat flux of the welding process.
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Figure 13. Maximum temperature (computational) on the edge temperature probes along weld line
at Z = 0 (green) and Z = −2.5 (blue).

Edge probes of the two edges parallel to the weld line (x = 0 and x = 20) are considered
for temperature distribution as well, as shown in Figure 14. The difference in the thermal
properties of AISI 316L and Ti6Al4V makes a visible difference in the maximum tempera-
ture distributions along those edges (Figure 15). Initially, the difference is more in favor of
steel for a sudden temperature increase. The difference decreases with time. The difference
can be as high as 100 K and as low as 20 K.The fluctuations are reduced in radial directions
because of the high resistance to heat by the parent materials. The fluctuation value comes
within a range of 50–100 K for the same domain within a few millimeters, which keeps
the melt zone less. The inclination of the curve is greater initially when the heat source
started heating the materials. The width of the samples is 10 mm only, and from Figure 15,
it is clear that the extreme edge line temperatures (parallel to the heat source) can reach
up to 1200 K for both materials. This indicates that recrystallization will occur in most
of the areas within the samples. For a larger width sample, the base metal area can be
observed even during the heat process, but it not possible for this particular geometry. It
increases flatly as the process progresses when the heating and cooling process began to
occur simultaneously. Ganeriwala et al. [55] predicted the temperature from the residual
stresses measured from XRD analysis. The reverse process agrees with the nature of the
temperature distribution modeled here. They measured the temperature in some particular
nodes and tried to explain the distribution by considering other dimensions of the material
behaviors and results.
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A comparison between the experiment and the simulation result generally shows
the slight differences in the shape that could be due to the fact that the beam profile used
in the experiments was slightly modified, which was not considered during modeling.
There was a minimal difference in penetration depth and weld width between the model
and simulation. The reason could be that as the temperature of the material increases
there was a change in the absorptivity of the laser that was not taken into account in the
model [40–43].

4.4. Offsetting the Laser Beam toward Ti-6Al-4V

It is observed from the prediction that predicted temperatures are sufficient to melt
both samples. Occasionally, it is suggested for dissimilar joining to focus the laser beam
on the side with the higher melting point to melting it with a higher temperature. It helps
to control the IMC formation and transfer the heat toward low melting point side [2,56].
The interface faces a comparatively low temperature compared to a zero offset condition,
but it should be sufficient to melt the sample with the lower melting point. In this study,
it is observed that the interface can reach up to a temperature of 3200–3300 K. Offset of
the laser focus by 0.3 and 0.6 mm toward Ti6Al4V side reduces the temperature of the
interface points, sufficient for AISI 316L to melt. Figure 16a,b indicates that the predicted
temperature of interface point (10, 20, 0) for both offset distances is sufficient to melt the
steel alloy; in addition, the temperature that can be achieved in the bottom layers are also
sufficient to get the penetration. The reduction in interface temperature for that particular
point on the interface is comparable with that shown in Figure 9a. The noticeable reduction
of the melt area in the steel side and the wider melt area in the Ti6Al4V side may cause less
healthy convective flow in the molten zone around the keyhole, avoiding the formation of
intermetallic phases in the weld because most heat input can be lost quickly on the Ti6Al4V
side before sufficient heat is transferred into the 316L side. Ti6Al4V has a high value of
thermal conductivity as well. When the laser offset is 0.35 mm toward the Ti alloy, it could
be effectively connected with SS. The ratio of molten Ti alloy to SS was 95:5. A TiFe2 layer
was formed on the SS side with a width of 24 µm and the tensile strength of the joint could
range up to 182 MPa [57].
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5. Conclusions

A transient (time-dependent) 3D model in COMSOL is used to generate the geometry,
mesh, isothermal contour, and temperature distribution along a weld line, and weld
thickness is predicted for a fiber laser welding of dissimilar butt joints. Temperature-
dependent materials properties, such as heat capacity, thermal conductivity, and density, are
considered for both AISI 316L and Ti6Al4V. Latent heat for phase change is also accounted
for in the model. The process parameters (laser power and velocity) are considered suitable
for achieving full penetration of a 2.5 mm thickness butt joint of these materials. Some
results are compared with offset scanning toward Ti6Al4V side as well. Major conclusions
from this analysis follow:

i. Temperature distribution along the weld line throughout the process at laser spot
irradiation shows that the average maximum temperature generated is near 3300 K.
Maximum temperatures along the traverse direction (for fixed y value) on z = 0
plane in the middle (x = 5 and x = 15) and edges (x = 0 and x = 20) of the work
pieces are approximately 1200 and 1000 K, respectively.

ii. Temperature distribution along the thickness shows that even the bottom-most
surface along the z-axis achieves an average temperature near 2400 K. A significant
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penetration depth can be achieved. The average temperature of the two domains
ranges from 1150 K to 1200 K during the process.

iii. There are differences in the thermal properties of these two materials. Ti6Al4V
has a higher melting temperature. It would take more time than 316L to reach
it, as the model was done in zero offsets. The offset of the laser heat source in the
same arrangement can create a better-quality welding by adjusting the variations in
thermal properties as predicted from the model. Welding interface temperature can be
minimized up to 500–1000 K by offsetting the laser beam toward the Ti-6Al-4V side.

iv. Transient distribution of peak temperature from the weld line along the x-axis is
plotted and it decreases as it moves far from the source, for obvious reason. Near
the weld line, it decreases sharply and the sharpness decreases as the distance
increases from the weld line. The difference of maximum temperature between the
edge lines (along x = 0 and x = 20) on the z = 0 plane lies between 20 and 100 K. The
maximum temperatures can reach up to 1200 K for both samples along the edges
mentioned, which indicates recrystallization for AISI 316 and presence of both α

phase and β phase for Ti6Al4V that occur within the sample width range.
v. Transient isothermal contours help to understand the heating and cooling phe-

nomena during the process. At higher temperature, AISI316L has a lower thermal
conductivity compared to Ti6Al4V; thus, the steel part attains a higher temperature
near the weld zone. Temperature history of two nearby points in traverse direction
makes it understandable that even within two nearer points; one can be in heat-
ing mode and one in cooling mode. This fact demonstrates the complex type of
deformation, which is the main source of residual stresses.

6. Future Scope

There is scope in the future to vary the welding speed, welding power, and offset of the
heat source on either side of the weld line to predict the temperature distribution and validate
it with the experimental results. It may help to optimize the parameters and realize some other
parameters as well. Another area of improvement would be in a modification by increasing
the mesh density of different parts while not increasing the total computational time. The
results from the simulation can help identify regions that have experienced high deformation
and also have high levels of temperature at different times in the welding process. This
information can be used in conducting microstructural analysis to investigate any changes in
the phase or find any evidence of diffusion of materials in the weld and nearby zones. Future
work would include exploring the possibilities of inclusion of secondary energy sources to
hasten the process of joining thick sheets of dissimilar materials.
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