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Abstract
Most of the researches published on the numerical modeling of laser welding are looking at similar welding, mainly due to the
difficulty of simulating the mixing phenomenon that occurs in dissimilar welding. Furthermore, numerical modeling of dissimilar
laser welding of titanium and nickel alloys has been rarely reported in the literature. In this study, a 3D finite volume numerical
model is proposed to simulate fluid flow, heat, and mass transfer for similar and dissimilar laser welding of Ti-6Al-4V and
Inconel 718. The laser source was simulated by volumetric heat distribution, which considers the effects of keyhole and heat
transfer on the workpiece. The heat source parameters were calibrated through preliminary experiments, by comparing the
simulated and experimental weld pool shapes and dimensions. The model was used to simulate both homogenous and dissimilar
laser weldings of Ti-6Al-4V and Inconel 718, and a systematic comparison was carried out through a number of selected
experiments. The effects of three distinct levels of laser power (1.25 kW, 1.5 kW, 2.5 kW) on temperature distribution and
velocity field in the welds pool were analyzed. Results highlighted the effects of Marangoni forces in the weld pool formation.
Furthermore, in order to analyze the mass transfer phenomenon in dissimilar welding, species transfer equations were considered,
demonstrating the important role played by the mass mixture in the weld pool formation. Finally, a high level of agreement
between simulations and experiments—in terms of weld pool shape and dimensions—was observed in all cases analyzed. This
proves the ability of the proposed numerical model to properly simulate both the similar and dissimilar welding of Ti-6Al-4V and
Inconel 718 alloys.
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Nomenclature
t Time
ρ Density
x, y, z Cartesian coordinates
vx, vy, vz Components of the velocity vector
x0, y0 Laser location in the xy plane
μ Viscosity
p Pressure
T Temperature

T0 Reference temperature
g Gravity acceleration
H Total enthalpy
K Effective thermal conductivity
cL Specific heat of liquid
cS Specific heat of solid
κL Thermal conductivity of liquid
κS Thermal conductivity of solid
TL Liquidus temperature
TS Solidus temperature
L Latent heat of fusion
fL Liquid fraction
M Mushy zone morphology constant
γ Surface tension
qC Convective heat
qR Radiation heat
w Mass fraction of species
D Diffusion coefficient
χup Upper laser energy contribution
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qL Volumetric laser heat input
ηL Laser efficiency
LD Laser distribution parameter
P Laser power
Re, Ri Maximum and minimum radius of the conical por-

tion of the keyhole
R(z) Radius at the generic position of the conical por-

tion of the keyhole
zi Height of the conical portion of the keyhole
zKH Keyhole depth
Pe Peclet number
Vmax Maximum fluid velocity
LC Characteristic length of mixing

1 Introduction

The laser welding process is widely used in many industries,
including automotive, oil and gas, shipbuilding, and aerospace
industries, due to its economic and technological advantages
[1, 2]. Unfortunately, the welding of advanced alloys, such as
those which are titanium-based, is a rather complex task given
their high chemical activity and the microstructural changes
that occur in the fused and heat-affected zone. The problem is
further complicated in cases dealing with dissimilar joints,
where an intermetallic compound formation results in poor
mechanical properties.

Recently, titanium alloys have been commonly used in
high-performance applications across several fields (e.g.,
aerospace, automotive) because of their high level of strength,
good corrosion, and creep resistance [3, 4]. In addition, nickel
alloys have been increasingly used in similar fields due to their
excellent mechanical properties at high temperatures.
Therefore, the laser welding of titanium and nickel alloys
has been of growing interest for industrial applications, most
notably in the aerospace industry, where it can be used to
manufacture parts destined for high-temperature regions
of the engine and turbine [5, 6]. Recently, the dissimilar
welding process has attracted more attention in light of its
economic benefits and design flexibility, offering the pos-
sibility of applying optimal material to critical locations
[7]. Nevertheless, the use of dissimilar welding in place
of similar welding requires challenging concerns that arise
for two important reasons: the different thermo-physical
properties of the base materials can affect heat transfer in
the weld pool; the mixing process in the weld pool changes
its composition, with consequences visible in both the heat
transfer and fluid flow [8].

Geometrical weld parameters (i.e., weld depth, weld width,
the overall shape of weld puddle) together with the micro-
structural weld characteristics (i.e., cooling rate, residual
stresses) affect weld quality and properties. The weld pool

geometry and cooling rate is determined by heat and mass
transfer and fluid flow in the weld pool [9–11]. In recent
decades, several numerical models have been developed to
simulate heat transfer, fluid flow, and weld shape in the weld
pool [10, 12, 13]. Moreover, several studies proposed analyt-
ical models to predict the temperature distribution in the
welding when a laser heat source was used [14–16]. At pres-
ent, most of the research published on the numerical modeling
of laser welding are looking at similar welding, mainly due to
the difficulty of simulating the mixing phenomenon that oc-
curs in dissimilar welding, significantly affecting the physical
and thermal properties of the joint [17, 18].

Shaibu et al. [19] analyzed the thermal profile of the weld
pool of a dissimilar laser welding with copper and 304 stain-
less steels. However, they did not model fluid flow and mate-
rial mixing in the weld pool. Phanikumar et al. [20] developed
a three-dimensional transient model to simulate the mixing of
molten metal in laser welding of Cu-Ni dissimilar joints. Rai
et al. [21] studied heat transfer and fluid flow in the dissimilar
welding of Ti-6Al-4V alloy and Cr-6Ni-9Mn steel, but they
did not consider the effect of the materials’mixture in the weld
pool. Hu et al. [22] used a three-dimensional heat and mass
transfer model to simulate the welding process employing
equations of mass, momentum, energy conservation, and sol-
ute transport in the laser dissimilar welding of stainless steel
and nickel. Their results showed that both heat andmass trans-
port are significantly influenced by convection during the la-
ser spot welding process. Métais et al. [23] investigated the
alloy element mixing in the weld pool using a 3D multi-
physical model in the laser welding of two different steels.
They found that the tensile behavior of the welds is related
to levels of Mn and C dilutions. Esfahani et al. [24] developed
a 3D multiphase computational fluid model to investigate the
melted pool fluid dynamics and alloy composition in a dis-
similar laser welding of low carbon steel and stainless steel.
Xue et al. [7] studied weld pool characterization in a dissimilar
laser welding of a Cu-Al lap joint using a 3D finite volume
model. They calculated the weld pool temperature distribu-
tion, velocity field, and alloying distribution in the weld pool.
However, in most of these literature studies only the conduc-
tion laser welding was simulated and keyhole mode mecha-
nism was not considered. It means that they used a radial
symmetric Gaussian heat distribution at top surface to model
the laser heat source. On the other hand, the model described
in the present manuscript proposes a keyhole mode laser
welding with a volumetric heat source, adjusted according to
laser characteristics and weld material.

In the present state of the art, numerical modeling of dis-
similar laser welding of titanium and nickel alloys has not
been widely reported in the literature. In this study, we devel-
oped a three-dimensional numerical model to simulate the
laser welding of titanium and nickel alloys butt welding.
This model is intended to analyze temperature history, fluid
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velocity profile, the melted pool mixing pattern, and weld pool
shape during three cases of laser welding including a bead on
plate penetration test on Ti-6Al-4V, a bead on plate penetra-
tion test on Inconel 718, and a dissimilar butt joint welding of
Ti-6Al-4V to Inconel 718. To calibrate and validate the nu-
merical models, several experiments were carried out. First,
we developed two separated models for similar laser welding
of Ti-6Al-4V and Inconel 718 to calibrate the heat source
model, comparing the calculated and experimental weld
shapes. Afterward, a model was developed for the dissimilar
welding of Ti-6Al-4V to Inconel 718. The simulated and ex-
perimental weld shapes were compared to validate the model.
Finally, to investigate the effect of material mixing on the
weld shape, two conditions were considered in the case of a
dissimilar welding, without and with implementing the spe-
cies equation into the model.

It is worth mentioning that to reach full penetration in dif-
ferent combinations of welding parameters, lots of experi-
ments are needed. Hence, once properly calibrated and opti-
mized, the numerical modeling can reduce significantly the
required experiments, with a consequent saving of processing
time and production cost. Moreover, numerical modeling can
provide a better understanding of the process parameters’ im-
pact on the welding mechanical and microstructural
properties.

2 Numerical model

In this paper, a steady-state three-dimensional numerical mod-
el with a coordinate system moving with the heat source was
developed to simulate the heat transfer, mass transfer, and
fluid flow occurring during the laser welding of a Ti-6Al-4V
and Inconel 718 butt welding. The aim of these simulations
was to investigate the temperature history, fluid velocity pro-
file, melted pool mixing pattern, and weld pool shape in the
following three cases of laser welding:

– Case study #1: bead on plate penetration test on
Ti-6Al-4V

– Case study #2: bead on plate penetration test on Inconel
718

– Case study #3: dissimilar butt joint welding of Ti-6Al-4V
to Inconel 718

A schematic diagram of the computational domain used for
the numerical modeling is shown in Fig. 1, with a volume of
30 mm × 30 mm × 3 mm. The length and width of the domain
were chosen as sidelong boundaries are far enough from the
melted pool in order to make the boundary effects negligible.

The mesh is uniform along the thickness (z direction),
whereas it is non-uniform along the width (y direction) and
length (x direction). The mesh size and number of elements
were chosen after performing somemesh convergence tests. A
finer grid was modeled in the area where the heat source hits
the material, with the smallest element (directly below the heat
source) consisting of a cube, the side of which measures 0.1
mm. The total number of elements is approximately 900,000.
The laser source was applied to the center of the computation-
al domain, sufficiently far from the four edges (15 mm), in
order to ensure negligible border effects.

With the aim of reducing the computational time without
significantly affecting the accuracy of the solution, the follow-
ing simplifying assumptions were made:

& Fluid flow in the molten pool is Newtonian and incom-
pressible [25–27].

& The weld pool surface is assumed to be flat.
& Although keyhole dynamic is neglected to simplify the

numerical model and reduce computational time, to take
into account the laser energy penetrated to the workpiece
through the keyhole, a volumetric heat source model is
used for the simulation of the keyhole effect on the forma-
tion of the weld pool [9, 10, 28–33].

& The physical and thermal properties of weld metal,
such as the specific heat (c) and thermal conductivity
(κ), are assumed to be different for liquid and solid
phases, as reported in Table 1 [21, 34–37], which
lists the set of physical properties used in the
simulations.

Fig. 1 Schematic diagram of the
computational domain used for
the numerical model
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& In the case of dissimilar welding, the physical and thermal
properties of weld pool metal depend on the composition
and are estimated by the mass-weighted mixing law [17,
18, 20, 22].

& A simple turbulence model based on Prandtl’s mixing
length hypothesis, presented in previous studies [9, 10,
31–33], is used to estimate the turbulent viscosity.

& Total enthalpyH is defined as the sum of sensible heat and
latent heat and is defined as flL.

With the above assumptions, conservation equations of
continuity, momentum, energy, and mass fraction are

numerically satisfied in the simulations in order to calculate
temperature history, velocity fields, and species mixing pat-
tern in the weld. All these equations are reported in Table 2,
with all symbols defined in the nomenclature sections.

The constantM, the mushy zonemorphology constant, was
set equal to 160,000, while B is a number sufficiently small to
avoid division by zero and set to the default value by the
simulation software [10, 31, 32].

To consider the melting process during welding, an appro-
priate melting and solidificationmodel was embedded, together
with heat transfer and fluid flow models. Melting and solidifi-
cation were modeled with an enthalpy-porosity formulation
based on liquidus and solidus temperatures, explained in detail
in previous publications [9, 10, 31–33].

The standard SIMPLE (Semi-Implicit Method for
Pressure-Linked Equation) algorithm [38] was used for
pressure-velocity coupling, and the upwind scheme was used
for discretization of the convection terms in the governing
equations. To meet convergence requirements, the calcula-
tions were executed by applying the appropriate under-
relaxation factor. In the present study, the convergence criteria
were set to 10−3 for the momentum equations and to 10−6 all
the other equations.

The boundary conditions imposed in the numerical model
are listed in Table 3. At the top and bottom surface,Marangoni
stress due to temperature gradient of surface tension coeffi-
cient was applied for momentum equations, and convective
and radiation heat losses were considered for the energy equa-
tion. On the other boundary surfaces, the temperature was set

Table 1 Value of the physical properties used in the simulations

Property Ti-6Al-
4V

Inconel 718 Unit

ρ 4430 8190 kg m−3

cL 730 725 J kg−1 K−1

cS 670 577 J kg−1 K−1

κL 24 29 W m−1 K−1

κS 21 27 W m−1 K−1

D 10−6 10−6 m2 s−1

μ 0.03 0.03 kg m−1 s−1

TL 1928 1608 K

TS 1878 1523 K

L 418.8 272 kJ kg−1

Table 2 Equations numerically solved by the simulations

Continuity equation ∂ρ
∂t þ ∂

∂x ρvxð Þ þ ∂
∂y ρvy
� �þ ∂

∂z ρvzð Þ ¼ 0

Momentum equations ∂
∂t

ρvxð Þ þ ∂
∂x

ρv2x
� �þ ∂

∂y
ρvxvy
� �þ ∂

∂z
ρvxvzð Þ ¼

¼ ∂
∂x

μ
∂vx
∂x

−p
� �

þ ∂
∂y

μ
∂vx
∂y

� �
þ ∂
∂z

μ
∂vx
∂z

� �
−M

1− f Lð Þ2
f 3L þ B

vx

∂
∂t

ρvy
� �þ ∂

∂x
ρvxvy
� �þ ∂

∂y
ρv2y

� �
þ ∂
∂z

ρvyvz
� � ¼

¼ ∂
∂x

μ
∂vy
∂x

� �
þ ∂
∂y

μ
∂vy
∂y

−p
� �

þ ∂
∂z

μ
∂vy
∂z

� �
−M

1− f Lð Þ2
f 3L þ B

vy

∂
∂t

ρvzð Þ þ ∂
∂x

ρvxvzð Þ þ ∂
∂y

ρvyvz
� �þ ∂

∂z
ρv2z
� � ¼

¼ ∂
∂x

μ
∂vz
∂x

� �
þ ∂
∂y

μ
∂vz
∂y

� �
þ ∂
∂z

μ
∂vz
∂z

−p
� �

−M
1− f Lð Þ2
f 3L þ B

vy þ ρg T−T0ð Þ

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

Energy equation

∂
∂t

ρHð Þ þ ∂
∂x

ρvxHð Þ þ ∂
∂y

ρvyH
� �þ ∂

∂z
ρvzHð Þ ¼

¼ ∂
∂x

K
∂T
∂x

� �
þ ∂
∂y

K
∂T
∂y

� �
þ ∂
∂z

K
∂T
∂z

� �
þ qlaser

Mass fraction equation

∂
∂t

ρwð Þ þ ∂
∂x

ρvxwð Þ þ ∂
∂y

ρvyw
� �þ ∂

∂z
ρvzwð Þ ¼

¼ ∂
∂x

ρD
∂w
∂x

� �
þ ∂
∂y

ρD
∂w
∂y

� �
þ ∂
∂z

ρD
∂w
∂z

� �
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to room temperature, and velocity components were set to
zero. For the mass fraction equation, a zero diffusive flux
was imposed at all boundary surfaces.

3 Laser heat source model

In a laser welding, most of the heat is concentrated in a small
volume, creating a cavity containing ionized vapors, referred
to as keyhole [25, 39, 40]. The heat produced by the laser
source flows below the surface of the workpiece, and, by
way of several physical mechanisms, it crosses the walls of
the keyhole [25, 29]. Based on the reversed-bugle shape of the
laser-created keyhole [40], a combined effective heat source
model was applied in this study. It consists of a conical volu-
metric heat source in the upper part and a cylindrical volumet-
ric heat source in the lower part, as schematically depicted in
Fig. 2, which shows the section in the xz plane of the afore-
mentioned keyhole.

With reference to Fig. 2, the laser heat source qL was
modeled by the following equations:

qL ¼
χupηLL

2
DP

πzi 1−e−3ð Þ R2
i þ RiRe þ R2

e

� � exp −
LD x−x0ð Þ2 þ y−y0ð Þ2

h i

R zð Þ2

0
@

1
A for 0≤z≤zi

1−χup

� �
ηLP

πR2
i zKH−zið Þ for zi≤z≤zKH

:

8>>>>><
>>>>>:

ð1Þ

In the specific case of the present study, the laser source
was applied at the center of the workpiece (x0 = 15 mm, y0 =
0). The distance R(z), according to assumptions made about
the geometry of the keyhole, varies linearly, between Re at z =
0 and Ri at z = zi.

One of the most challenging aspects of modeling the
welding process is the tuning of heat source parameters. In
this study, laser heat source parameters were calibrated by
comparing the calculated and experimental weld shape at the
laser powers of 1.25 kW and 2.5 kW. In particular, the laser

Table 3 Boundary conditions for velocity components, temperature, and mass fraction imposed in the numerical simulations

Surface vx vy vz T w

Top μ ∂vx
∂z ¼ f L

∂γ
∂T

∂T
∂x μ ∂vy

∂z ¼ f L
∂γ
∂T

∂T
∂y 0 q=qC+qR ∂w

∂z ¼ 0

Bottom μ ∂vx
∂z ¼ f L

∂γ
∂T

∂T
∂x μ ∂vy

∂z ¼ f L
∂γ
∂T

∂T
∂y 0 q=qC+qR ∂w

∂z ¼ 0

Front 0 0 0 300 K ∂w
∂y ¼ 0

Back 0 0 0 300 K ∂w
∂y ¼ 0

Left 0 0 0 300 K ∂w
∂x ¼ 0

Right 0 0 0 300 K ∂w
∂x ¼ 0

Fig. 2 Schematic diagram of the
section of the keyhole in the xz
plane
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efficiency coefficient was chosen by trial and error methods
for the two aforementioned laser powers, for both similar laser
weldings of Ti-6Al-4V and Inconel 718 alloys. By varying the
laser efficiency in the model, the weld puddle geometry does
not change significantly, whereas only the change of the size
of the weld puddle was observed. Hence, we calibrated other
heat source parameters to obtain the overall shape of weld
puddle firstly, and then the laser efficiency was calibrated to
attain the experimental size of weld puddle.

The laser heat source parameters for the laser welding of
Ti-6Al-4V and Inconel 718 alloys are reported in Table 4.
They were evaluated by the aforementioned calibration pro-
cedure of the numerical models, with the exception of LD,
whose value was chosen according to literature references
[10, 31, 32]. It is notable that the zKH is calculated as a function
of laser power P, that zi is a fraction of zKH, and that the other
heat source parameters are constant. According to these as-
sumptions, the only variable necessary to model the laser heat
source is the laser power. After establishing the heat source
parameters, the weld pool shape and dimensions were validat-
ed by comparing the numerical and experimental data for the
laser power of 1.5 kW.

After calibrating the heat source model for similar laser
welding of Ti-6Al-4V and Inconel 718 alloys, the heat source
parameters to simulate the dissimilar welding were chosen for
each side separately, based on the calibrated parameters of the
similar welding models.

4 Experimental procedure

The equipment used to execute the bead tests and the butt
weldings is an IPG Photonics fiber laser source model YLS-
4000, whose main technical specifications are summarized in
Table 5. The beam was experimentally characterized by
PRIMES Focus monitor FM 120, and the measured specifica-
tions are shown in Fig. 3. The difference observed between the
standard and measured specifications is due to the additional
optical path traveled by the laser beam between the exit of the

laser source’s head (where the standard specifications are
measured by the seller) and the working spot (where the laser
beam was characterized by the authors and the weld pool is
made). In fact, along the optical path, several optical elements
are met (i.e., transmission fiber, collimator, wobbling mirrors,
focusing lens), which induced some modifications due to their
unavoidable imperfections.

In particular, Fig. 3a shows how the beam was reconstruct-
ed around the waist area, by 30 sections equispaced on a
length of 40 mm. Each section was characterized by a square
matrix of 64×64 pixels, the dimension of which was automat-
ically chosen according to the light energy distribution.
Figure 3b shows energy distribution at the section closest to
the waist area and the most relevant parameters of the laser
beam, obtained by applying the 2nd moment algorithm ac-
cording to ISO standard 11166-1:2005. The red dashed line
represents the diameter of the beam waist, at 0.253 mm, eval-
uated by the aforementioned algorithm. The parameters ob-
tained by this optical characterization resulted to be consistent
with the assumptions made in the numerical simulations. In
fact, as expected the measured beam waist was smaller than
the diameter of the laser beam adopted in the solids, and the
Rayleigh length—which quantifies the divergence of the
beam—resulted to be significantly higher than the thickness
of the welded plates. In Fig. 4, a picture of the welding set-up
shows the red pilot laser and the clamping system used to fix
the specimen.

The wobbling focusing head moves the focal point with
two galvanometric mirrors (frequency up to 1 kHz, displace-
ment up to 4 mm). Forward movement is given by a digital
positioner (builder: Pegaso Sistemi Srl) with the x, y, and z
strokes equal to 550 mm, 550 mm, and 300 mm, respectively.
The maximum speed attainable by the controller is 0.167 m/s.

The bead tests and the butt weldings weremadewith two 3-
mm thick plates of Ti-6Al-4V and Inconel 718, whose com-
positions provided by the material sellers are reported in
Table 6. The welding speed was set to 60 mm/s. The focal
point of the laser beam lies 1 mm below the surface of the
workpiece. In this operating condition, the spot diameter of
the laser beam on the top surface of the workpiece was ap-
proximately 0.25 mm. Argon was applied as a shielding gas.
The bead on plate penetration tests introduced at the beginning

Table 4 Laser heat source parameters used in the numerical simulations

Laser parameter Ti-6Al-4V Inconel 718

LD 2.00 2.00

ηL 0.90 0.65

χup 0.65 0.60

Re [mm] 1.20 0.60

Ri [mm] 0.35 0.30

zKH [mm] 0.8 P + 1 0.8 P + 1

zi [mm] 0.4 zKH 0.3 zKH

To obtain zKH in mm, P has to be in kW

Table 5 Standard technical specifications of the laser source

Maximum nominal power 4.2 kW

Wavelength 1060 nm

Fiber transport diameter 100 μm

Focal length of wobbling focusing 250 mm

Divergence 50 mrad

Beam product parameter 3 mm mrad
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of the Section 2 were done at three power levels (1250 W,
1500 W, 2500 W) in order to establish the laser power neces-
sary to obtain full penetration. Afterward, this level of power
was used for the dissimilar welding.

5 Results and discussion

5.1 Case study #1: bead on plate penetration test on
Ti-6Al-4V

Figure 5 shows temperature contour plots and fluid flow in
terms of velocity vectors on the transverse section (Fig. 5a,

c, e)—plane equation: x = 15 mm—and on the top surface
(Fig. 5b, d, f), plane equation: z = 0, in the case of the autog-
enous laser welding of Ti-6Al-4V at the three levels of laser
power adopted in the present study. The dashed white line in
the figures represents the locus of points where the tempera-
ture is equal to the melting temperature TL of Ti6Al-4V re-
ported in Table 1, assumed as the boundary between the weld
pool and the original material.

The simulations showed that melted material at the top
surface moves outward as the weld pool tends to widen. In
addition, a transverse cross section showed a circulation loop
of fluid near the top surface. Both mechanisms are attributed
to the Marangoni forces in the weld pool. The effects of these

Fig. 3 Report of the experimental characterization of the laser beam: a shape of the beam reconstructed by 30 sections equispaced on a length of 40 mm
and b energy distribution on the section closed to the beam waist and the main parameters obtained by the experimental characterization

Fig. 4 A picture of the
experimental set-up based on a
fiber laser source used to weld the
specimen
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Marangoni forces were also apparent at the bottom surface, in
the case of full penetration (P = 2500 W), resulting in a wider
weld width with respect to the centerline of the weld pool.

As expected, the higher the laser power, the higher the fluid
flow velocities, due to the increased Marangoni forces. The
maximum velocities near the top surfaces are equal to 0.312
m/s, 0.414 m/s, and 0.440 m/s for a laser power of 1.25 kW,
1.5 kW, and 2.5 kW, respectively.

The model parameters reported in Table 4 were calibrated
by comparing experimental images and simulation results at
the three laser powers used in the present study. Figure 6
compares the experimental and numerical results by overlap-
ping a picture of the weld pool (obtained through the

Table 6 Chemical composition (in wt%) of the base materials

Ti-6Al-4V

V Al Fe O N H Ti

Min 3.5 5.5 0 0 0 0 Balance

Max 4.5 6.8 0.3 0.2 0.05 0.015

Inconel 718

Ni Cr Mo Nb Co Mn Cu Al Ti Fe

Min 50 17 2.8 4.75 0 0 0 0.2 0.65 Balance
Max 55 21 3.3 5.5 1 0.35 0.3 0.8 1.15

Fig. 5 Temperature profile and
velocity diagram for the bead on
plate penetration test on Ti-6Al-
4V: a transverse section,
P = 1.25 kW; b top surface,
P = 1.25 kW; c transverse section,
P = 1.5 kW; d top surface, P = 1.5
kW; e transverse section, P = 2.5
kW;
f top surface, P = 2.5 kW
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extraction of a specimen by cutting and polishing operations)
and the border of the weld pool itself (the dashed red line,
extracted from the numerical data as the locus of the points
where the melting temperature of the Ti-6Al-4V occurred dur-
ing the simulated process). From Fig. 6, one will notice high
levels of agreement, both in terms of weld pool shape and
dimensions.

Figure 7 summarizes the main numerical results. In partic-
ular, at the three different laser powers considered in the sim-
ulations, Fig. 7a shows the shape and dimensions of the weld
pool on the transverse section, while Fig. 7b demonstrates the
border between the melted and solid parts at the generic
instant of the simulated stationary welding process.
Finally, Fig. 7c depicts how the laser power affects weld
pool dimensions—i.e., the weld width and depth. The
maximum difference observed between experimental and
numerical results was 0.07 mm (4% of the experimental
value) and 0.32 mm (14% of the experimental value) for
the weld pool depth and width, respectively. As expected,
the higher the laser power, the wider and deeper the weld
pool, but results show a significantly higher effect on the
depth. This demonstrates that the keyhole depth is the
most important parameter affecting the weld pool shape
in laser welding.

5.2 Case study #2: bead on plate penetration test on
Inconel 718

Figure 8 shows the temperature contour plots and fluid flow in
terms of velocity vectors on the transverse section (Fig. 8a,
c, e)—plane equation: x = 15 mm—and on the top surface
(Fig. 8b, d, f), plane equation: z = 0, in the case of the autog-
enous laser welding of Inconel 718 at the three levels of laser
power adopted in the present study. The dashed white line in
the figures represents the locus of points where the tempera-
ture is equal to the melting temperature of Inconel 718 report-
ed in Table 1, assumed as the boundary between the weld pool
and the original material.

The fluid velocity at the top surface of the weld pool is
outward due to Marangoni forces, similar to observations
made with Ti-6Al-4V. In the case of full penetration, obtained
at the laser power of 2.5 kW, Marangoni effects are observed
both at the top and bottom surfaces of the weld pool.
Maximum velocities near the top surfaces are equal to 0.181
m/s, 0.186 m/s, and 0.211 m/s for the laser power of 1.25 kW,
1.5 kW, and 2.5 kW, respectively. The lower fluid flow ve-
locities in Inconel 718 can be attributed to weaker Marangoni
forces, a result that seems to be confirmed by the narrower
weld pool.

Fig. 6 Comparison between the experimental and simulated transverse sections for the bead on plate penetration test on Ti-6Al-4V at three different laser
powers: a P = 1250 W, b P = 1500 W, and c P = 2500 W

Fig. 7 Weld pool shape and dimensions obtained by numerical simulations for the bead on plate penetration test on Ti-6Al-4V: a transverse section, b
top surface, c depth and width of the weld pool vs laser power

907Int J Adv Manuf Technol (2021) 114:899–914



The model parameters reported in Table 3 were calibrated
in the same way as those for the Ti-6Al-4V, and a comparison
between experimental and numerical results is reported in
Fig. 9. Figure 10 summarizes the main numerical results.
The maximum difference observed between experimental
and numerical results was 0.04 mm (2% of the experimen-
tal value) and 0.34 mm (22% of the experimental value)
for the weld pool depth and width, respectively.

5.3 Case study #3: dissimilar butt joint welding of Ti-
6Al-4V and Inconel 718

Figure 11 shows temperature contour plots and fluid
flow in terms of velocity vectors on the transverse

section (Fig. 11a, c)—plane equation: x = 15 mm—and
the top surface (Fig. 11b, d), plane equation: z = 0, in the
case of the dissimilar laser welding of Ti-6Al-4V and
Inconel 718. Simulations were carried out at the laser
power of 2.5 kW, which was established as the power
necessary to provide full penetration in the autogenous
welding of both materials. Two different models were
used. The first one (Fig. 11a, b) does not consider diffu-
sion phenomena occurring at high temperatures, whereas
the second model (Fig. 11c, d) includes species equations
(last equation of Table 2). In the latter model—which is
able to consider diffusion and mixing phenomena in the
simulations—the local physical and thermal properties of
the material in the weld pool are calculated, based on the

Fig. 8 Temperature profile and
velocity diagram for the bead on
plate penetration test on Inconel
718: a transverse section,P = 1.25
kW; b top surface, P = 1.25 kW; c
transverse section, P = 1.5 kW; d
top surface, P = 1.5 kW, e
transverse section, P = 2.5 kW,
and f top surface, P = 2.5 kW
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species fraction, by a mass-weighted mixture law. The
white dashed line in the transverse sections (Fig. 11a, c) rep-
resents the boundary of the weld pool; it was calculated in the
same way as it was for the autogenous weldings, but in this
case, it was necessary to use a different melting temperature
for each side. The inclusion of the species equation resulted in
a more gradual change to the physical and thermal properties
of the weld pool, and the resulting shape was more symmet-
rical as a result of the numerical simulations.

Despite the difficulties due to the determination of fluid
flow in the weld pool, the obtained outcomes resulted to be
reliable based on the fluid flow patterns validated in previous
work [19, 20, 23].

Figure 12 shows the temperature and velocity vector mag-
nitude distribution at the intersection between the top surface
and the orthogonal plane parallel to the y-axis (i.e., orthogonal
to the welding direction) and containing the point where the
laser is applied. Both simulation results—those without (no-
mix, blue curves) and with (mix, orange curves) species
equations—are reported in Fig. 12. The differences between
white and blue curves are due to the effect of mixing on phys-
ical properties in the weld pool. Due to its higher thermal
conductivity, a steeper temperature gradient is observed on
the nickel side, which implied a narrower weld pool
(Fig. 12a). Temperature gradients are expected to play an

important role in the development of residual stresses during
the cooling stage. The residual stress prediction goes beyond
the scope of the present study; in fact, the numerical models
were not able to consider this specific effect. Nevertheless,
this aspect of the experiment could be a subject for future
numerical and experimental investigation, with the goal of
obtaining a deeper understanding of the dissimilar welding
process. Figure 12b shows that, due to the higher Marangoni
effects, the maximum velocity achieved is approximately
three times higher on the titanium side when the species equa-
tions are not taken into account. On the other hand, this dif-
ference disappears when the species equations are included in
the simulations, although the area where high velocity vectors
occur is still wider.

Figure 13 shows the contour plots of mass fractions at the
transverse section (Fig. 13a) and the top surface (Fig. 13b) of
the weld pool. There are two basic mechanisms that govern
mass transportation in the weld pool: mass diffusion and fluid
convection. The prevalence between these mechanisms can be
estimated by the Peclet numberPe, which can be calculated as:

Pe ¼ VmaxLC
D

: ð2Þ

Fig. 10 Weld pool shape and dimensions obtained by numerical simulations for the bead on plate penetration test on Inconel 718: (a) transverse section,
(b) top surface, (c) and depth and width of the weld pool vs laser power

Fig. 9 Comparison between the experimental and simulated transverse sections for the bead on plate penetration test on Inconel 718 at three different
laser powers: (a) P = 1250 W, (b) P = 1500 W, and (c) P = 2500 W

909Int J Adv Manuf Technol (2021) 114:899–914



In the specific case of the present study, the characteristic
length LC can be assumed as equal to half the width of the
weld pool, while Pe resulted to be approximately 103, mean-
ing that mass distribution in the weld pool is mostly driven by
fluid convection, whereas mass diffusion plays a secondary
role.

A comparison between the numerical and experimental
results for the dissimilar laser welding of Ti-6Al-4V to
Inconel 718 showed good agreement—as depicted in
Fig. 14—both in the cases where species equations were
included and in those where they were not. In particular,
Fig. 14a shows an overlap of a picture obtained by an

Fig. 12 Temperature profile (a) and velocity modulus distribution (b) along the y-axis of the top surface, in the two cases where species equations are
(mix) and are not (no mix) taken into account in simulations of the dissimilar welding of Ti-6Al-4V and Inconel 718

Fig. 11 Temperature profile and velocity diagram for the dissimilar
welding of Ti-6Al-4V and Inconel 718 obtained by a laser power of 2.5
kW: transverse section (a) and top surface (b) without including species

equations in the simulations; transverse section (c) and top surface (d)
including species equations in the simulations
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optical microscope of the weld pool with the numerical
results obtained in three different ways:

& White dashed line: Ti-6Al-4V and Inconel 718 melting
temperatures were imposed on the left and right, respec-
tively. No species equations were included in the
simulations.

& Blue dashed line: Ti-6Al-4V and Inconel 718 melting
temperatures were imposed on the left and right, respec-
tively. Species equations were included in the simulations.

& Red dashed line: Localmelting temperature of the material
was calculated by using the mass-weighted mixture law,

obtained when species equations were included in the
simulations.

No significant difference can be observed between the
three lines, given that at the weld pool boundaries the compo-
sition of materials is quite close to 100% of one of the two
alloys. The maximum difference observed was 0.29mm (21%
of the experimental value) and 0.22 mm (15% of the experi-
mental value), respectively, when the species equations were
not included and when they were. The maximum difference
occurred at the top surface, where most of the imperfections of

Fig. 14 Comparison between the experimental and simulated transverse
sections for the dissimilar laser welding: (a) boundaries of the weld pool
drawn by fixing the melting temperature of the two pure alloys without
the species equations (white dashed line) and with the species equations
(blue dashed line) and by fixing the effective local melting temperature

while assuming the mass-weighted mixture law (red dashed line); (b)
identification of the HAZ by drawing (red continuous) lines at the point
where the temperature reaches a specific fraction of the effective local
melting temperature

Fig. 13 Mass fraction contour plots in the weld pool at the transverse section (a) and the top surface (b) for dissimilar laser welding of Ti-6Al-4V and
Inconel 718
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the welding occurred. Therefore, it is reasonable to assume
that if the welding process were improved, the model applied
in the numerical simulations would provide better results. The
model developed in the present study to simulate dissimilar
welding, however, based on previous calibrations on pure
alloys, did give quite consistent results.

Another possible application of the numerical results is
shown in Fig. 14b, where the red continuous lines represent
the points where the temperature reaches a specific percentage
of the local melting temperature. In the specific case of Ti-
6Al-4V, for which the polishing operation resulted enough to
highlight different metallurgical structures for simple optical
microscopy observations, it was possible to identify the heat-
affected zone (HAZ) boundaries with a good level of accuracy
when 60% and 100% contours of the local melting tempera-
ture were drawn. The 60% of the melting temperature corre-
sponds to the β-transus temperature (1155 K) in the Ti-Al
state diagram [41].

6 Conclusions

In this paper, a three-dimensional model capable of simulating
heat transfer, mass transfer, and fluid flow was developed.
Temperature history, mass distribution, and velocity field in
the weld pool were evaluated in three welding cases: the au-
togenous laser welding of Ti-6Al-4V, the autogenous laser
welding of Inconel 718, and the dissimilar laser welding of
Ti-6Al-4V and Inconel 718. The weld pool shape and its di-
mensions were evaluated at three different laser power levels
for the autogenousweldings, whereas only the maximum laser
power (that allows full penetration of both materials) was
considered for the dissimilar welding.

The main outcomes achieved in the present paper are the
following.

& For all the investigated cases, the Marangoni effects, im-
plying fluid circulation in the transverse section and out-
ward flow at the top surface of the joint, resulted to be the
dominant phenomenon, as shown in Figs. 5, 8, and 12.

& Good agreement between the simulated and experimental
results, in terms of weld pool shape and dimensions, dem-
onstrates the reliability and ability of both the volumetric
heat source model and numerical model adopted in this
study.

& Weld pool width and depth both increase with an increase
in laser power, but the effect on the depth is more signif-
icant than on the width, given the deeper keyhole depth
created as a result of the higher laser power.

& As depicted in Fig. 11a, the inclusion of the species trans-
port equations in the simulations of the dissimilar welding
implied only small changes on the weld pool, which

shows however a slight better agreement between the nu-
merical and experimental results.

& The dissimilar welding simulations showed a higher tem-
perature gradient in the nickel side, due to its higher ther-
mal conductivity. Temperature gradients are expected to
play an important role in the development of residual
stresses during the cooling stage. This aspect, which goes
beyond the scope of the present study, could be object of
future numerical and experimental investigation, with the
goal to obtain a deeper understanding of the dissimilar
welding process.

& The use of species equations in simulating the dissimilar
welding dropped significantly the maximum velocity dif-
ference between the two base materials, which is approx-
imately 3 times higher in Ti-6Al-4V than in Inconel 718
when these equations are not included in the simulations.
Nevertheless, the area where the velocity is close to the
maximum value is still wider in Ti-6Al-4V than in Inconel
718.

In conclusion, the robustness and consistency of the nu-
merical models proposed by this study should provide pow-
erful tools to develop and improve innovative welding joints
such as the one hereby analyzed, involving two important
materials relevant to aeronautic applications—i.e., Ti-6Al-
4V and Inconel 718. By further enhancing and refining the
numerical model, other fundamental aspects could be includ-
ed in the simulations, such as the residual stress states, which
could provide a wider understanding of the welding process.
In this case, the investigation would not be limited to the
results derived from fluid dynamic variables but could expand
the query to include mechanical aspects that are essential in
the design of components involving advanced joints.
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