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Abstract: Laser beam welding (LBW) is a highly demanded process for premium-quality joints in
aeronautic, energy, or industrial sectors, where flexibility and low-heat-affected zones are required.
One of the main applications of LBW in the near future is expected to be the welding of new turbine
engine components, which are typically made of Nickel-based superalloys. However, parameter
setup is time- and resource-consuming, where experiment-based methods are typically employed.
Therefore, the process development is far from an efficient resource utilization. In the present work,
an LBW numerical model is developed and experimentally validated through a machine-integrated
monitoring system. The LBW model is based on solving the heat transfer problem produced by
the laser and provides the resulting temperature field, as well as the weld bead dimensions. The
model includes a variable heat source that automatically adapts to the welding regime, conduction,
or keyhole. For the model validation, two Inconel 718 sheets of different thicknesses are butt-welded
and an error of around 10% is obtained, which ensures the validity of the model.

Keywords: laser beam welding; model; butt welding; dissimilar thickness; Inconel 718; case study

1. Introduction

Welding is the most important joining technology in the current manufacturing indus-
try, having different heat sources applicable such as the gas tungsten arc, the electron beam,
or the laser beam [1]. However, still today, the mechanical properties along the weld bead
are the main challenge, and choosing the correct welding heat source is mandatory. For
instance, the wide heat-affected zone produced by the gas tungsten arc welding process
(GTAW) can be avoided by employing a higher-energy-density heat source such as a laser
beam [2]. Therefore, laser beam welding (LBW) is a continuously growing technology
thanks to not only the low distortion and high penetration it offers, but also due to the result-
ing high-quality joints [3]. The development of high-power lasers has enabled the switching
from conduction to keyhole welding, and LBW has become a potential manufacturing
technique for aerospace parts like turbine engine components [4].

The aerospace industry is focused on developing high-performance components able
to keep their mechanical properties at a wide temperature range. The good weldability and
exceptional thermomechanical characteristics of the Nickel-based superalloy Inconel 718
make it one of the most employed materials [5]. Nevertheless, considering the solidification
cracking of Inconel 718 as one of the most typical failures, the thermal field inspection
during the part manufacturing is required for increasing the robustness of the process and
avoiding their apparition [6]. Thermal management during the manufacturing process is
thereby essential for ensuring appropriate mechanical behavior during the full life cycle of
the components. Nonetheless, experimental testing is neither trivial nor efficient today, and
process simulation has posed as an efficient tool for saving time and resources.

However, the LBW modeling is still challenging due to the complexity of the ongoing
physical phenomena. Several studies have focused on developing thermal models for
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LBW without being able to predict the welding mechanism and simultaneously adapt
the heat source [7,8]. Hence, in most of the models, the welding mode needs to be pre-
established in order to introduce the laser heat appropriately. For instance, Shehryar Khan
et al. developed a model where the laser energy source was previously defined depending
on the focus distance. Likewise, the optimum focus distance for defect-free welds was
determined and experimentally validated, although the thermal distribution has to be
known in advance [9]. Models able to determine the optimum welding parameters are
key for time and resource savings. Thus, Thejasree et al. developed an application of the
ANFIS-Java algorithm to optimize the LBW parameters for Inconel 718. However, this
kind of model still needs further investigations because if the material changes, the full
characterization must be redeveloped [10].

Zhang et al. developed a numerical model including the melt pool dynamics, although
the heat input was determined by the user before being experimentally calibrated for each
situation [8]. In more recent research, Lorin et al. developed a heat source model by
combining a Gaussian heat source and an upside-down cone. Promising results were
obtained and the keyhole phenomenon was successfully modeled. However, they have
to develop heuristic functions for evaluating the welding parameters and the heat source
settings in each case. Thus, further investigation is needed for obtaining an automatically
adaptable heat source [11]. Another approach of hybrid heat source simulations was
performed by Lorin et al. and included the keyhole dynamics. Nonetheless, just the keyhole
regime was considered [12]. When keyhole welding is modeled, introducing the heat source
in the plate may be a complex task once the material vaporization starts, and therefore
Faraji et al. developed a keyhole laser welding model with a heat source constructed by a
conical volumetric heat source in the upper side and a cylindrical volumetric heat source
in the lower side of the welded part. Despite validating the keyhole simulations, before
developing the model, extended experimental calibration needs to be performed [13].

Considering the complex physical phenomenon taking place during the laser welding
process, several studies are found where the employed models focus only on a small area of
the joining process in order to save simulation costs. For instance, as the melt pool dynamics
are the cause of the weld bead formation, local simulations have been developed where the
movement of the molten material is included. Duggirala et al. also centered their model in
evaluating the impact of the Marangoni flow in the weld pool dimensions [14]. Chianese
et al. developed a multiphase CFD model for simulating copper-to-steel welding [15].
Another example of this type of modeling approach is the work presented by Ke et al., who
included an oscillating laser beam and studied its influence in the welding regime: the
keyhole, transition, and conduction [16]. Nevertheless, such CFD simulations are extremely
time-consuming, and they typically have size and geometry restrictions. Furthermore, Feng
et al. studied the melt pool movement modeling in LBW and concluded that for stable
welding conditions, regular clads are obtained and such a phenomenon can be considered
as constant. This point eases their simulation, as it opens the door to their inclusion through
constant factors [17].

Another aspect that limits the applicability of the developed models to real welding
processes is their scalability, because most of the time, the studies are accomplished with
minimum geometries in order to reduce the computational cost. For instance, Shehryar
Khan et al. developed a highly complex model, but with a limited geometrical size
(4 × 4 × 1 mm3) so as to obtain results in a reasonable time [9]. Even in the latest models,
the complex phenomena like the keyhole dynamics are not simulated in the full domain
due to their elevated computational cost [18].

Moreover, most of the LBW models are validated only for sheets of the same thickness
in butt weld configuration. Thus, there are few studies where the joining of different
thickness plates is included. One of the few examples is an electron beam welding (EBW)
model able to predict the thermal behavior during the welding of dissimilar-thickness parts
of Zircaloy-4, and good correlation with the experimental results was obtained [19]. For the
LBW process, Li et al. presented an experimental study, in which the depth reached during
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the welding of Ti6Al4V sheets was determined by evaluating the measured thermal field
through thermocouples [20]. Hence, there are uncertainties about the thermal management
of dissimilar-thickness part welding and further study is needed in this field.

In parallel to the simulations, for ensuring a good control of the LBW process and
a final high-joining quality, monitoring systems are required [3], which at the same time
provide the required data for the model validation. In a machine-integrated monitoring
system, a coaxial camera to the laser is usually employed for the melt pool dimension
monitoring [21]. Additionally, the temperature field evaluation is crucial to assess the
quality and welding mechanism. For such purposes, two-color pyrometers are frequently
used [22].

In light of the limitations of the state of the art, in this research, the case study of a
thermal model for the LBW process for dissimilar-thickness plate joining is experimentally
validated through a machine-integrated monitoring system and the corresponding metallo-
graphic procedure. The developed model is able to automatically adapt the heat source
depending on the welding regime and predict the resulting temperature field as well as the
weld bead dimensions.

2. Materials and Equipment

The Nickel-based superalloy Inconel 718 plates employed in the experimental vali-
dations are supplied by Hayness International (Kokomo, Indiana) with the chemical com-
position listed in Table 1. Inconel 718 is typically employed for aeronautical applications,
where the welding of dissimilar-thickness plates is a common operation in components
such as the turbine rear structure.

Table 1. Chemical composition of as-received Inconel 718 (wt. %).

Ni Co Fe Cr Nb+Ta Mo

Bal. (52) <1.000 19.000 18.000 5.000 3.000

Mn Si Ti Al C B

<0.350 <0.350 0.900 0.500 0.050 0.004

The two welded plates are 100 × 10 mm in size, with thicknesses of 1.27 mm and
2 mm, respectively. These sheets are butt-welded along the longest side of the plates, where
a 100 mm weld is performed. The thermophysical properties of Inconel 718 applied for the
model resolution are listed in Table 2.

Table 2. Thermophysical properties of Inconel 718. Reprinted with permission from ref. [23] 2002,
Woodhead.

Temperature [K] Density [kg·m−3] Specific Heat
[J·kg−1·K−1]

Thermal Conductivity
[W·m−1·K−1]

298 8190 435 8.9
373 8160 455 10.8
473 8118 479 12.9
573 8079 497 15.2
673 8040 515 17.4
773 8001 527 18.7
873 7962 558 20.8
973 7925 568 21.9
1073 7884 585 23.9
1173 7845 603 25.8
1273 7806 620 26.7
1373 7767 640 28.3
1443 7727 650 29.3
1609 7400 720 29.6
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For the LBW experimental tests, a fiber Yb:YAG solid-state laser from Coherent with a
maximum power of 1 kW in CW is used. The laser beam is guided through a 100 µm optical
fiber and focused at a 200 mm focal distance, having a 1 mm diameter at the focal position
(Ølaser). The welding head is mounted on a five-axis laser machine center and the upper
and lower faces of the plates are protected by two Argon 2X gas inlets with 99.99% purity
supplied by Nippon Gases (Tokyo, Japan). A total gas flow of 15 L·min−1 is employed. The
setup followed during the LBW tests is shown in Figure 1.
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3. Model Basis

The thermal model is accomplished by means of the Partial Derivative Equation (PDE)
Toolbox of the commercial software Matlab R2023a. The same toolbox is employed for
generating the mesh over the entire domain, solving the heat transfer equations, and
representing the obtained results.

In accordance with the standard ISO/TS 18166:2016, the simulation implicative as-
sumptions, the thermal model characteristics, the initial and the boundary conditions, and
the employed mesh are described in this section [24]. The material properties required for
the welding process simulation are detailed in the previous section, Section 2.

3.1. Assumptions

For simulating the LBW process, a series of simplifying hypotheses are considered
due to the process complexity. These assumptions are registered below:

• The material properties are temperature-dependent; see Table 2.
• The material is isotropic and homogeneous; it is therefore continuous.
• In order to reduce the computational cost during the simulations, the melt pool

dynamics are neglected. As Feng et al. stated, in a stable welding regime, the melt
pool dynamics can be defined as constant [18]. Furthermore, Li et al. concluded that
despite omitting the melt pool dynamics in an LBW model, it is feasible to predict
accurately the melt pool temperatures and weld dimensions [20].

• The Inconel 718 absorptivity is established to be 0.4 for conduction welding, although
this value is increased up to 1 for modeling the internal reflections of the material
during the keyhole welding due to the augmented energy transfer efficiency [25].

3.2. Thermal Model

The heat transfer problem is solved with the Fourier’s law, which rules the heat
conduction law and implies that the rate of heat transfer through the material is proportional
to the negative gradient of the temperature. This law is represented in Equation (1), where



Metals 2024, 14, 829 5 of 12

k is the thermal conductivity of the material, T = T({u},t) is the temperature distribution,
and q = q({u},t) is the heat flux at a given position, {u} = {x y z}, and time step t.

q({u}, t) = −k·∇T({u}, t) (1)

For the transient thermal problem resolution, the first equation of thermodynamics
must be followed, Equation (2), where ρ is the material density, Cp is the specific heat, k is
the thermal conductivity, T is the temperature, and f is the overall heat input.

ρ(t)·Cp(t)·
∂T({u}, t)

∂t
−∇·(k(t)·∇T({u}, t)) = f ({u}, t) (2)

In order to ensure the convergence and stability of the results, a 1 ms time step, ∆t, is
employed in the present study. In Equation (2), the term f includes both the laser energy,
flaser, and convection and radiation losses, flosses, as shown in Equation (3). These values
are specified in the next section, Section 3.3, where the heat source for conduction and
keyhole welding regimes are also differentiated.

f ({u}, t) = flaser({u}, t) + flosses({u}, t) (3)

3.3. Initial and Boundary Conditions

The initial temperature condition of the workpiece is set at 25 ◦C in the full domain,
this being the room temperature (Troom), Equation (4). Before the tests, this temperature
value was measured experimentally using K-type thermocouples. For the second step and
onwards, the model is initialized with the temperature field obtained in the previous step,
Equation (5).

T({u}, t = 0) = Troom (4)

T({u}, t + ∆t) = T({u}, t) (5)

The boundary conditions (BCs) are divided into three regions, which are represented
in Figure 2.
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Figure 2. Outline representation of three types of boundary conditions.

Firstly, the laser heat source is defined as a top-hat energy distribution, which cor-
responds to the laser employed for the experimental tests. The heat source distribution
at the focal plane is presented in Equation (6), where α(T) is the temperature-dependent
absorptivity, P(t) is the time-dependent laser power, and R is the laser beam radius.

flaser({u}, t) =
α(T)·P(t)

π·R2 ∈ Γ1 (6)

The heat is introduced in the welding plate depending on the welding mode or regime,
as represented in Figure 3. The welding regime is determined by the maximum temperature
reached at the melt pool. If the vaporization temperature is not reached during the welding
process, the surface where the laser beam irradiates the material is considered as flat,
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Figure 3a, and the heat introduced into the system is modeled by Equation (5). On the
contrary, if the material is vaporized, the overpressure generated by the vapor displaces
the molten material, which allows the laser beam to penetrate the material and generate
the keyhole. In this second situation, which is represented in Figure 3b, the laser beam is
absorbed by the interface area, A, between the liquid and vapor phases and absorptivity is
increased until the unit value; see Equation (7).

flaser({u}, t) =
P(t)

A
∈ Γ1 (7)
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The second BC expresses the convection and radiation heat losses in all external faces
that are not in contact with the clamping device; see Equation (8). For such calculation,
the convection coefficient (hc) and radiative emittance (ε) are defined as 10 W·m−2 and 0.4,
respectively, and the Stefan–Boltzmann constant (σ) has a value of 5.67 × 108 W·m−2 K−4.

flosses({u}, t) = −hc·(T({u}, t)− Troom)− ε·σ·
(

T({u}, t)4 − Troom
4
)

∈ Γ2 (8)

The last BC represents the thermal interaction between the clamping device and the
plates. Therefore, it is assumed that during the welding process, this contact area, defined
as ∈ Γ3, is maintained at a constant room temperature (25 ◦C) due to the high thermal
inertia of the clamping device.

3.4. Geometry and Employed Mesh

In Figure 4, the simulated whole geometry is shown, where the clamped sides are
indicated, and the weld joint is highlighted by a dashed red line. An adaptive mesh with
linear elements is employed in the simulations, with a minimum element size of 0.2 mm
and a maximum of 1 mm in the regions far from the weld bead. The mesh is compounded
by 299,187 elements and 58,705 nodes.
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4. Monitoring System

The machine-integrated monitoring system is built by a two-color pyrometer, as
shown in the following experimental tests set up in Figure 5. For efficient monitored data
management, the collected information is simultaneously extracted from the process.
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The temperature measurements are performed by the non-contact two-color pyrometer
IGAR 12-LO. This pyrometer has a measuring range between 500 and 2500 ◦C and is
mounted off-axis in order to measure the temperature at a 2 mm distance at the back from
the melt pool. The reason for not measuring the maximum temperature directly at the melt
pool center is that the welding regime is unknown prior to the tests. Hence, in keyhole
welding, the material vaporization would interfere with the measurements and a signal
overload would be obtained.

5. Results

The model validation is accomplished, on the one hand, by evaluating the temperature
field of the plates with the monitored results. On the other hand, the modeled weld bead
dimensions are compared with the metallography results. The simulation and experimental
tests carried out are listed in Table 3, in which the parameters employed in each case
are detailed.

Table 3. Case study parameters for the experimental tests.

Test Power [W] Welding Speed [mm·min−1] Ølaser [mm]

1 800 500 1
2 800 1000 1

5.1. Temperature Field Validation

During the experimental tests, the measured temperatures are within the measuring
range of the pyrometer and a stable signal is obtained for both tests. In Figure 6, the
raw data obtained during the experimental tests are represented. Despite the noise in the
signals, stable values are obtained, which goes in line with the hypothesis that under a
proper setup, a stable welding is obtained.
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Figure 6. Experimental temperature measurements during welding tests 1 and 2.

The temperature measurements acquired during the LBW process have been averaged
in the experimental, TPyrometer, and simulated, TModel, cases to ease the comparison and
define the error value, E. To summarize, the obtained results are listed in Table 4.

Table 4. Temperature validation of the case study.

Test TPyrometer [K] TModel [K] E [%]

1 1637.53 1650.19 0.77
2 1580.77 1600.80 1.27

The numerical values of the temperature measured with the pyrometer and afterwards
validated with the model simulation show a maximum error below 1.50%. During the
simulations, the temperature field performs as follows (Figure 7), where the pyrometer
measuring area is displayed with a black circle. The welding test is performed in the
X+ direction.
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In addition, with the simulation thermal field results, the weld bead asymmetry is
confirmed (Figure 8). The reason for this asymmetry is the dissimilar thickness of the
plates, in which a thicker sheet presents higher diffusivity and hence, lower temperatures
are obtained.
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Figure 8. Test 1 simulation results on the top surface.

In Figure 9, the transversal and longitudinal cross-sections of the welds for tests 1 and
2 are shown. In both cases, the transversal cross-section is obtained in the center of the laser
beam, which is the reason for not presenting the maximum depth of the weld bead. The
limits of the melt pool are also represented in Figure 8 by means of a dark blue line.
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5.2. Weld Bead Dimension Validation

Once the metallography inspection is accomplished, the weld bead width (W) and
depth (D) are measured experimentally, WExp and DExp, and are compared with the mod-
eled values, WModel and DModel. Such values are listed in Table 5, in which the error (E)
between both modeled and measured values is shown. For each test, three cross-sections
have been extracted and the average dimensions are presented. For the 100 mm length
weld track, the sections are situated at 20, 50, and 80 mm distances from the initial point.
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Table 5. Numerical values of the weld bead dimension validation.

Test DExp [mm] DModel
[mm] ED [%] WExp

[mm]
WModel
[mm] EW [%]

1 2.00 1.99 0.44 2.53 2.24 12.91
2 1.07 0.98 9.18 1.62 1.47 10.61

The stable behavior of the welding process results in an almost negligible result disper-
sion; this is the reason for not providing deviation values for the individual measurements.
The same procedure has been employed for the model results, where the dimensions of
three sections have been averaged.

The resultant depth and width error values show how the model is able to effectively
predict the weld bead dimensions with a maximum error below 13%. The numerical weld
bead dimensions according to the input parameters can determine that test 1 is welded in a
keyhole regime, while test 2 is welded in the transient regime. As an example, Figure 10
displays two cross-sections for the modeled and experimentally analyzed test 2, at which a
high resemblance is obtained in the clad dimensions and shape. Additionally, they confirm
the high stability of the welding process detected by the pyrometer.
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6. Conclusions

In the presented research, the developed LBW model is experimentally validated
through a case study. For this purpose, two Inconel 718 sheets of different thicknesses are
butt-welded with an error below 2% for the thermal field and 13% for melt pool dimensions.
The following lines give the main conclusions reached in this study:

• Thanks to the consideration of a variable heat source, the model automatically adapts
the welding regime from conduction to keyhole if material vaporization is detected. If
the temperature in the melt pool reaches the vaporization temperature, the material
absorptivity increases to the unit value and vaporized material is eliminated. This
approach enables us to obtain accurate results in keyhole or transient welding regimes
despite no material movement being considered in the model. Consequently, the
model presents a low computational cost and the feasibility of using a cost-effective
model for welding applications is demonstrated. This characteristic opens the door to
simulating larger and more complex parts.

• The presented model is able to adapt to the welding regime in each case during the
laser welding of dissimilar-thickness Inconel 718 sheets. Therefore, the user does not
need to define beforehand the welding regime and the model determines it depending
on the thermal field.

• The differences in thicknesses of the welded Inconel 718 sheets produces a non-
symmetrical thermal field during the welding process. The heat introduced by the
laser is directed towards the thinner plate and the developed model is capable of
detecting this effect. Consequently, the model can be a useful tool when defining the
appropriate welding strategy.
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• The average results between the simulated and measured temperatures provide a
reasonable validation of the LBW model. Moreover, the maximum temperature
difference obtained among both results is around 20 ◦C.

• The dimensions of the melt pool evaluated ex situ by metallography inspection corre-
late satisfactorily with the results provided by the simulations.

Even if there is still a long way to keep improving LBW models, the model employed
in the present case study provides an appropriate prediction of the temperature field and
the weld bead itself. Therefore, the next step will be to test the model in different welding
configurations or trajectories with complex shapes.
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