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Abstract: The CMT (cold metal transfer) arc welding process is a valuable joining method for
assembling thin sheets, minimizing heat transfers, and reducing subsequent deformations. The
study aims to simulate the CMT welding of thin stainless-steel sheets to predict temperature fields
and deformations. Both instrumented tests and numerical simulations were conducted for butt-
welding of sheets with a thickness of 1 to 1.2 mm. Weld seam samples were observed to identify
equivalent heat sources for each configuration. The electric current and voltage were monitored.
Temperature measurements were performed using K-type thermocouples, as well as displacement
measurements via the DIC (digital image correlation) technique. Thermomechanical simulations,
considering phase changes and the actual seam geometry induced by filler material, were conducted
using an equivalent heat source approach. A unique heat exchange coefficient accounting for thermal
losses was identified. By incorporating these losses into thermal calculations, a good agreement
was found between measured and calculated temperatures. Mechanical calculations allowed for the
recovery of the horse saddle form after actual welding, with a relative difference of less than 10% in
angular distortion between calculated and measured values.

Keywords: cold metal transfer; welding automation; austenitic stainless-steel; numerical simulation

1. Introduction

The present study aims at limiting the weight of welded steel structures in the context
of road transport. One way consists of decreasing the thickness of the sheets and avoiding
any stiffness loss by applying other means.

Welding operations give rise to deformations and internal stresses that could com-
promise the durability of the structure. For the sake of balancing the probable stiffness
loss, alternative techniques, including reinforcement in the manufacturing of structures,
are put forward by the company Magyar. Moreover, numerical simulation of the metal
structure assembling process can be conducted in order to forecast the temperature fields
and deformations caused by the welding process.

As part of this project, a thermomechanical simulation was performed for the MAG
(metal active gas)/CMT (cold metal transfer) welding process applied to structures con-
structed from thin-walled austenitic stainless-steel sheets. In this context, a comprehen-
sive program of tests and numerical simulations has been outlined, which would permit
comparisons between the conducted experiments and corresponding simulations. More
specifically, the observation encompasses both the thermal and mechanical phenomena
that occur during welding operations.
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The experimental aspect of this study focuses on instrumented welding tests that
involve sheets with a thickness ranging from 1 to 1.2 mm. This instrumentation primarily
encompasses thermal measurements using thermocouples (TC), measurements of welding
current and voltage, and acquisition of displacement data to assess sheet deformations
through the digital image correlation (DIC) technique. Furthermore, macrograph samples of
the weld seams are observed to identify and model the equivalent heat source for welding
conditions of 304L stainless-steel grade. The process for establishing these analogous
sources is based on experimental measurements of the dimensions and properties of
molten zones (MZ), followed by recalibration of the geometric and energy parameters of
a pre-set heat source. The provided equivalent heat sources are then incorporated into
thermomechanical calculations.

Modeling and simulation of thermal and thermomechanical behaviors were conducted
using the ABAQUS commercial computation software, employing sub-programs (DFLUX)
coded in FORTRAN to incorporate the heat sources required by this approach.

For these experiments, the CMT welding process introduced by Fronius in 2004 [1]
was selected. This process involves the assistance of a mechanical recoil of the wire to
facilitate the detachment of the metal droplet. The welding operation is synchronized to
ensure the detachment and deposition of the droplet that occurs when the current reaches
almost zero (when the electrical resistance R is high) [2].

Several references highlight the advantages of the CMT process, particularly in the
context of thin sheets joining [3–6]. In a study conducted by Talalaev et al. [6], the authors
discuss the problem of distortion and the deformation of stainless-steel parts with a thick-
ness ranging from 2 to 4 mm during welding. They have demonstrated that a welding
velocity Vw in the range of 600–720 mm/min ensures low porosity and minimizes the prod-
uct distortion. The authors also suggested that the optimization of heat input Q between 70
and 110 J/mm ensures adequate joint penetration while minimizing deformations.

Gas-shielded welding, particularly the CMT process, is highly valuable in industries
like automotive, aeronautics, aerospace, and metal production. CMT offers an innovative
arc-welding approach suitable for automation. It maintains lower temperatures, enabling
the welding of thin metal sheets in an edge-to-edge configuration, but for thicknesses that
are not less than 0.3 mm. The key features of the CMT process include a controlled short
arc interruption and wire movement integration, resulting in uniform, spatter-free welding.
At frequencies of up to 70 Hz, short-circuits occur automatically, reducing current and
heat. Compared to traditional MIG (metal inert gas)/MAG welding, CMT offers lower
heat input and a stable arc. It is ideal for thin materials, causing minimal damage to the
base metal, expanding tolerance ranges, and providing clean welding in any position or
speed [7].

Numerical simulations of CMT welding for thin plates have been the subject of in-
vestigations in various research endeavors. Researchers have introduced a heat source
model designed to replicate the effects of periodic arcing and metal deposition phenomena
inherent to the CMT welding process [8]. Leveraging ANSYS software, a numerical simula-
tion model has been used to depict the temperature field within the CMT welding pool,
providing a dynamic representation of this process [9]. Furthermore, a 3D transient CMT
welding model was created to explore heat and mass transfer dynamics during the CMT
welding of aluminum alloy and galvanized mild steel [10]. Notably, a rapid methodology
has been proposed for adjusting heat source model parameters, allowing for the accurate
reproduction of temperature evolution and distortions in a welded joint [11]. Another work
has established a thermomechanical model to predict distortions and residual stresses in
metal parts manufactured using this process [12].

2. Experimental Conditions

In the current study, a number of butt-welding tests have been carried out on samples
with a thickness ranging from 1 to 1.2 mm. The welded assemblies are composed of two
100 mm × 80 mm stainless-steel sheets. These configurations (including variations in the
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thicknesses) were selected to account for the variability of the bottom and shell thicknesses
to be welded for the construction of tanks. All MIG/CMT welding experiments were
carried out using a FRONIUS CMT 4000 welding generator.

The first specimen consisted of two sheets of equal thickness (1 mm), while the second
specimen involved two sheets with different thicknesses, specifically 1.2 mm and 1 mm. To
minimize deformation, these two sheets were welded in contact with a copper lath in order
to avoid any overheating of the base metal.

Welded sheets were equipped with instrumentation, allowing for the measurement of
temperatures both during and after welding. Temperature measurements were performed
as close as possible from the weld line and were achieved by fixing K-type thermocouples
in the vicinity of the welding area. To safeguard these thermocouples from heat damage
during welding, they were shielded by small metal sheets, see Figure 1.
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Figure 1. Schematic showing the positioning of thermocouples, protection, clamping, and copper lath.

These two thermocouples (TC0 and TC1) were positioned at the center of the sheet,
with a 20 mm gap with regard to the welding line, as illustrated in Figure 1. This distance
ensured that the thermocouples were not exposed to burning during welding, a situa-
tion typically encountered in CMT welding, where the width of the weld seam is more
substantial compared to other processes such as TIG (tungsten inert gas) welding.

Clampings were positioned on both sides of the sheet, extending all the way to the
ends in both the transverse and longitudinal directions of the sheet, with a 30 mm gap from
the weld line. This clamping setup guarantees that both sides of the sheet remain firmly in
place during the welding process.

To prevent any misalignment during CMT welding, both coupons were initially Laser
spot welded each 25 mm before CMT welding. In addition, LASER technology was used to
minimize distortion resulting from this pointing process.

During the CMT processing, a welding speed of 650 mm/min was selected, which is
consistent with Talalaev’s suggestions [6].

Displacements and deformations caused by welding were measured using the DIC
technique [13]. This measurement method involves applying a speckle pattern to the sheet
surface before welding. The speckle pattern consists of a white background with random
black spots of varying sizes. DIC measurements were executed using VIC3D software
(version 2010), see Figure 2.
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Figure 2. Actual experiment displaying the speckle pattern utilized for the DIC technique.

Figure 1 illustrates the welding process with a copper lath, application of the speckle
pattern on metal sheets, thermocouples protected by small metal sheets, and clamping
conditions employed during welding experiments. The clamping was maintained during
the cooling phase.

Measuring the electric current and voltage values allowed us to obtain a more accurate
estimation of the power dissipated within the primary welding circuit.

Indeed, it is important to note that the desired voltage and current parameters may
not always be achieved during an arc welding experiment. Various events may transpire
during the tests, such as short circuits or oscillations of the bath surface, which may result
in an operating point that the generator cannot attain or a change in the transfer mode. All
that can lead to alterations in voltage and/or current values.

In electric arc welding, linear welding energy Es is a function of welding speed,
effective arc voltage, and current. It is expressed as follows:

Es = 60
U I
Vw

10−3 (1)

With: U arc voltage (V); I arc current intensity (A); and Vw (mm/min) to provide
Es (kJ/mm).

Determining the welding speed is a straightforward process. When it comes to
voltage (U) and current (I), one typically relies on values obtained by averaging several
measurements. These measurements can be taken directly from the welding generator if
it undergoes periodic checks, or from calibrated external devices. In our studies, current
clamps are used to measure I(t) and U(t), displaying the actual (effective) current and
voltage (Ieff and Ueff), as demonstrated in Figure 3.

These devices allow for capturing of U(t) and I(t) with a high acquisition frequency,
digitally multiplying the two to derive an instantaneous power value P. This value can
be averaged over a specific duration, or it can be used to calculate the total energy Etot,
making the determination of welding energy quite straightforward.
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The effective current or voltage represents the value of direct current or voltage that
yields the same power dissipation due to the Joule effect in a resistive circuit.

Es =
P tarc

L
or Es =

Etot

L
(2)

With: Es: welding energy (kJ/mm);
P: Average power (kW);
tarc: arc-on time (s);
L: weld length (mm);
Etot: cumulative energy (kJ).
Voltage and current measurements were thus monitored during the welding process,

and these measurements provided the curves depicted in Figure 3. For voltage monitoring,
a differential probe was used, specifically the MX9030 by Chauvin-Arnoux (Meyzieu,
France). This probe was connected to the welding circuit, with a measurement location
that was carefully selected to be as close to the welding arc as possible. One connector was
affixed to the conductor guide positioned between the torch pusher roller and the contact
tube, while the other connector was attached to the generator ground cable.

A Chauvin-Arnoux PAC 21 current clamp was used to monitor the welding current.
This PAC 21 clamp was positioned on the ground cable and operates based on the Hall
effect principle. The acquisition of voltage and current signals was carried out using a
National Instrument CompactRIO system. Our data collection encompassed a total of
60,000 measurement points, with an acquisition time of 60 s and a sampling period of
0.001 s.

The primary contributors to the induced heat cycle are the energy effectively conveyed
to the workpiece and the initial temperature, and these factors take precedence regardless
of the material physical characteristics.

Nevertheless, owing to several forms of dissipation, including radiation, convection,
and conduction losses, the energy furnished by the electric arc is never entirely transferred
to the workpiece. Consequently, not all of the thermal energy is transferred to the workpiece
during the welding process, as a portion of it is lost through conduction within the wire
guides and wire sheaths.

The calculation of heat input, denoted as Q, can be expressed as follows:

Q = ηEs (3)

η: Process thermal efficiency coefficient, considered to be 0.8 for the CMT process.
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The use of an amperemeter for measuring current intensity and a voltmeter for mea-
suring voltage allowed us to determine the effective welding energy transferred to the
workpiece over a specific duration, as demonstrated in the example Figure 3. Additionally,
these measurements facilitated the estimation of the heat input and the actual average
power absorbed by the sheets in various butt configurations, such as the 1 mm/1 mm and
1.2 mm/1 mm configurations, as detailed in Table 1.

Table 1. Heat input and welding power.

Configuration 1 mm/1 mm 1.2 mm/1 mm

Welding energy Es (kJ/mm) 0.242 0.235
Average power P (kW) 2.62 2.55

Coefficient η 0.8 0.8
Heat input Q (kJ/mm) 0.194 0.188

Average real power (kW) 2.1 2.04

Figure 4 presents the macroscopic cross-sectional views achieved through the process
for butt-end configurations. It provides an overview of the macrographs for the two test
cases. It is evident that both welding conditions exhibit complete penetration. Furthermore,
it is noticeable that the heat input Q required to melt the base metal in these two tests
is nearly identical. Specifically, since both tests involve a 1 mm thickness on one side,
the welding parameters are consistent, ranging from 0.188 kJ/mm to 0.196 kJ/mm. This
translates to a negligible relative difference of less than 3%.
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However, it can also be seen that the use of almost-identical welding parameters
resulted in two different seam geometries: the lower joint surfaces have a smaller radius
of curvature due to the greater thermal pumping (contact with the copper lath), and the
MZ surface of the 1 mm/1 mm configuration is larger than that of the 1.2 mm/1 mm
configuration due to the quality of the contact with the copper lath.

Figure 5 and Table 2 depict the schematic and average numerical values of the macro-
graphic measurements for the weld seam dimensions in the context of these two tests. It is
worth noting that, in addition to penetration and width, there are several other dimensions
to consider in the cross-section of the joint. h, H, l, L, and e represent distinct weld seam
dimensions, whereas e1 and e2 are the sheet thicknesses.

Table 2. Numerical values of macrographic measurements to be applied for both welds.

Configurations L (mm) l (mm) H (mm) h (mm) e (mm) = H + h + e1

1 mm/1 mm 8.05 7.08 1.43 0.57 3
1.2 mm/1 mm 7.51 5.83 1.52 0.36 3.1
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The maximum depth difference (e) of the MZ between the two configurations amounted
to 0.1 mm. In the 1 mm/1 mm case, both the upper (L) and lower (l) widths of the melted
zone were slightly greater than those observed in the 1.2 mm/1 mm configuration. This
difference can be explained by a slight, non-significant difference in the average real power
absorbed for the two configurations.

3. Numerical Model

In order to establish a comparison between simulations and experiments, this sec-
tion presents the numerical model used to simulate actual welding experiments using
the finite element method (FEM), taking into account initial and boundary conditions.
Corresponding thermomechanical calculations were then performed using an equivalent
heat source approach.

The simulation results obtained using this approach allowed for determination of the
evolution of temperature during welding, as well as evaluation of the deformations and
angles of the sheets distortion resulting from the welding operations.

The “heat source identification” and “thermomechanical calculations” sections are
based on numerical simulation and experimentations. The equivalent heat sources were
identified for both selected end-to-end configurations.

The calculation of deformations requires identification of a behavior law for both the
base material and the molten zone. These laws were obtained from the literature [14–16].

In the chosen approach, the stages of numerical simulation of welding involve, firstly,
using the geometric and energy parameters to identify an equivalent heat source for each
configuration. Secondly, simulated temperature fields during heating and cooling are
compared to those obtained experimentally. The next step is to determine the displace-
ments/deformations of the metal sheets from the thermomechanical calculations.

3.1. FEM Model

The finite element (FE) mesh size was chosen on the basis of the literature comparable
to our study [17–20]. In order to reduce calculation times, the mesh was defined, including
two transition zones 1 and 2 along the transverse direction. To optimize calculation time
and accuracy, the size of elements was finer in and around the MZ and HAZ (Heat Affected
Zone). On the other hand, elements became coarser away from the weld zone. In the
direction of the weld axis, the mesh size was 0.25 mm.

In the weld zone, eight elements were used across the sheet thickness, providing an
element size of 0.125 mm. A first transition zone allowed to increase the size element to
0.25 mm (i.e., four elements in the thickness, label 1). Similarly, a second transition zone
allowed to use only 2 elements in the thickness (i.e., size element of 0.5 mm in thickness,
label 2) sufficiently far away from the weld axis.
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Thus, the mesh became coarser between zone 1 and 2 based on the progressive
refinement along the lateral lines outside the weld seam. The minimum mesh size in the
thickness was 0.125 mm whereas the maximum one was 0.5 mm.

The FE model, including two transition zones and a progressive refinement along the
lateral lines, is shown in Figure 6, and it is inspired by the literature [21,22].
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The use of these transition zones allowed for reduction of the number of elements and
nodes, as detailed in Table 3.

Table 3. Number of nodes and mesh elements.

Configurations Number of Nodes Number of Elements

1 mm/1 mm 56,762 47,100
1.2 mm/1 mm 58,782 48,800

An isostatism condition was considered for the mechanical boundary conditions, and
C3D8RT elements were used as suggested in the literature review [19,23,24]. This type of
element (3D bricks with eight nodes) is suitable for thermomechanical calculations.

Within ABAQUS, the steps employed in the current study were categorized into
three groups, as detailed in Table 4. The first group of steps was used to apply initial
conditions and clamping, which consisted of two steps; the second group was used to
simulate progressive activation of elements, and the number of steps corresponded to the
number of group of elements, e.g., 25 steps for 25 groups of elements; finally, the last group
was used for debriding and cooling, which consisted of a single step. Thermomechanical
properties (Poisson’s ratio, Young’s modulus, yield strength, density, specific heat, thermal
conductivity, latent heat of fusion, solidus and liquidus temperatures) as a function of
temperature were taken from the literature [22,25,26].

Table 4. Details of calculation steps.

Group of Steps Number of Steps Time Step (s)

1. Initial conditions and clamping 2 10−5

2. Simulate progressive activation of elements 25 0.37
3. Debriding and cooling 1 500

Several values of the heat exchange coefficient h were applied to investigate its effect
on the maximum predicted temperature. An adjustment of the heat exchange coefficient
was hence performed in order to provide the best fit between experimental and calculated
temperatures. Finally, the selected coefficient h takes into account both convection and
radiative contributions.



J. Manuf. Mater. Process. 2024, 8, 20 9 of 19

For this, values of h ranging between 10 and 60 W·m−2·◦C−1 were tested. The choice
of welding on a copper lath was made in view of the very-low thickness of the sheets to be
welded. It is essential to avoid any risk that the weld pool collapses when assembling this
type of sheet. Copper was also chosen because it cools the weld pool very quickly, thus
avoiding oxidation problems on the reverse side of the weld seam.

A Bilinear Isotropic Strain Hardening Model was selected to set up the elastoplastic
behavior for the base material and molten zone. This type of model allows for consideration
of the dependence of properties (Young’s modulus E, tangent modulus Et, and yield stress
σe) on temperature. The plastic strain εpl was determined from the literature data [24]
obtained from experimental nominal stress-nominal strain curves, see Figure 7.
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Figure 7. Mechanical properties of 304L stainless-steel for the bilinear isotropic strain hardening
model [24].

This type of behavior law includes three material parameters that are necessary for the
calculation: E, Et, and σe. The strain-hardening parameter µ represents the ratio between
the Et and the E.

A sensitivity study was carried out by Akbari Mousavi [14] and Brickstad [15] in order
to determine the value of µ for 304L and 316L stainless-steels at different temperatures T
and to assess the influence of varying this value on the obtained final deformation. Finally,
the µ ratio was set to 0.0133 for temperatures up to 800 ◦C, and to 0.0001above 800 ◦C.

In the present work, the elastoplastic behavior model of 316L stainless-steel was
assumed to be identical to that of 304L, since Young’s moduli as a function of temperature
are almost identical [21,22,27].

In ABAQUS software (version 2018), thermal strains are determined by the following
mathematical formula:

εth =
∫ T

Tre f

αTdT −
∫ Tinit

Tre f

αinit dT = αT

(
T − Tre f

)
− αinit (Tinit − Tre f ) (4)

With:
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εth: Thermal strain;
αT : Average coefficient of thermal expansion at a current temperature (◦C−1);
T: Current temperature (◦C);
αinit : Average coefficient of thermal expansion at an initial temperature (◦C−1);
Tinit: Initial temperature (◦C);
Tre f : Metal reference temperature (◦C).
The reference temperatures Tre f for the base metal and seam metal used in our calcu-

lations are 25 ◦C (ambient temperature) and 1450 ◦C (melting temperature), respectively.
The ABAQUS “NLGEOM” parameter was used to activate the large deformations

option since the small deformation option was found to provide non-realistic results.
Residual deformations induced by the sheet manufacturing process, e.g., rolling, were

not considered. It was assumed that, at the melting point of the material, local plastic
deformation was suppressed and new plastic deformation was prevented after melting
(i.e., the transition from liquid to solid state), so that the material was reconstructed and
the history of the material was assumed to be erased locally under the effect of previous
treatments [28].

It was assumed that the weld seam was divided into several elements of equal length,
which were activated progressively during welding.

This was simulated using the “Element Birth and Death” technique available within
ABAQUS and well explained in [29–31]. The elements were considered inactive at the
beginning of welding process, i.e., “dead” at the start of the calculation. They were then
activated as the heat source progresses, i.e., “birth”. This technique is adopted to simulate
a real welding process, as the seam was formed by a mixture of base metal and filler metal.
A quantity of filler metal material was deposited evenly as the filler wire melted. The filler
metal was modeled by the progressive activation of elements of a previously meshed seam.
This approach assumes that the geometry of the seam is known before the calculation is
carried out (geometry of the equivalent heat source, see Figure 5 and Table 2).

3.2. Equivalent Heat Source Approach

An equivalent heat source approach was adopted, with an imposed cross-section
propagated along a length Lw in the direction of the seam axis. The cross-section was
made up of two disc-segments separated by an intermediate trapezoid; therefore, it was a
prismatic type source. The elements were progressively activated during calculations, and
the source moved linearly in time; an example is shown in Figure 8. Note that Lw represents
the optimum value for element length, for which calculation results close to reality have
been obtained.
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This source was used to represent the distribution of absorbed energy across the
thickness of the sheets. Temperature fields were calculated, considering thermal convection
effects. The initial temperature of the sheets was 25 ◦C, and an overall heat exchange
coefficient was considered, as elaborated earlier. Finally, the coupling between the thermal
problem and the mechanical one was weak.



J. Manuf. Mater. Process. 2024, 8, 20 11 of 19

This approach, which enables the shape of the molten zone to be represented, was
implemented in a DFLUX subroutine coded in FORTRAN. It takes the history of elements
into account, which includes changes from solid to liquid states, and from liquid to solid. It
also takes the actual geometry of the seams into account, which varies strongly with the
filler material addition, as suggested in Figure 4.

A three-dimensional thermomechanical model was developed to calculate deforma-
tions for a suitable equivalent volumetric heat source. A welding speed of 0.65 m/min
was considered, as well as the average real power input provided for each configuration
homogeneously distributed in the volume of the prismatic source as shown on Figure 8.

4. Results and Discussions

This section presents the FE results of the thermal and mechanical simulations applied
to previously described experiments. A comparative analysis of thermal and mechanical
results computed for each configuration is performed. In addition, temperature measure-
ments and digital image correlation results are compared to the predicted temperatures
and displacement fields. Finally, the measured deformation angles are compared to the
predicted ones.

Comparison between the experimental macrostructure of the weld bead and the
predicted geometry of the MZ for the two different welding cases is shown in Figure 9.
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Table 5 summarizes the maximum temperatures recorded by TC0 and TC1 thermo-
couples on the assembly shown in Figure 1, i.e., thermocouples placed at 20 mm from the
weld seam. The maximal temperatures recorded do not exceed 260 ◦C for the 1 mm/1 mm
configuration and 340 ◦C for the 1.2 mm/1 mm configuration due to the increase in the
conductive thermal resistance between the TC measurement point and the copper lath.
Temperatures then dropped progressively to ambient temperature.

Table 5. Maximum temperatures measured by thermocouples placed at 20 mm from the weld line.

Configurations Thickness (mm) Maximum Measured Temperature (◦C)

1 mm/1 mm
1

2541

1.2 mm/1 mm
1.2 335
1 272

Despite the welding parameters being almost identical for the two configurations
(power, wire feed rates, and welding speeds), when linearly approximating the heating
and cooling phases on the graphs shown in Figures 10 and 11, it is clear that the average
heating and cooling rates for the 1 mm/1 mm configuration (12.95 ◦C/s and 0.47 ◦C/s,
respectively) are lower than those for the 1.2 mm/1 mm configuration (28.57 ◦C/s and



J. Manuf. Mater. Process. 2024, 8, 20 12 of 19

0.51 ◦C/s). This might be correlated to the higher cross-sectional area of the MZ in the
former configuration (17.9 mm2) in comparison with the latter one (17 mm2).
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Figure 10. Thermal parametric study: temperature at 20 mm from the seam axis for various values of
h, case 1 mm/1 mm.

In the context of the 1 mm thick sheets, the maximum temperature achieved in the
first configuration (1 mm/1 mm) is lower than that recorded in the second configuration
(1.2 mm/1 mm): 254 ◦C for the former compared to 272 ◦C for the latter.

In the case of the second configuration, the peak temperature reached by the 1.2 mm
sheet section exceeds that measured for the 1 mm sheet section, as depicted in Table 5 and
Figure 11. These phenomena are likely linked to the presence of the copper lath; in detail,
the conductive thermal resistance between the TC measurement point and the copper lath
increases by 20% for the 1.2 mm/1 mm configuration.

Figure 10 shows the results of the thermal parametric study for the 1 mm/1 mm
configuration. It demonstrates the transient temperature evolution during welding and
cooling at a point located 20 mm from the seam axis on the upper surface of the sheet.

The relative difference between the maximum calculated temperatures and those
measured in the two parts of the sheet once assembled (thickness 1 mm) is low, which
confirms the good correlation, Table 6.

Table 6. Relative difference between measured and calculated maximum temperatures for various
values of the h, case 1 mm/1 mm.

Convective Heat Transfer Coefficient h
(W·m−2·◦C−1 )

Relative Difference in the Maximum
Temperatures (%)

10 22
20 11.3
30 2.6
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h, case 1.2 mm/1 mm.

The maximum temperature calculated with a heat exchange coefficient h = 30 W·m−2·◦C−1

provides a smaller relative difference compared to other values of the heat exchange
coefficient (this difference is lower than 3%).

Comparison between experimental results and the computed ones, according to
variable heat exchange coefficients chosen beforehand: h = 10, 20 and 30 W·m−2·◦C−1,
provide a satisfactory comparison for h = 30 W·m−2·◦C−1, and higher differences for h = 10
and 20 W·m−2·◦C−1.
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Figure 11 exhibits the results of the thermal parametric study for the 1.2 mm/1 mm
configuration. It shines light on the temperature evolution during welding and cooling at a
point located 20 mm from the seam axis and on the upper surface of the assembly in both
the 1.2 mm and 1 mm thick sheets.

A comparison between experimental results with the computed ones is indicated
based on the application of variable values of the h (chosen beforehand among h = 30,
45 and 60 W·m−2·◦C−1). Again, the comparison yields to satisfactory conclusions for
h = 30 W·m−2·◦C−1 and higher differences for the two other values of h.

The relative difference between the maximum calculated temperature and the mea-
sured ones in the 1 mm thick section of the assembly gives results closer to reality (the
difference is less than 13% for the three different values of h), see Table 7. In the 1.2 mm
thick section, the difference is less than 14% for h = 30 W·m−2·◦C−1 and greater than this
percentage for the other values of h. This can be explained by the loss of contact between
the copper lath and the sheet during welding due to induced deformation.

Table 7. Relative differences between measured and calculated maximum temperatures for different
values of h, case 1.2 mm/1 mm.

Convective Heat Transfer Coefficient h
(Watt.·m−2·◦C−1)

Relative Difference between the Maximum Temperatures (%)

Thickness 1.2 mm Thickness 1 mm

30 13.7 3.1
45 22.3 8
60 25.1 12.7

Finally, the heat transfer coefficient retained for both calculations was thus h = 30 W·m−2·◦C−1.
This coefficient is justified by the fact that CMT was performed on metal sheets in direct
contact with a copper lath, and also by the fact that it also includes radiative losses.

Using the equivalent heat source approach for the thermo-mechanical calculation
enabled us to make a comparison between the computed results and experiments at the
deformation level.

An example of the results of calculated displacements (U2 or V) in the Y direction,
normal to the sheet surface, after welding, case 1 mm/1 mm, is shown in Figure 12. The
overall deformation may be observed, and estimates of the deformation angle of the sheet
after cooling may be derived. The same type of overall deformation is observed in both
cases: the assembly takes on the shape of horse saddle.

In order to measure the deformation angle at the sheet ends, extraction of the vertical
displacement profile (V) was performed for two lines L0 along the sheet width direction
(X), see Figure 12.

Figure 13 shows the comparison between experiments (DIC measurements line L0) and
simulations for the vertical displacements (V) along the width (line L0). The measurements
and calculations show similar concave curvatures.

Comparison of the thermomechanical calculation results with experimental ones for
the two cases yielded satisfactory conclusions for the cross-sectional direction of the sheet
(80 mm), i.e., for the 1 mm/1 mm case.

The calculated deformation angle is close to the real angle, which is around 2.7◦,
and the difference between calculation and experiments being around 0.3◦. For the
1.2 mm/1 mm case, the difference between calculation and experiments is 0.1◦ for the
1 mm thick coupon and 0.3◦ for the 1.2 mm thick coupon, see Table 8.
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Table 8. Comparison of calculated (FEM) and measured (DIC) deformation angles along line L0.

Configurations Experiment Simulation

1 mm/1 mm
1 mm 1 mm 1 mm 1 mm
2.7◦ 2.8◦ 3◦ 3◦

1.2 mm/1 mm
1.2 mm 1 mm 1.2 mm 1 mm

4.9◦ 6.1◦ 5◦ 5.8◦
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Vertical displacement amplitudes and deformation angles at the ends of the thickest
coupons were greater than those of thinner sheets, see Figures 13 and 14 and Table 8.
Increasing the thickness of the second coupon therefore increases displacements, deforma-
tions, and deformation angles. On the contrary, the thinner the sheets are, the smaller the
deformations generated for the present conditions.
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1.2 mm/1 mm.

This can be explained by observation of the macrographs, where there is competition
between the two dimensions L (upper dimension of weld bead width) and l (lower dimen-
sion of weld bead width), see Figure 5 and Table 2. In both cases, the L dimension is greater
than the l dimension. The difference between the two dimensions (L-l) in the 1.2 mm/1 mm
case is around 2 mm, which is greater than that in the 1 mm/1 mm case, which leads us to
say that the greater the difference is, the greater the displacements and deformation angles
are. In other words, the more the weld beam is dissymmetric in regard to the thickness
direction, the higher the deformations are.

5. Conclusions

The two heat sources, as well as the heat exchange coefficient identified in these studies,
have been implemented in a thermomechanical simulation of the assembly operation of
two sheets of stainless-steel 304L in two butt welding configurations, namely 1 mm/1 mm
and 1 mm/1.2 mm, representing the project’s areas of interest for which the work presented
here was funded. The main challenge associated with implementing the thermomechanical
calculation is related to the meshing of the calculation domain representing a thin metal
sheet. The minimum size of the elements, and therefore the quality of the mesh, is linked
to the thickness of the sheet. To limit the number of degrees of freedom of the problem
to be solved while maintaining sufficient calculation accuracy, transition zones were used
between the finely meshed weld seam zone and the rest of the coupon, which experienced
lower thermal and mechanical gradients. With this choice, the results obtained agree with
experimental observations; the relative difference between the measured temperatures and
the calculated ones is less than 5%, and the relative difference between the calculated and
observed angular distortion is less than 10%. This lesser consideration of the distortion
effect by the model is linked to the considered conditions to simulate the clamping of the
sheet and the pointing before welding. In the experiments, welding was performed after
pointing, where the sheet was clamped and then released immediately after welding to
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allow for the sheet to deform freely. In the calculation, the sheets were considered free
to deform even during welding, which was not possible to achieve experimentally. This
explains the slight overestimation of the calculated distortion angle, but the offset is limited
and the model accurately reproduces the behavior in terms of distortion of the welded
coupon. These initial works were useful for the modeling of a real structure, i.e., a 1/4
scale prototype of a tanker for road transport. In the case of a real structure, the sheets
are self-clamped, and the overall structure is free to deform; thus, the simulated clamping
conditions are more representative of a real structure welding scenario. Therefore, we
believe that the model is satisfactory for our ultimate goal of simulating a real structure.

The final objectives of this work, namely the comparison between the experimental
and calculated results for plates welded in butt configuration using the CMT process, have
been achieved. By identifying and modeling an equivalent heat source, simulation of the
thermal and thermomechanical behaviors of the produced assembly was achieved.

The approach used in the simulation step may help to solve a wide range of prob-
lems, including:

• Determining angular distortion within the welded structure.
• Analyzing displacement fields of the welded plates.
• Studying the transient evolution of temperature in proximity to the welding zone.
• Determining the maximum temperatures reached on a specific sheet during the weld-

ing process.

The simulation produced satisfactory outcomes, aligning with the experimental find-
ings. Although simulation is advantageous, it falls short of completely substituting ex-
perimentation. The careful selection of experimental test cases that are easy to simulate is
pivotal. Simulating a fine assembly on a copper lath is notably intricate due to the necessity
of replicating the contact between the assembly and the copper lath.

The models developed in this study merit further exploration in the future and can be
extended to cover materials of different thicknesses and various CMT welding configura-
tions. In addition, these models can be used to develop a simplified approach capable of
simulating the deformation of large-scale structures.

Author Contributions: Methodology, A.M. and R.B.; Validation, F.L.; Resources, L.B.; Writing—
original draft, H.A.; Visualization, N.H. and A.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The financial support of ADEME (Agence de l’Environnement et de la Maîtrise
de l’Energie) throughout the LightTank project is acknowledged.

Conflicts of Interest: Author Hichem ABERBACHE was employed by the company MAGYAR-SMFF
and Laboratoire Interdisciplinaire Carnot de Bourgogne. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Nomenclature

Es Linear welding energy (kJ/mm)
U Voltage (V)
I Current (A)
Vw Welding velocity (mm/min)
P Average power (kW)
tarc Arc-on time (s)
Lw Weld length (mm)
Etot Cumulative energy (kJ)
Q Heat input (kJ/mm)
η Process thermal efficiency coefficient
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E Young’s modulus (GPa)
Et Tangent modulus (GPa)
σe Yield stress (MPa)
µ Strain hardening
h Heat exchange coefficient (W·m−2·◦C−1)
εpl Plastic deformation
εth Thermal strain
T Current temperature (◦C)
αT Thermal expansion coefficient (◦C−1)
αT Average coefficient of thermal expansion at a current temperature (◦C−1)
αinit Average coefficient of thermal expansion at an initial temperature (◦C−1)
Tinit Initial temperature (◦C)
Tre f Metal reference temperature (◦C)
X, Y, Z Subscripts (Cartesian coordinates)
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