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Abstract: To ensure realistic results when modeling welded joints using the finite element
method (FEM)), it is essential to appropriately characterize the thermo-mechanical behavior of the
elastic-plastic Finite Element (FE) models. This task is complex. Any small differences between
the actual welded joints and the welded joints based on FEM can be amplified enormously in the
presence of nonlinearities. Due to the intense concentration of heat on a small area to create such
joints, the regions near the weld line undergo severe thermal cycles. These generate significant
angular distortion due mainly to the residual stresses. This paper proposes a method to determine
the parameters that are most appropriate for modeling the Butt joint single V-groove welded joint
FE models’ thermo-mechanical behavior that were created by the one-pass Gas Metal Arc Welding
(GMAW). The method is based on experimental data, as well as genetic algorithms (GA) with
multi-objective functions. As a practical example, the proposed methodology is validated with
three different welded joints specimens that are manufactured by different voltages and currents
(26 volts and 140 amps, 28 volts and 210 amps, and 35 volts and 260 amps). The electrode orientation,
shielding gas flow rate, distance between nozzle and plate, and welding speed were considered to be
constant for all of the specimens that were studied, and their values were 80°, 20.0 L/min, 4.0 mm,
and 6 mm/s, respectively. The base material was EN 235JR low carbon steel, whereas the weld bead
was ER705-6 for the three specimens that were welded. An agreement between the temperature
field and the angular distortion that was obtained by the adjusted FE models and those that were
obtained experimentally demonstrates that the proposed methodology may be valid for automatically
determining the most appropriate parameters.

Keywords: finite element method; genetic algorithms; welding temperature distribution; angular
distortion; multi-objective functions

1. Introduction

Gas metal arc welding (GMAW) is used widely in the manufacture of mechanical devices and
components. Because such junctions are created by the intense application of heat to a small area, areas
that are close to the weld are subject to marked thermal cycles. These cycles cause the microstructure
and mechanical properties to change. They also create residual stresses that cause angular distortions
in the welded joints. How these welds are created, as well as the welding parameters greatly affect
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the thermal cycles (Macherauch and Kloos [1]). Various factors directly control several of the welding
parameters. These factors include the welding machine’s speed, wire feed rate, pre-heating, voltage,
current, shielding gas flow rate, and the mixture’s flux proportion. Additional welding process
parameters that the welding machine is unable to control include the distance between the nozzle
and plate, the thickness of the plate, and the electrode orientation diameter of the wire. The most
frequently studied parameters are voltage, current, and speed. They also are the parameters that
most affect the GMAW process (Ozcelik and Moore [2]). For decades, the Finite Element Method
(FEM) has been used as an alternative in an attempt to reduce the costs during the design phase of
mechanical components and mechanical devices. Despite the obvious advantages of using the FEM,
there are some disadvantages, such as convergence problems, especially if the FE model includes
nonlinearities. Finite Element (FE) models of welded joints should be modeled in three-dimensional
(3D) and consider a nonlinear behavior for the material to be welded, for the thermal contacts.
The FE models should be able to accurately capture the temperature distribution, residual stress,
and deformations. Also, an accurate evaluation of the residual stresses is very important due to
their influence on the fatigue behavior of the welded joints [3,4]. Generally, welded joints in FE
models require a large number of parameters to be defined correctly. A failure to establish them
in a methodical fashion can cause any small differences between the inappropriate parameters and
what would have been appropriate parameters to amplify the difference between the FE model’s
results and reality. This means that determining the right values of the parameters that define the FE
models, although being a complicated task, is absolutely required if the FE results must be as close
as possible to reality (Lostado et al. [5]). Thus, various authors have developed complex FE models
to study the temperature field and the distortions in welded joints. However, they have not used
any methodology to determine the most appropriate parameters to model the thermo-mechanical
behavior in welded joints FE models with experimental data. Thus, (Deng and Murakawa [6]) use an
FE model to study the temperature field, as well as residual stresses in stainless steel pipe multi-pass
welds that were created by Gas Tungsten Arc Welding (GTAW). The heat from the moving arc welding
was modeled by an uncoupled thermal-mechanical FE model and the double ellipsoidal distribution
that Goldak et al. proposed [7]. Both conduction and convection were considered, as was the
temperature-dependent heat transfer coefficient (Brickstad and Josefson [8]). Ericsson and Nylén [9]
developed a combination of a robot simulation and FE simulations to optimize the welding process
speed in order to minimize angular distortion. In this case, the FE models were validated by the
temperature histories of a group of thermocouples and an infrared camera that were located in different
points of the parts to be welded. Finally, Attarha and Sattari-Far [10] studied the welding temperature
distribution in the Heat-Affected Zone (HAZ) for joints that were similar and dissimilar to thin
butt-welded joints that are manufactured in the Gas Tungsten Arc Welding process (GTAW). In this
case, the FEM was used to predict the temperature distributions throughout the plates using ABAQUS
software, and experimentally validated with thermocouples. The FE models assumed the radiation,
conduction, convection, and the double ellipsoidal distribution that were considered to be the input
heat flux. More recently, Lostado et al. [11] studied the temperature field and the Residual Stresses with
Time-Independent Cyclic Plasticity in ibutt joints with single V-groove Finite Element (FE) models.
Other researchers have based their studies of welded joints with FEM on angular distortion,
instead of temperature fields. For instance, Bachorski et al. [12] developed a FE model to predict the
distortion during gas metal arc welding (GMAW) using the volume shrinkage approach. This method
considered the post-weld distortion and assumed a linear thermal contraction for the FE model.
Pilipenko [13] studied by means of FE models the transverse, longitudinal, and angular shrinkage,
as well as the bending distortion, in the multi-electrode submerged arc welding process (SAW).
In another work, Zhang et al. [14] used a combination of FE models and experiments to investigate
the effects of arc distance and welding parameters in controlling residual angular distortion in the
Tungsten Inert Gas (TIG) process. The FE models considered temperature-dependent material behavior
and double ellipsoidal distribution (Goldak et al. [7]) for the input heat flux. More recent and complete



Metals 2018, 8, 230 3 0of 23

work has included both the temperature field and angular distortion to validate welded joints FE
models. For example, Aarbogh et al. [15] modeled the distortion and temperature fields of a single
pass metal inert gas welding (MIG) on an austenitic steel plate by means of WeldSimS numerical
code (Chao et al. [16]). In this study, the authors considered the coupled thermal-mechanical fields,
temperature-dependent material, and the phenomena of conduction, convection, and radiation, for the
FE models that they proposed. The heat from the moving welding arc was also modeled assuming
a double ellipsoidal distribution. Tian et al. [17] studied a Butt joint with partial penetration groove
weld (a single V-groove) that was generated by a Tungsten Gas Arc (GTA). The input parameters
that were studied to obtain the temperature field, angular distortion, and transverse shrinkage were
voltage, speed, and current. The input parameters and data that were obtained were used to validate
a three-dimensional FE model. A T-joint fillet welded joint FE model using simplified material
properties was used by Peri¢ et al. [18] to investigate the influence of the temperature-dependent
thermo-mechanical material properties of carbon steel. The proposed FE model was validated by
means of residual stresses and angular distortions from a series of experiments that involved a fully
automated welding process.

The parameters of the welded joints FE models that were adjusted by most of these cited authors
are related to the conduction and the convection phenomenon and elastic-plastic material behavior.
They made the FE model adjustments without further procedures. They only used the test error
method, which has an unacceptable computational cost. This paper proposes a method by which to
automate the adjustment of the parameters that define those of welded joint FE models. The proposal
is based on experimental data and genetic algorithms (GA) with multi-objective functions. The paper
applies the adjustment methodology to butt joint single V-groove welds of EN 235]R low carbon
steel that have been produced by a one-pass Gas Metal Arc Welding (GMAW) process. In this case,
the effects of phase transformation were not considered because the base material (EN 235JR) had
a low carbon content, as did the weld bead (wire ER70S-6), and the slow cooling of all the welded
specimens in this study. Three Butt joint single V-groove weld FE models that considered the rate
independent plasticity behavior were generated by 13 different parameters. These parameters were
considered to define the conduction and convection phenomena, as well as the weld flux. In addition,
each of the three welded joint FE models considered different voltages and currents (26 volts and
140 amps, 28 volts and 210 amps, and 35 volts and 260 amps) and a speed of 6 mm/s. The methodology
for adjusting such welded joint FE models was validated by three different welded joints specimens
that were manufactured with the same voltages and currents (26 volts and 140 amps, 28 volts and
210 amps, and 35 volts and 260 amps). Also, it was assumed that the welding process configuration
(electrode orientation, shielding gas flow rate, distance between nozzle and plate, and welding
speed) were constant for all of the specimens that were manufactured with 80°, 20.0 L/min, 4.0 mm,
and 6 mm/s, respectively. The wire for each study specimen was an ER705-6 of 1.2 mm diameter
and with mechanical behavior and a chemical composition that was similar to that of the base metal.
The selection of the ranges for current and voltage, as well as the electrode orientation, shielding gas
flow rate, distance between nozzle and plate, and speed at 80°, 20.0 L/min, 4.0 mm, and 6.0 mm/s,
respectively, was based on previous studies [19] to avoid defects or complex problems in the welded
joint FE models that were studied. These defects are: pores in weld beads, fusion of the plates
to be welded, excessively small weld beads that do not completely cover the mechanized zone of
the plates, thereby creating the Butt joint single V-groove weld, or excessively large weld beads.
However, the adjustment methodology that is proposed in this paper could be applied to adjust the
thermo-mechanical behavior of any type of welded joint FE model, while considering such complex
effects as phase transformation. In that case, the proposed welded joint FE models would have defined
other parameters that are necessary to define the conduction and convection phenomena, as well as
the weld flux.

The proposed methodology is as follows. First, a correlation based feature selection (CFS) filter
algorithm was applied to each of the three proposed FE welded joints to determine which input
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parameters most influence the temperature field and angular distortion. The adjustment process using
GA to set the parameters of welded FE models that were manufactured with different currents and
voltages were developed in two different ways. The first way only considered the most influential
parameters that were revealed by CFS. The second way was to consider the totality of the proposed
input parameters. An agreement between the temperature field and the angular distortion that
were revealed by the proposed FE model and those obtained experimentally demonstrates that the
proposed methodology may be valid for determining automatically the most appropriate parameters
that are needed to model the thermo-mechanical behavior of welded joint FE models on the basis of
experimental data.

2. Determination of the Optimum Material Parameters for the Finite Element Method (FEM) by
Genetic Algorithms (GA)

Using GA to adjust FE models is a well-known method that some researchers have used in
recent years, especially when these models exhibit highly nonlinear behavior (Lostado et al. [3];
Lostado et al. [20]; Lostado et al. [21]; Gentils et al. [22]; Duanm et al. [23]). In the field of welded
joints, some authors (Bag et al. [24]) have used GA to adjust the unknown parameters that define
three-dimensional heat transfer FE models when the GTAW process is studied. More recently,
other authors, including as Lostado et al. [11], have used GA to adjust the parameters that define
the temperature field in butt joints with single V-groove Finite Element (FE) models. In this
case, the adjusted parameters were used for FE models in the study of Residual Stresses with
Time-Independent Cyclic Plasticity. To date, no further references have been found in the literature
that uses GA to adjust FE models or to optimize welding sequences in manufacturing processes
in combination with FEM. Other researchers have used the GA to optimize the manufacturing
welding sequence on the basis of experimental data without the use of the FEM (Voutchkov et al. [25];
Xie, et al. [26]). In these studies, the optimization process required a significant number of experiments
to weld joints in different sequences and with different welding parameters.

3. Genetic Algorithms with Multi-Objective Functions

A population of several individuals is used by Genetic algorithms GA for an optimization that
provides a solution that approximates the minimum possible solution. The GA method is applicable
to problems like those of biological evolution in a manner that is reminiscent of biological mechanisms
(Michalewicz [27]; Fonseca and Fleming [28]). The optimization process using GA is usually conducted
by the following six steps: coding/decoding, population initialization, evaluation, selection, crossover,
and mutation. To explain the optimization process, assume that we have a mathematical model,
or results that were obtained from an experiment f(x;, ... , x;) and that we wish to find a solution
(x1, ... , xy) that maximizes or minimizes that function or experiments. In the current paper, this
function may be the temperature field and the field of angular distortion of the welded joint FE models.
First, a basic genetic algorithm creates randomly an initial generation of N individuals. Each solution
is encoded in chromosomes and evaluated using, in this case, the FE model GO (xyq, ... , Xx,) insuch a
way that the best individuals will be those whose result approaches the desired maximum or minimum
result. A new generation is created and evaluated based on the best individuals (those that provide
the best solution when the intention is to achieve a single objective, or to achieve several objectives
simultaneously). This process is repeated until the best individual in each generation has a value that
is close to the desired optimum. Each generation of individuals Gn when n # 0 is usually created
from the previous generation. Approximately 25% of new individuals have the best (i.e., the “fittest”,
much like the theory of natural selection). A higher percentage of the individuals (e.g., 75%) result
from cross-over of chromosomes from the previous generation (sexual reproduction). The remainder
(10%) arises from random alteration of selected genes of the previous generation’s chromosomes
(mutation). The adjustment process and the proposed methodology for development of the cross-over
and mutations for the FE models that are proposed are described in Sections 5.2 and 5.3.
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4. Experimental Procedure

The proposed method’s first stage is manufacturing three butt joint specimens that have a
single V-groove from EN 235]R low carbon steel and establishing GMAW process configuration
parameters. All of the specimens used was ER705-6 wire of 1.2 mm diameter and are similar to the
base metal in mechanical behavior and chemical composition. The specimens were manufactured
automatically by an ESAB 180 welding machine into which an ABB 1500 IRB robot had been
incorporated. The configuration of the GMAW process is known to have many input parameters to
control. These include voltage, current, speed, diameter of the wire, shielding gas flow rate, orientation
of the electrode, and the distance between the nozzle and plate, etc.). (Minnick [29]; Murray et al. [30];
Ozcelik and Moore [2]). These parameters are able to affect directly the weld bead’s geometry,
the angular distortion, the temperature field, and residual stresses. In this case, the input parameters
that were chosen for study were voltage, current and speed. They were: 26 volts and 140 amps
for Specimen 1, 28 volts and 210 amps for Specimen 2, and 35 volts and 260 amps for Specimen 3.
The speed for the three specimens studied was 6 mm/s. Other inputs or process parameter values
(the shielding gas flow rate, the electrode orientation, and the distance from the nozzle to the plate)
were assumed to be 20.0 L/min, 80° and 4.0 mm. The dimensions of the plates at which all of the
welded joints were manufactured were 30 mm x 50 mm X 6 mm. The mixture of gas was 20% carbon
dioxide (CO;) and 80% argon (Ar). Figure 1a shows the welding parameters that were commonly used
in GMAW. In addition, the distributed Heat Flux [K]/mm] was calculated by the following equation:

V-Cn

Heat Flux =
eat Flux S

)

where 1 is the weld efficiency (%), which is considered to be 70% in the GMAW process (Grong [31]).
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Figure 1. (a) Common welding parameters used in gas metal arc welding (GMAW); and, (b) The welding
process used to manufacture the butt joint single V-groove.

Table 1 shows the values of speed, current, voltage and heat flux that were considered in this case
for the three specimens that were studied.

Also, it is known that different welding sequences that are used for the same specimens
can produce different residual stresses on them, and, consequently, different angular distortions
(Lostado et al. [20]). All of the specimens in this case were manufactured in the same welding sequence
(i.e., same length of weld cord and welding direction) and were affixed at the same point to a refractory
surface. A clamp held one of the plates, whereas the other was free to rotate. Thus, it was only gravity
and thermal shrinkage that caused the butt joints” angular distortion. In the welding process, the weld
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cord was deposited successively on the plates to be welded. This created a butt joint that had a single
V-groove. The welded joints were left to cool at a room temperature of 18 °C. Figure 1b illustrates the
butt joint welding process for that was followed for the three specimens.

Table 1. Values of current, speed, voltage and power to manufacture the three welded specimens.

Inputs Specimen 1 Specimen 2 Specimen 3
Current (amps) 140.0 210.0 260.0
Voltage (volts) 26.0 28.0 35.0
Speed (mm/s) 6.0 6.0 6.0

Heat Flux (KJ/mm) 0.424 0.686 1.061

4.1. Measuring the Temperature Field

The angular distortion and the temperature field in the welding process can be used to validate
the proposed FE models. These fields were used in the present paper to validate the three proposed FE
models of a butt joint with a single V-groove. The temperature field during the welding process was
determined for each of the key points of the welded joint as a function of time. This normally involves
thermo-couples or Infrared Radiation (IR) technology, with a thermographic camera. The latter
provides the temperature field automatically and accurately for all the points of the weld (plates
and weld bead). IR technology has been used successfully by some investigators to determine
the temperature field, and, then, to use the information to validate the welded joint FE models
(Bzymek et al. [32]; Tonkovic’ et al. [33]; Peri¢ et al. [34]). The temperature field for the present paper
was recorded by IR technology, while the three single V-groove welded joints were manufactured.
The field was recorded at two second intervals by a thermographic camera (Thermovision 570 AGEMA
infrared system AB). The recording time of the temperature field was 100 s. This is sufficient time
for the welded joints to cool considerably. Measurement of the temperature field was limited to the
central points of the weld joint (i.e., P2, P3, P4, P7, P8, P9, P12, P13, and P14). Points P1, P5, P6, P10,
P11, and P15, were not considered for validation of the FE models. This was due to a desire to avoid
errors in the measurement of the temperature due to the transient starting and ending of the welding.
Figure 2a shows the points for the measurement of the temperature field of the butt joint that has a
single V-groove welded joint. Figure 2b illustrates the experimental temperature field of all the points
in at second No. 6. There is in this figure a curve shaped preceding the weld point in the welding
direction. It is the shadow of part of the torch of the welding machine (dashed red line). Figure 2c
illustrates the same at second No. 20.

(b)

Figure 2. (a) Points that were considered for the temperature field measurement of the butt joint with

single V-groove welded joint; (b) The temperature recorded by the thermographic camera at second 6;
and, (c) The temperature recorded by the thermographic camera at second 20.
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4.2. Measurement of Angular Distortion

Angular distortion is the result of non-uniform expansion and contraction of the weld cord
and base metal during the heating and cooling cycle, which always appears in GMAW processes.
Angular distortion is considered to be an indicator of residual stress to which the welded joint is
subjected. The angular distortion should be avoided as much as possible, because if it is excessive,
it can even affect the final dimensions of the mechanical component that is welded. In the current
paper, the angular distortions of the three specimens that were studied were measured by use of a
coordinate-measuring machine (model Zeiss PMC 850, Zeiss, Oberkochen, Germany) after the welded
joints had cooled to room temperature. In this case, the angular distortions were measured by use
of a selected group of key points on the edge of the plate that suffered most angular distortion in
single V-groove welded joint (Figure 3a). These key points were located very close together in the
central area of the welded joints, and served as a reference for measuring several times the angular
distortion of each one of the studied specimens. This repeated measurement of the angular distortion
was subsequently averaged to obtain a more realistic value. Figure 3b shows the coordinate-measuring
machine that was used in the process of measuring the distortion angle. Figure 3c shows the key points
that were used in each of the welded specimens to measure the angular distortion of the welded joint.

L
I

Plates  WeldBead Key Points

. —p
e —

= .

: |P(ey Points

Refractory Surface : tr?g éo
(a)
-_—

Figure 3. (a) The distortion angle measured in the butt joint single V-groove; (b) Coordinate-measuring
machine used to determine the angular distortion; and, (c) Detail of the Key points selected.

4.3. Characterization of the Welded Joint and Measurement of Weld Bead Geometry

Prior to conducting the characterization of the welded joint and the measurement of the weld
bead geometry, X-ray radiographic analysis (ISO 17636 [35]) was undertaken with a Balteau X-ray
radiographic machine. The analysis was undertaken as possible defects and imperfections were
detected in the three specimens to be studied. In this case, if any of the specimens that were analyzed
contained imperfections, it was rejected and was not used as a reference for the finite element model.
Once the analyzed specimens showed no imperfection with the radiographic analysis, they were cut
into pieces, and the faces of the cuts were polished and treated with picric acid in accordance with
ASTM E407 [36]. This treatment ensured that the different areas of the welded joint (weld cord, base
metal, and HAZ) were visible and could be identified. Then, the hardness was measured by a Hoyton
Rockwell type 1003A durometer, according to ASTM E92 [37]. This enabled the detection of any phase
transformation in the plates HAZ and weld bead. Using a diamond cone for the HRA scale in this
case, a value of 60 kp was used for the three specimens. Figure 4a shows the hardness HV at various
points of the base metal, weld cord, and HAZ for the first specimen. It shows a maximum hardness
of 79 HRA, whereas the minimum hardness is 64 HRA. Also, Figure 4b—d shows the first sample’s
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transformation zones at a magnification of 40 x. In Figure 4b, it can be seen that the bead is formed
mainly by ferrite and perlite. Also, Figure 4c shows the composition of the base metal. It indicates that
the base metal has a greater quantity of perlite than there is in the weld bead itself. Also, the HAZ
(Figure 4d) shows a reduced area, which may be practically negligible. Similar phase changes and
the affected areas were detected in the rest of the analyzed specimens. According to the results of the
hardness measurement (Figure 4a) and of the metallographic analysis (Figure 4b-d), it can be deduced
that no significant changes of phase were detected and that no important hard transformation zones
for the three specimens studied were found (Barsoum [38]). This may be due to the low carbon content
of both base material (EN 235]R) and weld bead (wire ER705-6) that were used in this study, and also
to the slow cooling of all the welded specimens (by air at room temperature and natural convection).

Figure 4. (a) Image obtained by the microscope showing the different phase changes in the welded joint;
(b) Ferrite and perlite in the weld cord; (c) Ferrite and perlite in the base metal cord; and, (d) Reduced
area of the Heat-Affected Zone (HAZ).

Then, the three welded joints were treated with picric acid, which caused the different areas to
become visible; they were digitalized with a ZEISS microscope using a magnification of 40 x. Then,
the weld bead geometry that was essentially defined by the bead’s height, width, and shape was
measured. Table 2 shows the heights and widths of each of the three study specimens, as well as the
angular distortion of each specimen. These data were then used to generate the FE models of each of
the three welded joints that were studied.

Table 2. Bead dimensions (height and width) and angular distortion of the welded specimens.

Inputs Specimen 1 Specimen 2 Specimen 3
Height (mm) 1.3 1.5 2.5
Width (mm) 9.5 8.7 12.0
Angular Distortion (°) 4.64 4.723 4.934

5. Finite Element Proposed for Modeling the Welded Joints

Over the years, most studies of welded joints that were based on FE models considered
elastic-plastic material behavior, thermo-mechanical contacts, radiation, and convection in order
to determine the distribution of displacements, distortions, and temperature. As the strains and
stresses are determined as derivatives of displacement, the finite element shape functions for the
displacements in thermo-mechanical problems generally should be greater by one order than for
thermal analysis (Friedman et al. [39]; Friedman et al. [40]). Nevertheless, linear shape functions
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of elements are preferred. Low-order elements are more effective in solving nonlinear welded joint
problems than larger high-order elements (Lindgren [41]). Also, fine mesh with linear elements
is preferable for brick or hexahedral elements in three-dimensional models for plasticity problems
(Benzley et al. [42]; Cifuentes et al. [43]). Hexahedral elements with functions of linear shape were
used in the present paper. MSC Marc software [44] was used for simulation of the FE models of
butt welded joints that have a single V-groove and to determine temperature fields and angular
distortions. A total of 5200 elements were used to model the plates, 4536 elements to model the support
plate, and 596, 546, and 642 elements to model the weld cords for the joints 1, 2, and 3, respectively.
The input parameters and weld bead dimensions (height and width) in Tables 1 and 2 were assumed
in the development of the models. The proposed FE models did not consider the effects of phase
transformation in the plastic strains, but a von Mises yield criterion with isotropic hardening rule
was considered for base material and weld bead. The shape of the weld beads were experimentally
obtained from the same cuts on the specimens studied in the characterization phase of the welded joint
(See Section 4.3). Also, the FE models considered in their formulation to be linear shape functions with
coupled thermal-mechanical fields and a temperature-dependent weld bead (wire ER70S-6) and base
material (EN 235]R). According to Zhang et al. [14], the temperature-dependent material parameters
were in this case the thermal expansion coefficient, thermal conductivity, elastic modulus, yield stress,
and specific heat. These temperature-dependent materials were obtained from the MSC Marc software
database [44]. Also, convection, conduction, and radiation were considered [21]. The addition of
weld metal was modeled by the technique of birth and death of elements [12,45,46]. One plate was
attached to a refractory surface (see Sections 4 and 4.2). The other was supported on the refractory
surface to deform freely from thermal shrinkage and stresses as the cord solidified and created angular
distortion [11] (See Figure 5a). The three proposed FE models had the same height and width as the
specimens that were welded and even modeled the web bead starting and ending zones (See Figure 5b).
The minimum mesh size considered for the proposed models was 0.75 mm, 1.0 mm, and 1.5 mm for
the plates, weld bead, and refractory surface, respectively.

(b)

Figure 5. (a) Details of the mesh size considered for the proposed Finite Element (FE) models; and,

(b) Detail of the starting and ending points of the weld bead studied, which also was included in the
FE models.
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5.1. Parameterization of the Welded Joints FE Models

The three welded joint FE models were parameterized for the determination of the most
appropriate parameters required to model the thermo-mechanical behavior. A total of thirteen
parameters were considered to define the conduction and convection phenomena, as well as the
weld flux. Firstly, the thermal conduction phenomena considered six parameters that were based
on the different pairs of contacts that constituted the proposed welded joints. The introduction
of thermal contact into the FE model provides the ability to take thermal conduction and small
gaps into account. Bodies that are almost touching each other are considered to be in near contact.
Different physical heat transfer processes, such as convection, natural convection, radiation, or distance
dependent heat transfer can be simulated for this type of contact. A thermal contact analysis is
undertaken when there is no structural pass. This results in a computationally more efficient analysis
(MSC Marc software [44]). In this case, thermal contact Plate 1-Plate 2 (contact_P1_P2) and thermal
contact plates-ground (contact_P_G) established the thermal contacts between the plates themselves,
and, also, between the plates and the ground. Contact_P1_P2 has been included in this case, despite
the existence at least at the beginning of the simulation, of a plane of geometric symmetry in the
longitudinal direction of the weld bead. Plate 2 is fixed to the refractory surface by a clamp, whereas
Plate 1 is free to rotate (See Figure 1b). In the beginning of the welding process, both plates are in
contact with the refractory surface. In this situation, the heat transfer from Plate 1 and Plate 2 to
its surroundings (air and a contact with the ground (convection and conduction)) is the same. With
this condition, the Contact_P1_P2 could be not taken into consideration. As the welding process is
being completed, the heat transfer from Plate 1 to its surroundings continues. However, the heat
transfer from Plate 2 to its surroundings changes mainly to air (convection). In this new situation,
the symmetry of the welding process would no longer be true and the elimination of Contact_P1_P2
would be a mistake. Also, three different thermal contacts were considered between the weld bead
and the steel plates. This was raised to indicate that the dimensions of the weld bead are reduced, both
at the beginning and the end of the welded joint in contrast to its central zone. For example, at the
beginning of the weld cord was defined the weld cord-plates thermal contact (contac_P_init), whereas
in the central zone, another weld cord-plates thermal contact (contac_P_center) was defined. Also,
the weld cord-plate thermal contact was defined for the end zone of the cord (contac_P_end). Finally,
the melting_point parameter corresponds to the melting temperature of the weld bead (melt_point).
In the same way that the conduction coefficients were defined based on three different zones of the
welded joint, three different convection coefficients were defined for modeling the phenomenon of
thermal convection. The first region of the welded joint is the weld bead itself, the temperature of
which is much higher than that of the rest of the joint. A first convection coefficient called face_film
was defined as the thermal convection coefficient between the weld bead and the air. A second zone,
in which the convection is produced in the welded joint, is that between the sides and the top of the
two plates and air (face_film?2). Finally, as the angular distortion causes the plate (Plate 1) that is not
fixed to the refractory surface to begin to rotate, another convection zone appears in the welded joint.
Another face_film3 is the coefficient of thermal convection between the air and the bottom of Plate 1.
However, this plate was initially not in contact with air, but the refractory surface, instead. Also,
it was assumed that the weld flux for all FE models had was a double ellipsoidal in shape according to
Goldak [7], as it was necessary to adjust the parameters for: forward_length; rear_length; width and
depth. These parameters are defined mainly to determine the weld flux rates per unit of volume in the
weld pools, according to the double ellipsoidal. Forward_length and rear_length are the weld pool
lengths in the welding direction, whereas the width and depth are the weld pool lengths in a direction
that is perpendicular to the direction welding. Finally, the weld bead and surrounding areas were
exposed to radiation by vision factors in the software (MSC Marc software [44]). Figure 6a shows the
proposed thermal contacts to solve the conduction phenomenon in the FE model. Figure 6b provides
the proposed thermal convection coefficients for solving the convection phenomena. Figure 6¢c shows
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the double ellipsoidal according to Goldak [7], in which the parameters of forward_length; rear_length;
width and depth can be displayed.

Plate 1 Face fim2  Widch Face film N

amp

jmnms ]

23
% g
|
G

(b)

Welding Direction

Y

Dép
Y Heat Flux

()

Figure 6. (a) Thermal contacts proposed in the FE model to solve the conduction phenomena;

(b) Thermal convection coefficients proposed in the FE model to solve the convection phenomena;
and, (c) Double Ellipsoidal Weld Flux showing the forward_length, rear_length, width and depth.

As previously mentioned, the methodology proposed in this paper for adjust welded joints
FE models could be used to adjust the thermo-mechanical behavior of any type of joint. In that
case, the proposed FE models would have defined other parameters that are necessary to define the
conduction and convection phenomena, as well as the weld flux.

5.2. Adjusting the Welded Joints FE Models

The proposed methodology for setting the best parameters for modeling Butt joint single V-groove
weld FE models on the basis of angular distortion and temperature field with GA, as follows. First,
the welded inputs of speed, current, and voltage (Table 1), the experimental temperature field and
the angular distortion (Table 2) were selected for each of the three different welded joints that were
studied. Subsequently, the ranges and step of the parameters to be adjusted and needed to model
thermo-mechanical behavior in the welded joints FE models (in this case 13 parameters defined in
Section 5.1) were established. Then, the GA process began to fix the objective functions of Jz.,, and
Jpist based on Equations (2) and (3) for each of the individuals, generated as follows:

Yo | Trem(i) — Texp (i)
?:O |TEXP(1) - TExp (Tl’lean) |

)

ITempj =

Ipistj = |rem — aexel 3)

XEXP
In all the studies of Multi-objective Optimization, one of the main tasks is to define the objective
functions in such a way that their maximum and minimum values that these functions can reach are of
the same order of magnitude. These objective functions are often normalized with a common base.
In this way, the process of maximizing or minimizing them is executed in a way that does not penalize
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or favor any of them excessively [47]. In this case, |y and Jp;s; were defined in a way that errors in
the modeling of the temperature and in the modeling of angular distortion could were comparable and
of a similar order of magnitude. The objective function J,; (also known as Relative Absolute Error
(RAE)) was defined as the average difference between the temperature obtained from each of the key
nodes (n) that belong to the FE models (T7rg(;) and the temperature obtained from the thermographic
camera (Tgxp(;) at the homologous key points of the samples. In this case, the key nodes, P1, P5, P6,
P10, P11, and P15, were not considered, as was mentioned in Section 4.1 due to a desire to avoid
errors in measuring the temperature due to the transient starting and ending of the welding process.
Instead, only the key nodes P2, P3, P4, P7, P8, P9, P12, P13, and P14 were considered for calculation
of the temperature field. The Jz.,,;; functions that were obtained for the cited nine key points were
examined at 2-s intervals from the beginning of the welding process at t = 0 s. to f = 100 s (See Figure 2).
The subscript j represents the numbering of the welding cord that was studied. In this case, they range
from 1 to 3. Tgxp(; is the mean of experimental temperatures that were obtained at each of the nine
key points that were studied. The objective function Jp;s;; was defined as the difference between the
absolute value of the average angular distortion obtained from a selected group of key nodes del FE
model (arppr) and the distortion angle that was obtained from the homologous key points of the tested
samples (apxp). Weights wryp and wp;s; were applied to each of the objective functions Jz.,;; and
Ipistj, respectively, in order to consider the different adjustment requirements for the parameters of the
proposed FE models. In this case, wr.,y was defined as being of a greater importance in the adjustment
of the temperature field for the proposed FE model, whereas wp;;; was defined as being of greater
importance in the adjustment of the angular distortion of that FE model. For example, if a minor error
in the adjustment of the temperature field for the proposed FE model is permitted, but a greater error
is permitted in the adjustment of the angular distortion of that model, the wg,;, and wp,;; may be
assigned the following weight (major importance level assigned to the temperature field).

Wremp = 1.8 and wpjgy = 0.2

Conversely, if a minor error in the adjustment of the angular distortion for the proposed FE
models is permitted, but a greater error is permitted in the adjustment of the temperature field of
that FE models, the wr,,y and wp;s; may be assigned the following weight (major importance level
assigned to the angular distortion).

Wremp = 0.2 and wpjsy = 1.8

In this way, the sum of both weights is equal to 2. In this paper, the fields of temperatures and the
angular distortion have been considered to be equally important in adjusting the parameters of the
proposed FE models. For this reason, wr.,, and wp;s; weights have each been assigned a value of 1.0.

Also, the sum of the two objective functions in relation to their respective weights is the overall
objective function [, which is the function to minimize. It is defined as follows:

]Totalj = ]Tempj X WTemp + ]Distj X Wpist 4)

Each of these objective functions was used to adjust each of the parameters of the welded joint FE
models proposed (j = 3).

5.3. Crossovers and Mutations

After the objective functions were formulated and the welded inputs, experimental temperature
field, and the angular distortion were established, the GA process began with the first generation
(generation “0”) of individuals (i.e., FE models) that was randomly generated and simulated by the
MSC Marc software [44]. Based on this process, the individuals of each generation were formed for
the 13 features that were defined as input parameters. The data for each of these features were in
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decimal format. So, to obtain chromosomes with the right format, each digit of the input feature values
(only decimal digits that can vary have space in the chromosomes) were transformed to binary code
in order to use the GA method. During the transformation from the real values of the 13 features
to binary code and during the transformation back from the binary code to real values, attention
was given to removing possible values that were outside of the proposed range in the new offspring.
The minimum and maximum values, the step and the format of each feature were considered. Because
four binary digits formed a decimal code, the values that were obtained from new offspring in such
cases were irrational, and, in other cases, outside of the ranges that were proposed in the study. Thus,
such values were detected and removed from the process. Once the chromosome was in the correct
format, the fitness function was calculated and the GA process continued as explained. In this case,
the number of individuals that formed the first generation was 100 for each of the welded joints that
were studied. After each individual from generation “0” was simulated, a correlation-based feature
selection (CFS) [48,49] was made to determine which parameters most influenced the temperature
field and the angular distortion. The objective of this analysis was to preset those parameters of
least influence on the temperature field and angular distortion to the mean value of their range,
and to adjust those more influential parameters by the crossing and mutation with GA. After each
generation “0” individual was simulated, the objective function Jz,; for each of the welded joints
that were studied was evaluated by use of a script that was written in “R” language [50]. The best
individuals of this generation “0” were those that had the lowest value of the objective function
JTotalj- The next generations (Generation 1 and subsequent generations) were created by crossing and
mutation, as described below:

e  30% of the individuals with the lowest objective function ], values of the previous generation
became parents of the new generation.

e  60% of individuals were created by crossing selected parents. The crossing was implemented by a
script in “R” language [50]. It consists of a change in a random number of bits of chromosomes
of two randomly selected best individuals. First, it was necessary to obtain two complete
chromosomes from two selected parents. Then, each chromosome was coded to binary code
to perform the process of crossing. Then, a random number of crossings (1, 2, 3, or 4) were
selected. Also, for each crossing a position number that defined the position of the initial bit of
each crossing was randomly selected too. In the same way, the longitude of the number of bits that
form the crossing part of the chromosome was selected. With this information, some bits of the
first parent were selected and the remaining bits were selected from the second parent to create a
new chromosome for the next generation. Figure 7 shows the first and second positions 1 and 2,
and the lengths (longitude 1) and (longitude 2) that were selected in this case for the crossing of
two individuals from the generation “0”. In this case, position 1 was equal to “14” and position 2
was equal to “117”. Longitude 1 was equal to “12” and longitude was equal to “14” (all position
and longitude values are in bits). Finally, the new chromosomes were decoded from their binary
code to generate the new offspring that were formed by the parameters to be adjusted in order to
model the thermo-mechanical behavior of the welded joints.

e  The remaining 10% of individuals were obtained by mutation. A random number of bits (between
one and the number that defines the longitude of the chromosome) are defined and random
positions of the chromosome are selected and are commuted until reaching the number of the
initial number of bits selected. Meanwhile, it was important to always check that the new
randomly generated values were within the established ranges. The aim of generating individuals
by mutation was to find new solutions in areas that had not been explored previously. This
procedure was repeated separately for each of the welded joints that were studied for several
generations until the objective function Jz,,; no longer increased significantly.
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5.4. Correlation-Based Feature Selection

Correlation—based feature selection (CFS) is a simple rank filter algorithm that select features
according to a heuristic evaluation based on a correlation function [48,49]. The feature subset evaluation

function is shown in Equation (5).
ks
k+k(k—1)7¢f

Merits = 5)

where Merit; is the heuristic merit of a feature subset S containing k features, Tef is the mean feature-class
correlation, and 7y is the mean feature-feature intercorrelation. The numerator indicates how a group
of features predicts a numeric class and the denominator of the redundancy among the features. This
technique was applied as a feature selector because of its low computational cost and simplicity of use.

Individual ‘m_point | c_p_in|c_p_midle|c_p_End|c_pl pZc_p2 qg? ffilm 1) £ film 2| {film 3 f length r length width depth
Parent1 | 1427 | 017 010 | 019 | 193 | 066 '0.00052 000039000041 10 | 78 | 249] 43
Parent2 | 1432 | 060 = 013 | 052 | 062 | 175 \0.00010 0.000610.00035 11 | 53 |239] 58

Parent 1={1427017;010;019;193;066;0.00052;0.0003%0.00041;1.0;7.8;24.9;4.3}=

Q%@%%Y Chromosome{1427017010019193066052039041107824943} ={0001 0100 0010011
- 0000 0001 11 0000 0001 00000000 00011001 001 1001601 000 0110 0110 (0000101
001010000 0011 1001 00000100 0016001 000 111 1000 00100100 1001 100 0011}

Evaluation of Parameterized FE model
(Temperature field and angular distortion)

100 FE simulations *

Objetive Functions
] Temp; ]Dist

Parent 2={1432;060;013;052;062;175;0.0010;0.00061,0.00035;1.1;5.3;,23.9;5.8)=
Chromosome{1432060013052062175010061035115323958}={0001 0100 0011 0010
0000 0110 0000 0000 0001 0011 0000 0101 0010 0000 0110 0010 000t 0111 0101 0000 0001 0000 0000
New Generation | (110 0001 0000 0011 0101 0001 0001 0101 0011 0010 0011 1001 0101 1000}

(Selection, Crossover,

100 New
FE simulations

cﬁﬂ‘éﬁ'&‘f ng’itggﬁi)l Posi&ion 1

s 1] aent 1={0101 100100 000001011 00 10 00000 0L 01 0 10
Selection ofthe Longitude1 | positon 2
= 01 600 110 010 0000 010 0000011 100 0000100 001 00 00011 100 O

‘lﬂ.’ 0100 1001 01000011) | Longitude? |

_ , Parent 2={0001 0100 001 0010 0000110000 00000001 011 00000101 0100800011
Positon_ Longfude gy g1 11101 100601 00000 1100001 0000001010101 01 10101 0

Crossing1 14 1
Crossing2 117 T 0111001 0101 10003

Offspring = { 0001 0100 0011 0011 0000 0001 0100 0000 0001 0011 0000 0101 0010 0000 0110 0010 0001 0111 0101 0000 0001 0000 0000
(110 0001 (000 0100 0001 0001 0001 0101 0011 0010 0011 1001 0101 1000}

Offspring = {1433 014 013 052 062 175 010 061 041 1153 239 58 }= {1433; 014; 013; 052; 062; 175; 0.0010; 0.0061;
0.0041; 1.1; 5.3, 239, 5.8}

Figure 7. Script development in R language to implement the optimization based on genetic algorithms
(GA) and details of the crossovers and mutations of the individuals.
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6. Case Study

This section presents a case study of the determination of the best parameters for modeling a Butt
joint single V-groove weld manufactured by the one-pass Gas Metal Arc Welding (GMAW) process
with different welded inputs of voltage and current (See Table 1), and weld bead dimensions of height
and width (See Table 2).

6.1. Results That are Based on CFS

CFS was used to assess the uncertainty of the input parameters respect to the [, objective
function that was obtained from the three welded FE simulations. The CFS filter algorithm was used
on a sample of 100 individuals or 100 FE simulations when considering the aforementioned 13 input
parameters, which were randomly generated. Table 3 shows the range of values that were considered
for each of the input parameters of the FE models studied to generate the 100 individuals. The range
was the same for each of the three welded joints FE models studied and was based on experience that
was gained in previous research work [11,19,20].

Table 3. Range considered for each of the input parameters of the FE models studied.

Range of Melt Point Contact P_init ~ Contact P_center =~ Contact P_end Contact P1_P2 Contact P_G Face_Film
Parameters QO (N/s-°K) (N/s-°K) (N/s-°K) (N/s-°K) (N/s-°K) (N/s-°K-mm)
Min. 1420 1 1 1 1 1 0.00001
Max. 1440 300 700 300 200 200 0.00100
Step 1 1 1 1 1 1 0.00001

Range of Face_film2 Face_film3 Forward Length Rear Length Width Depth -
Parameters  (N/s-°K-mm) (N/s-°K-mm) (mm) (mm) (mm) (mm) -
Min. 0.00001 0.00001 1.0 5.0 23.0 4.0 -
Max. 0.00100 0.00100 2.0 10.0 26.0 6.0 -
Step 0.00001 0.00001 0.1 0.1 0.1 0.1 -

Table 4 shows the results of using the CFS technique to analyze the relationship between the
output feature and “objective function Jz,4,;” for each of the three FE models of welded joints proposed,
and the 13 inputs parameters. The results show the most significant parameters of the FE models that
were selected in each case.

Table 4. Results of using the correlation based feature selection (CFS) technique to analyze the
relationship between the output feature or objective function ]z, and the input parameters.

Inputs First FE Model Second FE Model Third FE Model
melt_point - - _
contac_p_in. - - -
contac_p_midle X - -
contac_p_End - - X

contact_p1_p2 - - -
contact_p2_Ground - - -
face_film - - -
face_film2 - - -
face_film3 - - -
forward_lenght - - X
rear_lenght X X X
width - - -

depth - - -

The first column of Table 4 shows the most significant input parameters that were selected for the
first proposed FE model (current = 140 amps and voltage = 26.0 volts). In this case, it can be seen that
the “contac_p_midle” and the “rear_lenght” parameters are the most influential inputs for the objective
function Jps,1. The second column of this table shows the most significant features that were selected
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for the second proposed FE model (current = 210 amps and voltage = 28.0 volts). It can be seen that it is
the “rear_lenght” parameter in the input that most influences the objective function J7¢,,. Finally, the
third column of this table shows the most significant features that were selected for the third proposed

FE model (current = 260 amps and voltage = 35.0 volts). In this case, “rear_lenght”, “contac_p_End”,
and “forward_lenght” are the parameters that most influence the objective function Jz,¢y3.

6.2. Results of FE Model Adjustment

The adjustment process that uses GA to set the parameters of Butt joint single V-groove welded
FE models that were manufactured with different welded input of speed, voltage, and current
were developed in two different ways. The first way with GA only considered the most influential
parameters that were selected from the CFS filter algorithm (See Table 4). That is, for the
first proposed welded joint, the parameters that were adjusted by GA were two parameters
(“contac_p_midle” and the “rear_length”). For the second proposed welded joint, there was only
one parameter (“rear_length”). However, for the third weld, there were three parameters (“rear_length”,
“contac_p_End”, and “forward_length”). The remaining least influential parameters for the objective
function [y, were initially set at the mean value of the range studied and were not adjusted by GA.
The second way of adjusting the parameters of the three welded joints that were studied considered the
totality of the 13 parameters that were proposed. Figure 8 shows the development of the Jg,; of the best
individual in each generation. As was mentioned in Section 5.2, the development assumes the same level
of importance for the thermal field as for the angular distortion (W = 1 and wp;s = 1). Figure 8a—
shows the development of the |7, for the best individual when considering the 13 parameters that
define the thermo-mechanical behavior of the welded proposed joints FE models. Also, these figures
show the development of the J1,); for the best individual when only those parameters of most influence
are considered when they are analyzed and selected by the CFS filter algorithm. An examination of all
the figures revealed that the first welded joint FE model that was studied provided lower values of
J1otar (See Figure 8a) than the remaining welded joint FE models that were proposed. In addition, it is
seen in these figures that the minimum values reached for Jz,,; always correspond in cases when the
13 parameters that define the thermo-mechanical behavior of the proposed welded joints FE models
are considered. Also, Figure 8a provided lower values of 1, than the remaining FE models that were
proposed for the various requirements that were studied. This means that the first FE model’s settings
of the 13 parameters are higher than those of the parameters in the other FE models. It was also noted
that the stabilization of J7,;,; was achieved within a few generations (five generations) in all of the cases
studied, although the number of parameters of the FE model is very high.

/ Total / Total j Total
5 3.20 6.80
4.5 | T | 3.18} 6.75
4.0 +Pa€r?a€|31c\zeters — 3.16 6.70 \ = Selected
\\ - [ 314 6.65 Parameters
- \\ o - ' == 13 Parameters
3.0 3.12 6.60 —
2.5 \\B':;‘_\‘ 3.10 +P§$!§;Eeetgrs 6.55
2.0 3.08{ | =fli=13 Parameters| 6.50
1.5 . - : . ¢
T 3 % 5 o373 {73 7T 3
Generation Generation Generation

() (b) (c)

Figure 8. Development of objective function Jy,; for: (a) First welded joint FE model; (b) Second
welded joint FE model; and, (c) Third welded joint FE models proposed considering the same level of
importance (Wrmp = 1 and wpjs; = 1).
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Also, Table 5 shows the thirteen input parameters that were obtained for each of the three FE
models to define the thermal conduction and thermal convection phenomenon when the values of
Jotar N0 longer increased significantly for each of the generations and for the two different ways that
were proposed. For the 5th generation of the first specimen studied, it can be seen that the value of
JTotar With the 13 parameters reaches a value of 2.268, but reaches a value of 2.3416 with a selection of
parameters by the CFS filter algorithm. This difference between Jr,,; increases as the power supplied
to the welded joint increases (See Table 1). So, for example, g, reaches a value of 3.0838 for the
second specimen studied with the 13 parameters, but reaches a value of 3.1654 with the parameters
that were selected with CFS filter algorithm. For the third specimen, [, reached values of 6.4968 and
6.4918 with the 13 parameters and the selection of parameters by the CFS filter algorithm, respectively.
This difference in the values reached by [, suggests that the parameters of the proposed welded
joints FE models provide a better fit when the power supplied to the welded joint is lower. Analyzing
the values that were achieved for the 13 parameters in their adjustment process (with the CFS filter
algorithm), the unique parameter that is common to the three welded joints studied (rear_length)
decreases as the power supplied to the welded joint increases (7.8, 7.4, and 5.2). However, analyzing
the values achieved for the 13 parameters in their adjustment process (with the 13 parameters), it is
seen that: higher melting point values (melting_point), thermal contacts between the weld bead and
both plates for the central zone, and the end zone of the bead (contac_P_center and contac_P_end)
and thermal contact between plates 1 and 2 with the ground (contact_P_G) generally increased as
the power that was supplied to the welded increased. For example, the melting_point varied from
1427 to 1429, whereas the values for contact_P_end, contact_P_center, and contact_P_G varied from
19 to 247, from 10 to 662, and from 66 to 182, respectively. Furthermore, the values that achieve the
objective function increased as the power supplied increased. This means that the models provide a
better fit when the power that is supplied to the welded joint is lower. Also, analyzing the results of
the adjustment of the two procedures proposed, rear_length is the unique parameter that is common to
all of them, and, therefore, is one of the most influential parameters in the adjustment of the proposed
welded joint FE models. As previously mentioned, rear_length is defined mainly to determine the
weld flux rates per unit of volume in the weld pools, according to the double ellipsoidal theory, and is
the weld pool length in the welding direction (back of the melting point). In this case, according to
Figure 6¢ and Table 5, the rear_length is always much greater than the forward_length. This suggests a
greater area of weld flux rates per unit of volume contributed in the weld pools behind the melting
point. In turn, this suggests that the adjustment of the models of FE of the welded joints proposed
could be mainly focused on the adjustment of the contribution of the weld flux rates behind in the
back of the melting point.
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Table 5. Results of the adjustment process for the three welded joints FE models: considering the 13 input parameters and considering the selected parameters by the

CFS filter algorithm.
Ways to Adjust FE Gen. Melt Contact Contact Contact Contact Contact Face Face Face Forward Rear Width  Depth J1otal
Weld - Point P_init P_center P_end P1_P2 P .G Film Film_2 Film_3 Length Length - - -
- - O (N/(s:K)) (N/(s:K)) (N/(s:K)) (N/(s:K)) (N/(s:K))  (N/(s-°K-mm))  (N/(s:°K-mm))  (N/(s:-°K-mm)) (mm) (mm) (mm) (mm) -
1 01 1430 150.5 2 150.5 100.5 100.5 0.000505 0.000505 0.000505 1.5 9.7 24.5 5.0 3.6652
05 1430 150.5 13 150.5 100.5 100.5 0.000505 0.000505 0.000505 1.5 5.3 24.5 5.0 2.3416
CFS aleorithm ’ 01 1430 150.5 350.5 150.5 100.5 100.5 0.000505 0.000505 0.000505 1.5 6.7 24.5 5.0 3.1879
& 05 1430 150.5 350.5 150.5 100.5 100.5 0.000505 0.000505 0.000505 1.5 6.5 24.5 5.0 3.1654
3 01 1430 150.5 350.5 163 100.5 100.5 0.000505 0.000505 0.000505 1.3 6 24.5 5.0 6.7602
05 1430 150.5 350.5 174 100.5 100.5 0.000505 0.000505 0.000505 1.7 5.2 24.5 5.0 6.4968
1 01 1431 102 2 219 193.0 62.0 0.00051 0.00047 0.00051 1.4 7.8 24.8 4.3 4.3917
03 1427 17 10 19 193.0 66.0 0.00052 0.00039 0.00041 1.0 7.8 249 43 2.2680
13 parameters ’ 01 1423 164 107 130 115.0 118.0 0.00055 0.00004 0.00011 14 7.5 26 5.1 3.1938
p 03 1425 257 65 189 195.0 176.0 0.00071 0.00039 0.00033 1.8 74 23.8 43 3.0838
3 01 1429 162 582 198 127.0 83.0 0.00095 0.0008 0.0007 1.6 54 25.3 4.6 6.5161

03 1429 203 662 247 159.0 182.0 0.00093 0.0008 0.00068 1.6 52 23.1 54 6.4918
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Figure 9 illustrates the process of adjustment for the first FE model of a butt joint with single
V-groove that was used for study of the temperature of key nodes 14 and 9 (at the weld bead base and
on the weld bead, respectively). Figure 9a,b compares the temperatures of key nodes P14 and P9, which
were obtained experimentally by thermographic camera, and that of the FE model in 100 s without
adjusting the FE model’s parameters. Similarly, Figure 9¢,d provides the corresponding temperatures
for key nodes P14 and P9 and the FE model’s parameters optimized for this same first welded joint
studied. Also, Figure 9e,f shows the temperature field after 3 s and 100 s of simulation, respectively,
for the first welded joint FE model that was studied. Similarly, Figure 9f shows the maximum angular

distortion of the welded joint model after 100 s of simulation.
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Figure 9. Temperature: (a) Of key node P14 without having adjusted the parameters of the FE model;
(b) Of key node P9 without having optimized the parameters of the FE model; (c) Of key node P14
with the parameters of the FE model optimized; (d) Of key node P9 with the parameters of the FE
model optimized; (e) Field after three seconds for the first welded joint FE model studied; and, (f) Field

after 30 s.

Table 6 shows the angular distortions of each of these FE models studied, the angular distortion
obtained experimentally using a coordinate-measuring machine and the error, as well as the error by
each of the FE models. The table indicates that specimen 3 produced the greatest error (5.59%) and

specimen 1 gave the smallest error (5.11%).
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Table 6. Values of the angular distortion obtained with the proposed FE models and experimentally by
use of a coordinate-measuring machine.

Specimen FEM (°) Experimental (°) Error (%)

1 4.73 4.64 411
2 4.92 4.723 4.17
3 521 4934 5.59

7. Conclusions

To ensure realistic results in modeling the welded joints using the FEM, it is essential to
appropriately characterize the thermo-mechanical behavior of the elastic-plastic Finite Element (FE)
models. This paper sets out a methodology to determine the most appropriate parameters for modeling
the thermo-mechanical behavior of Butt joint single V-groove FE models that were manufactured by
the one-pass Gas Metal Arc Welding (GMAW). As a practical example, the proposed methodology is
validated on three different welded joints specimens that were manufactured with different voltages
and currents (26 volts and 140 amps; 28 volts and 210 amps; and, 35 volts and 260 amps). The base
material was, for all of the specimens manufactured, was EN 235]R low carbon steel, whereas the
weld bead was ER705-6 steel. The electrode orientation, shielding gas flow rate, distance between
nozzle and plate, and welding speed were, for all of the fabricated specimens, from 80°, 20.0 L/min,
4.0 mm, and 6 mm/s, respectively. An objective function Jr,,; was defined for each of the proposed
welded joints as the combination of an objective function based on the temperature field J1;,,; and
an objective function based on the angular distortion Jp;sj. Weights wry and wp;s; were applied to
each of the objective functions Jz.;,,p; and Jpjsyj, respectively, in order to consider different adjustment
requirements for the parameters of the proposed FE models. wr,;,, was defined as having greater
importance in the adjustment of the temperature field, whereas wp;s; was defined as having greater
importance in the adjustment of the angular distortion. In this case, both the field of temperatures
and the angular distortion were considered to be equally important in adjusting the parameters of the
proposed FE models. Value of 1.0 was assigned to wr,,y and wp;s; respectively. Two different ways to
adjust the parameters were proposed. They were (1) using a feature selection of the parameters that
most influence the objective function Jp,,; after applying to (CFS) filter algorithm; and, (2) using all of
the 13 parameters for the three welded joint FE models. In analyzing the results of the adjustment of
the two proposed procedures, it was seen that: (1) The rear_length is the parameter that is common to
all, and, therefore, is one of the most influential parameters; (2) The differences in the values reached
by Jrotar suggest that the parameters of the welded joints FE models provide a better fit when the power
supplied to the welded joint is lower. In this case, the rear_length is always much greater than the
forward_length. This suggests a greater area of weld flux rates per unit of volume contributed in the
weld pools of the back of the melting point. In turn, this suggests that the adjustment of the models
of FE of welded joints proposed could be focused mainly on the adjustment of the weld flux rates
that contributed in the back of the melting point. Finally, we can say that the methodology that is
proposed in this paper could be valid for adjusting the parameters that define the thermo-mechanical
behavior of any type of welded joint FE models. In that case, the parameters that are needed to define
the conduction and convection phenomena, as well as the weld flux of that welded joints FE models,
would be defined differently than what this work proposes, and would depend on the type of welded
joint that is studied.
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