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Abstract: Laser welding on thin plates of high-strength steel is increasing in various industrial
applications. The mechanical behavior of welded joints depends on their local properties, which in
turn depend on the welding parameters applied to join the base material. This work characterizes
the local properties of butt-welded joints of thin plates of high-strength–low-alloy (HSLA) steel.
This study focuses on the effect of welding parameters on the microstructure, tensile response,
microhardness, and weld bead profile. For this purpose, a factorial experimental design was formed,
covering a heat input range from 53 to 75 J/mm. This study identified the main effects and interactions
of welding speed and laser power on the weld bead profile and on its width. The microstructure,
weld bead width, hardness, and tensile mechanical properties were significantly influenced by heat
input. Furthermore, numerical simulations on real weld bead profiles revealed high values of the
stress concentration factor and suggested a correlation with heat input.

Keywords: laser welding; HSLA steel; butt joints; numerical simulation; weld bead profile imperfections;
local properties

1. Introduction

To reduce weight, energy consumption, and emissions harmful to the environment,
high-strength steels and laser welding are increasingly being used in various industrial and
construction sectors [1–4]. High-strength–low-alloy (HSLA) steels have a good combination
of mechanical properties and weldability, with multiple applications in industries such as
automotive, marine, pressure vessels, and pipelines due to its good formability, corrosion
resistance, and durability [5–8]. HSLA steel is a versatile material with many advantages;
however, it can also present limitations in ductility, machinability, and fatigue [8,9].

Laser welding is preferred over conventional welding processes due to its advantages
when welding mainly thin aluminum, titanium, stainless steel, high-strength steels, and
dissimilar metal alloys [9,10]. The high power density of the laser allows for lower heat
inputs (HIs), high cooling rates, lower distortion, narrow heat-affected zones, high speeds,
and precise control, all favorable conditions for welding [11–13].

Despite all the advantages of laser welding, in a welded joint, the microstructure of
the base metal evolves in the heat-affected zone (HAZ) and fusion zone (FZ). A profile of
the weld bead is formed, where imperfections commonly appear, and residual stresses are
induced [14]. Therefore, the mechanical properties and structural integrity of the welded
joint depend on the local properties of the welded zone.

Numerous studies have examined high-strength steel’s microstructure and mechanical
properties during laser welding. Research by Yang [4] and He [15] on dual-phase (DP) steels
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with high tensile strengths found that the base metal microstructure composed of ferrite and
martensite evolved into ferrite and various martensite morphologies depending on whether
they were located in the heat-affected zone or the fusion zone. Sowards et al. [16] reported
that, for HSLA steel, the microstructure evolved from ferrite, carbide precipitates at grain
boundaries, and perlite to martensite, bainite, and ferrite. Similarly, Afkhami et al. [3]
found that, in steels S900 and S1100, the initial microstructures changed to various forms of
martensite (tempered martensite, massive fresh martensite, and lath martensite), bainite,
and ferrite in the HAZ. Other studies explored the impact of welding parameters on the
microstructure and mechanical behavior of HSLA steels; for example, Palanivel et al. [17]
studied the effect of welding speed. Meanwhile, Zhao et al. [5] and Chen et al. [18] focused
on the effect of heat input. According to these studies, increasing the welding speed
and decreasing the heat input increased the ultimate tensile strength and the elongation
percentage. As for the microstructures formed, they ranged from martensite in its various
morphologies, bainite, and ferrite, depending on the heat input and the welding zone
where they were found.

Regarding the mechanical properties of the base materials, both in DP and HSLA
steels from previous works, the general trends were as follows: the hardness decreased in
the FG-HAZ, while in the FZ, it increased, the tensile strength was similar, although the
elongation was lower, and the fatigue strength of welded joints exhibited a great decrease.
However, in the study by Farabi et al. [19], when welding a DP 980 steel, the hardness in
the FZ did not increase, and Viňáš et al. [20] found that the ultimate tensile strength of
welded joints with HSLA, DP, and TRIP steels exceeded the corresponding strength of their
base metals.

Few studies have reported the weld bead profile and imperfections, even though
they are important factors, especially in fatigue strength [21]. The profile of the weld bead
can increase the stresses of external loads due to changes in section and by the presence
of notches, which cause the well-known stress concentrator effect, and the presence of
imperfections in welded joints can reduce the fatigue life by reducing the stage of crack
formation [22]. After cracks have formed, their growth depends on the microstructure
in which they are located. The crack growth rate differs if they are in ferrite–perlite,
ferrite–bainite, bainite, or martensite phases [23–25].

In recent studies, imperfections and the weld bead profile are related to the laser
welding parameters. Zhang et al. [26] studied the change in weld bead geometry by
varying the heat input; there were weld root defects in three of the four heat inputs. Riofrio
et al. [27] described the imperfections in butt-welded joints in S700 steel, relating them to
laser welding parameters. Cui et al. [28] found that laser power had a greater influence
than welding speed on the weld width and penetration and, therefore, on the mechanical
properties of welded joints. Preventing defects through proper welding parameters and
material preparation is crucial for ensuring the durability and safety of welded structures.

In laser welding of high-strength steels, many studies focus on determining the
parameters (such as laser power and welding speed) that allow for achieving an optimal
weld bead free of imperfections [2,16,29–31]; however, they generally do not analyze the
variation of the weld bead profile and imperfections along the length of the weld axis, and,
as already noted, several works have been limited to characterizing the microstructure and
mechanical properties for a single combination of welding parameters.

On the other hand, due to computational progress, modeling heat and mass transfer
phenomena have become commonplace. The finite element method (FEM) represents an
effective solution to understanding temperature fields, deformation, and phase changes
during welding processes. Rehman et al. [32] employed FEM to analyze the distortion in
laser-welded Grade 91 steel. The results obtained showed good accuracy when applying
a conical heat source model. Aberbache et al. [33] predicted the macrostructure and the
displacement by implementing a thermo-mechanical model in austenitic stainless steel.
Numerical simulation allows for the optimization of welding processes without extensive
experimental trials.
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The literature review also shows that few studies have identified the main effects and
interaction of parameters such as laser power and welding speed on the local properties of
welded joints to predict their effect on mechanical properties. In this work, a 22 factorial
experimental design is used for this purpose. Four complete penetration butt joints of
3 mm thick HSLA steel laser welded in a small range of laser power and welding speed
are formed to characterize local properties of the welded zone, such as microstructure,
hardness, weld bead profile, tensile strength, and stress concentration factor. Macrography,
optical microscopy (OM), scanning electron microscopy (SEM), tensile and hardness tests,
profile measurements, and the finite element method (FEM) are used in this work to
establish the local properties of the welded joints. Analysis of variance is applied to
establish the prevalence of the main effect and the interaction of the welding parameters on
imperfections of the weld bead.

2. Materials and Methods
2.1. Base Material

Three-millimeter plates of HSLA steel, produced by Strenx grade S700 MCE, were
used in this research. Table 1 shows the chemical composition of the material determined
experimentally through X-ray fluorescence and carbon analysis by automatic direct com-
bustion, while Table 2 shows the corresponding mechanical properties that resulted from
the tensile test according to the ASTM E8 standard. For comparison with the experimental
results (Exp. in Tables 1 and 2), both tables also include the corresponding information
provided in the manufacturer’s datasheet [34] (D.S. in Tables 1 and 2).

Table 1. Chemical composition of base metal.

C Mn Si P S Cr V Nb Ni Cu Al Mo Ti Co Fe

Exp. 0.07 1.69 0.01 0.012 0.006 0.03 0.02 0.046 0.04 0.011 0.044 0.016 0.117 0.016 balanced
D.S.* 0.12 2.1 0.21 0.020 0.01 - 0.20 0.09 - - 0.015 - 0.15 - balanced

D.S.* maximum values except for Al being minimum.

Table 2. Mechanical properties of base metal.

Yield Strength (MPa) Ultimate Tensile Strength
(MPa)

Elongation
(%)

Exp. 751 808 18.2
D.S. 700 750–950 12

2.2. Laser Welding

For the study proposed in this work, two 100 mm × 80 mm × 3 mm plates were laser-
cut to form single-pass butt joints. The surfaces of the plates on the side of the incidence of
the laser beam were prepared by sanding, with two sandpapers, one #80 and the other #120,
while the edges of the plates were ground to achieve uniformity and practically zero free
space between them. Before performing the welding, the surfaces and edges were cleaned
with acetone, the welding line was aligned to the trajectory of the laser beam, and the plates
were fastened to the support with screws through their slots. The weld axis was arranged
transversely to the rolling direction. Figure 1a schematically shows the arrangement of
the plates to form the laser-welded butt joint and the location of the test specimens, while
Figure 1b shows the assembly of the plates on the laser welding equipment.

Laser welding was performed in the keyhole mode. This mode is affected by several
parameters and conditions, such as laser power (P), welding speed (v), focus position (fp),
focus size (fd), laser beam angle (θ), joint gap, and surface condition. The scheme presented
in Figure 2a illustrates some of the mentioned parameters and the weld bead formation in
the keyhole mode.
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99.96% pure argon shielding gas was supplied at a flow rate of 20 L/min. Disk laser 
equipment, Trumpf TruDisk 2000 (Farmington, NM, USA), was used in the continuous 
mode at 6000 Hz. 

A factorial experimental design with two levels for the welding parameters welding 
speed and laser power was used to determine their influence on local properties. The 
above welding parameters were chosen to achieve, on the one hand, full penetration of all 
butt joints with a single pass and, on the other hand, a relatively wide variation in heat 
input. This last parameter is used in any welding process to measure the heat provided to 
the material per unit of welding length. In the case of laser welding, the nominal heat 
input (HI) is determined by Equation (1): 

HI = P/v (1)

Figure 1. (a) Scheme of arrangement of butt joint plates for laser welding, (b) experimental setup of
the laser equipment used in the experimental work.
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Figure 2. (a) Schematic representation of the weld bead during laser welding (b) and of weld bead
geometry measurements.

The focus diameter, focus position, and beam inclination were constant for all samples,
with values of 350 µm, −2 mm, and 9 degrees, respectively. During the welding, 99.96%
pure argon shielding gas was supplied at a flow rate of 20 L/min. Disk laser equipment,
Trumpf TruDisk 2000 (Farmington, NM, USA), was used in the continuous mode at 6000 Hz.

A factorial experimental design with two levels for the welding parameters welding
speed and laser power was used to determine their influence on local properties. The above
welding parameters were chosen to achieve, on the one hand, full penetration of all butt
joints with a single pass and, on the other hand, a relatively wide variation in heat input.
This last parameter is used in any welding process to measure the heat provided to the
material per unit of welding length. In the case of laser welding, the nominal heat input
(HI) is determined by Equation (1):

HI = P/v (1)

where P is the laser power and v is the welding speed. The values of the laser welding
parameters and the corresponding heat inputs for the four samples formed in the 22 factorial
experimental design are shown in Table 3.
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Table 3. Laser welding parameters used in the experimental work.

Sample Designation Power
(kW)

Welding Speed
(m/min)

Heat Input
(J/mm)

P23 1.75 2.0 53
P10 2.00 2.0 60
P11 1.75 1.6 66
P31 2.00 1.6 75

2.3. Weld Bead Geometry, Microstructure, and Mechanical Properties

The profile of the formed weld beads was determined with a Mitutoyo Surtest SJ-5000
profilometer (Kawasaki, Minato-ku, Japan) using a step of one micron. In three positions of
the plates (see Figure 1a), the upper and lower profiles of the weld beads were captured.
The generated data were processed with a spreadsheet to graphically represent the weld
profiles; in the latter, various imperfections can be measured. By this means, the weld
bead profile was characterized in terms of the imperfections of underfill (−), weld excess
(+), and weld excess angle (α) (Figure 1b). Additionally, the weld bead geometry was
complemented by measuring the width (W) of HAZ and FZ, instead of the individual
size of each zone to indicate the HI effect. The measurement was made on the top weld
bead of the macrographs using an OM. For this purpose, cross-section macrographs of
small pieces removed from the center and near the ends of the butt-welded samples were
used (Figure 1a). The pieces were sanded, polished, and etched with Nital solution (97 mL
alcohol and 3 mL HNO3) at 3% by rubbing for 7 s.

The microhardness Vickers’ profile (HV, 0.5 Kg, 10 s) was determined in a piece at
a depth of 50 µm from the top weld bead, and it was the average of two indentations
made with a Struers’ Duramin equipment (Ballerup, Denmark). A Meiji Techno IM7200
optical microscope (Saitama, Japan) was used for the microstructure observation and
photomicrographs, while the macrostructure and appearance of the weld seam were
characterized by macrographs obtained with a Zeiss Stemi 305 optical stereo microscope
(Aalen, Germany). Representative micrographs of the welded samples and the base material
were also obtained with a MIRA3 TESCAN scanning electron microscope (SEM) (Brno,
Czech Republic) to show the evolution of the microstructure.

The tensile mechanical properties of the welded samples and base material were
determined according to the ASTM E8M standard. The specimens tested to tension were
cut by a plasma machine and tested on an Instron 4206 machine (Norwood, MA, USA); the
results are the average of two specimens.

2.4. Numerical Simulation

The experimentally obtained profile geometry was processed in CAD/CAE software
(ANSYS Workbench 2024 R2) for 3D modeling and application of the finite element method
(FEM) to determine how the weld profile affects stress concentration. A structural static
analysis of the welding profiles was employed (Figure 3a). For the mesh configuration, an
element size of 0.01 mm and the MultiZone Quad/Tri method was used (Figure 3b), which
creates square and triangular elements, as well as contains an automatic optimization,
allowing for greater precision in areas of higher stress concentration (smaller elements and
a greater number of elements).

As for the static analysis, the left side was defined as fixed support and, as the cross-
sectional area is known (0.1 × 3) mm2, a normal force of 3 [N] is assumed in order to
calculate the normal stress (σo = 10 MPa). The stress concentration factor (Kt) is calculated
as the maximum principal stress obtained numerically (σmax) over the nominal normal
stress (σo) using Equation (2):

Kt = σmax/σo (2)
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3. Results and Discussion
3.1. Weld Bead Geometry Assessment

The weld bead geometry of the four samples of the experimental design is illustrated
in Figure 4, with photographs of the appearance of the upper and lower weld seams
(Figure 4a,b), macrographs of the cross-sections (Figure 4c), and three upper profiles and
three lower profiles, captured with a profilometer (Figure 4d).
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According to Figure 4, the photographs show variations in the weld bead profiles along
the weld axis; the macrographs of the cross-sections highlight the presence of underfill and
excess weld in all welded samples, and there are also noticeable differences in the width of
the fusion zones, as well as the heat-affected zones.

Although at first glance of the macrographs and profiles, all the weld beads appear
similar, a more careful observation highlights the following observations: (1) the weld bead
width increases with increasing heat input; (2) the angle of the excess weld of all samples is
similar except in sample P23, which is much more pronounced; (3) the underfill is lower in
sample P31; (4) sample P11 has the lowest excess weld; and (5) samples P11 and P10 have
quite similar profiles.

3.2. Microstructural Evolution of Welded Joints

The evolution of the microstructure of the base metal (BM) of the HSLA steel due
to the heat of laser welding can be observed in the optical micrographs of Figure 5 and
the SEM micrographs of Figures 6 and 7. Although the evolution of the microstructure of
each sample depends on the amount of HI provided for welding, macroscopically, three
zones are typically distinguished in all samples: the FZ, the coarse-grained heat-affected
zone (CG-HAZ), and the fine-grained heat-affected zone (FG-HAZ). The aforementioned
zones, illustrated with the optical micrographs of sample P10 in Figure 5a,b and the SEM
micrographs in Figure 6a–c, reveal the thorough change that the microstructure of the BM
underwent alongside the HAZ.
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Figure 5. Optical macrography of the weld bead (sample P10) showing the weld zones at (a) low
magnification and (b) at high magnification.

As can be seen in Figure 6a, showing the large and elongated grains of the ferrite
(F) and bainite (B) products of the thermomechanical process applied in the formation
of the base metal plate recrystallized into FG-HAZ and CG-HAZ, between these two
zones, the difference in grain size was notorious. Small grains of ferrite and bainite were
observed in the FG-HAZ, while in the CG-HAZ, there was a complex microstructure
composed predominantly of bainite and lath-shaped bainite (LB). For lower heat inputs,
small amounts of martensite may also appear [35].

The FZ also presents an abrupt change in the microstructure, with columnar grains
oriented in the direction of solidification much larger than those of the CG-HAZ, as can be
seen in Figure 5a,b. The effect of heat input is much more noticeable in the FZ, as observed
in the evolution suffered by the microstructure from the lowest heat input (53 J/mm) up
to the highest heat input (75 J/mm) in the SEM micrographs of the samples, as shown
in Figure 7a–h. Thus, a microstructure predominantly composed of many blocks of lath-
shaped bainite progressively evolves to one composed of granular bainite (GB) and upper
bainite (UB) [36]. In the samples with low heat input, martensite and retained austenite
may also be present in small amounts. In several studies [18,37–39] on laser welding or
thermomechanical simulation of the heat-affected zones with bainitic microstructures in
the base metal, the formation of martensite, mixtures of martensite and bainite, bainite,
and mixtures of bainite and ferrite has been reported, depending on the heat input, the
thicknesses used, and the cooling rates that occurred.
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The microstructural changes observed in Figure 7 are because, as the heat input
decreased, the cooling rates were greater, producing phase transformations with a greater
proportion of harder phases, such as martensite and bainite [40,41].

3.3. Mechanical Properties
3.3.1. Microhardness

Figure 8 shows the microhardness Vickers’ profiles (HV, 0.5 Kg, 10 s) and the widths
of HAZ and FZ produced in the four welded samples. There was a progressive variation in
the hardness and the width of the FZ and HAZ when the HI varied from 75 to 53 J/mm.
The hardness increased in the FZ and CG-HAZ; conversely, in the FG-HAZ, the samples
suffered softening while the width of the HAZ and FZ decreased [35]. The described
behavior is consistent with the results reported by Khan et al. [2]. Regarding the hardness
of the BM, in the FG-HAZ zone, a maximum softening of −20 HV occurs for the sample
with a thermal input of 75 J/mm, while in the FZ zone, a maximum hardening of +50 HV
occurs for the sample with a thermal input of 53 J/mm.
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The hardness results obtained in each zone are consistent with their microstructures.
It should be noted that, despite the small difference between the applied heat inputs to
welded samples P10 and P11 (60 and 66 J/mm), there was also a small difference in the
hardness and width corresponding to these two welded samples. It is also noted that
the increase in hardness in FZ and CG-HAZ and the decrease in the level of softening
in FG-HAZ, as already explained in the microstructure section, is due to the fact that,
by decreasing the heat input, the cooling rate increases and, therefore, the austenized
microstructures increase hardness [42].

It is worth noting that the sizes of the HAZ and FZ of the laser processes are smaller
than those of the conventional process [43]. HSLA laser welding offers significant advan-
tages, particularly in precision industries, with minimal material distortion, and is highly
effective for welding thin materials with minimal risk of burn-through.

3.3.2. Tensile Response

Table 4 shows the tensile mechanical properties of the four welded samples and the
BM; meanwhile, Figure 9 presents representative stress–strain curves obtained through the
tensile test according to the ASTM E8M standard. The results in Table 4 are the average of
two specimens, and it should be noted that all welded specimens failed in the base metal.
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Table 4. Mechanical properties and heat input of the welded samples and BM.

Sample Designation Yield Strength (MPa) Ultimate Tensile Strength
(MPa)

Elongation
(%)

Heat Input
(J/mm)

BM 751 808 18.2 --
P23 738 820 14.4 53
P10 737 815 15.0 60
P11 727 797 14.8 66
P31 723 787 14.1 75
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Although the values of the mechanical properties of the welded samples in Table 4
were very close to each other, a general trend could be observed (Figure 9). As the heat
input decreased, the mechanical properties increased, approaching those of the base metal.
However, the tensile strength was exceeded, as in the samples welded with heat inputs
of 60 and 53 J/mm. The most significant decrease relative to the base metal occurred in
elongation at 23% for heat input of 75 J/mm, while the decreases in yield point and tensile
strengths were not significant and were less than 4%.

The behavior found for the welded joints was as follows: increase in the ultimate tensile
strength, decrease in the elongation percentage (Table 4), and increase in hardness (Figure 8)
when decreasing the heat input, consistent with the literature reviewed [18,34,39,44]. Con-
sidering that all welded samples failed in the base metal, imperfections in the weld bead
profile did not have a major influence on the mechanical properties of the tensile test.

Proper welding parameter selection allows for obtaining high-quality HSLA steel
welds with minimal distortion. Key mechanical properties, such as the tensile and yield
strength, are generally preserved, but rapid cooling can lead to increased hardness and
reduced toughness in the heat-affected zone. Overall, laser welding is highly effective
for HSLA steels in applications where precision, high strength, and minimal deformation
are required, though attention must be paid to microstructure and post-weld treatment to
avoid brittleness [45,46].

3.4. Statistical Analysis of the Weld Bead Profile

According to the experimental design to study the effect of laser power, welding
speed, and the interaction on the weld bead geometry, and of the various elements and
imperfections that define it, the width W of the HAZ and FZ, the underfill, the excess
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weld, and the angle α were considered, as shown in Figure 2b. The results are presented in
Table 5, which are the averages of three replicas except for the width W, which is the value
of two replicas, while Figure 10 indicates the main effects and interaction of laser power
and welding speed on the aforementioned elements and imperfections.

Table 5. Average values of imperfections and width W of the HAZ-FZ of the welded samples.

Sample Welding Parameters
P (kW); v (m/min); HI (J/mm)

Width
(mm) Underfill (µm) Excess Weld (µm) Angle

(Degrees)

P 31 2.00; 1.60; 75 2.10 −162 202 27
P 11 1.75; 1.60; 66 1.98 −204 102 26
P 10 2.00; 2.00; 60 1.81 −164 194 31
P 23 1.75; 2.00; 53 1.72 −77 180 52
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Figure 10 reveals that there is an interaction between laser power and welding speed
on the imperfections: underfill, excess weld, and angle α, while, for the width W of the
HAZ and FZ, it is evident that there is no interaction due to the parallelism of the lines
observed in Figure 10d.

It is highlighted in the three figures of the imperfections (Figure 10a–c) that, at the high
laser power level (2 kW), there was practically no variation in the size of the imperfections
when the welding speed varied, while, concerning the welding speed, at the low level for
the angle α and high level for the excess weld, there was no appreciable variation in the
sizes with the variation of the laser power.

In terms of minimizing imperfections, it can be observed that, in the range of parame-
ters examined, no welded sample minimized all three imperfections at the same time, but
at a welding power of 1.75 kW and a welding speed of 1.60 m/min, the lowest α angle and
the least welding excess were produced; however, the underfill was high and therefore, the
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selection of a welded sample must consider the effect that a given imperfection produces
on the desired mechanical behavior [27].

This study applied ANOVA to the three imperfections that showed interaction to
determine which effects were statistically significant. Using the statistical analysis of the
fixed-effects model [47], with F0.05; 1; 8 = 5.32 for both the main effects and the interaction,
the results in Tables 6–8 show that each main effect and interaction can be significant
depending on imperfection. Thus, the main effect of power is more significant in excess
weld, the main effect of welding speed is more significant in angle α, and the interaction
effect is more significant in underfill. It can also be observed that both the welding speed
and the interaction were significant in the three imperfections, while the laser power was
not significant in the underfill.

Table 6. ANOVA for Excess Weld.

Source of
Variation

Sum of
Squares

Degrees of
Freedom Mean Square Fo p-Value Test the

Hypothesis

Power 9.687 1 9.687 44.2 0.0002 Rejected
Welding speed 3.663 1 3.663 16.7 0.0035 Rejected

Interaction 5.645 1 5.645 25.7 0.0010 Rejected
Error 1.754 8 219
Total 20.749 11

Table 7. ANOVA for Underfill.

Source of
Variation

Sum of
Squares

Degrees of
Freedom Mean Square Fo p-Value Test the

Hypothesis

Power 1416 1 1416 1.4 0.2687 Not Rejected
Welding speed 11,633 1 11,633 11.6 0.0093 Rejected

Interaction 12,470 1 12,470 12.4 0.0078 Rejected
Error 8020 8 1003
Total 33,540 11

Table 8. ANOVA for Angle α.

Source of
Variation

Sum of
Squares

Degrees of
Freedom Mean Square Fo p-Value Test the

Hypothesis

Power 316 1 316 14.1 0.0056 Rejected
Welding speed 694 1 694 30.9 0.0005 Rejected

Interaction 362 1 362 16.1 0.0038 Rejected
Error 179 8 22
Total 1551 11

3.5. Stress Concentrating Effect Due to Weld Bead Profile

The stress concentration effect due to section changes and notches in a welded joint
is important in mechanical behavior. In common practice for welded joint design and
analysis, the well-known stress concentration factor Kt is used, determined according to
simplified geometries similar to the geometries of real joints. In this work, the Kt values
were determined using the numerical simulation in ANSYS on real profiles for the four
welded samples.

The results are shown in Table 9, while Figure 11 illustrates the maximum principal
stress distribution and the sites of maximum stress concentration according to the numerical
simulation. As can be seen in Table 9, the values of the stress concentration factor were
relatively high, being higher than those produced in the lower profile due to the pronounced
alpha angle in sample P23 and the undercut that tended to form in sample P10, while in
the other samples, P11 and P31, the maximum stress concentrators were located in the
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upper profile and were due to the underfill. A tendency to decrease the value of the stress
concentrator as the heat input increases could also be noticed, which may have been due to
the fact that smoother transitions of the sections were achieved because the width of the
beads increased, as found. However, this last found tendency requires further investigation.

Table 9. Stress concentration factor results.

Sample Heat Input
(J/mm)

Maximum Equivalent
Stress
(MPa)

Stress Concentration
Factor-Kt

Maximum Stress
Location

P23 53 32.44 3.24 Lower profile, weld root
P10 60 29.78 2.98 Lower profile, weld root

P11 66 31.77 3.18 Upper profile,
underfill

P31 75 27.53 2.75 Upper profile,
underfill
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Numerical methods are widely used to describe and analyze heat-affected processes,
such as welding, metal cutting, heat treatment, and additive manufacturing, due to their
ability to simulate complex thermal, mechanical, and metallurgical phenomena [48,49].
In this sense, it is recommended to extend its use to study defects produced during the
welding process beyond modeling the welding profile.

4. Conclusions

In this work, for laser welded butt joints in 3 mm thick, high-strength–low-alloy steel
over a range of heat inputs using a factorial experimental design, the local properties of the
welded joints were characterized and the dependence on laser welding parameters was
determined; the main findings are as follows:

• The base metal microstructure, composed of elongated ferrite and bainite grains,
evolved into different microstructures depending on their location in the weld joint
and the heat input. For all heat inputs, the FG-HAZ evolved to small equiaxed
ferrite and bainite grains, causing softening, and, in the CG-HAZ, to larger grains
composed mainly of bainite and lath bainite, causing hardening. In the FZ evolved
presenting large columnar grains that, as the heat input increased, blocks of lath-
shaped bainite changed to granular bainite, hardening occurred, regardless of the
amount of heat input.

• As the heat input increased in the welding joints, the weld bead width, hardness,
and mechanical properties resulting from the tensile test also increased. Concerning
the base metal, the mechanical properties of the welded joints showed the following
behavior: hardness decreased in the FG-HAZ, while it increased in the CG-HAZ and
FZ; the ultimate tensile strength was equaled and even slightly exceeded for low heat
inputs; the yield strength and the elongation percentage were lower for all heat inputs.

• The factorial experimental design identified the main effects and interaction of laser
power and welding speed on the imperfections and weld bead width. It was shown
that there was an interaction on all three imperfections, while there was no interaction
on weld bead width. ANOVA analysis revealed that underfill was affected by the
interaction of the parameters, the excess weld by laser power, and α angle of the excess
weld by the welding speed. The welding speed and the interaction turned out to be
the most influential considering all the imperfections.

• The values of the stress concentration factor Kt determined by FEM in the real profiles
of the weld beads showed relatively high values, the stress concentration was both in
the upper profile and lower profile, and there was a slight tendency to increase the
value of Kt as the heat input decreased.
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