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INFLUENCE OF LASER WELDING PARAMETERS ON THE GEOMETRY OF WELDED
JOINTS OF THIN-SHEET STAINLESS STEEL AISI 304

Laser welding is one of the most promising methods of joining metals, combining high precision, minimal
thermal deformation, and the possibility of process automatization. Due to the high energy density of the laser beam,
the technology provides deep penetration with a narrow heat-affected zone, making it effective for welding corrosion-
resistant austenitic steels, in particular AISI 304. At the same time, the peculiarities of thermal processes in laser
welding, such as intense heating and rapid cooling of the metal, significantly affect the formation of the structure and
properties of the welded joint, so the choice of optimal modes is crucial for preventing defects and ensuring high
quality of the welded joint. The paper presents the results of an experimental and statistical study of the laser welding
process of 1.5 mm thick AISI 304 steel using response surface methodology (RSM). The aim of the study was to
determine the patterns of influence of the main parameters of laser welding on the formation of the geometry of the
welded joint. Based on a factorial experiment, regression models were developed to describe the change in the area
and width of the weld depending on changes in process parameters. Analysis of the results has shown that the main
factors determining the geometry of the joint are the power of the laser radiation and the welding speed. Increasing the
laser power contributes to an increase in the weld area, while increasing the speed reduces it. At high values of laser
radiation power, the process becomes more stable, and the weld geometry becomes less sensitive to parameter
changes. Laser beam defocusing has a negligible effect, only slightly increasing the width of the weld. The most
pronounced interaction was found to be between power and speed, which tends to determine the maximum values of
the weld area. The developed regression equations with a deviation of less than 10% confirmed the adequacy of the
model and the effectiveness of using RSM to predict the geometry of the welded joint. The optimal welding modes
identified in the study ensure the formation of high-quality, defect-free joints that defect-free joints and correspond to
quality level “B” according to EN ISO 13919-1:2019.

Keywords: laser welding, thin-walled products, welding process optimization, response surface methodology,
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INTRODUCTION

Laser welding is one of the most promising modern methods of joining metals. This technology is
actively growing due to its unique advantages over traditional welding methods. Compared with plasma,
microplasma, and argon arc (TIG) welding, laser welding is characterized by higher precision in the
formation of welded joints, minimal thermal deformation and residual stresses, as well as a significantly
higher process speed [1, 2]. This is due to the high energy density of the laser beam at the focal point, which
allows deep penetration with a minimal heat-affected zone. Due to the combination of high quality,
reproducibility of results, and the possibility of process automatization, laser welding has become an integral
technology in the production of products for the aviation, automotive, electronic, energy, medical industries,
etc.

One of the most widely used steels in industry that can be welded using laser radiation is austenitic
corrosion-resistant steel, such as AISI 304. This material has a range of technological and operational
advantages: low thermal conductivity, high resistance to oxidation and aggressive environments, stability of
mechanical properties at elevated temperatures, and the ability to effectively absorb laser radiation [3, 4]. At
the same time, the peculiarities of thermal processes during laser welding - rapid heating and cooling -
significantly affect the structure formation, phase transformations, and mechanical properties of austenitic
steels, distinguishing their behavior from the reaction to welding with high heat input [5]. One of the main
problems during the welding of corrosion-resistant steels is sensitization, a process in which part of the
chromium in the alloy binds with carbon to form Cr,3Cs carbides along the grain boundaries. This leads to
local depletion of the solid solution of chromium and, as a result, to a decrease in the corrosion resistance of
the welded joint [6]. To prevent this phenomenon, it is necessary to take into account the parameters of laser
welding and the cooling rate.

The formation of the geometry of a welded joint, in particular its penetration depth and width,
significantly depends on the technological parameters of welding, such as laser radiation power, welding
speed, laser beam defocusing, and the composition and flow rate of the shielding gas [7]. Even slight
changes in these parameters can lead to defects such as undercut, incomplete fusion, porosity, or burn-
through [8]. Therefore, selecting the optimal parameters is crucial for achieving the required balance
between the depth, width, and shape of the welded joint.
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In this regard, it is particularly important to develop mathematical models that describe the
relationship between the technological parameters of the process and the characteristics of the resulting joint.
Such models make it possible not only to interpret the results of experiments, but also to predict the behavior
of the system under various combinations of parameters, which significantly reduces the number of
experimental studies and saves time and resources [9].

To improve the efficiency of research and the accuracy of forecasting, numerical and statistical
methods for optimizing technological parameters have been actively implemented in recent years. In
particular, Response Surface Methodology (RSM) allows for determination of the relationships between
process parameters and system response [9]. This method also allows optimization of the expected
characteristics of a welded joint by adjusting technological parameters such as laser power, welding speed,
and beam defocusing. It is effectively used to build mathematical models that predict output parameters, such
as penetration depth, aspect ratio, and joint area, while determining the optimal combination of input
parameters [10]. The Taguchi method aims to reduce the influence of random factors and ensure process
stability using orthogonal matrices and statistical analysis of variance [11]. In addition, genetic algorithms
(GA) and artificial neural networks (ANN) are used to model complex nonlinear dependencies, which allow
effectively finding the optimal process conditions even with a large number of interacting factors [12, 13].

LITERATURE ANALYSIS AND PROBLEM STATEMENT

Response Surface Methodology (RSM) is an effective statistical approach to modeling and optimizing
processes where the result depends on several variables. When planning laser welding experiments, this
method allows for investigation of the relationship between power, speed, focus position, gas protection
parameters, and joint characteristics. The use of RSM makes it possible to reduce the number of experiments,
identify key influencing factors, and obtain optimal welding modes with minimal heat input and defects. For
this reason, this method has been widely used to analyze and improve laser welding processes in recent
years, as confirmed by the results of a number of studies.

In a study by Vijayan et al. [9], the effectiveness of RSM and genetic algorithm (GA) methods was
compared in optimizing the parameters of laser welding of low-carbon steel. The experiments were
conducted on 7 mm thick plates using a CO, laser with power of up to 3.5 kW. Power, speed, and focal
length were selected as variables. The models developed using RSM proved to be quite accurate (R of up to
0.87). It was found that with an increase in power, the penetration depth increases, while with an increase in
speed, it decreased. RSM showed better accuracy and reliability in determining the optimal modes compared
to the GA method.

Chellu et al. [14] applied RSM to optimize the welding of 2.5 mm thick AISI 304 steel using a CO,
laser. This paper focused on studies of the effect of welding power and speed on weld width, penetration
depth, and heat input. The study confirmed that increasing the power deepens the weld, but excess heat
widens it and increases the heat affected zone (HAZ), while increasing the speed reduces the depth but
improves the depth-to-width ratio. The optimal modes ensured minimal thermal impact and a stable weld
shape.

In the work of Touileb et al. [10], RSM was used to study the influence of laser welding parameters
and sulfur content on the shape of a 2 mm thick AISI 316 steel weld. It was found that the focal length and
amount of sulfur significantly affect the convection currents in the molten pool and the penetration depth.
For steel with a high sulfur content, deeper, narrower welds were formed, while for steel with a low sulfur
content, wider and shallower welds were formed. The best results in this study were obtained at a laser
power of 5 kW, a welding speed of 2.4 m/min, a focal length of 2 mm, and the use of 100% helium as a
shielding gas.

Thus, all the considered studies confirm the effectiveness of RSM as a method for determining the
influence of laser welding process parameters on weld geometry. However, the complex influence of
material composition, welding parameters, and gas protection require further study to ensure process stability
and improve joint quality.

AIM AND OBJECTIVES OF THE RESEARCH

The aims of this study are:

1. Optimization of the laser welding process of thin-walled stainless steel AISI 304 with a
thickness of 1.5 mm using response surface methodology (RSM);

2. Selection of optimal welding parameters that ensure creation of defect-free welded
joints.

RESULTS OF RESEARCH
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The optimization of laser welding parameters for 1.5 mm thick AISI 304 stainless steel was performed
using response surface methodology (RSM). For this purpose, the laser welding parameters were coded
(Table 1) and an experimental matrix was planned (Table 2) based on a simple polynomial model,
equation (1):

y = .EJD + .E:lx1+£::x: + ngg + et 'E'x-ri'(l)

Table 1. Coding of laser welding parameters

Coding -1 0 +1
Laser radiation power (P), KW 1,5 2,5 3,5
Welding speed (V), m/min 15 2,5 3,5
Laser beam defocusing value (AF), mm 0 +2 +3

The following independent variables were selected: laser power (P), welding speed (V), and laser
beam defocusing (AF). The response function Y was selected as the weld area Y and weld width Y,

Tabnuus 2. Matpuis eKCIepuMEHTY

Ne P, |V, F | P, |V, |F
- 1 ) s | KW | m/min | mm - ! 2 8 kKW | m/min | mm
1 15 |15 25 |25
1 1 1 5 1 3
2 15 15 2,5 3,5
1 1 2 6 1 1
3 15 |15 25 |35
1 1 1 3 7 1 2
4 15 2,5 2,5 3,5
1 1 8 1 1 3
5 15 |25 35 |15
1 2 9 1 1 1
15 2,5 3,5 15
6 1 1 3 20 1 1 2
15 3,5 3,5 15
[ 1 1 1 21 1 1 1 3
15 3,5 3,5 2,5
8 1 1 2 22 1 1
15 3,5 3,5 25
9 1 1 1 3 23 1 2
2,5 15 3,5 2,5
10 1 1 24 1 1 3
2,5 1,5 3,5 3,5
11 1 2 25 1 1 1
2,5 15 3,5 3,5
12 1 1 3 26 1 1 2
2,5 2,5 3,5 3,5
13 1 27 1 1 1 3
2,5 2,5
14 9

Based on the compiled experiment matrix, bead-on-plate welding was performed. A Rofin-Sinar
DY044 solid-state laser with a maximum laser power of P = 4.4 kW and a wavelength of A = 1.06 um was
used for the experiments. The chemical composition of AISI 304 steel is shown in Table 3.
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Table 3. Chemical composition of AlISI 304 steel, % by wt.
M N C C F
C Si n i S P r u Ti e
9,00 - 17,00 —
<0,08 <0,8 <2,00 11,00 <0,02 <0,035 19,00 <0,3 <0,5 Bal.

The bead-on-plate welds obtained were certified in accordance with EN ISO 13919-1:2019 for the
presence of such weld defects as pores, undercuts, lack of fusion, and other defects specified by this
standard. In addition to identifying visual defects, the quality of gas protection of the welding zone was also
taken into account. Welded joints with obvious heat tints and non-penetrations (experiments 4, 7-9) were not
taken into account when determining the optimal welding modes.

Cross-sections, made from the obtained welds, were examined using optical microscopy, and the area
and width of the welds were measured. The results of the measurements are shown in Table 4.

Table 4. Results of measurements of the area and width of the obtained welds

Sample Area, Width, Sample Area, Width,
No. mm? mm No. mm? mm
1 1,81 1,97 15 1,57 1,61
2 2 1,83 16 1,29 1,55
3 2,26 1,94 17 1,41 1,36
Continued from Table 4.
Sample Area, Width, Sample Area, Width,
No. mm? mm No. mm? mm
4 0,94 1,44 18 1,38 1,41
5 1,38 15 19 2,53 1,81
6 1,23 1,46 20 2,62 1,71
7 0,7 1,28 21 2,54 19
8 0,83 1,25 22 2,04 1,87
9 0,67 1,23 23 2,07 1,59
10 2,43 1,45 24 2,15 1,8
11 2,6 1,52 25 1,59 1,64
12 2,43 1,92 26 1,7 1,61
13 1,68 1,61 27 1,87 1,4
14 1,6 15

To develop a linear regression equation for the area and width of welds (2), it is necessary to
determine the regression coefficients of the main factors bo, by, by, bz using formulas (3) and (4), as well as

the interaction coefficients between factors by, bis, bys, using formula (5):
¥V=Dby+ byxy + byxg + bpxg + bypxy i + by xp + E::!x:_rg(Z)

be = =T, ¥,(3)
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As a result of the calculations, regression coefficients for the weld area were obtained: by = 1,752,

bl = 0,405, bz = 0,543, b3 = 0,06, b12 = 0,11, b13 = —0,02, b23 = —0,01.

After substituting the obtained regression coefficient values and independent variable designations

into the formula (2), the regression equation for the weld area (6) was obtained:

V.= 1,752 + 0.405F — 0,543V + 0,064F + 0,11PV — 0,02PAF — 0.01VAF (6)
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Similarly, the regression equation for the width of weld was calculated (7):
¥p = 1,598 — 0,184P + 0,079V + 0,0024F + 0,1PV — 0,08PAF — 0,01VAF (7)
Based on the regression coefficients of equations for the area (6) and width (7) of welds, vector
diagrams were created to show the influence of factors and their interaction on the area and width of welds
(Fig. 1 a, b).

S A —DAF b A
—» PAF —»VAF

P, V, AF, PV,
PAF, VAF

—» AF
—» PAF —»VAF

P,V, AF, PV,

—————~  DPAF.VAF

a b
Fig. 1. Vector diagrams of the influence of factors on: (a) weld area, (b) weld width

The vector diagram of the influence of factors on the weld area (Fig. 1a) shows that the speed of laser
welding has the most significant impact on the weld area. As the welding speed increases, the area decreases,
and this effect is more pronounced than the effect of other individual factors. The second most important
factor is the power of the laser radiation. Its increase contributes to an increase in the area, and this effect is
slightly weaker than the effect of power, but they act in opposite directions. Beam defocusing has the least
effect and causes only a slight increase in area. Between the interactions, the most significant is the
combination of power and welding speed, which leads to an increase in the weld joint area. The interactions
between power and defocusing, as well as between speed and defocusing, have a negligible negative effect.

The vector diagram of the influence of factors on the weld width (Fig. 1b) shows that the laser
radiation power has the most negative effect — as the power increases, the width decreases. The welding
speed also reduces the width, but to a much lesser extent. Defocusing has the opposite effect, contributing to
a slight increase in the weld width. The most noticeable interaction is the combination of power and speed,
which amplifies the influence of the main factors.

The calculated values of the area and width of the welds were also determined. The deviation from the
experimental values was less than 10%, which confirms the adequacy of the obtained regression equations.

In addition to vector diagrams, graphs of the dependence of the influence of laser welding parameters
on the weld area were created. These graphs correlate well with the vector diagrams of the influence of
factors.

As can be seen from the graphs in Figure 2, with an increase in welding speed, the weld area decreases
regularly for all power levels considered. At a power of 1.5 kW (Fig. 2a), there is a noticeable decrease in
area from approximately 2.0 mm?® to 0.7 mm? when the speed increases from 1.5 to 3.5 m/min. The largest
values of the area are observed when the beam is defocused by +3 mm, especially at low speeds, while at a
laser beam defocus of 0 mm, the weld penetration is shallower. For a power of 2.5 kW (Fig. 2b), a similar
trend is observed. With increasing speed, the welded joint area decreases from 2.6 mm? to about 1.3 mm?.
However, the effect of beam defocusing is not as pronounced here, and the curves are more gradual. At a
power of 3.5 kW (Fig. 2c), the decrease in area with increasing welding speed is less intense, and the
absolute values of the areas are larger — from 2.6 mm?® to 1.6 mm?. Thus, increasing the power of the laser
radiation reduces the effect of the welding speed on the weld area, which contributes to a more stable weld
formation.
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Fig. 2. Graphs of dependence of weld area on welding speed at laser radiation power: (a) 1.5 kW,
(b) 2.5 kW; (c) 3.5 kW

The graphs in Figure 3 show the dependence of the weld area on the laser power when the welding
speed is changed. An increase in the laser power leads to a regular increase in the weld area, and this
dependence is more noticeable at low welding speeds. At a speed of 1.5 m/min (Fig. 3a), the area increases
from 1.8-2.0 mm? at a power of 1.5 kW to 2.5-2.6 mm? at 3.5 kW. The largest area is formed at a beam
defocus of +2 mm, which indicates a more uniform distribution of energy at the beam focus point. At a speed
of 2.5 m/min (Fig. 3b), the area also increases with increasing power, but the effect of defocusing is less
significant in this case. At a speed of 3.5 m/min (Fig. 3c), the increase in area with increasing power is
maintained, but the amplitude of changes decreases from 0.7 mm? to 1.8 mm? This indicates that with an
increase in the power of laser radiation, the process becomes more stable even at high welding speeds.
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Fig. 3. Graphs of dependence of weld area on laser power at welding speeds: (a) 1.5 m/min; (b) 2.5
m/min; (¢) 3.5 m/min

Based on the results of weld geometry research, three welding modes with the same energy input of
60 JJmm and laser beam defocusing of 0 mm were selected, which ensure high-quality welds in terms of
geometry, gas protection quality, and defect-free welds, and correspond to the highest level “B” according to
EN ISO 13919-1:2019 (Fig. 4).

Fig. 4. Cross sections of welds made at optimal welding parameters: (a) P=1.5 kW; V=1.5 m/min;
AF=0 mm; (b) P=2.5 kW; V=2.5 m/min; AF=0 mm; (¢) P=3.5 kW; V=3.5 m/min; AF=0 mm

DISCUSSION OF THE RESEARCH RESULTS

The results of laser welding of 1.5 mm thick AISI 304 steel using response surface methodology
(RSM) demonstrate the effectiveness of the proposed approach for quantitative assessment of the influence
of technological parameters on the shape and geometry of the weld. The use of RSM made it possible to
systematically investigate the interaction of laser power, welding speed, and laser beam defocusing and to
determine their contribution to the stability of weld formation.

Comparing the results of studies on welding AISI 304 steel with the results of Touileb et al. [10] on
welding AISI 316 steel, the following conclusion can be drawn. Under conditions of similar geometric scales
and steel types, the influence of the main technological factors is similar. Laser beam defocusing and
radiation power determine the depth of penetration, while speed affects the area and width. At the same time,
for AISI 316 steel with a higher sulfur content, there is significantly greater variability in the geometry of the
penetration due to changes in convection currents, while welding of AISI 304 steel without modifying
additives demonstrates a more predictable and stable geometry of the joint. As the power of the laser
radiation increases, the process becomes more thermodynamically stable and the effect of defocusing
weakens, which is consistent with the conclusions of Touileb et al. In general, the results indicate the
feasibility of optimizing laser welding parameters based on a balance between power and welding speed with
a correctly selected defocusing value of the laser radiation, which ensures efficient energy absorption and
optimal weld geometry.

CONCLUSIONS

During the research, an analysis was conducted of the influence of laser welding parameters on the
geometry of welds in stainless steel AISI 304 with a thickness of 1.5 mm. It was established that the main
factors determining the area and width of the weld are the power of the laser radiation and the welding speed.
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With an increase in laser radiation power, the weld area increases regularly, especially at low welding
speeds, and at high radiation power, the weld is formed more stably and its geometry is less dependent on
changes in welding speed. Defocusing the beam has a less noticeable effect, contributing to a slight increase
in the area and width of the weld. The interaction between power and welding speed is the most significant
among the combinations of parameters and determines the maximum weld area. The obtained regression
equations reproduce the experimental data well with a deviation of less than 10%, which confirms their
adequacy for predicting the geometry of welds. As a result, it was determined that the optimal welding
modes with a linear energy of 60 JJmm and a laser beam defocusing of 0 mm provide high-quality defect-
free welds and correspond to the highest quality level “B” according to EN ISO 13919-1:2019.
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HOpuenxo 10.B., Ciopa O.B., Coxonoecvoxuii M.B., I'punv A.Il., ®ponoe M.O., bepnayvkuii A.B.
BrnumB mapameTpiB JiazepHOro 3BaplOBaHHST Ha reoMeTpil0 3BapHHX 3’€IHaAHb TOHKOJHUCTOBOI
KoposilHocTiiikoi craai AlSI 304

JlazepHe 3BaproBaHHS € OJHUM i3 HAMMEPCIEKTHBHIIIMX METOIIB 3’€IHAHHSI METaJiB, L0 MOEIHYE
BHCOKY TOYHICTH, MiHIMalbHI TepMiuHiI aedopmariii Ta MOXIHMBICTH aBTOMAaTH3aIlii TpoOIeEcy. 3aBISKH
BHCOKIH WIIJIFHOCTI €Heprii Jla3epHOro MPOMEHS TEXHOJIOTis 3abesnedye rirOOKe MPOTUIABICHHA MPH
BY3bKill 30HI TEPMiYHOTO BIUIMBY, IO POOUTH ii €()EKTHUBHOIO AJISI 3BapPIOBAHHS KOPO3IMHOCTIHKUX cTanel
aycTteHiTHOro kiacy, 3okpema AISI 304. BogHowac 0COOMMBOCTI TEIUIOBHX MPOILECIB MPH JIA3€PHOMY
3BapIOBaHHI, TakKi SK IHTEHCHUBHUI HAarpiB 1 IIBHIKE OXOJOPKEHHS METaly — ICTOTHO BIUIMBAIOTh Ha
(hopMyBaHHSA CTPYKTYpW Ta BIACTUBOCTEH 3BAPHOTO 3’€JIHAHHS, TOMY BUOIp ONTHMAIbHUX PEKUMIB Ma€
BUpIIIATbHE 3HAYEHHS IS 3ano0iraHus nedexram i 3a0e3neueHHs BUCOKOI SIKOCTI 3BapHOTO 3’ €qHaHHS. Y
po0bOTi TPEACTAaBICHO pE3yIbTaTH EKCHEPHUMEHTAIBHOTO Ta CTAaTHCTHYHOTO JOCTIDKEHHS MPOLeCy
nmazepHoro 3BaptoBanHs cTaii AISI 304 ToBmmHOIO 1,5 MM 13 3aCTOCYBaHHSIM METOJIOJIOTIi TOBEPXHI BIATYKY
(RSM). Metoto mocmimkenHs: OyJio BU3HAYEHHS 3aKOHOMipHOCTEH BIUTUBY OCHOBHHUX MApaMETPiB JIA3EPHOTO
3BaplOBaHHA Ha ()OPMYBAaHHS T€OMETPIi 3BapHOTO 3’€AHAHHA. Ha OCHOBI MOBHO(AKTOPHOTO EKCIIEPUMEHTY
moOymoBaHO perpeciiHi Mopeni, 0 ONMUCYIOTh 3MiHY IDIONI Ta INMHPHHMA TPOBApy 3aJe)KHO BiA 3MiHU
napameTpiB mporuecy. AHani3 pe3yIbTaTiB 0Ka3as, 110 OCHOBHUMHU (paKTOpaMHU, sIKi BH3HAYAIOTh T€OMETPil0
3’€IHAHHSA, € MOTYXHICTh JIA3¢PHOTO BUIIPOMIHIOBAHHS Ta HIBUKICTh 3BaPIOBAHHS. 301JIbIICHHS TOTY>KHOCTI
CIpUsi€ 3pOCTAaHHIO IUIONI TPOBapy, TOAI SK MIABUIICHHS MIBUAKOCTI 3MeHmye ii. [lpm Bucokmx
MOTYXKHOCTSIX JIA3€PHOTO BUIPOMIHIOBaHHS TPOLEC CTa€ CTAOUIBHIIINM, a TEeOMETpis NpoBapy MEHII
YyTIUBOIO JI0 KOJIUBaHb MapameTpiB. Po3¢okycyBaHHsS YMHNUTH HE3HAYHUH BILUIHB, JIUIIE TPOXH 30UTBIIYIOUH
MUpUHY MpoBapy. HaitbinmbIn BupakeHOIO BUSBUIIACS B3a€EMOJIS TIOTYXKHOCTI Ta IIBHIKOCTI, SKa BH3HAYAE
MaKCHMaJbHI 3HaYeHHS TUIOIII MpoIutaBlieHHs . Po3pobieHi perpeciiiai piBHSAHHS 3 BigxuiaeHHsIM MeHIre 10
% miaTBEpaUIIN alleKBATHICTh MOJETI 1 e(peKTHBHICTh BUKOpUCTaHHS RSM 1t mporHo3yBaHHsI TeoMeTpil
3BapHOro 3’emHaHHsa. ONTUManbHI PEXKUMH 3BapOBaHHS, IO OyJlIM BU3HAYCHI B XOMA1 JOCIHIJKCHHS,
3a0e3redyroTh POpMyBaHHS SIKICHUX, Oe37eeKTHIX 3’ €HAHb Ta BIAOBIAIOThH PiBHIO SKOCTI «By» 3rigHO 3
EN I1SO 13919-1:20109.

KarouoBi cioBa: nazepHe 3BaproBaHHs, TOHKOCTIHHI BUPOOHW, ONTHMI3allis MPOIECY 3BapIOBAaHHS,
MeTo10s10Tis moBepxHi Biaryky (RSM), koposiitHocTiiiki Bucokoserosani craii, AlSI 304.
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