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Abstract: Laser welding is increasingly recognized for its precision and efficacy, particularly in handling complex 
materials like 304L stainless steel. This study investigates the impact of various laser welding parameters, including 
laser power, welding speed, and beam oscillation patterns (sinusoidal, square, and triangular), on the quality of welded 
joints. Using the Taguchi method, we structured an L9 experimental design to analyze these parameters systematically. 
The key findings revealed that beam oscillation patterns significantly influence both the microhardness and tensile 
strength of the welds. Notably, square and sinusoidal patterns achieved higher microhardness values than triangular 
patterns, which correlated with their differing impacts on the weld’s mechanical properties. Further analysis using 
analysis of variance (ANOVA) and regression models validated the critical roles of laser power and welding speed, 
offering predictive insights into optimizing welding conditions for enhanced joint integrity. This study provides a 
foundational approach for tailoring laser welding settings to improve weld quality in industrial applications, contributing 
to the body of knowledge with specific data on the effects of beam oscillation in 304L stainless steel welding.
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1. Introduction
Industrial experts agree that laser welding is a significant improvement over friction welding and gas tungsten arc 

welding because of its superior depth-to-width ratio, smaller heat-affected zone (HAZ), and higher processing efficiency 
[1]. It has been utilized extensively in several areas, including aerospace manufacturing, the automobile industry, 
and shipbuilding [2]. Austenitic stainless steel is widely employed in various structural applications due to its good 
mechanical qualities and economic efficiency [3]. Currently, welded structures constitute a significant proportion of the 
component assembly [4].

Stainless steel’s enhanced corrosion resistance, toughness, aesthetics, and mechanical properties have led to its 
widespread usage in the construction industry [5]. However, expensive materials and high initial costs make the design 
less efficient. However, the high starting cost and high cost of materials result in an inefficient design. In contrast to 
carbon steel, stainless steel does not have a well-defined yield point and exhibits significant strain hardening [6], [7]. 
Nevertheless, the design provisions are largely based on the perfect elastic-plastic material assumptions, which makes 
it easier for design engineers to use the new material. However, the widespread use of stainless steel in structural 
engineering is constrained by the inefficiency of the prevalent design process, which increases structural costs in turn. 
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The carbon steel design method for stainless steel buildings was validated by accurate experimental and numerical 
modeling findings reported by Gardner and Nethercot [8], [9], and Young and Lui [10]. In both cases, researchers found 
that the load-carrying capability of the structural components was underestimated when using the carbon steel design 
approach. Therefore, Gardner and Theofanous [11] presented new design strategies to make stainless steel structures 
more efficient.

To effectively address the gaps in the existing literature on beam oscillation in laser welding, this study aims 
to elucidate the underlying mechanisms by which beam oscillation influences the microstructural and mechanical 
properties of welded joints. Previous studies have demonstrated the potential of beam oscillation to enhance 
solidification parameters and modify grain morphology, particularly in high-strength aluminum alloys [12], [13]. 
However, a comprehensive understanding of the thermal and fluid flow dynamics during beam oscillation remains 
limited [14], [15]. Additionally, the effect of beam oscillation on dissimilar material welding, which presents unique 
challenges due to varying thermal properties, has been explored but not exhaustively [16], [17]. The role of beam 
oscillation in improving weld quality in terms of porosity reduction and microstructure optimization has also been 
noted in various materials, including ultra-high-strength steels and austenitic stainless steels [18], [19]. Despite these 
advancements, a research gap persists in quantitatively analyzing how different oscillation patterns and parameters affect 
the final weld characteristics across different alloys and thicknesses. This research seeks to fill these gaps by conducting 
a systematic study on the effect of beam oscillation patterns on weld quality, contributing to the optimization of laser 
welding processes for industrial applications.

Furthermore, Tóth et al. [20] examined the microstructural and mechanical properties of electron-beam-welded 
super duplex stainless steel, adding to the understanding of welding processes in advanced materials. Yan et al. [21] 
explored the effects of beam oscillation on microstructural characteristics and mechanical properties in laser-welded 
steel-copper joints, highlighting significant advancements in this area. Additionally, Mohan et al. [22] presented a 
sequential modeling approach to determine process capability space during laser welding of high-strength aluminum 
alloys, contributing valuable insights into the optimization of welding parameters. Tan et al. [23] investigated the impact 
of beam oscillation frequency on porosity in laser welding of aluminum alloy lap-butt joints, providing crucial data 
for improving weld quality. Incorporating these studies will provide a robust foundation for identifying and addressing 
existing research gaps.

This work focuses on austenitic stainless steel 304L, which, according to De Baglion and Mendez [24], is 
commonly used in the fabrication of nuclear components like reactor vessels and piping systems in pressurized water 
reactors (PWR). The high corrosion resistance and high weldability make this a popular choice. Hung et al. [25] studied 
the effect of laser welding modes on the microstructure and mechanical properties of 304L stainless steel components 
manufactured by laser-foil-printing additive manufacturing [25]. Due to the absence of martensitic structure formation 
in the HAZ, low-carbon steel alloys rarely necessitate heat treatment either before or after welding. Improved resistance 
to intergranular stress corrosion cracking makes the low carbon grade the top choice in the nuclear industry.

Studies on the weldability of various stainless steel sheets have found that lowering the amount of heat applied 
during the welding process is crucial for producing high-quality welds with minimal thermal distortion. Furthermore, 
only the correct parameters optimize the laser welding [26]-[28]. In the absence of proper welding, the welded joint will 
be the installation’s weak link, affecting its overall performance, quality, durability, and safety [29], [30]. Therefore, the 
purpose of the current investigation is to analyze the effect of fundamental laser welding parameters, i.e., laser beam 
power, and welding speed, on three types of oscillation patterns (sinusoidal, square, and triangular).

2. Experimental procedure
2.1 Materials

Sheets of stainless steel alloy measuring 1.8 mm × 125 mm × 50 mm were used as the base metal in this study; 
these sheets were provided by CBR Laser Inc. (Princeville, Quebec). Table 1 displays the material’s chemical 
composition as determined by Energy-dispersive X-ray spectroscopy (EDS), while Table 2 displays its mechanical 
properties.
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Table 1. Chemical composition of 304L as measured by EDS (wt%)

Elements C Si Mn Cr N Ni P S Fe

304L 0.11 0.73 5.8 16.5 0.18 4.86 0.035 0.056 Bal.

Table 2. Mechanical properties of 304L

S. No. Hardness (Hv) Yield strength (MPa) Elongation (%)

304L stainless steel 159 210 58

2.2 Laser beam welding

The laser source of the welding machine is an IPG Photonics YLS-3000 Yb+: YAG fiber laser operating at 1,070 
nm, and the laser head is a BIMO High YAG with a focus diameter of 0.45 mm. Laser welding is a risky process that 
necessitates the use of an automated workstation; therefore, all welding equipment is mounted on a FANUC robot (Figure 
1) [31].

Figure 1. (a) Fanuc®M-710iC robot and HIGHYAG BIMO laser head (b) YLS-3000 laser source

The sheets were laser welded in the butt joint configuration using three types of beam oscillations (sinusoidal, 
triangular, and square) as shown in Figure 2. For the oscillation of the beam, a DC scanner was used for the three types 
of beam oscillation at a constant amplitude of 1.5 mm and a constant frequency of 300 Hz. The laser power, welding 
speed, and welding mode are all adjusted to carry out a series of welds. Taguchi was used to plan the laser welding 
experiments using an orthogonal L9 grating. This plane was chosen on the basis of the variation of the main welding 
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parameters, such as laser power, welding speed, and welding mode, as shown in Table 3, which varies between the three 
levels. The L-9 orthogonal array used for the laser welding tests is shown in Table 4. The selection of laser welding 
parameters, including laser power, welding speed, and beam oscillation patterns, was methodically planned using the 
Taguchi method, which is a robust design technique to optimize process parameters efficiently. This approach utilized 
an L9 orthogonal array, which systematically tested different combinations of these parameters across three levels. This 
experimental design helps identify the influence of each parameter on the weld quality while minimizing the number of 
experiments required. The parameters chosen-laser power, welding speed, and the type of beam oscillation (sinusoidal, 
square, and triangular)-are critical as they directly affect the weld’s depth of penetration, fusion zone dimensions, and 
overall mechanical properties. This study aimed to assess how these variations influence the structural integrity and 
durability of the welds in 304L stainless steel, ensuring that the process settings optimize the joint quality for practical 
applications.

Table 3. Process parameter levels

Symbols M P S

Samples Level Laser power (W) Welding speed (mm/s)

Sinusoidal 1 1,800 30

Triangular 2 2,000 40

Square 3 2,200 50

Table 4. Taguchi L9 orthogonal network

Test No. Laser power (W) Welding speed (mm/s) Welding pattern

1 1,800 50 square

2 1,800 40 sinusoidal

3 1,800 30 triangular

4 2,000 30 sinusoidal

5 2,000 50 triangular

6 2,000 40 square

7 2,200 40 triangular

8 2,200 30 square

9 2,200 50 sinusoidal 

2.3 Characterization methods

To obtain specimens for characterization, the welded sheets from each configuration were machined and then cut. 
The degree of hardness was measured using a Vickers microhardness tester (ST-2000). The microhardness in the fusion 
zone, defined as a 5-mm measuring line to the right and left of the weld centerline, was determined by placing the 
polished specimens in a hardness tester. The applied load and dwell time were 200 g and 10 s, respectively.

Welded specimens were subjected to tensile tests at room temperature using an MTS 810 testing machine and the 
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ASTM E-8 standard, with a constant speed of 0.025 mm/min. To ensure the accuracy of the results, we prepared and 
tested three samples per experimental series and averaged the results.

Figure 2. (a) ASIS 304L sheets welded in a butt joint configuration with different oscillation patterns; (b) Schematic representation of the oscillation 
patterns

2.4 Analysis of the regression model (ANOVA)

In this study, ANOVA and regression were used to create mathematical models based on the results of tensile tests 
performed on specimens welded using three distinct types of laser beam oscillation and varying parameters. Minitab 
18 was used for statistical analysis. The significance of the factors and the interactions between them and the responses 
was calculated using a 95% confidence interval. To create a model that adequately fits the data, insignificant factors 
and interactions were removed. We used a hierarchical approach to model fitting, which involves excluding variables 
and their interactions that do not significantly affect the outcome. Similarly, we used regression analysis to develop 
formulas linking key factors to outcomes. Two-dimensional contours were used to illustrate the correlation between the 
two continuous factors and the adjusted responses. Main effects plots were used to analyze the influence of different 
parameter settings on the target mean response.

3. Results and discussion
3.1 Microhardness

To assess the mechanical properties of the weldments, microhardness readings were taken in the fusion zone (as 
depicted in Figure 3). The results show M-shaped hardness distributions for all welding conditions. The maximum 
hardness values were shown by the square oscillation pattern of the beam, as shown in Figure 3 (a), i.e., ≈ 403 Hv with 
the parameters (1,800 W, 50 mm/s) and ≈ 382 Hv for the 2,000 W laser power and 40 mm/s welding speed. Additionally, 
a ≈ 347 Hv value was observed for the 2,200 W laser power and 30 mm/s welding speed. The maximum hardness values 
for the samples welded by triangular beam oscillation as shown in Figure 3 (b) were about ≈ 327 Hv with parameters 
(2,000 W, 50 mm/s) and about ≈ 300 Hv with parameters (2,200 W, 40 mm/s). Furthermore, a ≈ 237 Hv value can be 
observed with parameters (1,800 W, 30 mm/s). The maximum hardness values for the specimens welded by sinusoidal 
beam oscillation are shown in Figure 3 (c), i.e., ≈ 362 Hv with parameters (2,200 W, 50 mm/s) and ≈ 341 Hv with 
parameters (1,800 W, 40 mm/s). Moreover, ≈ 320 Hv with parameters (2,000 W, 30 mm/s). The details are presented 
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in Table 5. It can be seen that the maximum microhardness values of sinusoidal beam oscillation and square beam 
oscillation laser welding are higher than those of triangular oscillation patterns. The microhardness measurements, taken 
across the fusion zones of the welds, showed distinctive M-shaped hardness distributions for each welding condition, 
indicative of varying thermal effects across the weld area. Notably, the welds executed with the square oscillation 
pattern exhibited the highest microhardness values, peaking at approximately 403 Hv with a laser power of 1,800 W 
laser power and a welding speed of 50 mm/s. This was followed by the sinusoidal oscillation pattern, which showed a 
maximum hardness of approximately 362 Hv using the 2,200 W and 50 mm/s settings. The triangular pattern resulted 
in comparatively lower hardness values, with a peak around 327 Hv at 2,000 W and 50 mm/s. These trends suggest 
that the square and sinusoidal patterns are more effective in achieving higher hardness, potentially due to better energy 
distribution and heat input control, leading to a more refined microstructure in the fusion zone. The triangular pattern, 
which produces the lowest hardness, might indicate less optimal heat distribution or faster cooling rates, affecting the 
microstructural transformations beneficial for higher hardness.

Figure 3. The hardness distributions for all the welded samples with different parameters: (a) Square pattern, (b) Triangular pattern, and (c) Sinusoidal 
pattern
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Table 5. Microhardness values of the welded samples

Laser power
(W)

Welding speed
(mm/s) Pattern Microhardness

(Hv)
FZ width

(mm) FZ penetration

1,800 50 Square 403 ± 3.7 2.1 Full

1,800 40 Sinusoidal 341 ± 5.3 1.4 Full

1,800 30 Triangular 237 ± 2.6 1.7 Full

2,000 30 Sinusoidal 320 ± 5.3 1.4 Full

2,000 50 Triangular 327 ± 2.6 1.7 Full

2,000 40 Square 382 ± 3.7 2.1 Full

2,200 40 Triangular 300 ± 2.6 1.7 Full

2,200 30 Square 347 ± 3.7 2.1 Full

2,200 50 Sinusoidal 362 ± 5.3 1.4 Full

3.2 Tensile tests

Tensile strength results were obtained for all welding conditions. Figure 4 depicts the results of the tests, which 
showed that all of the samples broke away from the fusion zone and the heat-affected zone, directly into the base metal. 
Figure 5 shows the stress-strain curves for the welded specimens. The results were found to be in the range of 345.25 
to 366.26 MPa as shown in Table 6. The results showed that all samples fractured outside the fusion zone, indicating 
that the welds were strong enough to ensure that failure occurred in the base material, which is a positive indication 
of weld quality. Among the oscillation patterns, the triangular pattern achieved the highest UTS of 366.26 MPa with a 
laser power of 1,800 W laser power and a welding speed of 30 mm/s. In contrast, the lowest UTS recorded was 345.25 
MPa for the triangular pattern at 2,000 W and 50 mm/s. This suggests that while the triangular pattern can reach high 
strength under certain conditions, its performance might be more sensitive to variations in welding speed and power. 
The sinusoidal and square patterns displayed more consistent, albeit slightly lower, UTS values across the tested ranges. 
These findings indicate that the choice of beam oscillation pattern, along with the adjustment of laser power and welding 
speed, critically influences the tensile strength of the weld, with the triangular pattern offering the potential for high 
strength but possibly requiring more precise control over welding conditions to optimize results.

Figure 4. Top view of the fractured sample after the tensile test

BM

WM
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Figure 5. Stress-strain curves for all specimens

Table 6. UTS values of the welded samples

S. No. Laser power
(W)

Welding speed
(mm/s) Pattern UTS

(MPa)

1 1,800 50 Square 361.51 ± 2.7

2 1,800 40 Sinusoidal 364.50 ± 4.8

3 1,800 30 Triangular 366.26 ± 5.5

4 2,000 30 Sinusoidal 350.50 ± 4.1

5 2,000 50 Triangular 345.25 ± 6.1

6 2,000 40 Square 349.16 ± 2.1

7 2,200 40 Triangular 347.88 ± 6.5

8 2,200 30 Square 350.66 ± 2.8

9 2,200 50 Sinusoidal 349.24 ± 4.5

The parametric combination of experimental cycle 5 in the welding scheme demonstrates a low tensile strength 
value of 345.25 MPa (see Table 5). Contrarily, the maximum tensile strength is calculated as 366.26 MPa via the 
parametric combination of experimental cycle 3 in the welding scheme. The UTS value rises from parametric 
combinations 5 to 3, even though the welding mode factor remains the same. According to the results, the influence of 
the welding mode factor on the tensile strength is negligible. However, the welding power and welding speed are two 
other variables that have a major impact on the shift in the tensile strength value.

Figure 6 shows scanning electron microscopy (SEM) images of the fractured surface after tensile testing. All the 
weldments fractured in a “cup and cone” way, hence this figure is representative of all the weldments. Cup-and-cone 
fractures are caused by microvoid coalescence and are characteristic of ductile fracture mechanisms. However, Figure 6 
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also shows some cleavage facets that indicate a brittle fracture in some regions of the weldments. Therefore, the overall 
fracture mode was dominantly ductile along with minor brittle fractures in certain areas of the weldments.

Figure 6. SEM images of the fractured surface of the tensile sample

3.3 Statistical models and analysis

The appropriate response model for these response factors was selected based on the summaries of the experimental 
results.

3.3.1 Analysis of variance (ANOVA)

ANOVA was used to determine the relative importance of each experimental parameter through statistical analysis. 
By comparing the square of the results to a calculated approximation of the experimental errors at predetermined levels 
of confidence, ANOVA formally tests the findings of all the principal factors and their relationships [32]. Tables 7-8 
show the results obtained by ANOVA for the tensile strength. About 65.95% of the calculated percentage is attributable 
to the welding power (W), followed by the welding speed (mm/s) at 4.32% and the welding mode at 0.81%. The effects 
of the bidirectional interactions were also examined, and it was found that the interaction (P * P) ranks first, contributing 
more than $ 28.03%. The interaction (P * S) with a smaller contribution of 0.89% occupies the second rank. All the P 
values are lower than 0.05, so we know that all the variables are significant.
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Table 7. ANOVA results for the interaction model

Variable DDL Square sum Contribution
(%) Medium square F-value P-value

Model 6 499.305 99.99 83.217 3,324.26 0.000

Power (W) 1 329.3 65.95 156.802 6,263.75 0.000

Speed (mm/s) 1 21.584 4.32 5.624 224.65 0.004

pattern 2 4.033 0.81 2.884 115.2 0.009

Two-factor interaction:
P * P 1 139.946 28.03 139.946 5,590.4 0.000

Two-factor interaction: 
P * S 1 4.44 0.89 4.44 177.37 0.006

Error 2 0.05 0.01 0.025  

Total 8 499.355 100  

S                      R-sq                R-sq (adj)                   PRESS                     R-sq (pred)

0.158219             99.99%               99.96%                    0.947424                      99.81%

Table 8. Coefficient of the bidirectional interaction model

Term Coefficient P value

Constant 1,326.1 0.000

P -0.9033 0.000

S -1.680 0.004

M - -

Square 0.890 0.014

Sinusoidal 0.3700 0.047

Triangular -1.2600 0.004

P * P 0.000209 0.000

P * S 0.000745 0.006

It is clear from Tables 6 and 7 that the developed models are quite precise and can be used for further analysis. The 
following are the final mathematical models derived from the coded factors using Minitab:

Square Pattern UTS = 1,327.0 – 0.9033 P – 1.680 S + 0.000209 P × P + 0.000745 P × S

Sinusoidal Pattern UTS = 1,326.4 – 0.9033 P – 1.680 S + 0.000209 P × P + 0.000745 P × S

Triangular Pattern UTS = 1,324.8 – 0.9033 P – 1.680 S+ 0.000209 P × P + 0.000745 P × S

Validation of statistical models typically involves ensuring that the residuals are normally distributed. In a well-

(1)

(2)

(3)
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fitting model, the residuals (the gaps between the predicted and observed responses) should have a zero-mean normal 
distribution. For the most part, when conducting a regression analysis, the least squares approach is chosen. A perfect 
scenario would result in a straight line with no deviations [33], [34]. A normal residue plot for the weld fill passes, weld 
bead width, and bead integrity is shown in Figure 7. The majority of the points, with a few exceptions, lie on or very 
close to the straight line, demonstrating the accuracy of the models.

Figure 7. Residual plots for each model

3.3.2 Variation of the developed model

To ensure that the developed models were sufficient, predicted values were calculated for all 9 experimental series 
and they were compared with the measured experimental values. The experiment setup, observed data, predicted values, 
and percentage of error are all summarised in Table 9. The percentages of error in the prediction also agree well with 
the experimental results, demonstrating the high level of accuracy of the developed models. In Figure 8, we see a scatter 
plot of the fitted values versus the measured values. As the figures show, the residuals in the prediction of each response 
are small and cluster around the diagonal, suggesting that the developed models are sufficient.

Table 9. Confirmation experiments

S. No. Laser power
(W)

Welding speed
(mm/s) Pattern type

Ultimate tensile strength (UTS) value (MPa)
Error (%)

Experimental Model predicted

1 1,800 50 Square 361.51 361.27 0.07

2 1,800 40 Sinusoidal 364.5 364.06 0.12

3 1,800 30 Triangular 366.26 365.85 0.11

4 2,000 30 Sinusoidal 350.5 350.1 0.11

5 2,000 50 Triangular 345.25 344.7 0.16

6 2,000 40 Square 349.16 348.8 0.1

7 2,200 40 Triangular 347.88 347.6 0.12

8 2,200 30 Square 350.66 350.07 0.17

9 2,200 50 Sinusoidal 349.24 348.65 0.17
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Figure 8. Comparison of measured values with fitted values for the model

3.4 Effects of process parameters on UTS response

The main process parameter effects on the UTS values of the welded specimens are plotted in Figure 9. Note that 
these plots illustrate the averages of the data as a function of the factor level. Based on these effects, each factor can 
be evaluated graphically. Laser power and welding speed were found to have the greatest impact on the mechanical 
properties of the welded specimens, whereas beam oscillation played a secondary role.

Figure 9. Graph depicting the main effects on the UTS response
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Figure 10. Surface diagrams of UTS (a) sinusoidal trajectory, (b) triangular trajectory, and (c) square trajectory
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Figure 11. Contour plots of UTS during welding of the three oscillation patterns (sinusoidal, triangular, and square)
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Figure 10 depicts the combined influences of laser power and welding speed on the tensile strength for the 
sinusoidal, triangular, and square oscillation patterns. At high welding rates and with a strong laser, we find that the weld 
resistance is minimal. The strength of the joint was improved by reducing the laser power and welding speed, which 
led to more melting and mixing at the joint. According to Figure 10, the values of tensile strength that are of interest are 
those above 360 MPa. These values are located in the blue and pink regions. The optimum response of tensile strength 
is obtained with a laser power of 1,800 W and a welding speed in the range of 30-40 mm/s with a sinusoidal oscillation 
pattern, as shown in Figure 11. It has a slightly higher tensile value than the other models. Therefore, we can conclude 
that the most suitable combination of welding parameters could be a laser power of 1,800 W, a welding speed in the 30-
40 mm/s range, and a sinusoidal laser welding pattern.

3.5 UTS optimization using desirability function analysis

One of the most common practices for improving product quality is analyzing preferences using a desirability 
function. In this optimization, we aim to achieve a tensile strength (UTS) of 368.35 MPa, which is the ideal value for a 
strong weld. The preferred outcome was achieved by setting the linear desirability function’s lower bound, target, and 
upper bound to equal values. It was assumed that the linear desirability function (d) had a value of 1. The optimization 
feature in Minitab v17 looks for a set of factor levels that meets the criteria for all answers and all factors at the same 
time. This method of optimization uses a mathematical model to explore the design space and identify the factors and 
their optimum settings. Standard optimization criteria have been used in this investigation. UTS at 368.35 MPa was 
chosen as the target in the criterion, with all other process parameters being held constant. The UTS optimization curves 
are shown in Figure 12. Each row of this graph represents a response variable, and each column represents a process 
parameter. From the optimization graph (Figure 12), we can infer that the laser power of 1,800 W, the welding speed of 
30 mm/s, and the square pattern of laser welding are optimal for a response of 368.35.

Figure 12. UTS response optimization diagram

4. Conclusions
The following conclusions can be drawn from the current study:
• The microhardness of all samples reaches its maximum in the fusion zone and gradually decreases from the 

fusion zone towards the base metal. The maximum microhardness values were achieved for the sinusoidal and square 
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oscillation patterns.
• Using experimental and modeling data, it was determined that laser power and welding speed are critical 

parameters that significantly affect the mechanical properties of the welded joints. Despite this, beam oscillation does 
impact the UTS values of the weldments, albeit only slightly.

• The optimum combination of welding parameters for the current study was identified to be: 1,800 W laser power, 
30-40 mm/s welding speed, and sinusoidal oscillation pattern.

• To achieve the desired UTS value, i.e., 368.35 MPa, the optimal combination of welding parameters was 
identified to be: 1,800 W laser power, 30 mm/s welding speed, and a square oscillation pattern.
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