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Abstract: A quantitative and qualitative study of the effect of laser (light amplification by stimulated
emissions of radiation) welding parameters, such as focus point, welding speed, power beam and
shield gas on bead profile in relation with microchemistry compositions differences of two thin AISI
316 industrial stainless steel casts have been studied. One cast contains 60 ppm (0.006%) of sulfur
considered as high sulfur content and the other one contains 10 ppm (0.001 %) sulfur which can
be considered as low sulfur content. A set of 27 tests were carried out by combining three welding
speeds (1500, 3000, and 4500 mm/min), three shield gases (helium (He), mixture of 40% helium
and 60% argon (Ar) and mixture of 70% helium and 30% argon) with flow rate of 15 L/min, and
three focal lengths (+2, +7, and +12 mm). The depth, aspect ratio (the ratio between the penetration
depth weld and the weld width) and the bead cross section profile are investigated using response
surface methodology (RSM). Linear and quadratic polynomial models for predicting the weld bead
geometry were developed. The results of the preliminary validation indicated that the proposed
models predict the responses adequately. The geometry of the welded area was analyzed using
optical microscopy, and correlations between weld morphology (depth, weld aspect parameter and
weld area) and welding parameters were performed. For the cast 316 HS (high sulfur content), the
main input factor influencing the depth weld (Y) is the focus point with a contribution up to 19.32.
On the other hand, the main input factor affecting the depth weld (Y};) of the cast 316 LS (low sulfur
content) is the combination effect of focus point and power input energy with contribution up to
10.65%. Sulfur as the surfactant element contributes to determining the laser weld bead shape up
to 71% when the welds are partially penetrated and diminishes to 50% when the welds are fully
penetrated with the occurrence of the keyhole mechanism.

Keywords: laser welding; optimization; AISI 316 SS; RSM; ANOVA; sulfur content

1. Introduction

Austenitic stainless steels are the most commonly used materials in heavy industries,
especially in power generation, transportation, and petrochemical industry, due to their
service performance, high weldability, and economical nature. They can be found in
applications in which high-temperature oxidation resistance or high-temperature strength
are required.

Metals 2023, 13, 1202. https:/ /doi.org/10.3390/met13071202

https://www.mdpi.com/journal /metals


https://doi.org/10.3390/met13071202
https://doi.org/10.3390/met13071202
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0003-0902-9603
https://orcid.org/0000-0003-2703-1969
https://orcid.org/0000-0003-4504-6929
https://orcid.org/0000-0002-9550-7431
https://doi.org/10.3390/met13071202
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met13071202?type=check_update&version=2

Metals 2023, 13, 1202

2 of 31

On the other hand, welding is widely used in several engineering applications, and
many contemporary products, such as cars, transportation systems, and power plants [1,2].

Laser welding is extensively used in industry owing to its advantages of controlled
heating, narrow weld bead and low heat affected zone (HAZ). In case of fully penetrated
bead, laser welding has excellent characteristics with the equal sided fusion zone, lower heat
input and distortion, improved welding surface finish, and lower residual stress in welds.
Moreover, it has the ability to weld a wide range of metals and dissimilar metals [3,4]. Laser
welding contributes to the renewal of production processes due to its ease, flexibility, high
accuracy and high productivity. In fact, it is known to have many advantages compared to
other welding methods [5,6].

There are different types of lasers, but the three widely used are neodymium-doped
yttrium aluminum garnet (Nd:YAG), CO,, and argon lasers [7]. Depending on laser power
density and speed, the laser welding process can be either keyhole or conduction. In the
conduction mode, the vaporization is minimal. Conduction-mode welds are produced
using low-power laser beams and they are subsequently more shallower than keyhole-
mode welds [8]. The material in the keyhole is rapidly melted and even boiled, thereby
creating a metallic plasma around it. Boiling of the material maximizes the absorption of
the material laser energy because it turns the keyhole to a black body [9].

Giudice Fabio et al. [10] used a heat conduction-based analytical model to simulate
the thermal fields produced in high penetration laser beam welding. In this way, thermal
profile and solidification mode can be investigated to predict the mechanical properties of
laser joints. Pang [11] developed a three-dimensional computational fluid dynamics (CFD)-
based model, incorporating coupled heat transfer, fluid flow and keyhole geometry. The
author demonstrated that Marangoni convection enhances the heat transfer in molten pool.

Zhao et al. [12] studied the influence of heat transfer, mass transfer and liquid metal
flow during stationary laser welding for different concentrations of oxygen in the surround-
ing environment. The authors found that the oxygen concentration affects not only the flow
motion, but also the laser absorption coefficient. Having a clear understanding of the laser
welding parameters that control the weld bead geometry is of interest to the industries.
The microstructure and the mechanical properties are strongly affected by heat transfer
and metal flow direction in the weld pool which are related to the presence or absence of
the surfactant element.

Chan et al. [13] used nondimensional forms of the energy, continuity, and momentum
equations and found that the highest fluid velocity and the solidification start position
are at the edge of the beam due to the maximum temperature gradient at this point. In
addition, the authors found that the width-to-depth ratio of the melt pool increases with
the increase in Peclet number, and the increase in this ratio with the increase in the surface
tension number was not uniform. Recently, Tomask [14] used a numerical simulation
method to analyze stresses and cumulative plastic strain distributions. The author propose
a modification of heat source models owing to the different power distributions and shapes
of laser beams. A numerical approach was also conducted by Fabio Giudice et al. [15] to
simulate and evaluate the thermal fields and cooling rates, the fusion zone composition
and the solidification mode to predict the microstructure of the fully penetrated laser beam
butt-welding of AISI 304 L plates with consumable insertion of AWS 308 L as filler material.
The authors conclude that to avoid hot cracking, less filler metal must be added to the weld.
Some works were performed to improve the performance of laser beam by using a set up
for the coaxial combination of two laser beams to vary the intensity distribution [16], or
by using hollow beam welding on bead-on-plate. Authors noted that when hollow beam
welding is applied on 304 stainless steel sheets the spatters and the pores can be effectively
suppressed, and the cooling rate during solidification process is increased and the austenite
obtained is finer [17].

On the other hand, many studies [18,19] on laser welding parameters” optimization
have been carried out. For instance, Anawa et al. [20] used Taguchi methods and response
surface methodology to study the effect of the process parameters, such as inert gas pressure,
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processing speed, laser power, beam incidence angle, and focal position on weld width,
depth and area. Olabi et al. [21] used also Taguchi algorithms integrated approach to the
optimization of CO; laser welding. They conclude that the laser power has a direct impact
on weld geometries but laser focal position has less impact on weld pool geometry. On
the other hand, it can contribute to increasing the weld area and weld width when its
position is above the surface [21]. Many other authors investigated the optimization of the
welding process parameters to achieve good weld profiles, such as Benyounis et al. [22]
who adopted a statistical approach to correlate the welding parameters and the resulting
weld profiles.

Moreover, the RSM is an increasingly popular method used to design experiment
areas [23-25]. RSM design can optimize the expected properties through the setting of
working parameters, such as laser beam power, welding speed, shield gas types as well
as focus point. RSM can be used proficiently to get a mathematical modeling on output
parameters, such as depth, aspect ratio and weld bead area while tuning the optimal input
parameters.

The main aim of this study is to analyze the effect of the basic parameters of laser
welding (i.e., laser beam power, welding speed, shield gas types as well as focus point)
of plane plate of the 2.0 mm thick stainless steel AISI 316 sheets on the weld shape. RSM
optimization method is used to develop a mathematical model on depth, aspect ratio and
weld bead area in terms of welding parameters. The optimal response surface design is
used to design the experiment. Using the optimal response surface design with 15 model
points, 12 randomly selected points, and after performing the multi-regression analysis
using the Design Expert software, the equations describing the relationship between the
input parameters and the output are then obtained. In this study, Design Expert software is
used to increase the model efficiency.

Based on the obtained results in this study, we will highlight the welding conditions
which permit the surface-active elements to fully play their role. Moreover, the obtained
results will enhance the understanding of the effect of laser welding parameters related to
the surfactant elements, such as sulfur. These outcomes may help researchers as well as
industries for improving the soundness of their products.

2. Materials and Methods
2.1. Material

Two casts of austenitic stainless steel, AISI 316 LS and AISI 316 HS, with thickness
of 2 mm were investigated in this study. The chemical compositions, the temperature

coefficient of surface tension and surface tension at melting temperature are presented in
Table 1.

Table 1. Chemical composition (wt.%), the temperature coefficient of surface tension and surface
tension at melting temperature of 316 stainless steel casts.

O
Elements Si P s Cr Ni Fe & (N/m K)
Temperature [26]
(1400 °C) [26]
316 HS SS 0.82 0.47 0.028 0.006 17.55 11.83 Balance 1.60 +10~4
316 LS SS 0.84 0.54 0.024 0.001 17.58 11.74 Balance 1.88 —10~4

Table 1 shows that the 316 LS has a negative temperature coefficient of surface tension
(—10~* N/m K). However, 316 HS tension surface is characterized by a positive temperature
coefficient of surface tension (+10~% N/m K)

During the welding process, a weld pool is formed when the base metal reaches its
melting point with g—% negative, such as in the case of cast 316 LS, the molten metal flow
outward (Marangoni convection) from the center to edges giving a wider bead with less
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depth penetration appears. Contrariwise, when aa% is positive, such as with cast 316 HS, the
molten metal flow inward to the center of the weld pool (reverse Marangoni convection),
leading to narrower and deeper weld bead.

2.2. Welding Procedure

The welding tests were carried out using a laser facility located at the central school
of Nantes (France) with carbon dioxide laser capable of producing a maximum output
of 6 Kw and emitting radiation in the infrared band of 10.6 pm and a pressure of 100 Pa.
Figure 1 depicts focus point locations used during CO, laser beam welding experiments.

Focus point | | Focus point |
7 mm || Laser Beam 12 mm \ Laser Beam
\ 4 i O
g e g A
12 ; / /-
— Y /
2 mm ———
! Keyhole mode —I| |

or 2 mm
Conduction mode

Conduction mode
(b) (0)

Figure 1. Scheme of a CO; laser beam focus position used: (a) focus point = 2 mm, (b) focus
point =7 mm, (c) focus point = 12 mm.

Using the RSM methodology with optimal response surface design that has 15 model
points and 12 randomly selected points, a set of 27 tests were carried out by combining
3 welding speeds (1500, 3000, and 4500 mm /min), three shield gases (helium (He), mixture
of 40% helium and 60% argon (Ar) and mixture of 70% helium and 30% argon) with
flow rate of 15 L/min, and three focal lengths (+2, +7, and +12 mm), as depicted in
Table 2. Table 3 shows the physical properties of the shield gases used. A preliminary
study of the welding parameters is necessary to adjust the specific energy supplied to
the sheets. Experiments consist of welding 120 mm line on a rectangular plate of 2 mm
thickness, 150 mm length and 80 mm width. Before the welding operation, the plates were
cleaned with acetone. During each test, three coupons were cut from the welding line to
ensure the reproducibility and reliability of the results obtained. The results of the weld
aspect (depth of penetration, width, and area) are depicted in Table 4; 11 represent an
average of 3 readings. The samples were cut, polished and then etched by immersion in a
solution composed of distilled water 190 mL, nitric acid 5 mL, hydrochloric 3 mL and acid
hydrofluoric acid 2 mL for macrographic analysis.

Table 2. Laser welding parameters.

Input Laser Welding Parameters Linear
Exp. Focal Speed Power Shield Gas Energy
Number (mm) (mm/min) (w) Gaz Proportion (J/cm)
Xy X; X, Xg

1 2 1500 3000 1:(70% He + 30% Ar) 120

2 2 3000 3000 1:(70% He + 30% Ar) 60

3 2 3000 5000 1:(70% He + 30% Ar) 100

4 2 4500 5000 1:(70% He + 30% Ar) 67

5 12 1500 3000 1:(70% He + 30% Ar) 120

6 12 3000 3000 1:(70% He + 30% Ar) 60
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Table 2. Cont.

Input Laser Welding Parameters Linear
Exp. Focal Speed Power Shield Gas Energy
Number (mm) (mm/min) w) Gaz Proportion (J/cm)
Xy X Xy X,
7 12 3000 5000 1:(70% He + 30% Ar) 100
8 12 4500 5000 1:(70% He + 30% Ar) 67
9 7 1500 3000 1:(70% He + 30% Ar) 120
10 7 3000 3000 1:(70% He + 30% Ar) 60
11 7 3000 5000 1:(70% He + 30% Ar) 100
12 7 4500 5000 1:(70% He + 30% Ar) 67
13 2 1500 3000 2:(100% He) 120
14 2 3000 3000 2:(100% He) 60
15 2 3000 5000 2:(100% He) 100
16 2 4500 5000 2:(100% He) 67
17 12 1500 3000 2:(100% He) 120
18 12 3000 3000 2:(100% He) 60
19 12 3000 5000 2:(100% He) 100
20 12 4500 5000 2:(100% He) 67
21 2 1500 300 3:(40% He + 60% Ar) 120
22 3000 3000 3:(40% He + 60% Ar) 60
23 2 3000 5000 3:(40% He + 60% Ar) 100
24 2 4500 5000 3:(40% He + 60% Ar) 67
25 12 1500 3000 3:(40% He + 60% Ar) 120
26 12 3000 3000 3:(40% He + 60% Ar) 60
27 12 4500 5000 3:(40% He + 60% Ar) 100
Table 3. Physical properties of the used shield gases.
Thermal
Laser Molecular Weight Conductivity at Ionization Energy = Dissociation Energy Density
Welding Gas (g/mol) 1Bar, 15°C (ev) (ev) Relative to Air
(W/m K)
Helium 4 0.15363 24.6 0 0.14
Argon 40 0.01732 15.8 0 1.38
Table 4. The representation of the investigated factors and their corresponding responses (316 HS).
Input Welding Parameters Experimental Values
. :::1};) . (FI(I)IC;} (nfrﬁfli:iin) P(()vv\:/)er Shield Gas ‘I?Lerlz%%i)g: Aspect Ratio (:11;2)
Xy X X, X, Y, Y, Y,
2 1500 3000 1 3.42 74
2 2 3000 3000 1 2 1.73 45
3 2 3000 5000 1 2 1.42 63
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Table 4. Cont.
Input Welding Parameters Experimental Values
Be o Teml o sped o Power gy, &%ﬂtﬂ?ﬁ Aspectatio A
mm)

Xy X X, X Y, Y, Y,
4 2 4500 5000 1 2 1.63 55
5 12 1500 3000 1 0.6 0.42 15.5
6 12 3000 3000 1 0.35 0.27 7
7 12 3000 5000 1 0.62 0.74 34
8 12 4500 5000 1 0.44 0.33 11
9 7 1500 3000 1 2 1.58 86
10 7 3000 3000 1 1.15 0.98 25
11 7 3000 5000 1 2 1.19 79
12 7 4500 5000 1 1.09 0.65 32
13 2 1500 3000 2 2 29 78.5
14 2 3000 3000 2 2 2.43 49
15 2 3000 5000 2 2 2.24 51
16 2 4500 5000 2 2 2.86 42
17 12 1500 3000 2 0.44 0.25 14
18 12 3000 3000 2 0.38 0.26 10
19 12 3000 5000 2 1.12 0.7 36
20 12 4500 5000 2 0.72 0.52 16
21 2 1500 3000 3 1.98 3.31 70
22 2 3000 3000 3 0.65 2 40
23 2 3000 5000 3 0.49 0.25 9
24 2 4500 5000 3 0.91 2.3 47
25 12 1500 3000 3 0.8 0.71 12
26 12 3000 3000 3 0.48 0.41 8
27 12 4500 5000 3 0.44 1 10

2.3. Mathematical Modeling for 316 HS Cast

The regression analysis is used for developing a mathematical model of different
output responses as function of the input parameters. After the preliminary investigation,
a mathematical formulation based on a quadratic polynomial relation is established. The
model can be classified as higher order polynomial relation. The choice of order two or
three depends on the degree of fit that can be obtained. For 316 HS cast, satisfactory fitting
results was obtained with two-order polynomial model. The quadratic function can be
expressed as Equation (1) below.

n n n
Y =b,+ Z biX; + Zbinin + Z biin»z + & 1)
i=1 j>i i=1

where, X; represents the four input factors such thati € {f, s, p, g}, b represents the coefficient
corresponding to the specified terms, b, represents the constant term, b; represents the
coefficients of the linear terms, bl-j represents the coefficients of the linear interaction terms,
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b;; represents the coefficients of the second-order (quadratic) terms, and ¢ is an error
component.

By using the Design Expert software with a specified setting, the mathematical model
for Y can be developed as a function of the input factors.

2.4. Mathematical Modeling for 316 LS Cast

The regression analysis is used for developing a mathematical model of the different
output responses as a function of the input parameters. After the preliminary investiga-
tion, the adopted mathematical model involves a cubic polynomial relation. The cubic
polynomial relation can be expressed as Equation (2) for 316 LS cast with or without data
transformation. In fact, the model can be classified as higher order polynomial relation.
For 316 LS cast, the satisfactory fit results were obtained with the three-order polynomial
model. The model includes 35 terms. However, the only significant and mandatory terms
will be considered.

n n n n n

Y =b, + Z biX; + Z bl‘inXj + Z biiXiz + Z ZZ>]- bi]'kX,'X]'Xk + + 2 bl‘]‘inij

i=1 j>i i=1 j>i j>i (2)
n
+ ) biiiX? +¢€
i=1
where, X; represents the four input factors such that i € {f, s, p, g}, b represents the coefficient
corresponding to the specified terms, b, represents the constant term, b; represents the
coefficients of the linear terms, bi]» represents the coefficients of the linear interaction terms,
b;; represents the coefficients of the second order terms, b represents the coefficients of
the three factor interactions, b;;; represents the coefficients of the interactions among the
linear and the quadratic levels, b;; represents the coefficients of the second order terms, b;;;
represents the coefficients of the third order terms and ¢ is the error. As for the 316 HS cast,
Design Expert software was used under a specific setting, where the mathematical model
for Y can be identified as a function of the input factors.

3. Results and Discussions
3.1. Analysis and Discussions of 316 HS Cast

Figure 2 shows the macrographs of the laser welding carried out under a power of
5000 w, a speed welding of 3000 mm.min~?!, and a shield gas of (70% He + 30% Ar) for
different focus points. We noticed that for a focus point at 12 mm far from the workpiece,
the weld is partially penetrated, as depicted in Figure 2c. In this case, heat is absorbed from
the laser beam over the top surface of the workpiece with heat losses to the environment,
in spite of a consistent heat that is conveyed to workpiece. The heat required for fusion is
provided from the surface by conduction and as a result, there is a low depth of penetration.
At 7 mm focus point, the keyhole mode occurs, leading to a narrow and deep hole as
shown in Figure 2b. In this case, plasma absorption does not occur and consequently, the
heat is conveyed with high efficiency. On the other hand, the wide width at back side
weld is ascribed to laser beam reflections occurred in keyhole. We can notice that the
area section of the 7 mm weld bead (79 mm?) is higher than that of 2 mm focus point
(63 mm?). At a focus point of 2 mm close to the workpiece, a plasma formation is expected
to occur. Consequently, the interaction between the laser and the plasma vapor diminishes
the total heat allowed for welding formation. Nevertheless, the remaining heat ensures a
fully penetrated weld bead, as shown in Figure 2a. The keyhole geometry affects the weld
geometry, such as width and depth.
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(a) Focus point: 2 mm (b) Focus point: 7 mm (c) Focus point:12 mm

Figure 2. Effect of focus point on 316 HS laser weld carried out under power 5000 w, welding speed
3000 mm.min !, and shield gas (70% He + 30% Ar).

Table 4 shows the inputs, such as focus, speed, power, shield gas and experimental
values, such as depth, ratio aspect and area used in this investigation. The results depict
that the fully penetrated weld is achieved when the focus point is 2 mm and the shield gas
of 100% He and with mixed shield gas (70% He + 30% Ar) are used regardless of the power
provided or the chosen welding speed. The combination of high ionization energy and high
thermal conductivity of helium gas make it the most efficient and common gas to be used
for plasma control. Direct absorption of the laser beam in plasma is minimal with helium
gas which ensures a good heat transfer to the workpiece. High thermal conductivity assures
a cooling of the plasma and accordingly a reduction in plasma absorption. Furthermore,
the aspect ratio and section area exhibited the highest values for welds carried out under
2 mm focus point and the shield gas of 100% He, or mixed shield gas (70% He + 30% Ar).
Moreover, the weld bead depth, aspect ratio and weld section area decrease when the focal
point is 7 mm. When the focus point is at 12 mm further away from the workpiece, the
depth, aspect ratio and weld section become lesser. The highest linear energy of 120 J/cm
ensures highest values of aspect ratio and weld sectional area. The molten metal in 316HS
cast weld pool moves from the edges to the center, and the liquid metal flows in inward
convection of the molten metal, called inverse Marangoni convection, leading to deeper
and narrower weld bead [27]. Sulfur as the surfactant agent favorizes a full penetration.

3.1.1. Modeling of Weld Depth of Penetration (Y)

The response variable Y, is modeled, as represented in Equation (3). For obtaining
the best fit, the following setting was performed. The response Y; was transformed using
inverse square root transformation and, the quadratic model and auto-select of terms
relying on the adjusted R? were adjusted.

v, = 0524501163 X +3.29 x 107" X; +84 x 107% X, +0.2621 Xg+
20 x 107% X;X; —3.30 x 10°% XXy +0.0909 XX — 428 x 107 XX+ (3)
0.0116 X ;2

Table 5 depicts the residuals calculation for the validation of the Y; mathematical
models. Residual results depict the validity and the accuracy of the Y; mathematical model.

Table 5. Residues calculation for validation of the Y; mathematical model.

Exp.

Transformed Value of Actual Yy Predicted

Number X¢ X X, X Y, ﬁ Value Residual
2 1500 3000 0.7 2 0.7071 0.8059 —0.0988

2 2 3000 3000 0.7 2 0.7071 0.7224 —0.0153

3 2 3000 5000 0.7 2 0.7071 0.7575 —0.0503
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Table 5. Cont.

Nfr):l};er X; X, X, X, Y, Transformed \@m of Actual Y, Pr‘elgliflteed Residual
67}

4 2 4500 5000 0.7 2 0.7071 1.05 —0.3425
5 12 1500 3000 0.7 0.6 1.29 1.21 0.0785
6 12 3000 3000 0.7 0.35 1.69 1.62 0.0727
7 12 3000 5000 0.7 0.62 1.27 1.199 —0.0710
8 12 4500 5000 0.7 0.44 1.51 14 0.1109
9 7 1500 3000 0.7 2 0.7071 0.7192 —0.0121
10 7 3000 3000 0.7 1.15 0.9325 0.9739 —0.0414
11 7 3000 5000 0.7 2 0.7071 0.6784 0.0287
12 7 4500 5000 0.7 1.09 0.9578 0.9331 0.0247
13 2 1500 3000 1 2 0.7071 0.7463 —0.0392
14 2 3000 3000 1 2 0.7071 0.6579 0.0492
15 2 3000 5000 1 2 0.7071 0.6929 0.0142
16 2 4500 5000 1 2 0.7071 0.6045 0.1026
17 12 1500 3000 1 0.44 1.51 1.43 0.0821
18 12 3000 3000 1 0.38 1.62 1.64 —0.0156
19 12 3000 5000 1 1.12 0.9449 1.01 —0.0668
20 12 4500 5000 1 0.72 1.18 1.22 —0.0456
21 2 1500 3000 0.6 1.98 0.7107 0.8258 —0.1151
22 2 3000 3000 0.6 0.65 1.24 0.9944 0.246
23 2 3000 5000 0.6 0.49 1.43 1.03 0.3992
24 2 4500 5000 0.6 0.91 1.05 1.2 —0.1497
25 12 1500 3000 0.6 0.8 1.12 1.14 —0.0235
26 12 3000 3000 0.6 0.48 1.44 1.61 —0.1675
27 12 4500 5000 0.6 0.44 1.51 1.45 0.0534

The significance of the proposed model can be noticed via the statistical parameters.
Figure 3a shows the normal plot of residuals and Figure 3b the predicted transformed data
against the actual transformed data. The normal plot of residuals depicts that the residuals
(errors) are approximately normally distributed but there are three outliers. That means the
errors are independent and random. Also, this distribution indicates the goodness of the
regression model. The ANOVA results confirm the statistical significance of the proposed
formulation, as listed in Table 6. The statistical indicators are as follows: F-value = 10.43,
obtained R? = 0.8467, adjusted R? = 0.7656, and predicted R? = 0.6737. The values of the
adjusted R? and the predicted R? indicate a reasonable agreement where the difference
between them is small and is (less than 0.2) indicating the statistical significance of the
equation. Moreover, the signal-to-noise ratio is sufficiently good, S/N = 10.1226 (values > 4
are considered good), which shows the adequacy of the model to represent the data.
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Table 6. ANOVA results of the Y, in function of X, Xs, Xp and X;.

Source Sum of Squares DF Mean Square F-Value p-Value Contribution (%)
Model 2.64 9 0.2935 10.43 <0.0001 11.80
Xy 0.4807 1 0.4807 17.09 0.0007 19.32
X 0.3025 1 0.3025 10.75 0.0044 12.16
Xp 0.3153 1 0.3153 11.21 0.0038 12.67
Xq 0.0086 1 0.0086 0.3046 0.5882 0.35
Xr Xs 0.1862 1 0.1862 6.62 0.0198 7.48
Xr Xp 0.3439 1 0.3439 12.23 0.0028 13.82
Xr Xq 0.134 1 0.134 4.76 0.0434 5.39
Xs Xg 0.1489 1 0.1489 5.29 0.0343 5.98
Xy 2 0.2743 1 0.2743 9.75 0.0062 11.03
Residual 0.4783 17 0.0281
Cor Total 3.12 26

Regarding the effect of the different terms of the equation on Y;, the ANOVA results
can be used to find the major factors that affect Y. (Xj) is the major factor which contributes
to about 19.32% of the data variance with its linear effect. The quadratic effect of X is
also significant; it contributes to about 11%. The second is the factor (X;) whose linear
effect comes with a percentage of 12.67% of the data variance. The third factor is X; which
contributes to about 12.16%. The linear effect of X; is similar to the linear effect of X,. The
interaction effect between (X) and (Xj) gives it the second rank with a contribution of
about 13.82%. This interaction effect can be noticed in Figure 4a. It is observed that both
welding conditions have influence on the output variable (Y;). The full depth penetration
(2 mm) can be attained when X, = 5000 W and X;, =7 mm, but under a power of 5000 w,
and a focus point close to the workpiece (2 mm) and when the formation of plasma prevent
the efficiency of laser beam. However, if the focus point is at 12 mm far from the workpiece,
the proportion of heat input is lost to surroundings. In addition, the interaction effect of (X))
and (X;) is significant and can be seen in Figure 4b. We can notice that under the used range
of power, the full depth penetration (2 mm) can be attained when X; = 3000 mm.cm~*
and X, = 7 mm. Using lesser speed welding can produce a collapsing of weld pool.
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In contrary, if the speed is higher, the heat provided is lesser leading to shallow weld
penetration. Regarding the fourth parameter (X,), its linear effect on Y is not significant
where p-value > 0.05. However, the interaction effect of (X; Xg) and (Xf X,) are insignificant.

Figure 4. The effect of (a) Xy X, and (b) X; X, on Y (3D).

o35 [ 2

3.1.2. Modeling of Weld Aspect Ratio (Y;)

For the output response Y, the two factors interaction model without transformation
gives the best fit. The obtained mathematical formulation for Y, can be represented as

Equation (4).

VY =3.061 —0.0952 X; — 551 x 107% X, —0.7704 X, +2.6 x 1075 X X,—
f p 8 fap
0.107 XXy +4.31 x 107 X, X,

4)

Table 7 shows the residues calculation for validation of the Y, mathematical models. It
shows that the aspect ratio mathematical equations developed in terms of input parameters

welding are well compatible with the actual output values.

Table 7. Residues calculation for validation of the Y, mathematical model.

Nomber Y X % X v ERETOTW, Vahe  Residul
1 2 1500 3000 0.7 3.42 1.85 1.59 0.2602
2 2 300 3000 0.7 1.73 1.32 1.59 —-0.2738
3 2 300 5000 0.7 1.42 1.19 1.19 —0.0025
4 2 4500 5000 0.7 1.63 1.28 1.19 0.0826
5 12 1500 3000 0.7 0.42 0.6481 0.6605 —0.0125
6 12 3000 3000 0.7 0.27 0.5196 0.6605 —0.1409
7 12 3000 5000 0.7 0.74 0.8602 0.7804 0.0798
8 12 4500 5000 0.7 0.33 0.5745 0.7804 —0.206
9 7 1500 3000 0.7 1.58 1.26 1.12 0.1322
10 7 3000 3000 0.7 0.98 0.9899 1.12 —0.1349
11 7 3000 5000 0.7 1.19 1.09 0.9873 0.1036
12 7 4500 5000 0.7 0.65 0.8062 0.9873 —0.1811
13 2 1500 3000 1 29 1.7 1.68 0.0208
14 2 3000 3000 1 243 1.56 1.68 -0.1232
15 2 3000 5000 1 2.24 1.5 1.55 —0.0493




Metals 2023, 13, 1202 12 of 31
Table 7. Cont.

Numper ¥ X % X w RO Nalwe Residwa
16 2 4500 5000 1 2.86 1.69 1.55 0.1451
17 12 1500 3000 1 0.25 0.5 0.4325 0.0675
18 12 3000 3000 1 0.26 0.5099 0.4325 0.0774
19 12 3000 5000 1 0.7 0.8367 0.8113 0.0253
20 12 4500 5000 1 0.52 0.7211 0.8113 —0.0902
21 1500 3000 0.6 3.31 1.82 1.56 0.2612
22 2 3000 3000 0.6 2 1.41 1.56 —0.1439
23 2 3000 5000 0.6 0.25 0.5 1.08 —0.5769
24 2 4500 5000 0.6 2.3 1.52 1.08 0.4397
25 12 1500 3000 0.6 0.71 0.8426 0.7365 0.1061
26 12 3000 3000 0.6 0.41 0.6403 0.7365 —0.0962
27 12 4500 5000 0.6 1 1 0.7701 0.2299

Normally Probabilty(%)

The statistical analysis shows the satisfactory fitting level of the proposed model
to represent the observed data. As shown in Figure 5a, the residuals are approximately
around the line indicating that the errors are normally distributed; however, there is one
outlier point. Moreover, Figure 5b shows a satisfactory distribution of the actual data
against the predicted data. The ANOVA results for Y, are listed in Table 8. As shown, the
F-value = 12.86 is good with a p-value < 0.0001 which indicates that the proposed equation
fits the measured data. The obtained R? = 0.7941, the adjusted R? =0.7324, and the predicted
R? = 0.6268 values can confirm the statistical significance of the mathematical model with
an acceptable level. The signal-to-noise ratio, S/N = 10.74 > 4, indicates an adequate signal.
Though this statistical analysis shows the proposed relation for predicting Y in function of
the four parameters X, Xp, and X,.

o.s00 [ 1 549 0.500 [ 1.4

o

Predicted observations
i

o —]

o]

! T T 1 T T T T T T
2 o s I 2 11 s 11 2

Externally residuals Actual observations

Figure 5. Model statistical indicators (a) normal plot of residuals and (b) predicted vs. actual
observations for Y;.
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Table 8. ANOVA results of the Y, in function of Xf, Xs, Xp and X,.

Source Sscl]l:;r?efs DF Mean Square F-Value p-Value Cont:‘(i)/t)r tion
Model 4.03 6 0.6714 12.86 <0.0001 14.02
Xy 3.38 1 3.38 64.69 <0.0001 70.60
Xp 0.0167 1 0.0167 0.3202 0.5778 0.35
Xq 0.0288 1 0.0288 0.5523 0.466 0.60
Xr Xp 0.3763 1 0.3763 7.21 0.0142 7.86
Xr Xg 0.1882 1 0.1882 3.6 0.0722 3.93
Xp Xq 0.1259 1 0.1259 2.41 0.1361 2.63
Residual 1.04 20 0.0522
Tcoct’;l 5.07 26

Concerning the different terms of the equation, the ANOVA results show the statis-
tical significance of the linear terms and the effect of their interactions. The factor X is
responsible for the main effect which contributes to about 70.6% of the data variance. The
second term is Xr Xp; it contributes to about 7.86% of the data variance. The effect of the
other variables is small compared to X;. The interaction relationship between Xy and X,
can be considered as significant with a confidence level of 90%; it contributes to 3.93% of
the data variance. The interaction relationship between X and X), can be illustrated in
Figure 6a. One can remark that the maximum Y, can be achieved when the focus point is
2 mm and the power is as less as possible (3000 w). The input variables X and X;, must
be selected to avoid plasma formation and heat input losses. The interaction relationship
between Xy and X can be illustrated in Figure 6b. It can be seen clearly that regardless
of the focus point value, the shield gas 100% He is the best gas owing to its high thermal
conductivity and ionization energy which ensures a good protection for the laser beam
against plasma formation. The other terms represent X, X, and X, X, are considered as

statistically insignificant since p-value > 0.1.

3.1.3. Modeling of Weld Bead Area (Y,)

The response variable Y, is modeled as represented in Equation (5). The response
Y, was transformed using inverse transformation. Furthermore, the quadratic model and
auto-select of terms relying on the adjusted R? were adjusted. Table 9 shows the residues
calculation for the validation of Y,. The predicted values of Y, are close to the actual values

which indicates the strength of our optimization method.

y%, =—173 x 107% —-343 x 1078 X; +17 x 107® X, +25 x 10°® X,
—5.60 x 1079 X, +3.91 x 107% X; x X;—5.66 x 107% X; x X, 5)
+1.37 x 1078 X2 —5.11 x 10~% X2

Table 9. Residues calculation for validation of the Y, mathematical model.

Exp. Transformed Value Predicted .
Number 2% Xs Xp Xg Ya of Actual (Y,) = Y% Value Residual
1 2 1500 3000 0.7 74 0.0135 0.0236 —0.0101
2 2 300 3000 0.7 45 0.0222 0.0052 0.017
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b N % N % w o T
3 300 5000 0.7 63 0.0159 0.0323 —0.0164
4 2 4500 5000 0.7 55 0.0182 0.0323 —0.0141
5 12 1500 3000 0.7 15.5 0.0645 0.0706 —0.0061
6 12 3000 3000 0.7 7 0.1429 0.1316 0.0112
7 12 3000 5000 0.7 34 0.0294 0.0455 —0.0161
8 12 4500 5000 0.7 11 0.0909 0.0835 0.0074
9 7 1500 3000 0.7 86 0.0116 0.0128 —0.0011
10 7 3000 3000 0.7 25 0.04 0.0444 —0.0044
11 7 3000 5000 0.7 79 0.0127 0.0149 —0.0022
12 7 4500 5000 0.7 32 0.0313 0.0235 0.0077
13 2 1500 3000 1 78.5 0.0127 0.0068 0.0059
14 2 3000 3000 1 49 0.0204 0.0091 0.0113
15 2 3000 5000 1 51 0.0196 0.0362 —0.0166
16 2 4500 5000 1 42 0.0238 0.0155 0.0083
17 12 1500 3000 1 14 0.0714 0.0538 0.0176
18 12 3000 3000 1 10 0.1 0.1148 —0.0148
19 12 3000 5000 1 36 0.0278 0.0287 —0.0009
20 12 4500 5000 1 16 0.0625 0.0667 —0.0042
21 1500 3000 0.6 70 0.0143 0.0292 —0.0149
22 2 3000 3000 0.6 40 0.025 0.0315 —0.0065
23 2 3000 5000 0.6 9 0.1111 0.0586 0.0525
24 2 4500 5000 0.6 47 0.0213 0.0379 —0.0166
25 12 1500 3000 0.6 12 0.0833 0.0762 0.0071
26 12 3000 3000 0.6 8 0.125 0.1372 —0.0122
27 12 4500 5000 0.6 10 0.1 0.0891 0.0109

The significance of the proposed model can be noticed via the statistical analysis.
Figure 7a shows the normal plot of residuals and Figure 7b the predicted against the actual
transformed data. The residuals are very closer and the line indicates that the errors are
normally distributed; however, there is one outlier point As shown, the normal plot of
residuals for depth Y} is acceptable. In the same way, the predicted observations versus
actual observations observation plot is satisfactory around the line. The ANOVA results
confirm the statistical significance of the proposed formulation, as listed in Table 10. The
statistical indicators are as follows: F-value = 13.12, R = 0.8537, adjusted R?% = (.7886,
and predicted R? = 0.6181. The values of the adjusted R? and the predicted R? indicate
a reasonable agreement where the difference between them is small and less than 0.2,
indicating the statistical significance of the equation. Moreover, the signal-to-noise ratio is
sufficiently good since S/N = 12.427 which shows the adequacy of the model to represent
the data.
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Figure 6. The effect of (a) Xr Xs (b) Xf XgonY, (2D to 3D).
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Figure 7. Model performance (a) normal plot of residuals and (b) predicted vs. actual observations
for Y.
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Table 10. ANOVA results of the Y, in function of X}, X;, X; and X,.
Source Ssclll:;r(;fs DF Mean Square  F-Value  p-Value Cont(roi/zution
Model 0.0356 8 0.0044 13.12 <0.0001 11.00
X¢ 0.0024 1 0.0024 7 0.0165 6.00
X 0.0072 1 0.0072 21.3 0.0002 18.00
Xp 0.0029 1 0.0029 8.61 0.0089 7.25
X 0.002 1 0.002 5.93 0.0255 5.00
X Xs 0.0062 1 0.0062 18.39 0.0004 15.50
X Xp 0.0097 1 0.0097 28.75 <0.0001 24.25
sz 0.0038 1 0.0038 11.24 0.0035 9.50
X2 0.0014 1 0.0014 4.03 0.0601 3.50
Residual 0.0061 18 0.0003
Cor Total 0.0417 26

For investigating the significance of the different terms of the equation, the ANOVA
results can be used to find the major factors that affect Y,;. After computing the percentage
of contribution of each factor, the major contributor is the interaction of the two factors
Xrand Xp. This interaction effect contributes to about 24.25% of the data variance and
can be noticed in Figure 8a. Each of the input variables Xy and X, either separately or
together influence the Y, variable, and their interaction is crucial to avoid the metal vapors
absorption by laser beam. The occurrence of this phenomenon would affect the efficiency
of laser welding. The impact of the factor X; on Y, is significant; it represents the second
major contribution with about 18%. The interaction effect of Xy and X; is also significant
and can be seen in Figure 8b and it is has the third major contribution with about 15.5%.
The quadratic effect of Xy is also significant; it contributes to about 9.5%. The linear effect
of the factors X, Xf, and X, contribute 7.25%, 6.0%, and 5.0%, respectively, of the data
variance. The quadratic effect of X; is also significant; it contributes a small percentage of
about 3.5%.

Xp

X¢ XF

(a) (b)
Figure 8. The effect of (a) Xyand X, and (b) Xrand X; on Y, (2D).

3.2. Analysis and Discussions of 316 LS Cast

Figure 9 shows the micrographs of impact of focus point on 316 LS laser weld carried
out under power 3000 w, speed welding 3000 mm.min !, shield gas (70% He + 30% Ar) for
different focus points. One can notice that for focus points at 12 mm and 7 mm, the welds
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were partially penetrated, as depicted in Figure 9b,c. The heat required for fusion comes
from the surface by conduction and as a result a low depth of penetration occurs. At 2 mm
focus point, the keyhole mode occurs with a narrow and deep hole, as shown in Figure 9a.

(a) Focus point: 2 mm (b) Focus point: 7 mm (c) Focus point: 12 mm

Figure 9. Effect of focus point on 316 LS laser weld carried out under power 3000 w, speed welding
3000 mm.min~!, and shield gas (70% He + 30% Ar).

Table 11 depicts the input parameters and the output responses. The molten metal
in 316 LS cast weld pool is governed by a surface tension-driven fluid flow in the weld
pool. As the surface tension decreases with temperature, outward flow of the molten metal
called Marangoni convection occurs, leading to wider and shallower weld bead [27]. The
welds carried out with focus point 2 mm, and either the shield gas of 100% He or mixed
shield gas (70% He + 30% Ar), were fully penetrated regardless of the power provided or
welding speed chosen. It seems that the Marangoni is absent or hidden under 2 mm focus
point close to the workpiece. The pressure of the vapor inside the keyhole contributes to
the penetration by maintaining the keyhole, while the surface tension tends to retain it at
the surface. It seems that the Marangoni convection contributes to laser bead shape at the
focus points 7 mm, and 12 mm with mixed shield gas (40% He + 60% Ar) by decreasing the
laser heat input to the workpiece.

Table 11. The representation of the investigated factors and the responses (Cast 316LS).

Input Welding Parameters Experimental Values
Exp. Eﬁ‘;i (n?rfjriﬁn) P(()vv\:l)er Shield Gas W;lio:zl:ll:it(l;n()f Aspect Ratio W?ifrﬁ;ea
Number (mm)

Xy X X, Xy Y, Y, Y,
1 2 1500 3000 1 2 2.52 67
2 2 3000 3000 1 2 2 55.5
3 2 3000 5000 1 2 2 48
4 2 4500 5000 1 2 2.31 46.5
5 12 1500 3000 1 0.39 0.2 125
6 12 3000 3000 1 0.29 0.18 8
7 12 3000 5000 1 0.48 0.23 17
8 12 4500 5000 1 0.61 0.43 15
9 7 1500 3000 1 2 1.89 98.5
10 7 3000 3000 1 0.93 0.76 24
11 7 3000 5000 1 2 2.5 68.5
12 7 4500 5000 1 1.08 0.58 39
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Input Welding Parameters Experimental Values
Exp. Focal Speec! Power Shield Gas Wlfligr?:it(l)ln()f Aspect Ratio Weld Azrea
Number (mm) (mm/min) (w) (mm) (mm*)

13 2 1500 3000 2 2 29 73
14 2 3000 3000 2 2 2 47
15 2 3000 5000 2 2 2.4 50
16 2 4500 5000 2 2 2.53 47
17 12 1500 3000 2 0.74 0.51 18.5
18 12 3000 3000 2 0.28 0.18 8
19 12 3000 5000 2 1.04 0.62 28
20 12 4500 5000 2 0.53 0.38 13

Xy Xs X, Xg Y, Y, Y,
21 2 1500 3000 3 0.63 0.34 11
22 2 3000 3000 3 2 1.7 50
23 2 3000 5000 3 0.18 0.08 4
24 2 4500 5000 3 0.61 0.27 8.6
25 12 1500 3000 3 0.77 0.57 17.9
26 12 3000 3000 3 0.5 1.09 9
27 12 4500 5000 3 0.6 0.49 12

3.2.1. Modeling of Weld Depth of Penetration (Y)

The response variable Y, is modeled as represented in Equation (6). For obtaining the
best fit, the following setting was performed. The response (Y;) was transformed using the
natural logarithmic transformation. The quadratic model and auto-select of terms relying
on the adjusted R? were adjusted. Table 12 depicts the residuals calculation for validation
of the Y;; mathematical models. The actual and predicted values of the depth matches well
with the small differences between these values.

Ln (Y;) = —10.8585+2.0928 Xy +5.8 x 107° X5 —3.12 x 1073 X +33.7702 X,
—542 x 107* Xy, +6.05 x 107* XX — 6.3516 X¢X —3.32 x 1077 X;X
+4.65 x 103 X, X +336 x 1073 X,X — 9.8 x 107 X2 +2.65 x 1077 X (6)
—23.3712 Xg2 +9.1 x 1072 X XsX —1.77 x 1074 XXX +29 x 107° X4 X;
—26 x 107° X2 X, +4.0420 X;Xo? —4.2 x 1073 X;X¢?
Table 12. Residuals calculation for validation of the Y; mathematical model.

Nomper X X% X % Vel valwe  Residul
1 2 1500 3000 1 2 0.6931 0.5773 0.1159
2 2 3000 3000 1 2 0.6931 0.7046 —0.0114
3 2 3000 5000 1 2 0.6931 0.6899 0.0033
4 2 4500 5000 1 2 0.6931 0.8009 —0.1077
5 12 1500 3000 1 0.39 —0.9416 —0.9215 —0.0202
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Table 12. Cont.

Nomber X X X% X w RV Valee | Residual
6 12 3000 3000 1 0.29 —1.24 —-1.18 —0.0596
7 12 3000 5000 1 0.48 —0.734 —0.625 —0.109
8 12 4500 5000 1 0.61 —0.4943 —0.6831 0.1888
9 7 1500 3000 1 2 0.6931 0.7285 —0.0354
10 7 3000 3000 1 0.93 —0.0725 —0.0371 0.0354
11 7 3000 5000 1 2 0.6931 0.6578 0.0354
12 7 4500 5000 1 1.08 0.077 0.1124 —0.0354
13 2 1500 3000 2 2 0.6931 0.7689 —0.0758
14 2 3000 3000 2 2 0.6931 0.6435 0.0497
15 2 3000 5000 2 2 0.6931 0.6435 0.0497
16 2 4500 5000 2 2 0.6931 0.7167 —0.0236
17 12 1500 3000 2 0.74 —0.3011 —0.352 0.0509
18 12 3000 3000 2 0.28 —-1.27 —1.24 —0.0309
19 12 3000 5000 2 1.04 0.0392 0.0578 —0.0186
20 12 4500 5000 2 0.53 —0.6349 —0.6335 —0.0014
21 2 1500 3000 3 0.63 —0.462 —0.3503 -0.1117
22 2 3000 3000 3 2 0.6931 0.6598 0.0334
23 2 3000 5000 3 0.18 -1.71 -1.75 0.0334
24 2 4500 5000 3 0.61 —0.4943 —0.5393 0.045
25 12 1500 3000 3 0.77 —0.2614 —0.3582 0.0968
26 12 3000 3000 3 0.5 —0.6931 —0.6561 —0.037
27 12 4500 5000 3 0.6 —0.5108 —0.451 —0.0598

The significance of the proposed model with the natural logarithmic transformation
can be noticed via the statistical parameters. Figure 10 shows (a) the normal plot of residuals
and (b) the predicted transformed data against the actual. The residuals are approximately
around the line that indicates the goodness of the regression model and the errors are
random and normally distributed; however, there is two outliers point. The predicted
transformed data against the actual plot show a stacked point on the line which confirm the
accuracy of the predicted model for weld depth of penetration (Y;). The ANOVA results
confirm the statistical significance of the proposed formulation, as listed in Table 13. The
statistical indicators are as follows: F-value = 41.91, RZ = 0.9913, adjusted R?% = 0.9676,
and predicted R? = 0.8676. The values of the adjusted R? and the predicted R? indicate a
reasonable agreement since the difference between them is small, indicating the statistical
significance of the equation. Moreover, the signal-to-noise ratio is sufficiently good since
it is greater than 4, S/N = 21.92, which shows the adequacy of the model to represent
the data.
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Figure 10. Model performance (a) normal plot of residuals and (b) predicted vs. actual observations

for Y.

Table 13. ANOVA results of the Y, in function of Xf, Xs, Xp and X,.

Source Ss:lltlll;r(:zfs DF Mean Square F-Value p-Value Contf‘i)/l:)ution
Model 14.54 19 0.7654 4191 <0.0001 3.81
X 1.95 1 1.95 106.56 <0.0001 9.70
Xs 1.27 1 1.27 69.5 <0.0001 6.32
Xp 0.9667 1 0.9667 52.94 0.0002 481
X 1.57 1 1.57 85.77 <0.0001 7.81
XX 1.36 1 1.36 74.29 <0.0001 6.77
XXy 2.14 1 2.14 117.3 <0.0001 10.65
XiXq 1.11 1 1.11 60.73 0.0001 5.52
XsXp 1.26 1 1.26 68.74 <0.0001 6.27
XsXq 0.6937 1 0.6937 37.98 0.0005 3.45
Xp X 1.26 1 1.26 68.85 <0.0001 6.27
sz 1.24 1 1.24 68.16 <0.0001 6.17
X2 1.39 1 1.39 76.02 <0.0001 6.91
ng 0.0739 1 0.0739 4.04 0.0842 0.37
XX Xg 0.0719 1 0.0719 3.93 0.0877 0.36
X Xp Xy 0.2165 1 0.2165 11.86 0.0108 1.08
XfZXS 0.8362 1 0.8362 45.79 0.0003 4.16
XfZXp 0.6394 1 0.6394 35.02 0.0006 3.18
Xfng 1.19 1 1.19 65.29 <0.0001 5.92
Xng2 0.0986 1 0.0986 54 0.0531 0.49

Residual 0.1278 7 0.0183
Cor Total 14.67 26

Regarding the effect of the different terms of the equation on Y, the ANOVA results
can be used to find the major factors that affect Y;. The major contributor is the two factors
interaction between Xy and X, which contributes to about 10.65%. The linear effect of X is
statistically significant. It contributes to about 9.7% of the data variance of the response
Y. The effect of the X, is also significant, it comes after Xy with a contribution percentage
of 7.81%. The effect of X; is significant; it contributes to about 6.91%. The interaction
effect between Xy and X; contributes to 6.77%. The linear effect of X, contributes to 6.32%.
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Moreover, the interaction effect between X; and X), contributes to 6.27%. All of these
forms of the effect of X; contributes to about 26.27% of the data variance of Y;. The other
significant confronters can be represented by X, X, sz, Xf ng, Xf Xg, Xy, XIZXS, Xs Xq,
XﬂXp, and Xf Xp Xq; all of these factors contribute to about 40.5 of the variation of Y;. The
interaction effect among the four variables is significant at all levels, as shown in Figure 11a
for Xy X, and Figure 11b for Xy X, with linear and quadratic forms. The three factors
interaction is weak and only noticed between Xy X, X, with a small contribution of 1.08%.

0.18- 2

Yo

(b)
Figure 11. The effect of (a) Xr Xp and (b) XfXgonYy (2D to 3D).

3.2.2. Modeling of Weld Aspect Ratio (Y;)

For the output response (Y;), the cubic polynomial model with square root transfor-
mation gives the best fit. The auto-select of terms relying on the adjusted R? were adjusted.
The obtained mathematical formulation for Y, can be represented as Equation (7).

VY, = —82149 +1.9443 Xy +4.72 x 1073 X; —5.12 x 1073 X, +21.2945 X,

—279 x 107* Xy Xs 4236 x 107* X;X, —5.1516 X;Xg —3.29 x 1077 X;X,

—8.16 x 1073 XX +0.0119 X, X; +6.26 x 10~* X% —10.2674 X, @)
+4.08 x 1077 XXy +1.90 x 107° X/2X; —1.60 x 107° X;? X,

+3.0623 Xy X% +3.52 x 1073 X Xo? —7.42 x 1073 XX,

In Table 14, the residuals are collected showing the accuracy of the predicted values
for the Y, mathematical models. The residual values for Y, were very low attesting that
the pathway followed in our modeling is conclusive and closer to the actual phenomena
occurred in the weld pool within the range of the welding conditions used.



Metals 2023, 13, 1202

22 of 31

Table 14. Residues calculation for validation of the Y, mathematical model.

Number ¥ X X% X% % Actual Value o %, Nlue | Residual
1 2 1500 3000 1 2.52 1.59 1.56 0.0285
2 2 3000 3000 1 2 1.41 1.41 0.0047
3 2 3000 5000 1 2 1.41 14 0.0095
4 2 4500 5000 1 2.31 1.52 1.56 —0.0427
5 12 1500 3000 1 0.2 0.4472 0.4132 0.034
6 12 3000 3000 1 0.18 0.4243 0.4915 —0.0672
7 12 3000 5000 1 0.23 0.4796 0.5771 —0.0976
8 12 4500 5000 1 0.43 0.6557 0.525 0.1307
9 7 1500 3000 1 1.89 1.37 1.42 —0.0465
10 7 3000 3000 1 0.76 0.8718 0.8253 0.0465
11 7 3000 5000 1 25 1.58 1.53 0.0465
12 7 4500 5000 1 0.58 0.7616 0.8081 —0.0465
13 2 1500 3000 2 29 1.7 1.7 —0.0001
14 2 3000 3000 2 2 1.41 1.46 —0.0476
15 2 3000 5000 2 2.4 1.55 1.55 0.0009
16 2 4500 5000 2 2.53 1.59 1.54 0.0468
17 12 1500 3000 2 0.51 0.7141 0.7202 —0.0061
18 12 3000 3000 2 0.18 0.4243 0.3705 0.0537
19 12 3000 5000 2 0.62 0.7874 0.7822 0.0052
20 12 4500 5000 2 0.38 0.6164 0.6693 —0.0529
21 2 1500 3000 3 0.34 0.5831 0.6658 —0.0827
22 2 3000 3000 3 1.7 1.3 1.21 0.0972
23 2 3000 5000 3 0.08 0.2828 0.2645 0.0183
24 2 4500 5000 3 0.27 0.5196 0.5525 —0.0328
25 12 1500 3000 3 0.57 0.755 0.6906 0.0644
26 12 3000 3000 3 1.09 1.04 1.12 —0.0789
27 12 4500 5000 3 0.49 0.7 0.6855 0.0145

The statistical analysis shows a good fitting level of the proposed model to represent
the observed/measured data. As shown in Figure 12a, the residuals are normally dis-
tributed. The errors are random and normally distributed. It implies that the model captures
the main patterns and sources of variation in the data and that the errors are random and
independent which indicates the accuracy of the model. Moreover, Figure 12b shows a satis-
factory distribution of the actual data against the predicted data. The ANOVA results for Y,
are listed in Table 15. As shown, the F-value = 29.91 is good with a p-value < 0.0001 which
indicates that the proposed equation fits the measured data. The obtained R? = 0.9854, the
adjusted R? = 0.9524, and the predicted R?= 0.8406; these values confirm the statistical sig-
nificance of the mathematical model with an acceptable level. Regarding the signal to noise
ratio S/N = 16.92 > 4, i.e., that which indicates an adequate signal. These statistical Figures
support the statistical significance of the proposed relation to predicting Y; in the function
of the four parameters Xf, X5, Xp, and X and their different interactions and orders.
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Figure 12. Model statistical indicators (a) Normal Plot of Residuals (b) Predicted vs. Actual observa-
tions for Y.

Table 15. ANOVA results of the Y, in function of X, Xs, Xp and Xe.

Source SS;‘?;rzfs DF Mean Square F-Value p-Value Contribution (%)
Model 5.53 18 0.3072 29.91 <0.0001 4.59
X¢ 1.72 1 1.72 167.64 <0.0001 25.73
X 0.5878 1 0.5878 57.22 <0.0001 8.79
Xp 0.4856 1 0.4856 47.27 0.0001 7.26
X 0.2437 1 0.2437 23.72 0.0012 3.64
Xr Xs 0.0175 1 0.0175 1.71 0.2279 0.26
Xr Xp 0.0565 1 0.0565 5.5 0.047 0.85
Xr Xg 0.8492 1 0.8492 82.67 <0.0001 12.70
Xs Xp 0.0001 1 0.0001 0.0109 0.9193 0.00
Xs Xq 0.2414 1 0.2414 23.5 0.0013 3.61
Xy Xg 0.1785 1 0.1785 17.38 0.0031 2.67
X7 0.2701 1 0.2701 26.29 0.0009 4.04
X,? 0.2763 1 0.2763 26.9 0.0008 4.13
Xs Xp X 0.0604 1 0.0604 5.88 0.0415 0.90
X7 X 0.4127 1 0.4127 40.17 0.0002 6.17
XPX, 0.2018 1 0.2018 19.65 0.0022 3.02
Xp Xg? 0.6501 1 0.6501 63.28 <0.0001 9.72
XsXg? 0.0343 1 0.0343 3.34 0.1049 0.51
XpXg? 0.0826 1 0.0826 8.04 0.022 1.24
Residual 0.0822 8 0.0103
Cor Total 5.61 26

Concerning the different terms of the equation, the ANOVA results show the statistical
significance of the linear terms and the effect of their interactions. The factor Xy is responsi-
ble for the main effect and contributes to about 25.73% of the data variance. The second and
third terms are the interaction between Xy and, respectively X, and the quadratic form of
ng. These two interactions contribute to about 22.4% of the data variance. This interaction
relationship between Xy and X, can be illustrated in Figure 13a. As shown in this figure, the
contour lines are of higher orders. In addition, the quadratic form of X gives a significant
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interaction effect with each of X; and X, with about 9.19% of the two terms. The interaction
of X¢ and X; is shown in Figure 13b. The effects of X; and X, on Y, are significant and
their contributions on the data variance of Y; can be consider as to be similar. Many other
terms are statistical significant, that have p-value < 0.05. These terms include ng, sz,
Xq, Xs X, szXp, Xp Xq, Xngz, Xs Xp Xg, and Xr Xp. Their aggregated contribution effect
on the variation of Y, is about 24.1%. The effects of the other terms on Y, are statistically
insignificant where the p-value > 0.05. These terms represent the interaction effect of X;X,?,
Xf Xs, and X5 Xj,.

o8 [ 22

o0z I 2 ° ooz N 2 °

¥

Figure 13. The effect of (a) Xy X (b) X¢ Xs on Yy (2D to 3D).

3.2.3. Modeling of Weld Bead Area (Y,)

The response variable Y, is modeled as represented in Equation (8) using the cubic

polynomial model. The response Y, was transformed using inverse square transformation.
Furthermore, the auto-select of terms relying on the adjusted R? were adjusted.

Ty = 1812202114 Xy —240 x 107° X, +4.84 x 107* X, —5.1059 X;
+7.10 x 1072 XX —9.00 x 107° XX +0.7314 XX +4.48 x 107% X;X
—5.82 x 107 X; X —529 x 107* X, X —9.21 x 107* X2

—3.63 x 1078 X2 +3.5446 X —2.40 x 107° X;X; Xg +3.80 x 107° XX, X
—3.02 x 107° X2 X; +3.18 x 10° X2 X,

—0.4795 X X¢? +5.73 x 107* XX,?

®)

Table 16 represents the residues calculation for validation of the Y, mathematical

models. The predicted values of Y, matches accurately the experimental Y, results.
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Table 16. Residues calculation for validation of the Y, mathematical model.

Run Order X X Xy X Y, ActTur :ln :,ig::id 1 Pr\e/glilclteed Residual
Ve

1 2 1500 3000 1 67 0.1222 0.1416 —0.0195
2 2 3000 3000 1 55.5 0.1342 0.122 0.0122
3 2 3000 5000 1 48 0.1443 0.1478 —0.0035
4 2 4500 5000 1 46.5 0.1466 0.1359 0.0107
5 12 1500 3000 1 12.5 0.2828 0.2822 0.0007
6 12 3000 3000 1 8 0.3536 0.3497 0.0039
7 12 3000 5000 1 17 0.2425 0.2333 0.0092
8 12 4500 5000 1 15 0.2582 0.272 —0.0138
9 7 1500 3000 1 98.5 0.1008 0.1096 —0.0088
10 7 3000 3000 1 24 0.2041 0.1953 0.0088
11 7 3000 5000 1 68.5 0.1208 0.112 0.0088
12 7 4500 5000 1 39 0.1601 0.1689 —0.0088
13 2 1500 3000 2 73 0.117 0.1141 0.0029
14 2 3000 3000 2 47 0.1459 0.147 —0.0011
15 2 3000 5000 2 50 0.1414 0.1425 —0.0011
16 2 4500 5000 2 47 0.1459 0.1466 —0.0007
17 12 1500 3000 2 18.5 0.2325 0.2353 —0.0028
18 12 3000 3000 2 8 0.3536 0.3519 0.0016
19 12 3000 5000 2 28 0.189 0.1887 0.0003
20 12 4500 5000 2 13 0.2774 0.2765 0.0008
21 2 1500 3000 3 11 0.3015 0.2886 0.0129
22 2 3000 3000 3 50 0.1414 0.1489 —0.0075
23 2 3000 5000 3 4 0.5 0.5075 —0.0075
24 2 4500 5000 3 8.6 0.341 0.339 0.002
25 12 1500 3000 3 17.9 0.2364 0.2438 —0.0074
26 12 3000 3000 3 9 0.3333 0.3293 0.004
27 12 4500 5000 3 12 0.2887 0.2853 0.0034

The significance of the proposed model can be noticed via the statistical analysis.

Figure 14a shows the normal plot of residuals and the Figure 14b predicted against the
actual transformed data. As shown, the plots are well distributed around the reference
lines. Scanty residuals, as depicted in Table 16, indicate a good accuracy of the regression
model. The ANOVA results confirm the statistical significance of the proposed formulation,
as listed in Table 17. The statistical indicators are as follows: F-value = 56.3, R? = 0.9935,
the adjusted R? = 0.9759, the predicted R? = 0.8668. The values of the adjusted R?> and
the predicted R? indicate a reasonable agreement where the difference between them is
small (less than 0.2), indicating the statistical significance of the equation. Moreover, the
signal-to-noise ratio is sufficiently good, S/N = 30.15 (values > 4 are considered good),
which shows the adequacy of the model to represent the data.
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Figure 14. Model performance (a) normal plot of residuals and (b) predicted vs. actual observations
of Y.

Table 17. ANOVA results of Y, in function of X, Xs, Xp and Xe.

Source SS;‘?;rzfs DF Mean Square F-Value p-Value Contf(i)/lz)u tion
Model 0.2515 19 0.0132 56.3 <0.0001 3.61
Xy 0.017 1 0.017 72.23 <0.0001 4.65
X 0.0184 1 0.0184 78.19 <0.0001 5.04
Xp 0.0156 1 0.0156 66.42 <0.0001 4.27
X 0.0366 1 0.0366 155.46 <0.0001 10.02
Xr Xs 0.0302 1 0.0302 128.26 <0.0001 8.27
Xr Xp 0.0508 1 0.0508 216.23 <0.0001 13.91
Xr Xg 0.0266 1 0.0266 113.25 <0.0001 7.28
Xs Xp 0.0229 1 0.0229 97.43 <0.0001 6.27
Xs Xq 0.0096 1 0.0096 41 0.0004 2.63
Xy Xg 0.0196 1 0.0196 83.56 <0.0001 5.37
X7 0.0197 1 0.0197 83.64 <0.0001 5.39
Xs? 0.026 1 0.026 110.37 <0.0001 7.12
X,? 0.0068 1 0.0068 28.76 0.001 1.86
Xr Xs Xg 0.0049 1 0.0049 20.7 0.0026 1.34
Xr Xp X 0.0098 1 0.0098 417 0.0003 2.68
X7 X, 0.0093 1 0.0093 39.53 0.0004 2.55
XP X, 0.0096 1 0.0096 40.71 0.0004 2.63
X; Xg? 0.0168 1 0.0168 71.37 <0.0001 4.60
X Xg? 0.0018 1 0.0018 7.8 0.0268 0.49
Residual 0.0016 7 0.0002
Cor Total 0.2532 26

For investigating the significance of the different terms of the equation, the ANOVA
results can be used to find the major factors that affect Y,. As shown in Table 17, all the
equation terms are significant at 95% confidence level, i.e., p-value < 0.05. After computing
the percentage of contribution of each factor, the effect of X¢ (= 10%) is found to be greater
than the effects of the other factors X (= 4.65%), X; (= 5%), and X, (= 4.27%). The aggregated
effect of the linear model contributes to about 24%. However, the two factor interaction
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effect of Xy with the different factors forms the main contributors. These effects can be
represented by Xr Xp, X¢ Xs, and Xr Xq. The three terms represent a contribution of about
29.5% of the data variance of Y,. These interaction effects can be represented in Figure 15
for both X X, in Figure 15a, and X¢ X, in Figure 15b. The other two levels interactions are
also significant that includes X; X;, X5 X¢ and X;, X¢. These three terms contribute about
14.27% of the Y, variation. Moreover, the two factors with linear—quadratic interactions
effect are significant. These forms can be represented by X ng (4.6%), szXp (2.63%), sz
X5 (2.55%), and Xng2 (0.49%). These four components are responsible of about 10.27% of
the variation of Y;. Accordingly, the two factor interaction is the major factor responsible
for the variation of Y, with a total contribution of 54%. The quadratic terms of the sz,
X2 and sz are also significant and affect Y, with reasonable percentage: X2 (= 7.12%),
sz (=5.4%) and ng (= 1.86%). Regarding the three factor interactions, only X X; X and
Xr Xp X are significant, with an aggregated contribution of about 4%.

4 - 95,5 4

Xp

Xf Xf

(a) (b)

Figure 15. The effect of (a) Xy and X, and (b) Xy and X on Y, (2 D).

3.3. Surface Surfactant Element and the Laser Weld Morphology

This section is dedicated to analyze the role of surfactant elements, such as sulfur, in
determining the laser weld shape within the used laser welding parameters. In high sulfur
content cast (316 HS), the depth of weld is greater than that of low sulfur content, however,
the width of latter cast is greater than of 316 HS cast. In 316 HS weld pool, the molten metal
moves in inward circulation leading to deeper and narrower weld (reverse Marangoni
convection). In 316 LS weld pool, the molten metal moves in outward circulation leading
to wider and shallower weld bead [27-29]. Our study answered the following question:
is the role of surfactant elements important in determining the shape of the laser weld?
Table 18 represents the results of the 27 tests carried out for both casts.
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Table 18. Depth penetration and width weld bead measurements for 316 HS and LS casts.

Cast 316 HS Cast 316 LS
Inverse Marangoni Convection Marangoni Convection
Weld width:W Weld width:W
— Occurrence of
. Inverse
Weld depthiD Marangoni
' Convection for
Exp. 316 HS Cast
Number and
Occurrence of
Full Full Convention:all
Weld Weld Penetration Weld Weld Penetration Marangoni
Depth : Weld (EP)/ Depth : Weld (EP)/ ~ Convection for
Width . Width . 316 LS Cast
(D) (W) (mm) Partial (D) (W) (mm) Partial
(mm) Penetration (mm) Penetration
Weld (P.P) Weld (P.P)
1 2 0.58 EP 2 0.79 EP Yes
2 2 1.15 FP 2 1 EP No
3 2 1.40 FP 2 1 EP No
4 2 1.22 EP 2 0.86 EP No
5 0.6 1.43 PP 0.39 1.95 PP Yes
6 0.35 0.27 PP 0.29 1.61 PP Yes
7 0.62 0.84 PP 0.48 2.1 PP Yes
8 0.44 1.33 PP 0.61 1.42 PP No
9 2 1.27 FP 2 1.06 FP No
10 1.15 1.17 PP 0.93 1.22 PP Yes
11 2 0.69 EP 2 0.8 EP Yes
12 1.09 0.65 PP 1.08 1.86 PP Yes
13 2 1.68 EP 2 0.69 EP No
14 2 0.82 FP 2 1 EP Yes
15 2 0.89 FP 2 24 FP Yes
16 2 0.70 FP 2 0.83 FP Yes
17 0.44 1.76 PP 0.74 1.45 PP No
18 0.38 1.46 PP 0.28 1.55 PP Yes
19 1.12 1.6 PP 1.04 1.67 PP Yes
20 0.72 1.38 PP 0.53 1.39 PP Yes
21 1.98 0.59 PP 0.63 1.85 PP Yes
22 0.65 0.33 PP 1.8 1.71 PP No
23 0.49 1.96 PP 0.18 2.25 PP Yes
24 0.91 0.39 PP 0.61 2.26 PP Yes
25 0.8 1.12 PP 0.77 1.35 PP Yes
26 0.48 1.17 PP 0.5 0.46 PP No
27 0.44 0.44 PP 0.6 1.22 PP No

Among the 27 tests for each cast with a total of 54 welds, the welds were fully pen-
etrated 20 times against 34 times where the chosen welding parameters led to partially
penetrated welds, as depicted in Table 18. For each experiment, we compared the behavior
of two casts. The inverse Marangoni convection is expected to occur in the 316 HS weld
pool, but the conventional Marangoni convection is supposed to happen in the 316 LS
weld pool [28]. We notice that the partially penetrated welds are obtained 17 times for both
casts, wherein the inverse Marangoni convection occurs 12 times in the 316 HS cast and
a conventional Marangoni occurs 5 times in the 316 LS cast; the latter convection modes
phenomena especially occurred in 316 HS. Indeed, in partially penetrated welds, 71% welds
confirm the occurrence of inverse Marangoni convection in the rich sulfur cast (316 HS)
and the occurrence of conventional Marangoni convection in the 316 LS cast. On the other
hand, 29 % of welds confirm that the latter convection modes phenomenon does not occur
especially for 316 HS, as shown in Table 19.
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Table 19. Percentages of occurrences of inverse Marangoni convection for 316 HS and conventional

Marangoni convection for 316 LS in laser welds.

Occurrence of
Inverse Marangoni

. . . Convection for 316 HS  Non Predominance of Percentages
Times Getting Partial .
- Cast Conventional Occurrences of
Penetration . .
and Marangoni Inverse Marangoni
Weld(PP) or Full .
. Occurrence of Convection for 316 LS and
Types of Weld Bead Penetration . .
Conventional and/or Non Conventional
Weld (FP) Weld Bead . . .
Marangoni Predominance of Marangoni
for Both Casts Out of . . .
27 Tests Convection for 316 LS Inverse Marangoni Convection
Cast Convection for 316 HS %
For the Same Welding
Parameters
Partial Penetration
weld(PP) 17 12 5 71
Full Penetration
weld(FP) 10 5 5 50

Fully penetrated welds are achieved 10 times for both casts. The inverse Marangoni
convection is confirmed no more than 5 times in the 316 HS cast and the conventional
Marangoni convection occurs 50% of the times in the 316 LS cast, as depicted in Table 19.
In 50% of welds, the latter convection modes phenomenon does not happen, as shown
in Table 19. This is probably related to the fact that the inverse Marangoni convection in
the case of a fully penetrated weld is hidden or completely non-existent owing to the aero-
dynamic behavior of the shield gas at a certain level of energy provided to the workpiece.

4. Conclusions

The aim of this study is to analyze the effects of the basic parameters of laser welding,
such as laser beam power, welding speed, type of shield gas as well as energy input in
relation with sulfur surface tension agent on the weld shape of 2.0 mm thick stainless steel
industrial 316 sheets. This experimental research work was conducted to better understand
the role of sulfur on the laser weld shape of 316 SS casts. RSM has been used efficiently
to mathematically model the depth and the aspect ratio as well as the weld cross section
area as functions of the above cited inputs. Linear and quadratic polynomial models
for predicting the weld bead geometry were developed. The following main findings
can be drawn:

- The developed regression equations from the response surface methodology has been
used successfully to model geometries of the laser welds of thin plates of 316 stainless
steel. The predicted values of geometric weld morphology were close to the actual
experimental results.

- For cast 316 HS, the main input factors influencing the depth weld (Y}) is the focal
point with contribution up to 19.32%. The aspect ratio (Y;) is influenced by the focal
point with a proportion of 70.6% of the data variance. For the weld bead area (Y}), the
major contributor is the interaction of the two factors Xy and Xj. This interaction effect
contributes to about 24.25% of the data variance.

- Regarding cast 316 LS, the main input factors affecting the depth weld (Y}) is the
combination effect of focus point and power input energy with contribution up to
10.65%. The shield gas X, has a highest contribution up to 25.75% influencing the
aspect ratio (Y;). The combination effect of shield gas X and power X, affect the size
area of weld bead (Y;) up to 13.91%.

- The role of the shield gas in protecting the weld pool is related to the level of energy
supplied. Thus, at high energy level, either helium or mixture gas (70% He + 30%
Ar) produces weld beads larger than those produced under the shield gas mixture
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(40% He + 60% Ar). This is ascribed to the fact that helium is characterized by a high
ionization potential, which performs a better protection of the weld pool by expelling
the plasma ensuring less loss heat transfer.

- The surface-active elements fully play their role only in the case where the chosen
welding parameters would result in partially penetrated weld. To quantify these
results, the statistical study shows that 71% of the partially penetrated weld confirms
the role of the surface-active elements of sulfur for the 316 HS cast. However, in
the case of fully penetrated welds, the contribution of surfactant elements in deter-
mining the shape of the weld bead for the 316 HS cast is diminished or completely
hidden. The aerodynamic currents of the shield gas is the more important factor when
the level of energy is high, resulting in fully penetrated welds, such that only 50%
welds where sulfur as surfactant contributes significantly in imposing the inverse
Marangoni convection.
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