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Study of Weld Bead Geometry for
GMAW Additive Manufacturing of
Duplex Stainless Steel

The application of the Gas Metal Arc Welding (GMAW) Additive
Manufacturing (AM) process for producing duplex stainless steel
components can reduce material waste and enable control of the
microstructure and alloy composition in different regions of the product
through careful selection and adjustment of welding parameters. However,
because achieving a higher deposition rate, greater reinforcement and
penetration, and a narrower bead width must be balanced, simply setting
welding parameters may not always yield the desired results. Therefore, the
aim of this research is to analyze the effects of voltage, wire feed speed
(WFES), and travel speed (TS) to determine their optimal values using
experimental design methods. Grey Relational Analysis (GRA) was
employed for multi-objective optimization, resulting in the following optimal
parameters: voltage (16.783 V), WFS (403.231 cm/min), and TS (24.862
cm/min). These parameters were then applied to fabricate a 10-layer AM
wall, achieving stable arc behavior, good interlayer bonding, and consistent
wall morphology.

Keywords: gas metal arc weld (GMAW), duplex stainless steel (DSS),
additive manufacturing (AM), multi-objective optimization

1. INTRODUCTION

Additive manufacturing (AM) - a layer-by-layer depo—
sition process has rapidly developed in the last three
decades [1-3]. It has many advantages, such as free
design, less material wastage, and short lead time [4-7],
which enables people to customize parts with complex
contours and cavities without needing advanced design or
development of expensive tooling. Both avoiding and
reducing limitations of the shape and size in traditional
manufacturing process can reduce the power consum-—
ption or the working hours and meet the manufacturing
concept of modern product parts with near-net shape [8,
9]. AM is now widely recognized and gradually accep—
ted. It has been used in the design, production, and deve—
lopment of capital parts as well as technology-intensive
industries such as aerospace, medical, automotive, and
instrumentation [10-12]. Another advantage of AM is to
reduce the weight of parts, which can be employed
through production of hollow structures [13, 14].GMAW
Additive Manufacturing is a type of Wire arc additive
manufacturing (WAAM), which can manu—facture pro—
ducts through the accumulation of melted/ joined metallic
materials [15, 16]. Besides mentioned advantages of the
AM process, GMAW AM could also manufacture large-
scale products, with a higher depo-sition rate and lower
cost compared to other AM methods [17].

Due to excellent mechanical and corrosive pro—
perties, stainless steels have a wide range of appli—
cations, such as automotive, medical, and engineering
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[18]. Duplex stainless steel (DSS) is a special kind of
stainless steel with an equal ratio of ferrite (o) and aus—
tenite (y) phases, leading to enhanced strength, imp-—
roved weldability, higher toughness, and better cor—
rosion resistance [19].

The requirements of weld bead for the AM process
are different from the normal welding joints because the
accumulation speed and product shape require more
awareness compared with the welding joints. Therefore,
the welding parameters would be determined based on
the AM process features. Although numerous studies
[19-27] have investigated wire arc additive manu—
facturing (WAAM) of DSS/SDSS-focusing on aspects
such as thermal cycles, microstructure evolution, and
corrosion behavior- the welding wires, substrates, and
process conditions used in those works differ from those
in the present study. As a result, their parameter sets
cannot be directly adopted; however, the reported para—
meter ranges provide useful references for selecting
suitable experimental parameters in this research.

As per the Table 1, the voltage range for DSS/SDSS
is about 16-25 V, the WES is around 300-600 cm/min
and the TS is about 12-30 cm/min. To determine the
suitable welding parameters for this study, the welding
parameters will range: voltage from 16-21 V, the WFS
from 400-600 cm/min, and the TS from 15-25 cm/min .

During the AM process, to obtain effective depo—
sition speed, a higher manufacturing speed, higher bead
height (reinforcement), and a lower width should be
considered [28]. To develop the suitable parameters,
design experiment methods, Analysis of variance
(ANOVA), and some optimization algorithms can be
utilized. For example, Surface Methodology (RSM) and
Taguchi method were applied to analyze the design
matrix to obtain the response functions including bead
height (H) and bead width (W) [29].
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Table 1. Welding parameters for DSS/SDSS utilized in the AM process

Materials Substrate Voltage (V) | Current (A) | WFS (cm/min) TS (cm/min) Author and Ref.
ER2594 Q345 19 R 500 24 Huang et al. [20]
ER2594 AISI 2507 162 140 300 R Kannan et al. [21, 22]
E2209T0-4/1 Q345 25 187 - 282 Y. Zhang et al. [23]
ER2594 Mild steel 20-30 - 200-600 33.3-66.7 Kumar, Pi;‘ad K. Maji
ER 2209 UNS $32205 | 16.2-17.9 145-185 400-520 25.8 A.F. era‘Eg‘;‘iP érez et al.
2209 2205 245 147 R 39 Hosseini, V. A. etal. [19]
DSS flux-
cored wirs Q345 30 145 32.4 Zhang et al. [26]
2205 Grade 304 17 - 386 2527 Nikola K. A. et al. [27]

Shield Gas (Argon)

Fanuc Robot

Figure 1. Welding robot system in the experiment

Although previous studies have addressed WAAM
of stainless steels, the detailed influence of welding
parameters on weld bead geometry-such as reinfor—
cement, bead width, reinforcement-to-width ratio, and
penetration not been fully explored. Moreover, due to
differences in materials and process conditions, existing
parameter sets are not directly applicable. This study
investigates how key process parameters affect bead
geometry for a specific material combination, providing
insights for process control and optimization in WAAM.

The introduction of optimization algorithms is
usually due to that a certain parameter, such as WES,
responds to weld width and weld height in opposite
ways. In order to ensure the desired results, multi-
optimization was required [30].

In literacy,the multi-objective grey wolf algorithm
[30], teaching-learning-based optimization (MOTLBO)
[31], heat transfer search (HTS) algorithm [32], and
Grey relational analysis (GRA) [33] were all employed
for this kind of optimization.

In this paper, bead-on-plate for DSS using GMAW
AM process is employed by considering welding
parameters such as V, WFES, and TS. R, W, R/W, and
penetration (P) will be treated as the responses. The
specific process is as follows: first, the Box-Behnken
design (BBD) is used to design the experimental scheme
to reasonably arrange the experiment and collect data;
then the response surface methodology (RSM) is used to
model the experimental data, and the significance of
each factor on the response variable is evaluated
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through analysis of variance (ANOVA) to identify the
key influencing factors; then, grey relational analysis
(GRA) is performed based on the experimental data to
achieve multi-objective optimization, calculate the grey
relational degree of each experimental scheme and
screen out the optimal process parameters; finally, the
selected optimal scheme is experimentally verified to
ensure the feasibility and reliability of the optimization
results.

The results of this study are expected to support
process optimization and quality control in WAAM
applications involving duplex stainless steels. This is
particularly relevant in industries such as offshore
engineering, chemical processing, and structural
fabrication where consistent weld bead geometry and
layer quality are critical for reliable component
performance.

2. MATERIALS AND EQUIPMENT

The present study, bead-on-plate trials, will be carried
out on a 316L stainless steel plate (100 x 50 x 5 mm)
utilizing a 1.2 mm diameter ER2209 metal core wire.
The substrate plate should be kept clean and dry before
welding.

The experimental setup involves a FANUC Robot,
R-30iB robot control cabinet, wire feeder, Lincoln
welding power, and shielding gas cylinders (argon),
shown in Figure 1. The GMAW torch is installed in
front of the robot arm to complete the welding process.
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100% Argon is employed for the product shield gas
and the gas flow is 15 L/min [24, 34]. Welding voltages,
WEFS, and TS are considered as the independent vari—
ables. The wire feed speed range is 400-600 cm/min,
and the travel speed range is 15-25 cm/min, as
mentioned in the introduction and shown in Table 2.

Table 2. The GMAW process parameters

Parameters Unit Value
Voltage \'% 16, 18.5, 21
WES cm/min 400, 500, 600
TS cm/min 15, 20, 25
Gas flow rate L/min 15

Welding bead geometry is measured using a Vernier
caliper. The bead geometry includes bead reinforcement
(R) and bead width (W), the R/W ratio and penetration

(P).
3. METHODOLOGIES

3.1 RSM and BBD

Response surface methodology (RSM) is a modeling
and analysis method based on mathematics and sta—
tistics, which is used to study the impact of multiple
variables on the response variable and find the optimal
conditions. It is usually used to fit regression models
and analyze response surfaces after obtaining experi—
mental results [35-37]. Box-Behnken design (BBD) is a
common experimental design method, often used in
conjunction with RSM. BBD can effectively reduce the
number of experiments and evaluate the interaction bet—
ween variables without involving extreme combinations
[38-40]. For the case of three factors and three levels, 15
experiments can be designed using BBD (as shown in
Table 3), which greatly reduces the workload compared
to the 27 experiments of full factorial design.

Table 3. Experimental Plan using Box-Behnken Design for
ER2209 GMAW

Run order | Voltage (volts) | WFS (cm/min) | TS (cm/min)
1 321 1 (400) 2 (20)
2 2 (18.5) 2 (500) 2 (20)
3 2(18.5) 3 (600) 1(15)
4 2 (18.5) 2 (500) 2 (20)
5 1(16) 1 (400) 2(20)
6 2(18.5) 2 (500) 2 (20)
7 1(16) 3 (600) 2 (20)
8 3(21) 2 (500) 3(25)
9 32D 2 (500) 1 (15)
10 1(16) 2 (500) 1 (15)
11 3221 3 (600) 2 (20)
12 1(16) 2 (500) 3(25)
13 2(18.5) 1 (400) 1(15)
14 2(18.5) 3 (600) 3(25
15 2(18.5) 1 (400) 3(25)

The RSM models expresses the responses using
different parameters and can be displays in the form of
equations. Thefour common model types in RSM are
linear, 2F, Quadratic, and Cubic models. Its general
equation is shown below (1), where f, is a constant
coefficient, f; stands for linear, f;; is the quadratic terms
and f; stands for cross-products of parameters. The
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choice of model will be based on the fitting statistics of
Design expert 12. Through analysis and comparison,
this paper mainly adopts the quadratic regression model
(Quadratic Model).

k k
Y =B+ Bxi+ Y Buxi + 2 Byxiy; e (1)

i=1 i=1 i<j

This study used analysis of variance (ANOVA) to
evaluate the significance of each factor and its inte—
raction term on the response variable to verify the
validity of the regression model. Subsequently, the esta—
blished regression model was used to generate 100 sets
of prediction data with different parameter combi—
nations, and the optimal solution was determined thro—
ugh grey relational analysis (GRA). The specific
process is shown in the next section.

3.2 Grey relational analysis (GRA)

Grey relational analysis is applied in this study, which
analyzes the relationship between different responses
and provides a multi-objective optimization. As
mentioned above, there are four responses to be
analyzed, which are bead reinforcement (R), bead width
(W), aspect ratio (R/W), and penetration (P). Among
them, the larger R, R/W and P are better, while the
smaller W is better. GRA can help to express the
different requirements to a single requirement using the
specific normalization process [30, 37].

Generally, there are three steps for the GRA process:
(1) Nomination and calculation of GRA for the

experimental results [33]

According to different requirements of responses,
there are two normalized equations, which are the
smaller the better equation (2) and the larger the better
equation (3).

6 - max ; (y[-j)—y[j @

maxj<yl-j)—minj (yy)
Y ~min( y; ) 3
i maxj(y,-j)—minj(yij) )

where x; is the normalized results, and y; is the ith
parameter in the jth experiment, max;(y;) and min;(y;)
are the largest and smallest values of the ith parameter
in all the solutions.
(2) The grey relational coefficient (GRC) calculation
[33]
Grey relational coefficients, ¢;, are calculated to
express the relationship between the ideal and the actual
experimental results and can be expressed as:

0
X; —xl'j

0
x; —xij‘ +¢{ max; max ;

min; min

& = | )

0 0
‘xl‘ —xl'j"+§maxi max.j‘xl‘ —xlj‘

where xlQ is the ideal normalized result (i.e., best-

normalized result = 1) for the ith quality characteristics
and ¢ [0,1] is a distinguishing coefficient. Considering
the importance of each response in future AM research,
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the value of { is set to be 0.3, 0.2, 0.2, and 0.3,
respectively, R, W, R/W, and P.
(3) The grey relational grade (GRG) calculation

The GRG corresponding to each performance cha—
racteristic is to be computed, and the overall evaluation
of the multi-response characteristics is based on the
GRG, which is given by:

GRG = l(iGRCJ 5)
"=l

All GRGs of the predicted solutions are compared,
and the top three are selected as the optimal schemes for
better welding bead geometry.

4. RESULTS AND DISCUSSION

The geometry of the weld bead is a set of parameters
that is defined in the design stage and measured and
controlled throughout the process to achieve the requ—
ired quality [41]. Three values of the geometry are mea—
sured as shown in Figure 2, which are the bead width
(W), bead reinforcement (R) and penetration (P). Addi—
tionally, the aspect ratio for R/W is calculated as the
third response.

l Width
Reinforcement 1
T Penetration

!

Aspect ratio:
R/W= Reinforcement/ Width

Figure 2. The geometry of a weld bead

4.1 Development of regression model equation

As shown in Table 4, three levels-three factors RSM-
BBD was carried out, and 15 trials were welded as
shown in Figure 3. During this process, a vernier caliper
is employed to measure the R and W. Each experiment
was repeated three times, and the average value of that
was obtained for further analysis. Figure 3 displays the
appearance of the specimens of single-bead deposition
as per the BBD design. Figure 4 is the cross-section of
the weld beads, from which the dimension of the
penetration can be measured. These sections are
obtained after grinding and etching with Kalling No. 2.

Figure 4. Cross section for weld beads
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Table 4. Experimental values and predicted values using quadratic models

Run Experimental values Predicted values Deviation

R(mm) | W(mm) | R/W | P(mm) | R(mm) | W(mm) | R/W | P(mm) | R(%) | W (%) | RIW (%) | P (%)
1 4.463 5.993 0.745 1.82 4.442 5.953 0.745 1.78 0.465 | 0.674 0 2.198
2 4.49 6.803 0.66 2.27 4.518 6.733 0.671 2217 0.631 | 1.035 1.717 2.335
3 5.383 9.27 0.581 3.45 5.329 9.311 0.571 3.382 1.001 | 0.437 1.786 1.971
4 4.53 6.655 0.681 2.28 4518 6.733 0.671 2217 | 0.258 | 1.167 1.42 2.763
5 4.613 5.608 0.823 241 4.579 5.593 0.811 2.305 0.748 | 0.274 1.488 4357
6 4.535 6.74 0.673 2.1 4518 6.327 0.671 2217 0.368 | 6.132 0.248 5.571
7 4.675 7.858 0.595 1.67 4.658 7.898 0.595 1.71 0374 | 0.514 0 2.395
8 3.893 6.348 0.613 3.13 3.86 6.429 0.603 | 3.103 0.851 | 1.274 1.692 0.863
9 4.88 8.535 0.572 2.24 4.899 8.479 0.57 2.203 0.397 | 0.655 0.328 1.652
10 4.938 8.598 0.574 2.79 4.971 8.517 0.584 | 2.871 0.671 | 0.941 1.807 2.903
11 4.74 7.66 0.611 2.81 4.775 7.675 0.623 | 2915 0.728 | 0.201 2.005 3.737
12 3.865 6.198 0.624 1.77 3.846 6.254 0.626 | 1.808 0.501 | 0.902 0.3 2.147
13 4.998 6.93 0.721 1.6 4.999 7.026 0.723 1.677 | 0.028 | 1.389 0.26 4.813
14 4.143 6.98 0.593 1.97 4.142 6.884 0.591 1.97 0.033 | 1.379 0.317 0.000
15 3.968 5.18 0.766 2.99 4.022 5.14 0.776 | 3.058 1.358 | 0.782 1.354 2.274

According to the fit summary, the quadratic model
was selected as the fitting model for responses (R, W,
R/W and P) and the corresponding regression equations
are shown below:

R=7.56693+0.221117 -Voltage —0.017425 -WFS +
+0.011697 - TS +0.000215 - Voltage - WFS +

0.001720-Voltage- TS —0.000105 - WES - TS —
—0.009967 - Voltage® +0.000017 - WFS* —
~0.002482 - TS?

O]

W =14.00357 —0.895427 - Voltage + 0.040390 - WFS
—0.0.957352-7S - 0.000583 -Voltage - WFS +
+0.004260 - Voltage - TS —0.000270-WFS - TS +

0.030147 - Voltage® —0.000014 - WFS? +
+0.019947 - 7S*

®)

R/W =0.745663 +0.092957 - Voltage —
0.006836-WFS +0.098347-TS +
0.000094 - Voltage - WFS —0.000180 - Voltage - TS —

0.000017-WFS -TS —0.003787 - Voltage2 +

+4.58333E£7°% . wFS? —0.002077 - TS
Table 5. ANOVA for Quadratic model for Reinforcement (R)

®

P =19.04727-1.38589 - Voltage —0.000997 - WFS
—0.467367-TS +0.001730 - Voltage - WFS +
+0.038200-Voltage-TS —0.001435-WFS - TS —

—0.004733-Voltage® —9.5833E ™% - WFS? +
+0.011817-7S?

(10)

Based on the RSM models, the predicted values are
calculated by Design Expert and listed in Table 4. The
deviation of the experimental values and predictions are
also presented.

4.2 Validation of the regression models

The above analysis shows that based on the experiment
data, appropriate fitting models and regression equa—
tions can be obtained. To validate the reliability of these
models the ANOVA analysis is conducted using Design
Expert 12.

The statistical analysis of the regression model for
reinforcement is shown in Table 5, where the P-value is
less than 0.0001 and the model is significant. The Lack
of Fit F-value of 6.57 implies the Lack of Fit is not
significant relative to the pure error. There is a 13.49%
chance that a Lack of Fit F-value this large could occur
due to noise. Non-significant lack of fit is superior.

Source Sum of Squares df Mean Square F-value p-value
Model 2.61 9 0.2903 109.84 <0.0001 significant
A-Voltage 0.0017 1 0.0017 0.6256 0.4648
B-WFS 0.1010 1 0.1010 38.23 0.0016
C-TS 2.34 1 2.34 886.90 <0.0001
AB 0.0116 1 0.0116 4.37 0.0908
AC 0.0018 1 0.0018 0.6997 0.4410
BC 0.0110 1 0.0110 4.17 0.0965
A? 0.0143 1 0.0143 542 0.0673
B? 0.1026 1 0.1026 38.83 0.0016
C? 0.0142 1 0.0142 5.38 0.0681
Residual 0.0132 5 0.0026
Lack of Fit 0.0120 3 0.0040 6.57 0.1349 not significant
Pure Error 0.0012 2 0.0006
Cor Total 2.63 14
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Table 6. ANOVA for Quadratic model for Width (W)

Source Sum of Squares df Mean Square F-value p-value
Model 18.73 9 186.18 <0.0001 significant
A-Voltage 0.0094 1 0.0094 0.8394 0.4016
B-WFS 8.11 1 725.80 <0.0001
C-TS 9.30 1 832.12 <0.0001
AB 0.0850 1 0.0850 7.60 0.0400
AC 0.0113 1 0.0113 1.01 0.3601
BC 0.0729 1 0.0729 6.52 0.0510
A? 0.1311 1 0.1311 11.72 0.0188
B? 0.0738 1 0.0738 6.60 0.0501
C? 0.9182 1 0.9182 82.13 0.0003
Residual 0.0559 5 0.0112
Lack of Fit 0.0449 3 0.0150 2.71 0.2809 not significant
Pure Error 0.0110 2 0.0055
Cor Total 18.79 14
Table 7. ANOVA for Quadratic model for R/W ratio
Source Sum of Squares df Mean Square F-value p-value
Model 0.0841 9 0.0093 48.19 0.0003 significant
A-Voltage 0.0007 1 0.0007 3.63 0.1152
B-WFS 0.0570 1 0.0570 293.75 <0.0001
C-TS 0.0027 1 0.0027 14.12 0.0132
AB 0.0022 1 0.0022 11.39 0.0198
AC 0.0000 1 0.0000 0.1044 0.7596
BC 0.0003 1 0.0003 1.40 0.2893
A? 0.0021 1 0.0021 10.67 0.0223
B? 0.0078 1 0.0078 40.01 0.0015
C? 0.0100 1 0.0100 51.33 0.0008
Residual 0.0010 5 0.0002
Lack of Fit 0.0007 3 0.0002 2.21 0.3266 not significant
Pure Error 0.0002 2 0.0001
Cor Total 0.0851 14
Table 8. ANOVA for Quadratic model for Penetration (P)
Source Sum of Squares df Mean Square F-value p-value
Model 4.44 9 0.4931 34.64 0.0006 significant
A-Voltage 0.2312 1 0.2312 16.24 0.0100
B-WFS 0.1458 1 0.1458 10.24 0.0240
C-TS 0.0061 1 0.0061 0.4251 0.5432
AB 0.7482 1 0.7482 52.57 0.0008
AC 0.9120 1 0.9120 64.08 0.0005
BC 2.06 1 144.68 <0.0001
A? 0.0032 1 0.0032 0.2270 0.6538
B2 0.0003 1 0.0003 0.0238 0.8834
C? 0.3222 1 0.3222 22.64 0.0051
Residual 0.0712 5 0.0142
Lack of Fit 0.0507 3 0.0169 1.65 0.3987 not significant
Pure Error 0.0205 2 0.0102
Cor Total 4.51 14

Fit Statistics also show that the Predicted R? is
0.9259, which agrees with the Adjusted R? (0.9859).
Therefore, this model can be used to navigate the design
space. The statistical analysis of the regression model
for Width is illustrated in Table 6, where the P-value is
< 0.0001, which means the model is significant. The
Lack of Fit F-value of 22.71 implies the Lack of Fit is
not significant relative to the pure error. There is a
28.09% chance that a Lack of Fit F-value this large
could occur due to noise. Non-significant lack of fit is
good.

Fit Statistics show that the Predicted R? (0.9605)
agrees with the Adjusted R? (0.9917), so this model can
be used to navigate the design space.

476 = VOL. 53, No 3, 2025

The statistical analysis of the regression model for
R/W is shown in Table 7, where the P-value is 0.0003
which means the model is significant. The Lack of Fit
F-value of 2.21 implies the Lack of Fit is not significant
relative to the pure error. There is a 32.66% chance that
a Lack of Fit F-value this large could occur due to noise.
Non-significant lack of fit is good.

Fit Statistics also show that the Predicted R? is
0.8540, which agrees with the Adjusted R? (0.9681), so
this model can be used to navigate the design space.

The statistical analysis of the regression model for
Penetration is shown in Table 8, where the P-value is
0.0006, which means the model is significant. The Lack
of Fit F-value of 1.65 implies the Lack of Fit is not
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significant relative to the pure error. There is a 39.87%
chance that a Lack of Fit F-value this large could occur
due to noise. Non-significant lack of fit is good.

The fit Statistics also show that the Predicted R? is
0.8099 which agrees with the Adjusted R? , which is
0.9558, so this model can be used to navigate the design
space.

The above analysis shows that the four regression
models obtained have been validated and can be used
for subsequent prediction and optimization.

4.3 Effects of Welding Parameters

The RSM-BBD method not only obtains the relevant
regression models but also obtains the effects of
welding parameters on responses and the impact of the
intersection and correlation of different parameters on
the results, as shown in the following.

The response surface plots for the R , W, R/W, and P
are shown in Figure 5 to Figure 8, demonstrating the
effects of significant process parameters on bead geo—
metry. Figure 5 shows the effects of each of the two in—
put welding parameters (simultaneously) on Reinfor—
cement. Figure 5(a) shows that Reinforcement increases
significantly with the increase of WFS, while voltage has
only a slight impact on the response. TS also has an
influence on Reinforcement, as shown in Figure 5(b), and
with the increase of TS, the Reinforcement decreases
slightly. Figure 5(c) reveals that when considering WFS
and TS together, the largest Reinforcement can be
obtained in thetop-left of the plot with higher WFS and
lower TS. On the contrary, the lowest reinforcement can
be obtained for low WFS and higher TS.

Reinforcement (mm)
Reinforcement (mm)

B: WFS (cm/min)
400 16

The analysis indicates that voltage has a relatively
minor influence on reinforcement height. In contrast, a
higher WFS combined with a lower TS leads to
significantly increased reinforcement, as shown in
Figure 5(c). This is mainly attributed to the higher
deposition rate and increased heat input resulting from
elevated WFS, which promotes greater accumulation of
molten material. At the same time, a lower TS reduces
the heat dissipation per unit length, allowing more filler
metal to solidify on the surface before the pool moves
forward. These combined effects contribute to the
formation of a higher reinforcement.

Figure 6 shows the effects of each two input welding
parameters (simultaneously) on the Width. Figure 6(a)
shows that width increases significantly with the
increase of WFS, while voltage has only a slight impact
on the response. TS also has an influence on Width, as
shown in Figure 6(b), and with the increase of TS, the
Width decreases. Figure 6(c) reveals that when
considering WFS and TS together, the largest Width can
be obtained in the top-right of the plot with higher WFS
and lower TS. On the contrary, the lowest width can be
obtained for low WFS and higher TS.

The observed trends can be explained by the effects
of the welding parameters on arc behavior and molten
pool dynamics. Bead width is primarily governed by arc
spreading and the lateral flow of molten metal. Higher
WES leads to higher heat input, enlarging the molten
pool and allowing the bead to spread further, thus
increasing the width. Conversely, a higher travel speed
reduces the residence time of the arc on the substrate,
limiting lateral spreading and resulting in a narrower
bead.

Reinforcement (mm)

600

B: WFS (cm/min)
15" 400

Figure 5. The response surface plots for Reinforcement: (a) factors of Voltage and WFS, (b) factors of Voltage and TS, (c)

factors of WFS and TS

‘Width (mm)
Width (mm)

B: WFS (cm/min)

400 16

Width (mm)

B: WFS (cm/min)

15 400

Figure 6. The response surfaces plots for Width: (a) factors of Voltage and WFS, (b) factors of Voltage and TS, (c) factors of

WFS and TS
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RW

SIS
S320K

15 400
B: WFS (cm/min)
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Figure 8. The response surface plots for penetration: (a) factors of Voltage and WFS, (b) factors of Voltage and TS, (c) factors

of WFS and TS

Figure 7 shows the effects of each of the two input
welding parameters (simultaneously) on the aspect ratio
R/W. Figure 7(a) shows that there is a higher value for
R/W when both WFS and Voltage are lower; WFS can
influence R/W significantly, with the increase of
voltage, R/W increases slightly. Figure 7(b) reveals that
there is a maximum value when both TS and voltage are
in there middle values (TS of 20 cm/min and voltage of
18.5 V). Figure 7(c) displays that when considering
WEFS and TS together, the largest R/W can be obtained
in the top-left of the plot with lower WFS and higher
TS. On the contrary, the lowest R/W can be obtained for
low WFS and higher TS.

The results showed that although WFS increased
reinforcement height, the bead width exhibited a more
significant rise. The enhanced heat input and filler metal
volume at higher WFS likely promoted greater molten
pool spreading rather than vertical buildup. Similar
observations have been reported where excessive heat
input led to broader, flatter beads due to increased
molten metal flow and arc spreading [42].

Figure 8 shows the effects of each of the two input
welding parameters (simultaneously) on the Penetration.
Figure 8(a) shows a higher value for P when both WFS
and Voltage are lower; WFS can influence P signi—
ficantly, with the increase of voltage P increasing slig—
htly. Figure 8(b) reveals that there is a maximum value
when both TS and voltage are highest. Figure 8(c) disp—
lays that when considering WFS and TS together, the
largest P can be obtained with higher WFS and lower TS.

The underlying trends can be further understood by
studying the thermal and physical mechanisms that
control weld pool behavior and penetration. Penetration
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is closely related to heat input and arc energy concen—
tration. Higher wire width (WFS) increases the total
heat input, thereby enhancing base metal melting and
penetration. On the other hand, increasing wire travel
speed reduces the heat input per unit length, limiting the
time available for heat transfer and reducing penet—
ration. Higher voltage may cause the arc to be diffuse
and less focused, which may slightly reduce penetration,
depending on arc stability and current density
distribution.

The above analysis shows that three parameters
(Voltage, WFS, and TS) have significant impacts on
different single responses (R, W, R/W, and P), and single-
objective optimization can be obtained. However, R, WV,
R/W, and P need to be considered comprehen—sively in
the subsequent AM process, so multi-objective optimi—
zation is required based on the above prediction results.

4.4 GRA application

Based on above describe models, 100 solutions are
predicted, and then the GRA algorithm mentioned in
section 2.3.2 is applied for multi-objective optimization.
Table 9 shows the results of the ToplO solutions
according to the GRA analysis, where GRG order will
be applied to determine the optimal parameters. As in
the system analyzed, it is expected that the R and R/W
values are higher and the W value is lower. While
calculating the GRG values presented in Table 10,
values (R, W, R/W and P) were normalized using (2) or
(3), respectively. Then, (4) is used to calculate the GRC
value. Finally, (5) is used to calculate the value of GRG,
and then the GRG order is shown.
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Table 9. Top 10 parameters according to GRG order

Welding parameters Responses GRC GRG
Run 5 tage | WES TS R W | RW | P R W | RW | P GRG | Order
73 16.783 | 403.231 | 24.862 | 4.032 | 5.109 | 0.785 | 2.843 | 0.689 | 1.000 | 0.652 | 0.276 | 0.654273 1
2 18.5 400 25 4.022 | 5.139 | 0.776 | 3.058 | 0.700 | 0.964 | 0.582 | 0.250 | 0.624163 2
8 16 400 20 4.579 | 5.593 | 0.811 | 2.305 | 0.359 | 0.623 | 1.000 | 0.373 | 0.58866 3
43 16.312 | 557.078 | 24.586 | 3.981 | 6.766 | 0.587 | 1.367 | 0.753 | 0.325 | 0.179 | 0.953 | 0.55261 4
11 16 500 25 3.846 | 6.254 | 0.626 | 1.808 | 1.000 | 0.411 | 0.209 | 0.550 | 0.542444 5
44 18.46 409.011 | 21.101 | 4443 | 5.51 | 0.79 | 2.24 | 0.408 | 0.666 | 0.699 | 0.389 | 0.540441 6
86 16.093 563.888 | 23.223 | 4.172 | 6.973 | 0.597 | 1.355 | 0.558 | 0.300 | 0.186 | 0.973 | 0.504084 7
18 16.985 575.675 | 24.665 | 4.052 | 6.832 | 0.587 | 1.456 | 0.666 | 0.317 | 0.179 | 0.831 | 0.498115 8
26 18.207 | 412.835 | 19.22 | 4.63 | 5.894 | 0.778 | 2.038 | 0.344 | 0.504 | 0.597 | 0.451 | 0.473925 9
75 18.791 | 427.364 | 21.926 | 4316 | 5.644 | 0.755 | 2.352 | 0.467 | 0.599 | 0.466 | 0.362 | 0.473176 10

The largest value is determined as the best
experimental parameter for the system. Based on the
results in Table 9, the 73" run has the optimal results for
the following research, which means that the welding
parameters of voltage (16.783 V), WFS (403.231
cm/min) and TS (24.862 cm/min) are choosen as the
parameters in the next step of the research.

5. VALIDATION

To verify the reliability of the optimal results, additive
manufacturing processes were carried out using the
optimal parameters obtained in section 3. The ten-layer
3D structural wall is shown in Figure 9. The average
height is 31.25 mm, and the average width is 5.2 mm.
The appearance of the wall is fine and the layers are
parallel to each other at even heights. The boundaries
between layers are tightly bonded, without obvious
defects such as gaps and weld leaks. The fabricated
walls exhibit high vertical uniformity, with no

significant deviation in thickness along the build height.

The results reveal that using the optimal parameters
can obtain the acceptable 3D structural walls, and the
parameters can be applied in the following additive ma—
nufacturing studies.

Figure 9. Multi-layers 3D structure wall using the optimal
parameters

6. CONCLUSION

To obtain the optimal parameters for the additive manu—

facturing process, Response surface methodology

(RSM) - Box-Behnken design (BBD) and Grey relati—

onal analysis (GRA) methodologies are utilized. The

conclusions include:

e Based on the BBD design of the experiment method,
model, and ANOVA analysis, the impact of each pa—
rameter is obtained. Among them, TS had more inf—

FME Transactions

luence than the other two parameters both in terms

of R and W.

e With the increase of WFS and decrease of TS,
reinforcement and bead width values are increasing.
The two responses have similar trends.

e Voltage is the least important factor for all responses,
ie, R, W, R/W, and P.

e Regression equations from RSM show significance
for all responses, which can verify the reliability of
the model.

e The GRA method is applied to the 100 solutions
with the given weight of three responses, providing
optimized welding parameters: voltage of 16.783 V,
WFS 0f 403.231 cm/min, and TS of 24.862 cm/min.

e Validation for multi-layer single pass 3D AM struc—
ture shows that using optimization results can ensure
an excellent welding appearance.

The results from this paper can provide a reliable
reference for the following study on the additive manu—
facturing process. It can ensure that each weld bead can
obtain an acceptable appearance and the accumulation
can be realized at an efficient speed.
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NOMENCLATURE
AM additive manufacturing
GMAW  gas metal arc welding

WES wire feed speed

TS travel speed

ANOVA analysis of variance
GRA Grey relational analysis

BBD Box-Behnken design

RSM response surface methodology

R reinforcement

R/W ratio of weld reinforcement to width
W width

P penetration

HNCTPA’KKUBAILE TEOMETPUJE HABAPA
AYIIVIEKC YEJIUKA KOJ AIUTUBHE
IMPOU3BOJAKBE IPUMEHOM MUT' ITIOCTYIIKA
3ABAPUBAIbA

X. Banr, III. Kinapuh, C. Xappjuman

IIpumeHoM mpoleca aAUTHUBHE Npou3BoAme (AM)
€JIEKTPOJIYYHHUM 3aBAPUBAKEM TAJBUBOM JKUILIOM Y 3all—
TUTH uHepTHOT raca (MUI') nmpu nmpousBogHU KOMITO—
HEeHTH ox aymiex Hephajyher uennka Moxe ce CMambHUTH
oTHaJ Marepujaja, Te OMOryhuTn KOHTpoja MHKpO—
CTPYKTYPE U XEMHjCKOT CacTaBa JIEType Y PasIMdUTUM
JeJOBMMa IIPOM3BOJA KpO3 MAXJBHB omabup U
KOHTpOIy TapaMeTapa 3aBapuBama. Mehytum, Oymyhu
Jla je moTpeOHO YCKIAAWTH TocTH3ame Behe kommanHe
Jerno3nTa, Beher HaJBUIICHa HaBapa U IEHETpaIije Te
Mame [IMpPUHE HaBapa, JEIHOCTABHO IIOCTABIbAE
napaMeTapa 3aBapHBamba HE MOpA YBEK IAaTH XKeJbeHe
pesyirTaTe. CTOra je LuJb OBOI HCTPaKMBamba aHalli—
3WpaTH yTHIAj HAIIOHA, Op3uHE M3BJIaYeHa xuie (Wfs)
u Op3uHe momaka (ts) Kako OW ce eKCIepUMEHTATHUM
MeTo/jamMa  OJpelWiie  ONTHUMAalHE  BPHjEIHOCTH
rapamerapa. 3a BHUIEKPHUTEPUjYMCKY ONTHMHU3ALH]Y
kopumhena je Grey relational analysis (GRA), unme cy
JIOOMBEHH ONTHMAIIHK Hapamerpu: HamoH (16,783 B),
Op3uHa m3Bnadema xuie (403,231 cm/min) u Op3uHa
momaka (24,862 cm/min). OBH mapamMeTpH MPUMEHCHU
cy 3a m3pany am 3uzaa ox 10 ciojeBa, mpu uemy je
NOCTUTHYTO  CTa0WJIHO IIOHAIame JyKa, Jao0pa
MelhycrojHa Be3a 1 yjeqHaueHa MopQosioruja 3uaa.
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