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Public summary

m This work studied the influence law of gas-metal-arc welding process parameters on the morphologies and performance
to improve morphologies and performance.

m The significance analysis shows that the welding voltage and welding current significantly affect the aspect ratio.

m Based on the significance analysis, hardness is significantly affected by the preheating temperature, welding voltage,
current, speed, and wire extension. The preheating temperature, welding voltage, and welding speed significantly affect
residual stress.

m The welding parameters were selected from the Pareto optimal frontier according to actual industrial requirements.
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Abstract: This work studied the influence law of gas-metal-arc welding process parameters on the morphologies and per-
formance to improve the morphologies and performance. The mixed orthogonal surfacing test was carried out by taking
the preheating temperature, welding voltage, current, speed, and wire extension as GMAW process parameters. The aspect
ratio decreased with increasing welding voltage, and it first increased and then decreased with increasing welding current.
The hardness increased with increasing preheating temperature and welding speed and decreased with increasing welding
voltage, current, and wire extension. Residual stress increased with the increased preheating temperature. In addition, it
first decreased and then increased with increasing welding voltage and speed. Based on the regression model, the nondom-
inated sorting genetic algorithm II (NSGA-II) was used for multiobjective optimization. After that, experiments were con-
ducted to verify the noninferior solutions among the aspect ratio, hardness, and residual stress. Errors between the pre-
dicted and experimental results by the three output indices were all less than 10%, indicating the feasibility of the optimiz-
ation method. The research results provide a theoretical direction for multiobjective optimization and refined applications
of arc welding.

Keywords: Taguchi orthogonal design; multiobjective optimization by NSGA- IT ; shaping control; performance control
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1 Introduction

Gas metal arc welding (GMAW) heats and melts the metal
using an established arc between a continuously fed filler
wire electrode and the workpiece metal. It is widely used in
marine ships due to its good forming quality, low cost, easy
mechanization, and high efficiency! . The GMAW process
involves metal transfer, arc exotherm, and weld pool convec-
tion. The complex physical phenomena in the welding pro-
cess may lead to defects such as undercuts and incomplete fu-
sion in welded joints, which affect the welding quality. The
welding quality depends on the morphologies of the weld
seams. Weld pool behaviors, microstructures, and the mech-
anical and metallurgical properties of weld seams are af-
fected by welding parameters such as plate thickness, groove
angle, shielding gas flow, arc voltage, and welding speed!*.
Multiple studies have focused on the influence of welding
parameters on the macroscopic morphologies and shaping
quality of weldments. Sivakumar et al.’! discussed the effects
of process parameters on the cross-sectional area, height,
width, and microhardness of weld seams. The results indicate
that the welding current is the most significant. Meena et al.!
discussed the effects of welding current, speed, plate thick-
ness, and gas flow on the geometric features of weld beads
through experiments. The voltage significantly affects the
weld reinforcement, width, and penetration of welded joints.
Recently, mathematical models and optimization al-
gorithms have been widely used to determine the welding
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input parameters corresponding to the required welding qual-
ity, which establishes the mathematical relationship between
the input parameters of the welding process and the output
variables of welded joints. Mishra et al.”? explored the effect
of process parameters on the dilution rate of welded joints by
response surface methodology (RSM). After that, a mathem-
atical model is established by a second-order regression equa-
tion. Ghosh et al.”! discussed the influence of currents and gas
flow on the weld quality of arc welding. The process paramet-
ers are optimized by the Gray-Taguchi method to determine
the optimal parameter combination. Ramirez et al.” analyzed
the angular deformations of the GMAW backing weld pro-
cess at different sizes and thicknesses based on back-propaga-
tion neural networks (BPNNs). Furthermore, the accuracy of
the model is proven by the verification test.

Consequently, the GMAW process involves complex phys-
ical phenomena and multiple factors affecting the quality of
welded joints. It is difficult to measure the weld quality by a
single evaluation index. Therefore, multiobjective optimiza-
tions are necessary for the quality of welded joints. However,
multiple-objective optimization problems are usually conver-
ted into single-objective optimization in traditional multiob-
jective optimization"*'". After that, the mathematical optimiz-
ation method is used to solve the single-objective optimiza-
tion, which fails to reach the optimal interval for all object-
ives. In contrast, the nondominated sorting algorithm I
(NSGA-1II) can obtain the optimal solution set satisfying all
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response objectives by the global optimization of input
variables.

Therefore, this work explored the effects of different pro-
cess parameters on the aspect ratio, hardness, and residual
stress of weld seams based on mixed-level orthogonal design
and regression analysis. Multiobjective optimization by the
NSGA-II derives the optimal process parameter set of minim-
um aspect ratio, maximum hardness, and minimum residual
stress, which provides a theoretical direction for industrial
applications.

2 Experimental equipments and methods

Q355C steel with the characteristics of high strength, tough-
ness, and corrosion resistance is one of the most commonly
used materials for offshore wind power towers. The substrate
made of Q355C marine steel has dimensions of 100 mm X 60
mm % 10 mm. The diameter of welding wire E71T-1Cis 1.2 mm.
Table 1 lists the chemical compositions of the Q355C steel
and welding wires.

The equipment used in this work is the GMAW welding
system (see Fig. 1), including the M-10iA industrial robot
(FANUC, Japan), INVERTEC CV350-R welding machine
(LINCOIN, USA), and AutodriveTM4r90 wire feeder (LIN-
COIN, USA). CO, with 99.9% purity is used as the shielding
gas during the welding process.

The steel surface was cleaned with sandpapers and acetone
before welding to remove contaminants such as rust and
grease. A resistance heater was used to preheat the steel plate
for more than 5 min to ensure that the steel plate was pre-
heated evenly. Then, the plate was moved to the welding

table for welding. Samples were cut, ground, polished, and
corroded by wire electric discharge after welding, and the
macroscopic metallography of the weld bead was observed.
Base metals were completely corroded and then washed with
alcohol for drying after 3040 s of etching by a 4% nitric acid
alcohol solution. The hardness of the weldments was meas-
ured by a microhardness tester (MVA-402TS, HDNS, China)
under a load of 300 g and a dwell time of 10 s at the cross-
section of the welded joints. The residual stress of the weld
seams was measured by a Canadian Proto X-ray residual
stress tester. X-rays emitted by the probe were used to meas-
ure residual stress at equal distances from left to right. The
average measurement result was the residual stress value of
the welding seams. Stress analysis was conducted by the sing?
method according to changes in the positions of diffraction
peaks in more than two directions.

The test used the Taguchi orthogonal design method to ex-
plore the influence of process parameters on the forming
quality of welded joints. Table 2 shows the factor levels of
the orthogonal test.

3 Experimental results and analysis

Fig. 2 and Eq. (1) show the weld bead and the definition of
the aspect ratio.

H
Aspect ratio = —, 1
p W (1
where W is the weld width and H is the weld reinforcement.

The weld width and reinforcement were measured by Di-
gimizer software. The aspect ratio of the weldments was ob-

Table 1. Chemical compositions of Q355C steel and welding wire (mass fraction, %).

Materials C Si Mn P S Cu Cr Ni Mo Fe
Q355C 0.17 0.55 1.60 0.03 0.03 0.40 0.30 0.30 - Bal.
E71T-1C 0.18 0.90 1.75 0.03 0.03 0.35 0.20 0.50 0.30 Bal.
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Fig. 1. GMAW welding system.
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Table 2. Factors and levels of the orthogonal experimental design.
Levels
Factors Notation Unit
1 2 3 4 5 6
Preheating temperature T C 25 60 120 180 240 300
Welding voltage U v 20 26 32
Welding current 1 A 180 220 260
Welding speed S cm min’' 22 27 32
Wire extension length L mm 17 21 25
the step-back technique. The second-order and interaction
W ‘ terms were used to establish the regression model. Egs.
} (2)—(4) show the regression model established by the step-
N \ . back technique. Table 4 shows the corresponding variance
o Weld joint .
analysis.
A .
< e 7 " Aspect ratio =0.0002387 —0.05642U +0.015957+
7/ 7
s 0.00038V +0.01288S —0.0000371 * 1.

Dilution zone

Heat affected zone

Base metal

Fig. 2. Schematic cross-section diagram of the weld joint.

tained after calculations. The aspect ratio was the main factor
affecting the solidification and cracking of structural steel
joints. The smaller aspect ratio indicated better weld-metal
spreading ability and a smaller tendency of solidification and
cracking to a certain extent at the macro level. Table 3 shows
the experimental design and results.

Experimental data were subjected to regression analysis by

Table 3. Orthogonal experimental design and results.

2

Hardness =629.0-0.6160T —13.33U —2.0051 -4.97V+
8.58S5 +0.003412T I +0.05958U = I+
0.029301 %V —0.041711 % S. 3)

Residual stress =1890—0.927T —38.60U +0.01471 —94.5V+
1.414S +0.566U « U +1.747V « V+
0.05931T = U —0.01643T = V.
(4)
The R? value represents the model data goodness of fit. The
higher the R* value, the higher the goodness of model fitting
data. The adjusted R* value in the work considers the number
of independent variables to predict the target variable. It is

Run Preheatingﬂ Welding Welding Welding. Wire extension Aspect ratio Hardness Residual stress

temperature ('C) voltage (V) current (A) speed (cm'min ') length (mm) (HV) (MPa)
1 25 20 180 22 17 0.791 243.8 141.23
2 25 26 220 27 21 0.372 210.6 40.81
3 25 32 260 32 25 0.272 210.0 53.51
4 60 20 180 27 25 0.957 250.4 84.62
5 60 26 220 32 17 0.481 228.8 61.92
6 60 32 260 22 21 0.111 205.4 64.83
7 120 20 220 32 25 0.970 2343 120.83
8 120 26 260 22 17 0.445 225.5 91.98
9 120 32 180 27 21 0.264 216.9 54.22
10 180 20 260 27 17 0.680 236.3 47.63
11 180 26 180 32 21 0.258 230.0 79.87
12 180 32 220 22 25 0.202 221.1 145.89
13 240 20 220 22 21 0.992 231.6 123.59
14 240 26 260 27 25 0.401 249.5 65.90
15 240 32 180 32 17 0.228 2133 125.39
16 300 20 260 32 21 0.960 267.9 68.37
17 300 26 180 22 25 0.622 235.9 148.50
18 300 32 220 27 17 0.197 251.5 148.86
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Table 4. Variance analysis for process responses(DF: degree of freedom; Seq. SS: sum of squares of mean deviation; Adj. MS: adjust the mean square;

Contribution: the influence of input on output).

Project Source DF Seq. SS Adj. MS F value p value Contribution
Regression 6 6.1376 1.02293 67.26 <0.001 97.11%
T 1 3.5686 0.00949 0.62 0.445 56.46%
U 1 0.3788 1.38479 91.05 <0.001 5.99%
I 1 1.1641 0.42758 28.11 <0.001 18.42%
N 1 0.3611 0.00004 0.01 0.958 5.71%
Aspect ratio L 1 0.3040 0.03220 2.12 0.171 4.81%
I* 1 0.3611 0.36112 23.74 <0.001 5.71%
Error 12 0.1825 0.01521 - - 2.89%
Total 18 6.3201 - - - 100.00%
R 97.11% R (adjusted) 95.67% R (predicted) 93.92%
Regression 9 4798.48 533.16 49.24 <0.001 98.23%
T 1 1183.46 798.41 73.74 <0.001 24.23%
U 1 1778.77 756.19 69.84 <0.001 36.41%
I 1 10.37 645.70 59.63 <0.001 0.21%
N 1 50.14 139.02 12.84 0.007 1.03%
L 1 0.06 226.71 20.94 0.002 0.01%
Hardness T 1 860.11 1173.40 108.37 <0.001 17.61%
U+l 1 583.39 709.59 65.54 <0.001 11.94%
I*s 1 88.88 217.59 20.10 0.002 1.82%
I*L 1 243.30 243.30 22.47 0.001 4.98%
Error 8 86.62 10.83 - - 1.77%
Total 17 4885.10 - - - 100.00%
R 98.23% R* (adjusted) 96.23% R* (predicted) 87.82%
Regression 9 24526.0 2725.11 29.26 <0.001 97.05%
T 1 4655.8 1365.90 14.66 0.005 18.42%
U 1 34 2429.34 26.08 0.001 0.01%
1 1 5021.7 2.37 0.03 0.877 19.87%
N 1 2675.5 5724.48 61.46 <0.001 10.59%
L 1 166.7 281.65 3.02 0.120 0.66%
Residual stress U*Uu 1 2447.9 1393.48 14.96 0.005 9.69%
S*S 1 1851.4 5672.95 60.90 <0.001 7.33%
T*U 1 7165.1 7500.58 80.52 <0.001 28.35%
T*s 1 538.5 538.50 5.78 0.043 2.13%
Error 8 745.2 93.15 - - 2.95%
Total 17 25271.2 - - - 100.0%
R 97.05% R* (adjusted) 93.73% R* (predicted) 83.68%

used to determine whether adding new variables to the model
will increase the fitting degree of the model. The predicted R
value is used to determine the degree to which the model pre-
dicts the response of the new observation. The higher the pre-
dicted R’ value, the better the model’s predictive ability.

Table 4 shows the analysis of variance (ANOVA) for pro-
cess responses. The p value of the aspect ratio regression
model is less than 0.001. R?, adjusted R* and predicted R* are
all close to 1. The difference between the adjusted R* and pre-

04064

dicted R® is less than 0.2, indicating that the aspect ratio re-
gression model has high fitting accuracy. The significance
analysis shows that the welding voltage, welding current, and
their square terms significantly affect the aspect ratio.
According to the ANOVA of hardness and residual stress,
the model meets the above requirements. Based on the signi-
ficance analysis, hardness is significantly affected by the pre-
heating temperature, welding voltage, current, speed, and
wire extension. The preheating temperature, welding voltage,
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and welding speed significantly affect the residual stress.
Meanwhile, hardness is significantly affected by the interac-
tion term of preheating temperature and welding current, the
interaction term of welding voltage and welding current, the
interaction term of welding current and welding speed, weld-
ing currents, and wire extension. Residual stress is signific-
antly affected by the square term of the welding voltage and
the square of the welding speed term, the interaction term of
preheat temperature and welding voltage, and the interaction
term of the preheat temperature and welding speed.

3.1 Main effects analysis

Fig. 3a shows the main effect of the aspect ratio model. The
aspect ratio decreases with increasing welding voltage, and it
first increases and then decreases with increasing welding
current because the increased welding voltage amplifies the
heat input of the molten pool. The molten state of the molten
pool becomes longer, which increases the width and de-
creases the height”. Thus, the aspect ratio decreases. When
the welding current appropriately increases, a proportionate
increase in molten welding wires leads to a constant weld
width and increased height, which slightly enlarges the as-
pect ratio. Linear energy per unit length of the weld bead
amplifies with the increased welding current to increase the

volume of the molten substrate and width”). Meanwhile, the
surface tension decreases with the increased core temperature
of the molten pool. Driven by the varying surface tension, the
fluidity of molten metal increases, and the spreading ability of
the molten pool increases. Thus, the aspect ratio decreases
with increasing width.

Fig. 3b presents the main effect of the hardness model. The
hardness increases with increasing preheating temperature
and welding speed. The hardness decreases with increasing
welding voltage, welding current, and wire extension.

Ferrite has the structure of a body-centered cubic lattice,
while austenite is made of a face-centered cubic lattice with
high interstitial carbon solubility. Martensite forms during the
solidification process when carbon atoms cannot diffuse out
of austenite. The carbon content in the supercooled austenite
significantly decreases when there is enough time for carbon
to diffuse out of austenite. Supercooled austenite is trans-
formed into ferrite in this case!'.

The melting rate of welding wires increases with increas-
ing preheating temperature. A reduced melting time shortens
the time for carbon to diffuse out of austenite, which pro-
motes the martensitic phase transition. Martensite has a much
higher microhardness than ferrite due to the solid solution and
phase change strengthening during the martensitic phase
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Fig. 3. Main effects of (a) the aspect ratio model, (b) the hardness model, and (c) the residual stress model.
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transition. The increased preheating temperature promotes the
formation of martensite, which increases the hardness. The
heat input increases with increasing welding voltage. Excess
energy promotes grain growth and coarsening, which de-
creases hardness.

As the welding current increased, the cooling rate of mol-
ten metals slow down which to promote the formation of fer-
rite. Thus, the hardness decreases. As the welding speed in-
creases, the solidification growth and cooling of weld seams
accelerate to produce finer grains'>'?, which increases hard-
ness. The melting amount of welding wires increases linearly
with increasing wire extension. More energy per unit length is
required to melt the welding wire. Therefore, the solidifica-
tion growth rate of the molten metal slows down to decrease
the hardness.

Residual stress is affected by the cooling rate, phase
changes in the fusion, and heat-affected zones!"”. Tensile re-
sidual stress decreases by reducing the temperature gradient at
a low heat input™. The high heat input and cooling rate in-
crease the tensile residual stress. Fig. 3¢ presents the main ef-
fect of the residual stress model. The residual stress increases
with increasing preheating temperature. The molten pool is
quickly cooled and heated due to the local concentration and
motion of the welding heat source. Part of the energy is used
to melt the welding wire to form a molten pool under other
unchanged conditions, and part of the heat is transmitted to
the environment and the substrate.

When the preheating temperature is too high, the energy
transmitted by heat to the substrate decreases, and the maxim-
um temperature of the molten pool increases. When the weld-
ing speed is certain, the temperature differences increase, and
the residual stress increases. Meanwhile, it first decreases and
then increases with increasing welding voltage and speed.
The welding current and wire extension do not affect the re-
sidual stress. The increased dry elongation of the welding
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wire linearly increases the melting amount of the welding
wire, and the solidification and growth rate of the molten
metal slows down. The volume expansion unevenness in-
creases, and the residual stress generally increases.

3.2 Interaction analysis

Fig. 4a shows that the hardness increases with increasing
welding current and preheating temperature. The increased
welding current increases the heat input, and the increased
preheating temperature raises the temperature of the molten
pool. The welding current and preheating temperature in-
crease the molten state of the molten pool. The dendrites have
sufficient time to extend toward the fusion zone, which re-
duces the dendrite spacing and size!\. Therefore, the hard-
ness value increases with decreasing dendrite size!”.

The welding current and voltage determine the linear en-
ergy in the welding process. Fig. 4b shows that when the
welding voltage and welding current are small, the hardness is
high. The cooling rate of the molten metal increases with de-
creasing linear energy™. A higher cooling rate contributes to
the formation of martensite, which increases the hardness.
The heat input per unit time increases with increasing weld-
ing current and voltage to slow the cooling rate. Excess en-
ergy promotes grain growth, which results in a larger dend-
rite size and a concomitant decrease in hardness”. The hard-
ness increases with increasing welding voltage and current. A
slower cooling rate (higher heat input) promotes the trans-
formation of unstable ferrites to austenite””, which decreases
the ferrite content and increases the hardness.

Fig. 4c shows that the hardness first decreases and then in-
creases with increasing welding current and speed. The weld-
ing current affects the heat input, while the welding speed im-
pacts the heat input, the amount of deposited metal, and the
cooling rate. The increased welding current increases the heat
input in the welding zone. Higher heat input leads to a slower
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Fig. 4. Surface plots of (a) the hardness, 7, and T'; (b) the hardness, U, and I; (c) the hardness, /, and S; (d) the hardness, 7, and L.

0406-6

DOI: 10.52396/JUSTC-2022-0112
JUSTC, 2023, 53(4): 0406



iitST‘( "

Weng et al.

cooling rate, larger grain size, and decreased hardness.
However, the cooling rate increases with increasing welding
speed. The solidification rate of the molten metal is increased
to refine grains™!, which increases hardness.

Fig. 4d shows that the hardness first increases and then de-
creases with increasing welding current and wire elongation.
The heat input increases, and the melting amount of the weld
increases. When the heat input is low, the weldments are
cooled at a high rate. Then, grains are refined to increase
hardness. The accumulation of welding wires increases with
increasing welding current and wire elongation. Meanwhile,
high heat input leads to the further growth of grains, which
decreases hardness.

Fig. 5a shows that the residual stress first decreases and
then increases with increasing preheating temperature and
welding voltage. The welding voltage increases to amplify the
heat input. Meanwhile, the preheating temperature increases
to reduce the temperature gradient, which decreases the resid-
ual stress. As the welding voltage increases further, the heat
input constantly increases, and the temperature of the molten
pool increases. The increased temperature gradient increases
the residual stress.

Fig. 5b shows that the residual stress first decreases and
then increases with increasing preheating temperature and
welding speed. The cooling rate of the molten metal in-
creases with increasing welding speed. When the welding
speed is small, accelerated cooling slows the phase transition
in the fusion zone, which gradually decreases the length and
spacing of dendrites. The temperature gradient of the molten
pool decreases at the preheating temperature to reduce resid-
ual stress. Accelerated cooling promotes the phase change
process in the fusion zone with a further increase in welding
speed. The phase transition leads to uneven volume expan-
sions, which increases the residual stress.

4 Multiobjective and

verification

optimizations

Achieving maximum hardness, minimum aspect ratio, and re-
sidual stress is a typical multiobjective problem. The NSGA-
II is used for the multiobjective optimization of process para-
meters in this work. It is a multiobjective evolutionary al-
gorithm based on Pareto solution sets with the elitist strategy
and fast nondominated sorting and converges on the Pareto
optimal front end. Compared with traditional multiobjective
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algorithms, the NSGA-II does not need to convert multiple
objectives into single-objective problems. Multiobjective op-
timization of the GMAW process parameters is achieved by
the NSGA-1I to obtain the compromise solution among the
three optimization objectives.

Fig. 6a shows the flow of the NSGA-II. The NSGA-II
starts with an initialized population P, that generates off-
spring O, through selection, crossover, and mutation operat-
ors. Once offspring are obtained, the current population and
offspring are combined into one set for sorting according to
the nondominated and crowding distances. Finally, a new
population P,,; can be obtained from the optimal N individu-
als in the combination set. Table 5 indicates the relevant para-
meter settings of the NSGA-1I.

Gamultiobj, isa multi-objective optimization function
based on NSGA-II, aims at minimizing objective functions.
Therefore, we take the opposite of the larger-the-better target
value. Fig. 6b shows the Pareto optimal frontier of the aspect
ratio, hardness, and residual stress, and each point is a specif-
ic optimal solution. Table 6 presents the partially optimized
results of the Pareto frontier, and the corresponding process
parameters are selected according to actual industrial
requirements.

The compromise solutions calculated by the NSGA-1II are
all noninferior solutions. In other words, there are no other
solutions that are better than these noninferior solutions in
three optimization objectives at the same time. Fig. 6¢c—d
show the smooth Pareto optimal surface and contour plots
formed by 70 noninferior solutions. The aspect ratio and re-
sidual stress are decreased to increase hardness. Therefore,
there is a noninferior solution that optimizes the three object-
ives simultaneously.

A noninferior solution (see Fig. 6¢ for the red point) is se-
lected from the Pareto optimal surface to verify the effective-
ness of the optimization method. Table 7 indicates the verific-
ation parameters and results. Errors between the predicted and
experimental values are 9.30%, 5.00%, and 3.07% (all are
less than 10%) for the aspect ratio, hardness, and residual
stress, respectively. Multiobjective optimization is achieved
by the proposed method. In addition, the model established by
regression fitting is accurate and reliable. Fig. 7 shows the
weld bead profile and size of the verification experiment.

The microstructure of the weld seam was observed by a
scanning electron microscope (High-Technologies
TM3030Plus, Hitachi, Japan). An attached energy dispersive

(b)

5
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Fig. 5. Surface plots of (a) the residual stress, 7, and U, (b) the residual stress, 7, and S.
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Fig. 6. (a) NGSA-II flow chart, (b) Pareto frontier diagram, (c) Pareto optimal surface, and (d) contour plots.

Table 5. Relevant parameters of the NSGA- I .

spectrometer (Model 550i, IXRF, America) was used for
compositional analysis, which determined the quality of the

Population  Maximum Dasplay scale of the Function .
quantity iterations noninferior solution tolerance optimal weld seam.
100 200 0.03 10%10- Fig. 8a shows the microstructure of the weld seam, includ-
ing pearlite, proeutectoid ferrite, and acicular ferrite. The
Table 6. Partial optimized results of the Pareto frontier.
Run T(C) U (V) 1(A) S (cm'min™") L (mm) Aspect ratio Hardness (HV) Residual stress (MPa)
1 28.02 31.93 256.62 27.87 17.16 0.093 218.96 0.09
2 33.90 20.57 259.19 22.44 24.71 0.823 165.69 130.88
3 34.15 22.96 258.84 23.43 24.73 0.690 173.69 87.43
4 38.42 32.00 259.74 30.72 17.03 0.081 230.04 25.84
5 3435 21.44 258.82 22.30 24.66 0.774 167.78 121.89
6 33.87 20.15 259.81 22.24 24.90 0.847 163.18 140.21
7 37.50 32.00 259.13 28.20 17.03 0.082 223.05 5.70
8 33.98 24.13 258.70 22.90 24.89 0.626 174.46 83.60
9 34.14 29.08 258.50 25.38 23.69 0.333 193.99 23.38
10 33.68 31.97 258.75 28.19 17.03 0.084 221.86 3.73
11 35.32 22.70 259.32 22.44 24.66 0.702 170.58 105.03
12 32.46 21.92 257.82 22.69 25.00 0.754 169.53 110.09
13 3433 25.14 258.18 22.20 24.26 0.562 176.63 85.26
14 33.99 21.44 258.12 22.54 24.83 0.779 168.60 118.21
15 28.77 31.38 256.67 27.00 18.60 0.142 212.80 2.33
16 33.93 21.33 258.34 22.76 24.85 0.784 168.69 115.98
17 3438 25.42 258.21 22.80 24.11 0.545 179.03 73.15
18 34.13 23.26 258.19 22.47 24.74 0.675 172.33 98.65
19 3435 20.91 259.36 22.97 24.66 0.803 167.89 117.87
20 33.59 26.17 259.19 22.71 23.44 0.490 180.99 67.78
0406-8 DOI: 10.52396/JUSTC-2022-0112
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Table 7. Optimization and verification results.

T(C) U (V) 1(A) S (cm-min™) L (mm) Aspect ratio Hardness (HV) Residual stress (MPa)
Predict 34.14 29.08 258.50 25.38 23.69 0.333 193.99 23.38
Experimental 34 29 259 25 24 0.302 204.2 24.12
Error 9.30% 5.00% 3.07%

Fig. 7. Cross-sectional morphology of verification experiment.

acicular ferrite is mainly grown in the prior austenite crystal.
The formation of acicular ferrite in the weld is beneficial to
improving the strength and toughness of the weld. Ferrite can
improve the corrosion resistance of the welded joint to a cer-
tain extent and prevent the occurrence of hot cracks in the
weld seam. The restriction of the nonequilibrium state in the
welding process leads to insufficient diffusion of atoms. The
transformation of pearlite is restrained to reduce the pearlite
content in the weld zone™’.

Fig. 8b shows the microstructure of the heat-affected zone,
which is mainly composed of granular ferrite, lath ferrite, and
granular bainite. The microstructure of the base metal is
mainly composed of pearlite and granular ferrite (see Fig. 8c).

According to the energy dispersive spectroscopy (EDS) spec-
trum, the chromium in the weld seam and heat-affected zone
is concentrated in acicular ferrite and lath ferrite. The content
of alloying elements such as chromium is higher than that in
the base metal. The deformed dislocations are hindered in the
diffusion to improve the quality of the weld zone due to the
grain morphology and solution-induced lattice distortion of
these elements. The optimized sample achieves high hard-
ness under a low aspect ratio and residual stress. The segrega-
tion of alloy elements appears in the weld seam and heat-
affected zone. Therefore, the improved welding quality is bet-
ter than that of the orthogonal test group.

5 Conclusions

The orthogonal mixed-level experimental design and fitting
regression analysis were used to explore the influence law of
GMAW process parameters on the aspect ratio, hardness, and
residual stress of weld seams in this work. Multiobjective op-
timization was conducted by the NSGA-II to verify the reli-
ability of the model. The main conclusions are described as
follows:

(1) The aspect ratio decreased with increasing welding
voltage, and it first increased and then decreased with increas-
ing welding current. The hardness increased with increasing
preheating temperature and welding speed and decreased with

(al) Element (a2) Element [ Atomic(%)
o Si 2558 C 4.647
o \ P 0.766 Si 2.058
Proeutéctoid ferrite Cr 12,536 Cr 24.736
B Fe 81848 Fe  [612%9
Mn 2292 Fe Mn 1.300
i 3
Mo M{ Ni Cu T Mo Ni Cu
Sig (63 "\ Mo Sig CrMn Cu Mo
Sis Cr i Cu Mo Sis Cr N Cu Mo
5 10 15 20k 5 10 15 20k
(b1) Element | Atomie%)| | (b2) Element (b3) Lo L
Si 2177 Si 2.607 C 14.126
P 0.405 Cr 13.062 Si 2.203
Cr 27.063 Fe 84.330 Cu 1.531
H Fe (09624 Cr [13.99%
Mo (0356 Mo 0743
Mo 0378 Fe 66.880
Lath ferrite 5 )i 3 F F
= Mo Ni Cu Mo €Cu Mo “Cu
Sis crMm Cu Mo Sis CrppNi Cu Mo Sis Crip Ni Cu Mo
Sis  Crjiq Cu Mo sis G k‘li Cu Mo Sis . Cr kdi Cu Mo
5 10 5 20k s 10 5 20k 5 10 5 ke
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C_ [sess |
~ 4 Si 3305
S > Fe P 2193
3 3 s 2073
\ : fe Cr 22,100
: Fe 6162
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Fig. 8. Microstructure morphology and energy spectrum of welded joints (a) weld, (b) heat affected zone, and (c) base metal.
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increasing welding voltage, current, and dry extension. Resid-
ual stress increased with increasing preheating temperature,
and it first decreased and then increased with increasing weld-
ing voltage and speed.

(II') The relative errors between the predicted and experi-
mental values for the aspect ratio, hardness, and residual
stress were all less than 10% under the optimized process
conditions. The fitting regression model and NSGA-II were
combined for the multiobjective optimization of maximum
hardness, minimum aspect ratios, and residual stress. The
welding parameters were selected from the Pareto optimal
frontier according to actual industrial requirements.
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