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Abstract: The welding and construction processes of H-type thick-plate-bridge steel involve
complex multi-pass welding processes, which is difficulty to ensure its welding performance.
Accordingly, it is crucial to explore the inherent correlation among the welding processes
parameters and welding quality, and applied it into the welding robots, eliminating the instability
from manual welding. In order to improve the welding quality, the GMAW (Gas Metal Arc
Welding) welding process parameters are simulated using the Q345qD bridge steel flat joint model.
Four welds with X-shaped grooves are designed to optimize the parameters of welding current,
welding voltage, and welding speed. The optimal welding process parameters are investigated
through thermal-elastic-plastic simulation analysis and experimental verification. The results
indicate that when the welding current is set to 230A, the welding voltage to 32V, and the welding
speed to 0.003m/s, the maximum deformation of the welded plate is 0.52mm, with a maximum
welding residual stress of 345MPa. Both the simulation results of multi-pass welding and
experimental tests meet the welding requirements, as they show no excessive stress or strain. These
parameters can be applied into building large steel frame bridges with welding robots, improving
the quality of welded joints.

Keywords: Thick-Plate-Bridge steel; GMAW; welding process parameters; thermal-mechanical
coupling

0. Introduction

Welding is an indispensable production method that plays a crucial role in both manufacturing
and industry. Nowadays, approximately 50% of robots worldwide are utilized for welding purposes.
The advent of intelligent welding technology, which is based on welding robots, has emerged as a
critical technology in industries such as aerospace, rail transportation, and shipbuilding. By
integrating sensors and vision systems, welding robots can achieve real-time monitoring and control
of the welding process. Consequently, welding robots not only enable automatic detection and
adjustment of welding quality but also facilitate the automation and intelligent control of multiple
processes, including welding, shaping, transportation, and inspection. This integration leads to
improved productivity and welding quality. Moreover, with the assistance of cloud computing and
big data, remote control and intelligent management can be achieved. Therefore, it is essential to
conduct in-depth research on the logical relationship among welding factors, including materials,
process parameters, and quality, in order to enhance welding performance and achieve high-
performance manufacturing.

The welding quality of large thick plate bridge steel of Q345qD, typically used in H-type
structures, is significantly affected by the GMAW (Gas Metal Arc Welding) welding process
parameters. These parameters play a crucial role in ensuring the safety and durability of bridges.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Therefore, when employing welding robots for bridge construction, it is essential to have a clear
understanding of the relationship between the welding process parameters and the resulting welding
quality.

H-type steel structure has the advantages of simple components, saving labor and materials,
which has become an increasingly widely used steel structure type in modern new economic bridge
structures, industrial buildings, and power station construction. The production and construction of
bridge steel mainly adopt the welding connection mode. Therefore, the performance of the welded
joint directly affects the safety and lifespan of the entire steel component building [1,2]. The thick
steel plate uses multi-pass welding process and GMAW, in which welding process parameters are
the main factors affecting welding temperature field and stress-strain field, mainly including welding
current, welding voltage and welding speed. The welding process parameters relate to the parameter
setting of welding current, welding voltage and welding speed, to avoid uneven heating or excessive
residual stress and strain concentration in the welding geometric model. There are many methods to
optimize welding parameters, including theoretical analysis, simulation and test. Yi [3] investigated
the influence of electrode pressure, welding speed, tensile and shear strength of seam welding joints
in 304 stainless steel and improved the tensile strength to 607.5MPa [4]. Zhang [5] researched the
single-pass flat plate and multi-pass butt welding models by establishing a BP neural network to
optimize the welding process parameters, getting an optimized welding voltage of 30.3V, and a wire
feeding speed of 12600mm/min [6]. Xu [7] designed a time-optimal algorithm that incorporates
dynamic constraints into the welding seam tracking process, improving the mechanical performance
and stability of the welding seam tracking process. Wu [8] investigated the influence of different
welding parameters matching on temperature field and joint tensile strength by orthogonal test
method. Chang [9] introduced various new TIG welding technologies at home and abroad, including
magnetically controlled TIG welding technology, and elaborated on their characteristics and
mechanisms in changing arc characteristics, molten pool flow, etc. Xin [10] studied the influence of
welding process parameters on Q245R steel, and no crack was found in bending test results, which
fully meets the relevant technical standards of pressure-bearing equipment [11]. Aravind [12]
conducted experimental research on cold metal transfer (CMT) welding on Al5083 thin plate.
Adopting L9Taguchi orthogonal test design, the welding current (A), welding speed (mm/min) and
welding frequency (Hz) are taken as input parameters for CMT welding. The weld quality is studied
by measuring reinforcement, weld width (BW), penetration depth (DOP) and heat affected zone
width (HAZW). Optimized parameters are found by VIKOR multi-objective optimization method
[13]. Zhou [14] optimized the process parameters by using numerical simulation technology and
orthogonal experiment method for SUS301L stainless steel. With the optimum process parameters,
the weld surface is silvery white, continuous and complete, the weld zone is equiaxed and columnar,
which meet the experimental results [15]. Rizvi [16] focused on optimizing different welding
parameters through Taguchi technology, getting an optimum technological parameter of 23V, wire
stroke 350IPM and gas flow 15]/min. At present, there is limited research on the welding quality
control of thick-plate-bridge steel due to its large structure size, multi-pass welding, complex and
diverse process parameters, difficult processing, complex and diverse metal chemical elements in the
weld structure, and uneven thermal characteristics of materials simulated by numerical simulation.

Therefore, this study focuses on Q345qD, a large-scale thick-plate-bridge steel, and utilizes
ABAQUS simulation software, the thermal-elastic-plastic finite element method, and FORTRAN to
develop a welding simulation program. The objective is to optimize and simulate the GMAW process
parameters for bridge steel, identify the optimal welding process parameters, and investigate their
effects. By optimizing the welding process parameters, the study aims to enhance the quality of
welded joints and prevent welding defects.1. Welding process parameters
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1. Welding process parameters

1.1. Definition on welding process parameters

In the welding process of multi-pass welds to large thick plates, welding process parameters are
one of the main factors affecting the microstructure and properties of weld joints. Using Q345qD
steel, we studied the influence of GMAW welding process parameters by thermal-elastic-plastic finite
element method. The welding geometric model size is 300x250x20mm, and the groove shape is an
“X” with an angle of 60°. According to the standards of Code for Design of Steel Structures of Railway
Bridges (TB10091-2017) and Symbol Representation of Welds (CB/T324-2008), the welds are set to be
four layers and four passes, which are welded by gas shielded welding and submerged arc welding.
In actual welding, because of the combination of weld and base metal, it is difficult to define the
contour of weld in simulation, so the simulation model is simplified to keep the welding sequence
and welding boundary conditions unchanged during the loading process of welding heat source.

1.2. Methodology

Aiming at the GMAW welding method of Q345D thick-plate-bridge steel, the scheme design
and numerical simulation analysis of welding process parameters are carried out. In the actual
welding process, the parameters include current, voltage, and speed, which vary depending on the
welding methods and objects. During the welding simulation, the welding process parameters play
a crucial role in determining the welding heat and weld formation. Therefore, it is essential to analyze
and optimize the welding process parameters for design, as this significantly impacts the welding
quality. The study and process flow are shown in Figure 1.

Combining the optimization scheme of welding process parameter design with research into
simulation thermal-elastic-plastic theory, we adopt ABAQUS software to carry out the optimization
simulation operation of welding process parameters. Because the strain field and stress field are
generated by the thermal-mechanical coupling between the temperature field and the material itself,
only the influence law of each welding process parameter on the welding temperature field is
analyzed here. A complete thermal-mechanical coupling of the temperature field with different
welding process parameters of a single weld is carried out, and the welding process is accurately
simulated. The influence of welding process parameters on the welding process is explored, and the
optimal welding process parameter scheme is obtained.
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Figure 1. Flow chart of welding process parameters research method.

1.3. Specification of parameters

This simulation experiment discusses the simulation of multi-pass welding of large thick plates.
The model size is 300x250x20mm, adopting an X-shaped groove, and the thick plate pass is divided
into four welds, which are aligned forward and backward. CO2 gas shielded welding is used for
backing submerged arc welding. The temperature range of the welding pass is 135~165°C, the
allowable deformation error is 1~2mm, and the cooling speed is 35 ~ 60°C/s. Referring to the welding


https://doi.org/10.20944/preprints202307.0663.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 July 2023 do0i:10.20944/preprints202307.0663.v1

Code for Steel Structures (GB/T50661-2011) and Welding Wire of Carbon Steel, Low Alloy Steel for
Gas Shielded Electric Welding (GB/T8110-2008), the welding current, welding voltage and welding
speed are proposed, as shown in Table 1.

Table 1. Welding parameter setting.

Number of Welding Protective gas Electric Voltage Welding
plies process flow rate (I/min)  current (A) (V) speed (m/s)
1~2 GMAW 10~15 210~250 28~36  0.0026~0.0043
3~4 SAW - 560~660 33~37  0.003~0.0046

2. Numerical analysis

2.1. Thermal-mechanical coupling

Welding process is a coupling way to heat transfer, electromagnetism and thermodynamics,
which connects metals or other thermoplastic materials. It is complex and changeable, which contains
complex thermodynamic problems. The thermodynamic problems directly affect the composition
and distribution of welding microstructure. According to the classical thermodynamic formula, the
thermodynamic heat transfer in welding process can be divided into three forms: heat conduction,
heat convection and heat radiation [17]. In thermal-elastoplastic analysis, the assumptions are made
as follows [17].

1. Material yield follows Mises yield criterion.

2. Elastic strain and plastic strain of materials can be separated from temperature strain.

3. The mechanical properties of materials depend on temperature changes.

4. The behavior of material in plastic zone after yielding follows plastic flow criterion and
strengthening criterion.

5. Based on the small-time increment, the mechanical properties, stress and strain of materials
show linear changes.

In the welding process, with the continuous movement of welding heat source, the welding
material and base metal will fuse with each other, then generate heat during phase transformation.
The temperature at each point in the welding process can be expressed as equation (1).

T=T(xy,zt) 1)

Where, T refers to the instantaneous temperature at any point in the welding process (k),
(x,y,2,t) is the coordinate of a certain point, t is the time (s).

Therefore, for the nonlinear transient heat conduction problem, its temperature control equation
can be expressed as follows.

o _ (k.0 4 2 (1 0T 4 2 (O
PCo = Q+ ax (kx ax) + dy (ky 6y) + dz (kz az) &)
Where, Q(x,y,z t) is the heat flow in the object is expressed, p expressed as welding material
density, c is the welding material heat capacity, k,, k,, k, represent the heat transfer coefficient of

welding materials in three-dimensional coordinates, T it is expressed as differential equation of
transient welding temperature field.

2.2. Welding heat source

The heat source model is a characteristic equation for simulating the heat distribution of welding
heat input in the weld direction, which represents the range and form of heat distribution. The heat
source model has a great influence on the simulation accuracy of the welding temperature field and
stress-strain field near the heat source [18].

The development of welding heat sources has changed from plane space to three-dimensional
space, in which point heat sources and surface heat sources are often used in plane simulation
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operations. At present, the bulk heat source model is mostly used for welding simulation of thick
plates, considering the influence of weld penetration, weld width, heat transfer distribution and
electric strength. The double ellipsoid heat source model not only accurately simulates the
temperature range in the first half of the actual arc loading process which is higher than the second
half, but also accurately simulates the penetration effect of arc on weld, which satisfies the accurate
simulation of the GMAW welding pool, shown in Figure 2.

z

Figure 2. Double ellipsoid heat source model.

Heat density diffusion function of first quarter ellipsoid:

_ o0 (3P 3y 322
qy D =T R (- - F), x20 3)
Heat density diffusion function of tail quarter ellipsoid:
6V3(frQ) 3x2  3y? 327
4:00y,2) = o Bexp (-2 =25 =), 120 4)

Where,Q = nUI-represents the welding heat input, and 1 is the welding heat source efficiency.
fs, fr respectively represent different proportional functions of heat and heat of the front and rear
ellipsoids, and ff + f; = 2. ag, a, represents the inner diameter parameter of double ellipsoid. b
represents the melting width dimension of double ellipsoid. c represents the penetration size of
double ellipsoid. ay, a,, b, and ¢ -represent the shape and size parameters of ellipsoids respectively,
and are independently selected according to different weld sizes and welding process parameters,
which fully considers the difference of heat flow energy distribution of heat source models.

2.3. Secondary development of heat source model subroutine

Using FORTRAN language for secondary development of the welding subroutine in ABAQUS,
which simulates the loading process of the welding heat source, the size of the welding heat source,
weld penetration, weld width and loading direction of the welding heat source are all set in
subroutine. The secondary development of the heat source SUBROUTINE adopts the subroutine in
FORTRAN language, where the subroutine starts at “subroutine”, and uses the end statement.
According to four welds, different welding process parameters are set in subprogram, the
relationship among heat flow, TIME and position is formed by using total time control method.

2.4. Numerical modelling

Adopting Q345qD bridge steel, which is a low alloy high strength steel with carbon content of
0.16%. It has high strength and toughness, so it can bear the load and impact of rolling stock, with
good fatigue resistance, low temperature toughness and atmospheric corrosion resistance. It is a steel
specially used for viaducts or highway bridges. Its chemical composition is shown in Table 2.

Table 2. Chemical composition of Q345qD.

C Mnu Si \Y% Nb Ti C: Ni

Standard <0.18 <1.6 <0.55 0.010~0.080 0.005~0.060 0.006~0.030 <0.30 <0.30
Certificate  0.16 148 0.21 0.010 0.0055 0.0067 020 0.10
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The main chemical composition of Q345qD steel is manganese and silicon, with impact
absorption energy of 187KV2/], yield strength of 397MPa and tensile strength of 533MPa. The
welding temperature field and stress-strain field are simulated by the method of butt welding,
because the thermal physical parameters of Q345qD bridge steel are distributed differently under
different high temperature conditions. The absolute zero of numerical simulation is -273.15°C, the
Stephen-Boltzmann constant is 5.67x1038, the latent heat of the material is 256400 J/kg, the radiation
heat transfer coefficient is 0.85 and the ambient temperature is 20°C. Other characteristic parameters
of the material, such as density, specific heat capacity, thermal conductivity, Poissonls ratio, yield
stress, elastic modulus and linear expansion coefficient, are shown in Figure 3.
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Figure 3. Thermo-physical parameters of welding parent metal.

Considering the size of steel and the technological characteristics brought by multi-pass
welding, using ABAQUS to establish a flat butt multi-pass welding model and conduct simulation
research. Assuming the model is an ideal elastic-plastic rigid body, the material is Q345qgD steel, the
size is 300x250%x20mm, and the weld seam and base metal are established by zones. X-shaped groove
is adopted for groove, whose size and weld bead number are shown in Figure 4.

parent
aterial zone

20

[N

eld metal
area

Figure 4. Schematic diagram of welding model and groove size.

2.5. Boundary conditions

Based on the actual welding process, heat conduction is the main way inside the welding
material, while convection heat transfer and radiation heat transfer are the main ways outside.
Therefore, the environmental temperature is set at 20°C, which accurately simulates the
environmental boundary conditions of the welding model. Restrict its motion boundary and consider
its gravity influence, so the degree of freedom is constrained in three directions to the four vertices in
the bottom surface for multi-pass welding of flat plates, as shown in Figure 5.
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Figure 5. Schematic diagram for three-dimensional constraint.
3. Simulation results.

3.1. Effect of welding current

With other parameters and welding boundary conditions unchanged, during the welding heat
source charging process, the welding voltage is set to 32V, the welding speed is set to 0.003m/s, then
the current value is taken separately to determine the influence of welding current on welding
performance. According to the welding method and welding manual specifications, the welding
current ranges from 210A to 250A. Since the boundary value and the center value have a
representative influence, the welding simulation is carried out with 210A, 230A and 250A currents,
and the temperature field changes are shown in Figures 6 and 7.

I Ll

+2.000e+01

(a) I=210A (b) I=230A (c) I=250A
Figure 6. Temperature fields under different current.
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Figure 7. Thermal variation under different current.

From Figures 6 and 7, with the increase of welding current, there is a greater welding heat,
whose maximum temperature can reach 3706°C.
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3.2. Effect of welding voltage

Similarly, on the premise of keeping other welding conditions unchanged, the welding current
is 230A, the welding speed is 0.003m/s, then the welding voltage is taken separately to detect the
influence of welding voltage on welding performance. According to the welding method and
welding manual specifications, the welding voltage ranges from 28V to 36V. In the same way,
welding simulation is carried out with 28V, 32V and 36V voltages, and the temperature field changes
are shown in Figures 8 and 9.

mn
3. 7500703

(a) U=28V (b) U=32V (c) U=36V

Figure 8. Temperature field under different voltage.

4000 5 1
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Time/ (s)

Temperature / (°C )

Figure 9. Thermal variation under different voltage.

From Figures 8 and 9, as the increase of the welding voltage, there is a greater welding heat,
whose unit node temperature can reach 3807°C.

3.3. Effect of welding speed

In practical welding, the welding speed is different and it is also a key parameter to affect the
welding joints. Selecting three welding speeds, v=0.002m/s, v=0.003m/s and v=0.004m/s, to investigate
the effect of welding speed, getting the results shown in Figure 10.

37072403
+1. 5002403
772

(a) Initial temperature field with v =0.002m/s  (b) Steady temperature field with v = 0.002m/s
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Figure 10. Temperature field distribution of different welding speeds.

According to Figure 10, the diffusion shape of the temperature field in the welding results is
similar to the elliptical shape, which has nothing to do with the different welding speeds, but the area
of the elliptical shape is different due to the different loading and running speeds of the welding heat
source which decrease as the welding speed increases. However, with the continuous running of the
heat source, the rear part of the temperature field is gradually shortened and reduced, so if the size
of the welding geometry model in the loading direction of the heat source is long enough, the
temperature field will gradually appear oval. This is because with the increase in welding speed, the
welding heat input is small, which makes the maximum temperature of the welded joint decrease
with the increase in welding speed.

4. Optimization analysis and experiment

Multi-pass welding simulation is based on single-pass welding simulation. Combined with the
influence of welding process standards on welding process parameters and processes, the
optimization scheme for multi-pass welding process parameters is designed as shown in Table 3.

Table 3. Setting of welding process parameters.

Number of Welding Protective gas Electric Welding
lies rocess flow rate current (A) Voltage (V) speed
P P (/min) (m/s)
1 GMAW 10 230 32 0.003
2 GMAW 10 230 32 0.003
3 SAW - 600 35 0.004
4 SAW - 600 35 0.004

According to Table 3, the numerical simulation of welding is carried out, and the distribution
of the temperature field, stress field and strain field in the simulation is analyzed.

4.1. Temperature field

In multi-pass welding, there are complex nonlinear changes in the welding process. According
to the optimized parameters, five grid nodes are selected in the first welding seam, investigating
thermal variation of welding, as shown in Figure 11.
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Figure 11. Temperature variation curve of the first weld joint.

According to the change in joint temperature, the maximum temperature of the first weld is
3658°C. With the operation of the heat source, the temperature is gradually transferred to the next
weld, while the second weld is on the back of the flat plate, the temperature is relatively low at 300°C.
When the heat source is operated to the third weld, submerged arc welding is used, the temperature
is relatively high and the distance from the joint is different, the minimum temperature transferred
to the joint is 1300°C. It can be concluded from the welding temperature field that the welding
temperature field changes sharply, the cooling speed of the temperature field is faster, the better
microstructure, plasticity and toughness of the welded joint can be obtained.

4.2. Stress field

According to the optimization scheme of welding, the residual stress variation is shown in

Figure 12.
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Figure 12. Variation of residual stress of weld cooling.

When analyzing welding residual stress in large thick plate welded steel members, it is observed
that the distribution range in the thickness direction is small. The stress is biaxial and exhibits a plane
state, consisting mainly of transverse residual stress and longitudinal residual stress. As shown in
Figure 12, the welding residual stress is primarily concentrated in the weld zone. In the transverse
residual stress variation curve, the value increases as it approaches the weld, reaching its maximum
peak at the middle position with a maximum residual stress of 345MPa. At the same time, when far
away from the weld area, the transverse residual stress changes from tensile stress to compressive
stress, finally decreases gradually. In the longitudinal residual stress, it can be seen that the welding
starting end is under pressure, the welding seam area is under tension, and the overall distribution
is relatively standard, which meets the welding requirements.

4.3. Strain field

In the welding process, the deformation caused by welding will cause a huge waste of materials
and workers’ labor, which will reduce the service life and seriously affect the accuracy of welded
steel members, especially large thick steel members. Therefore, in the welding process, it is necessary
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to control the deformation. According to the simulation results, the lateral and longitudinal
displacement strains are shown in Figure 13.
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Figure 13. Variation of welding cooling residual strain.

From Figure 13, it is clear that with the operation of the welding heat source, the strain increases
gradually from the edge to the weld area, reaches its maximum at the center of the weld, with the
maximum strain being 0.52mm, then decreases gradually away from the weld. It can be seen that the
longitudinal strain is very small at the beginning and then rises sharply, which means that the
temperature difference has not caused excessive strain at the beginning of heat source loading, but
with the cooling, the strain increases gradually in the weld zone due to the influence of residual stress.

The deformation of the whole welded plate is small and evenly distributed, which meets the welding
requirements.

4.4. Welding test detection

According to the welding optimization scheme, a test is carried out on the welded plate. After
the welding is finished and the welded part is cooled down, the mechanical inspection and
macroscopic inspection are carried out on the welded plate, checking whether it meets the welding
quality. The experimental welding plates and equipment are shown in Figure 14.

(a) Test plate (b) Tensile testing (c) Metallographic examination

Figure 14. Experiment of welded joints.

After welding and cooling, the flat joint plate is tested and the mechanical properties of its
welding area are tested. The results are as follows:

1. The average tensile strength and yield strength of the weld zone are 565.5MPa and 404MPa
respectively, so the test results show that the tensile properties of welded joints are excellent and meet
the welding standards.

2. There is no crack in the welded joint, and it has excellent plastic toughness, which meets the
toughness requirements.

3. The highest hardness of HAZ is 194.8HYV, the average hardness is 188.525HV. The hardness is
lower than HV380 and meets the welding standard.
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4. The welded plate has no significant deformation or distortion; the maximum deformation is
0.6mm.

5. There are no pores, residues, cracks or pits at the welded joints.

6. Welded joint section without incomplete penetration, incomplete fusion, or flash.

5. Conclusions

Taking Q345Qd bridge steel, through thermal-elastic-plastic finite simulation, the process
parameters of GMAW welding current, welding voltage and welding speed are investigated, and the
conclusions are as follows.

1. Based on the welding quality requirements of Q345qD for thick-plate-bridge steel, the
technical route of the GMAW welding process is established and its parameters are studied.
According to thermal-elastic-plastic analysis, the optimal welding parameters are carried out.

2. As results show that with the gradual increase of welding current, the maximum welding
temperature can reach 3706°C, the optimal welding current is 230A, the optimal welding voltage is
32V, and the optimal welding speed is 0.003 m/s.

3. According to the simulation analysis of single welding process parameters, the welding
residual stress is mainly distributed in the weld zone; its value increases closer to the weld, reaching
the maximum peak value in the middle position. The maximum residual stress is 345MPa.

4. According to the experimental results, the average tensile strength and yield strength of the
weld zone are 565.5MPa and 404MPa, indicating that the welded joint has excellent tensile properties.

The optimal parameters of the GMAW welding will be applied to the welding robots, which will
benefit a lot to improve the performance of the bridge.
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