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Abstract: With the consideration of the influence of arc driving forces, a 3D transient numerical model was established for the ripple

formation process during pulsed tungsten inert gas (TIG) welding. To avoid the influence of droplet caused by the melting of welding

wire on the surface fluctuation of molten pool, the wire-feeding process did not proceed when the arc was scanning the 2024

aluminum alloy substrate. Results show that the molten pool surface fluctuates periodically when the current is switched between the

base value and the peak value. With the arc movement, the rear side of molten pool is solidified gradually. The molten pool surface is

solidified before flattening under the cooling with large temperature gradient, resulting in the welding ripples. The formation
frequency of the welding ripples is equal to the current pulse frequency. The distance between adjacent welding ripples is
approximately equal to the product of the arc scanning velocity and the current pulse frequency.
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Tungsten inert gas (TIG) welding is widely used in metal
joining, additive manufacture, workpiece preheating, and
other fields due to its low cost, high productivity, and easy

operation' 7,

However, the application of TIG welding is
restricted by the surface defects, such as ripples, undercutting,
and humping. The mechanism of ripple formation is crucial to
the accuracy, quality, and reliability of welding” *.

The formation of ripples is attributed to the dynamics of the
molten pool with periodic oscillations during the solidification
process. Unni®, Sharma™, Huang”, and Chen™ et al
investigated the temperature distribution and the dynamics of
TIG weld pool without consideration of the effect of arc
forces on the surface morphology. The welding ripples are
neglected in those researches. Sagar et al® studied the
temperature distribution during TIG welding by the element
birth and death model in ANSYS software. Mohanty et al!"”
developed a new heat source model to simulate the alternating
current square wave welding, and found that the welding

surface after solidification is smooth without welding ripples.
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1" studied the influence of sensitivity of driving

Meng et a
forces on the weld pool behavior. The formation of welding
ripples is complex and depends on the process parameters.
The influence of arc driving forces on the molten pool
morphology has been studied, but the formation process of
welding ripple is not thoroughly investigated"*'*. Wei et al"”
studied the surface ripple amplitude and found that the
average amplitude is proportional to the surface pressure of
the molten pool. Liu et al'” studied the weld pool dynamics
and found that the high peak current corresponds to the high
ripples and deep penetration. Liang et al"” studied the ripple
formation in dissimilar welding under the pulsed laser, and
reported that the higher the pulsed frequency, the smoother the
surface. Yao et al'” demonstrated that the ripple formation
process can reflect the quality of the welding process.
Generally, the welding ripples are mainly caused by the
periodic impact of droplets generated by the molten welding

[19-20

wire!"”" ", However, the welding ripples can also be generated

when the wire-feeding process does not proceed.
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A three-dimensional transient welding model was
developed to simulate the ripple formation process for the
moving pulsed TIG welding without wire-feeding. This
research discussed the formation mechanism of surface ripples

for optimization of process parameters.
1 Mathematical Model Establishment

1.1 Heat source and arc driving force

The influence of heat source movement and penetration
depth on the heat flow distribution was considered in the
double ellipsoid heat source model, resulting in higher
accuracy than that of the Gaussian heat source model®. The
heat flux of double ellipsoid heat source model could be
divided into two parts™”
follows:

, as expressed by Eq.(1) and Eq.(2), as
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where f; and f, are energy distribution coefficients with f+f=2;
U and [ are welding voltage and current, respectively; # is the
absorption rate of welding heat energy of the material; a, and
a, are the length of the front and back semi-axes of the ellipse,
respectively; b is the half width of molten pool; ¢ is the half
depth of molten pool; x, y, and z are the coordinate positions.

According to the generation principle of driving forces, the
arc pressure, surface tension, and drag force are all surface
forces, which affect the weld pool surface. Buoyancy and
Lorentz force are the volume forces, which affect the whole
weld pool, as shown in Fig.1. The buoyancy is caused by the
density variation of aluminum alloy which results from the

temperature change™, as expressed by Eq.(3), as follows:

F,=-pya(T - Ty)g (3)
where a is the linear expansion coefficient of the material; p,
is the aluminum alloy density at the reference temperature 7,
(T, is usually equal to room temperature); 7 represents the
fluid temperature; g is the gravitational acceleration.

The relationship between arc pressure and coordinate
position can be expressed by Gaussian equation™, as follows:

Ceramic nozzle

Tungsten

——Arc column

Arc pressure

‘ + $Drag force

Substrate

Fig.1 Distribution of arc driving forces in molten pool

IuOIZ x2 + yZ
= exp (— 4
parc 4TEVA 2 p ( er 2 ) ( )

where p, represents the magnetic permeability of space with g,
=1.26x10" H/m; r, is the effective radius of welding arc

acting on the upper surface of the substrate. The control
equations of other driving forces are obtained based on
Ref.[25-26].

1.2 Numerical model

The schematic diagram of boundary conditions and mesh of
the 3D numerical model is shown in Fig. 2. In order to
simplify the calculation, a symmetry boundary was adopted
on the xz plane. The initial position of the arc center was at the
junction of the symmetry plane and the upper surface of the
substrate, and the arc center moved at a speed of 8 mm/s along
the x axis. The control equations of the heat flux and arc
driving forces were compiled by the Fortran language
programming. The volume of fluid (VOF) method”” was used
to track the free interface of the molten pool. In addition, the
heat conduction, heat convection, and heat radiation were all
considered during the calculation of welding process”™. The
2024 aluminum alloy was adopted as the substrate material,
and its thermophysical properties are shown in Table 1.

The distance between the substrate and tungsten electrode
was 4 mm. The variation of pulse current / and voltage V" with
time ¢ is shown in Fig.3. The pulse current frequency was 5
Hz, the peak current was 200 A, and the base current was 100
A. The voltages corresponding to the peak current and base
current are 18.2 and 14.5 V, respectively. The arc shapes
corresponding to the base current and peak current are shown
in Fig. 4. The initial temperature of the substrate and the
environment was 298 K.

Pressure
boundary

Continuous
boundary

Symmetry boundary
Arc center

Fig.2 Schematic diagram of boundary conditions and mesh of 3D

numerical model

Table 1 Thermophysical properties of 2024 aluminum alloy

Property Value
Specific heat/J-(kg-K)™' 850
Thermal conductivity/W-(m-K)™' 175
Solidifying point/K 811.5
Melting point/K 905.5
Liquid density/kg-m™ 2640
Solid density/kg-m™ 2785

Viscosity/kg:(m-s)”' 0.0013




Zhao Guangxi et al. / Rare Metal Materials and Engineering, 2023, 52(1):133-138 135

200 118.2
s >
§150 - E go
& ©
Q >
2100} 14.5
(=W

50 1 1 1
0.0 0.1 0.2 0.3 0.4

Time/s

Fig.3 Variation of pulse current and voltage with time
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Fig.4 Arc shapes at peak current of 200 A (a) and base current of
100 A (b)

2 Results and Discussion

The cross-section of the molten pool was obtained along the
longitudinal and transverse directions through the arc center.
The 3D evolution process of the flow and temperature field in
the molten pool can be observed and analyzed, as shown in
Fig.5 and Fig.6.

It can be seen that when the pulse current and voltage
switch from the peak state to the base state, the flatness of
molten pool surface is restored due to the sudden decrease in
the arc pressure. Since the xz plane is set as the symmetry
boundary and the arc scanning is along the x-axis, the weld
pool morphology and the surface ripples are symmetrically
distributed. The temperature field distribution and the welding
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Fig.5 3D longitudinal cross-section of molten pool under different

conditions: (a) /=100 A, 1=2.0 s; (b) I=200 A, =3.5 s
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Fig.6 3D transverse cross-section of molten pool under different

conditions: (a) /=100 A, =2.0 s; (b) =200 A, =3.5 s

ripple morphology of the longitudinal cross-section through
the arc center of molten pool are shown in Fig. 7. The
maximum arc scanning velocity v, is also shown in Fig.7.

When the arc scanning velocity v is set as 4 mm/s, the

formation of surface ripples is more obvious. The solid
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Fig.7 Temperature field distributions and welding ripple
morphologies of longitudinal cross-section through arc center
of molten pool under different conditions: (a) /=200 A, =1.25

s; (b) I=100 A, +=1.40's

fraction distribution during welding ripple formation is shown
in Fig.8.

As shown in Fig.8, the solid phase fraction is 0.000 in the
blue area, i.e., the blue area represents the liquid phase; the
solid phase fraction is 1.000 in the red area, i.e., the red area
represents the solid phase; other colors represent the mixed

Second ripple

Fig.8 Distributions of solid phase fraction during the first ripple

formation (a) and the second ripple formation (b)

phases. According to Eq. (4), the arc pressure is increased
rapidly when the pulse current is switched to the peak value,
resulting in the aggravation of surface depression of the
molten pool. Consequently, the high-temperature fluid is
pressed to the rear side of the arc scanning. When the high-
temperature fluid is in contact with the previously formed
welding wave, partial solidified area of the previously formed
welding wave is re-melted, and the morphology changes
slightly. The temperature of the molten pool center during the
cooling process is shown in Fig. 9. The temperature drops
rapidly as the arc moves away, and rises slightly when the
pulse current switches to peak state. The molten pool is
completely solidified within 0.5 s, and the welding ripple
remains on the substrate surface. The above process is
repeated until the end of welding process.

The scanning speed of arc heat source affects the heat flux
on the substrate surface, which is the main factor influencing
the maximum depth of molten pool and the welding ripple
space. The effect of arc scanning velocity on the weld pool
depth and the spacing of adjacent welding ripples is shown in
Fig.10.

Since one welding ripple forms in one current pulse period,
the forming frequency of the welding ripples is equal to the
current pulse frequency. Therefore, the distance between the
adjacent welding ripples is approximately equal to the product
of the arc scanning velocity and the pulse frequency. The
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Fig.9 Temperature of molten pool center during cooling process
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Fig.10 Effect of arc scanning velocity on weld pool depth and

spacing of adjacent ripples
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experiment platform was built to verify the calculation results
of the weld pool depth and the spacing between welding
waves, as shown in Fig. 11. The laser acted as the light
compensation for shooting.

After the solidification of molten pool, the longitudinal
cross-section of the molten pool is obtained. The molten pool
depth (#) and distance between adjacent welding ripples (1)
with the arc scanning velocity v=8 mm/s are shown in Fig.12.
In order to reduce the experiment error, the value of twice the
welding ripple spacing was used for statistical analysis. The
experimental and calculated A is 1.33 and 1.38 mm,
respectively, and the error is 3.7%. The experimental and
calculated 4 is 0.77 and 0.72 mm, respectively, and the error is
6.4%. The calculated and experimental results of A and / at
different arc scanning velocities are shown in Table 2. It can
be seen that the maximum error between the calculation and
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-

Fig.11 Appearance of experiment platform

Fig.12 Longitudinal cross-section of molten pool

Table 2 Comparison between calculation and experiment results

of molten pool depth / and distance between adjacent

welding ripples 4
Arc scanning Calculation/ Experiment/ Error/
velocity/mm-s™ Parameter mm mm %
A 1.09 1.14 4.39
N h 0.61 0.58 5.17
s A 0.94 0.91 3.30
h 0.79 0.82 3.66
A 0.83 0.86 3.49
6 h 0.99 0.96 3.13
A 0.76 0.73 4.11
! h 1.18 1.23 4.07

experiment results is 5.17%, which indicates that the
theoretical analysis is reliable.

3 Conclusions

1) The arc driving forces are considered in the calculation
model, including the surface tension, drag force, arc pressure,
buoyancy, and Lorentz force. The formation of welding ripple
is mainly caused by the periodic fluctuation of weld pool
surface, which results from the arc forces and the rapid
solidification of weld pool after arc scanning.

2) The molten pool surface fluctuates periodically when the
pulse current is switched between the base state and the peak
state, because of the sudden change of arc pressure.

3) The formation frequency of welding ripples is equal to
the current pulse frequency. The distance between adjacent
welding ripples is approximately equal to the product of the
arc scanning velocity and the pulse frequency.

References

1 Ba Xianli, Gao Zeng, Wang Zhenjiang et al. Rare Metal
Materials and Engineering[J], 2021, 50(10): 3657 (in Chinese)
2 Fande A W, Taiwade R V, Raut L. Materials and Manufacturing
Processes|[J], 2022, 37(8): 841
3 DebRoy T, Wei H L, Zuback J S et al. Progress in Materials
Science[J], 2018, 92: 112
4 Babu S S, Raghavan N, Raplee J et al. Metallurgical and
Materials Transactions A[J], 2018, 49(9): 3764
5 Unni A K, Vasudevan M. Materials Today: Proceedings[J],
2020, 27(3): 2768
6 Sharma A, Singh P K, Sharma R. IOP Conference Series:
Science Mathura:  IOP
Publishing, 2021, 1116(1): 12 117
7 Huang J K, Liu G Y, He J et al. Welding in the World[J], 2021,
65(12): 2437
Chen B Q, Soares C G. Marine Structures[J], 2021, 75: 102 824
9 Sagar P, Gope D K, Chattopadhyaya S. IOP Conference Series:
Materials Science and Engineering[C]. Sikkim: IOP Publishing,
2018, 377(1): 12 113
10 Mohanty U K, Sharma A, Abe Y et al. Case Studies in Thermal
Engineering[J], 2021, 25: 100 885
11 Meng X M, Qin G L, Zou Z D. International Journal of Heat
and Mass Transfer[J], 2017, 107: 1119
12 Wang D Q, Lu H. International Journal of Heat and Mass
Transfer[J], 2021, 165: 120 572
13 Cho W1, Na S J. Welding in the World[J], 2021, 65(9): 1735
14 Zhao G X, DuJ, Wei Z Y et al. Journal of the Brazilian Society
of Mechanical Sciences and Engineering[J], 2019, 41(1): 1
15 Wei P S, Wu C K, Huang S K et al. Science and Technology of
Welding and Joining[J], 2020, 26(1): 20
16 Liul W, Rao Z H, Liao S M et al. International Journal of Heat
and Mass Transfer[J], 2015, 91: 990
17 Liang R, Luo Y. Optics & Laser Technology[J], 2017, 93: 1

Materials and  Engineering[C].



138 Zhao Guangxi et al. / Rare Metal Materials and Engineering, 2023, 52(1):133-138

18 Yao P, Zhou K, Tang H Q. Materials[J], 2019, 12(17): 2767 24 Campbell S W, Galloway A M, McPherson N A. Science and
19  Zhou X M, Zhang H O, Wang G L et al. International Journal of Technology of Welding and Joining[J], 2013, 18(7): 597

Heat and Mass Transfer[J], 2016, 103: 521 25 Han S W, Cho W I, Na S J et al. Welding in the World[J], 2013,
20 Rao Z H, Zhou J, Liao S M et al. Journal of Applied Physics[J], 57(2): 257

2010, 107(5): 54 905 26 lkram A, Chung H. Journal of Manufacturing Processes[J],
21 HuY, Wang L, Yao J H et al. Surface and Coatings Technology 2021, 64: 1529

[J], 2020, 383: 125 198 27 Komen H, Shigeta M, Tanaka M. International Journal of Heat
22 Ma Yan, Xu Yanze, Wang Jianju. Rare Metal Materials and and Mass Transfer[J], 2018, 121: 978

Engineering[J], 2018, 47(9): 2621 28 Yang Ziyou, Fang Yuchao, He Jingshan. Rare Metal Materials
23 GuY, LiY D, Yong Y et al. Welding in the World[J], 2019, and Engineering[J], 2021, 50(3): 881 (in Chinese)

63(2): 365

APk TIG KR AT S A2 BB S 4

BOEE D, R R, WAl OB, xiMest, | e
(1 IR TR MU TR AR, LA J81# 255000)
(2. MER S E AR A R TEA R, IR RE 257091)
G. WWARBREEGIE SRR T E A58 =, (R il 255000)

& F: HEBNIRIKE) I, BN T AR S PE T (TIG) JR AR v AR I O 1) = e S BB o IS AL . Ay 5 22 0%
A T J S BRI R T SO RO RE R, 2 FELIIAE 2024 S & 3 L3y, IRLZMIANER 2. S5 00RI, R EEHE 5 0(H 2 1M 1)
ey, KR T R R s, LR INRIRS ), AR IR IR REIE . 7R ORUR AR LR VA E A I R T E VR AL R AT A T e
NI R o SR A 55 v R A AR [R] - ELAH I AR 8 1) 2 240 48T WL IS e B2 5 P Tk o 2 e

KR SRBIVMG TIGKE: ik, HIRIREI7)

EZEFN: BOEE, 5, 198944, {4, WZRB RSN TSN, WK W 255000, E-mail: zgx2019@sdut.edu.cn



