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Numerical simulation of molten pool flow and weld bead formation
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Abstract: To investigate the changes in heat transfer and flow dynamics of the molten pool during the arc additive manufacturing process of
AC (alternating current) pulse tungsten inert gas (TIG) welding, a three-dimensional transient numerical simulation model of the molten
pool for continuous deposition of AC pulse TIG arc additive was established based on the computational fluid dynamics simulation software
Fluent. The morphology, flow state, and heat and mass transfer processes of the molten pool at different time were analyzed. The
numerical simulation results show that the morphology, temperature field, and flow state of the molten pool exhibit periodic changes with
the variation of periodic pulse welding current. When the current is at the maximum value during the pulse, the molten pool has a higher
temperature. Under the dominant action of arc pressure and electromagnetic force, the molten metal is squeezed and sinks to form a
concave arc pit. When the current is at the minimum value during the pulse, the peak temperature of the molten pool decreases, the arc
pressure and electromagnetic force weaken, and surface tension dominates, causing the molten pool to contract upwards and form a

protrusion. The periodic variation of current pulses results in the formation of distinct and regular fish-scale patterns in the weld bead.
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Under the same process parameters, the morphology and cross-sectional profile of the experimental weld bead match well with those of the

simulated weld bead, demonstrating the reliability of the numerical simulation.

Keywords : wire arc additive manufacturing; numerical simulation; AC pulse; heat and mass transfer; weld bead morphology
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TR A FL DK B A I B b AT B PR A U
ik, B 1 410 s BFZIB R KT 4. 20 s B Z1
JEPUA I 3 (e) ATHN, 4. 20 s B 210 B J i S 10 HL A
BompyIEAz , ma(16) Al R sk S BR T B bR
JEAROG ik 5 it 2 Tl F8RH G, B0 A AR T UL
R B T 8 (45 18 5K 7 48 hnn LA Bt B 9
FrEAEUT 4. 20 s IF 20 B4R b 2 55 T 4. 10 s B %]
AN BT, R AR 2 b Tt N 50 3 o 5
IR O ) /1Nt A R A P N 1 - |
Marangoni JIHIVER, Marangoni 1 5IRERE 2 IEA
5K, A 4 FE7R LA AL T DK b DR R ) R A
IRT Ik il INEL, PR st s i PR P U S ik v bR AL B
BORT kbl MERT B
2.2 XIIE

Pl 8 AR T 20T it 7 1 T 5 5 R AU A
TESUX HE , Xof e & S5 s I o A X LA
SRS iER 7 g ERE RS LS VSR P STERiek g
FAWIG o 119 SR ALl BT 5 45 1 AT 46 B 5 ik A5

A FEERT L, a] LUK BB S i A B R
LRI E  IE] T OBERL A AT EE R (HUR AT RUA B
A R SR AT AR — i IR 22, XNy B 5
HAZ ik b R IR AR AR S SRR R AR TR X 5 ok e
HUIAIRES T T —E R Tk, HO, B e 2y 22 1
BER KR 22 S AW 3 R 1t 9 1 PR A% oA 52 0 (] e
6061 HIPPIPESHOR 2Rk A SCHkh g il |, 5l
KBTI 6061 R A WIS RO RE S 2 —E

0
_\4.]:.:! \7"‘7 :'t' ROy SRR AR IR -:
Experiment 7 il
: | BbLEEEOl
= Simulation 5 mm
1 1 L
10 5 0 > 10
X/mm

K8 it SRR I S [
Fig. 8 Comparison of experimental and simulated

weld bead morphology



172

L S T (- RS S 14 5547 %

(1]

[2]

[3]

[4]

(5]

(6]

[7]

[8]

(9]

[10]

: 3 £

1) e 5505 TP S s o o 40 252 B0
1, LA kR, He LA B AL
- LR T e 6 O M0, 1 244 P 3 b 5 kol /AR
5 | T B et BE A A 16 D T, TE SR
B ki 5 J0 39025 e, DA T B 1 T R A S5 0 0 ¢ 1 i
(RLU s i W,

2) M 0 SRS 25 o 0 o 490 2 A
ASfk, 24 HL AR T I B K LA, o e P B 7
SRS 5 SR K R SR BB R R ORI
[ ARG , P30 Ak T B e /IR, e 3 g 50
i T | T TN K ) L

Z/mm

Y/mm
P9 e 5 BB 18 48 B X L

Fig. 9  Comparison of experimental and simulated

weld bead profiles

2 % X #

Jafari D, Vaneker T H J, Gibson 1. Wire and arc additive manufacturing: Opportunities and challenges to control the quality and
accuracy of manufactured parts[ J]. Materials & Design,2021,202:109471.

FIAR, 005, %95, 55, IS A S SR R S S B[ 1] bR, 2021,35(23) :23131-23141.

TIAN Gen, WANG Wen-yu, CHANG Qing, et al. Research progress and prospect of wire and arc additive manufacture [ J ].
Materials Reports,2021,35(23) .23131-23141.

XU, AP SR BER . 3bE h xis BARAE FRAR TR P i -5 R B[] AU A i R R 2241, 2023,49( 1) :83-91.
LIU Yang,ZHOU Jian-ping, ZHANG Xiao-tian, et al. Application and prospect of additive manufacturing technology in manned
space engineering[ J ]. Journal of Beijing University of Aeronautics and Astronautics,2023,49(1) :83-91.

BRI, H R, TR, S TIC HUIRHE R AT B BB AU AR [ )] PORHAAE FR 2412, 2020,41(7) :25-32.

LI Chun-feng,XIAO Xiao, YIN Yu-xiang,et al. Research status of numerical simulation of TIG arc additive molten pool behavior
[ J]. Transactions of Materials and Heat Treatment,2020,41(7) :25-32.

Zhou X,Zhang H,Wang G, et al. Three-dimensional numerical simulation of arc and metal transport in arc welding based additive
manufacturing[ J ] . International Journal of Heat and Mass Transfer,2016,103:521-537.

JilrE s, HURAE AL SRt A5 SIS [ @37V FH F oI b JOR 3 B vh iR AL A% BT 0 B0 [0 ). BLBR TR 2% 41, 201854 (12)
193-206.

ZHOU Xiang-man, TIAN Qi-hua, DU Yi-xian, et al. Simulation of heat and masstransfer in arc welding based additive forming
process with external transverse magnetic field[ J]. Journal of Mechanical Engineering,2018,54(12) ;193-206.

Zhou X,Fu Z,Zhou X, et al. Numerical simulation of heat and mass transient behavior during WAAM overlapping deposition with
external deflection magnetic field[ J]. International Journal of Heat and Mass Transfer,2024,218;124780.

JAAE G EREAT S s, A5 JRAE N H SIS A 425 1t 3t 5 B AR T 35 52 ) O BRI 9 [ 0] BILBR TR~ 4, 2022, 58
(10) :103-111.

ZHOU Xiang-man, WANG Bo-yun, YOU You-lu,et al. Numerical simulation study of the effects of travel speed on the molten pool
flow and weld bead morphology of WAAM[ J]. Journal of Mechanical Engineering,2022,58(10) :103-111.

JEIRE G I A SIE , 55, 28 22 30T H SICHE A4 435 1t U 3 B AR JOE 52 i B BB REAEL [ )] 32741k, 2023 ,44(5) £ 109
-116.

ZHOU Xian-man,FU Zi-chuan,BAI Xing-wang, et al. Numerical simulation of the effect of wire feeding speed on the flow of arc
additive molten pool and weld bead WAAM[ J]. Transactions of the China Welding Institution,2023,44(5) ;109-116.

JEIAE & FENAL, TRl Fu, 45 F54 b B0 e B A o 30 3 e Jei BRUZ 8 3005 Wi B BT DL 0 . AR B4, 2024,
45(3) :195-204.

ZHOU Xian-man, WANG Yin-quan, WANG Bo-yun, et al. Numerical simulation of effect of overlapping distance on molten pool



PP A5 SRkt TIG FUIE A o) el O 8 B A O A 173

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

(21]

(22]

(23]

[24]

[25]

flow and deposited layer morphology of WAAM[ J]. Transactions of Materials and Heat Treatment,2024,45(3) :195-204.

Chen X,Wang C,Ding J,et al. A three-dimensional wire-feeding model for heat and metal transfer,fluid flow,and bead shape in
wire plasma arc additive manufacturing[ J]. Journal of Manufacturing Processes,2022,83:300-312.

Zhao W, Tashiro S,Murphy A B, et al. Deepening the understanding of arc characteristics and metal properties in GMAW-based
WAAM with wire retraction via a multi-physics model[ J]. Journal of Manufacturing Processes,2023,97 :260-274.

Zhao W ,Wei Y, Tashiro S,et al. Numerical investigations of arc plasma characteristic parameters evolution and metal properties in
GMAW-based WAAM of Al alloy with an integrated model[ J]. Journal of Manufacturing Processes,2023,99.321-337.

Wu C,Han S, Xue D, et al. On the fluid behavior and stability of Ti-6Al-4V titanium alloy GMAW molten pool: Effect of the
longitudinal magnetic field[ J]. Modern Physics Letters B,2021,35(17) :2150283.

Jeong H,Park K,Cho J. Numerical analysis of variable polarity arc weld pool[ J]. Journal of Mechanical Science and Technology,
2016,30(9) :4307-4313.

Du J,Zhao G, Wei Z. Effects of welding speed and pulse frequency on surface depression in variable polarity gas tungsten arc
welding of aluminum alloy[ J]. Metals ( Basel ),2019,9(2) :114.

BOLE B, 5, A SCTUIK i TIG AR U i REEUEL AT (9E30) [J]. W7 & Jm AR T2 ,2023,52(1) :133-138.

ZHAO Guang-xi, CHENG Xiang, YANG Xian-hai,et al. Numerical analysis of ripple formation process during-pulsed TIG welding
[J]. Rare Metal Materials and Engineering,2023,52( 1) :133-138.

Zhao W,Wei Y, Long J,et al. Modeling and simulation of heat transfer,fluid flow and geometry morphology in GMAW-based wire
arc additive manufacturing[ J]. Welding in the World,2021,65(8) :1571-1590.

Cao H,Huang R,Yi H,et al. Asymmetric molten pool morphology in wire-arc directed energy deposition ; Evolution mechanism and
suppression strategy[ J]. Additive Manufacturing,2022,59103113.

Hu Z,Hua L, Qin X, et al. Molten pool behaviors and forming appearance of robotic GMAW on complex surface with various
welding positions[ J ]. Journal of Manufacturing Processes,2021,64 ;1359-1376.

Ni M,Qin X,Hu Z,et al. Forming characteristics and control method of weld bead for GMAW on curved surface[ J]. International
Journal of Advanced Manufacturing Technology,2022,119(3/4) . 1883-1908.

BRAEHS  REAE SR, TIG 5 b v (4 T A i 0 P AL G R i BB [ ) ] AR 42, 1988 (4) :263-269.

WU Chuan-song, CHEN Ding-hua, WU Lin. Numerical simulation of the fluid flow and heat transfer in 'TIG welding molten pools
[J]. Transactions of the China Welding Institution, 1988(4) :263-269.

AREW AP b, A T B E R P AR R A5 5 R e [ 1] TR 41, 2018,40(4) :389-396.

ZHU Zhi-ming, FU Ping-po, YANG Zhong-yu, et al. Research and development of a heat-source model in numerical simulations for
the arcwelding process[ J]. Chinese Journal of Engineering,2018,40(4) :389-396.

Du J,Zhang Y ,Wei Z et al. Offset impacting of a liquid aluminum droplet train on a molten pool on a horizontally moving substrate
during TIG-assisted droplet deposition manufacturing[ J]. Additive Manufacturing,2022,58:103039.

Guo L, Li Y, Geng S, et al. Numerical and experimental analysis for morphology evolution of 6061 aluminum alloy during

nanosecond pulsed laser cleaning[ J]. Surface & Coatings Technology,2022,432;128056.



