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Fig. 1 Schematic diagram of the laser welding of
dissimilar metals

2.2 HEEBESHY

DL R A T A R 0 1 2 TR, AR 20 1
22 A8 Al K Ja o T AR R o AR s ) 4 A 290 X
50X 42 A HIA L 3 0™ A= T 80O I 2 X R
I, TECRUETHERG B HTAR T, h 4R S s s R L 7

FAHE 6 A% BRE AT (R A0 A i/ A K 290
20 ), Ho Al X35 F R P A% 1] 200 DO A o 3 . SR
KA 500 ms, BFEIZERK O 1 ms.SRAFAETE 12 R
2.5 GHz Wb BB AN AE R 24 GB WITR V&
i OpenMP T H#FATIFATI2 5 SR i BBt K 24
4.5 h,

2 THEEIEN R EE
Fig. 2 Schematic diagram of the calculation model
2.3 MHHRYESH
B S 60 mm X 40 mm X 2 mm ¥ Ni/
304SS BRHE R KL 1F L 304SS 9 F B AL WK 1 FT
N AP S RS % O340 . TR A e

1802013-2



#£ 48 %5 £ 18 H/2021 £ 9 B/HE# ¢

VEFT & )8 o 159 B1R A H3y o 2 80t B i &
A AR . SR AR IR B AR A T P B 1 S G
8 B TR A R Ay

Aoy =ManssAspss + (1 —Myus)Ays (3D
A Asore FIFE PRSI A
A SR 304SS Fil Ni (R IITES LA RIS 4
J& BB LA AR R B R B SE S R M s N
il i 304SS Hy BT 43 B8 . HAR 76 B A~ 2% AR RS ] Y 1y

AN
=

R HM R e R L B R FE AR —,
N T RAE T EZ 800 Ni/304SS BOG K ot £ 4
M RISZM ] Fe STTRAE NI TR R, 455 LITE S5
2RI, 6 R FE B BUOROE T R Q OB W AL i
d e A EE V., fER A&, ik A Ni fil] Fe
JLR M B E 8 C., 1E RS BT, ik
T3 R 5 AKFIIESS I 58 (Lys (5°)) , AR 7 %
Je AR ARk 2 F15R 3 PR,

SHATHER . # 2 ERBRINBRIT
1 304SS #EHICE B % Table 2 Design of orthogonal parameters
Table 1 Mass fraction of elements in 304SS material Level
unit: % Factor ] 5 ; . -
¢ S cr Ni e Q /W 600 700 800 900 1000
0.08 1.8 19.0 11.0 Bal.
d ofteer /01 —100 —50 0 50 100
2.4 EXBMRITR Viw/(mmes ') 10 15 20 25 30
3048S I EZICER K Fe, H Ni Il A Fe T
® 3 OEZHUR SRR
Table 3 Experimental results of the orthogonal simulation
No Q /W dore/pm V. /(mmes ') Cuo/% | No. Q /W doie/pm V/(mmes ) Co./%
1 600 —100 10 29.74 14 800 50 10 37.03
2 600 —50 15 31.32 15 800 100 15 37.01
3 600 0 20 28.78 16 900 —100 25 22.01
4 600 50 25 29.48 17 900 —50 30 23.34
5 600 100 30 30. 36 18 900 0 10 34.70
6 700 —100 15 26. 36 19 900 50 15 32.19
7 700 —50 20 26. 20 20 900 100 20 31. 89
8 700 0 25 26.02 21 1000 —100 30 24. 38
9 700 50 30 24.47 22 1000 —50 10 31.92
10 700 100 10 41.43 23 1000 0 15 30. 35
11 800 —100 20 23.19 24 1000 50 20 29.55
12 800 —50 25 23.35 25 1000 100 25 30. 80
13 800 0 30 25.06
3 SR LER AN JESH 20 mm/s I i £ KR4 L T BT O 1 ) A
Sk B AR T 14 <6 AR A o o S W L O TR AR L R A
3.1 HBEEBNKIESRE UL 3+ 189 HCL: HNO, % W 8 i 4 A A o

TEWOE TR 800 W A2 N 0 pom 371 4 1

@  1mws [ B
T/K 1800 2000 2200 24
2.0 .

g N,

g - -

g 18}

g B

8 B

A L6

1 1

-0.5
Distance /mm

()

P13 o T A 31 58 25 2R 5 UOP UM200i1 4 1

200 um
e o |

3 IR . () B4R () L g 2E R

Fig. 3 Cross-section of the molten pool. (a) Simulation result; (b) experimental result
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Fig. 5 Evolution of the molten pool. (a) Geometry profile
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Abstract

Objective Due to the superior corrosion resistance of Ni and the good hot workability as well as low cost of 304SS,
Ni and 304SS joints have been widely used in various industries, such as petrochemical, aerospace, and aviation.
Laser welding has the advantages of high precision, high efficiency, and low residual stresses; therefore, it has been
considered as a promising joining technology for dissimilar metals. The performance of a welded joint is affected by
various factors. One of the most important factors is alloying element mixing within the weld pool (WP). However,
processing parameters, such as laser power, scanning speed, and spot offset, can lead to a different element
redistribution in the joint. Additionally, the physical mechanisms of element distribution affected by these processing
parameters have not been fully investigated. Therefore, this study investigates the element-mixing process within
the WP in the laser conduction welding of Ni and 304SS through numerical modeling. The effects of processing
parameters on the element distribution in welded joints are investigated. The results show how processing
parameters affect dissimilar-metal redistribution and how to obtain a more uniform element distribution with higher
dilution by optimizing the process.

Methods The transient fluid-flow and element-mixing processes within the WP are difficult to observe directly
through experiments. Numerical simulations can be used to predict the dynamic evolution of WP and dissimilar-metal
redistribution during laser conduction welding. Therefore, this study develops a numerical model based on the
Navier-Stokes equation, coupled with the temperature field, fluid-flow field, and concentration field to analyze the
mixing process of the three main alloying elements (Fe, Ni, and Cr). Additionally, the flow characteristics inside
the WP are investigated, which are closely correlated to the concentration dilution. The numerical model is validated
by comparing the calculated WP profile and distribution of the three alloying element concentrations with the
experimental results. Then, the influence of processing parameters on Fe element redistribution in welded joints is
analyzed using orthogonal parameter design and range analysis. Additionally, the underlying physical mechanisms of
parameters affecting the element distribution are explored based on the model.

Results and Discussions The order of magnitude of Peclet number in the transportation of the Fe element is
estimated to be 10* in the laser welding of dissimilar metals, indicating that convection dominates the mass transfer
process. The WP reaches a quasi-steady state for ~50 ms, and the fluid flow in the back section of the WP in the
quasi-steady state facilitates the uniform distribution of elements along the z-axis (Fig. 6). Based on orthogonal
simulation and range analysis, the range of each level of scanning speed is 9.45% ; however, the range of spot offset
and laser power is 9.17% and 1.11%, respectively. The scanning speed is negatively related with the average
concentration of Fe, whereas the offset is positively correlated with it (Fig. 7). The model’ s results show that
scanning speed affects the dilution of the Fe element by changing the duration of WP (Table 5) and influences the
mushy zone size of WP (Fig. 8). The offset affects the Fe redistribution by changing the longitudinal flow pattern of
WP and the relative position of the cross-sectional branch flow to the joint interface (Fig. 9).

Conclusions This study establishes a three-dimensional numerical model coupled with the temperature, flow, and
multicomponent concentration fields to investigate the WP behavior during the dissimilar welding of Ni and 304SS
using laser. The calculated geometry of the fusion zone and the concentration distribution of the main alloying
elements (Fe, Ni, and Cr) agree with the corresponding experimental results, verifying the model’s validity. Based
on the dimensional analysis, it is found that the transportation of alloy elements is dominated by convection. In the
initial stage of WP evolution, the dilution of Fe occurs mainly in the middle section of the WP and tends to stabilize as
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the WP to reach a quasi-steady state. The WP geometry and velocity show an asymmetric distribution owing to the
difference in thermal properties between Ni and 304SS. After WP reaches a quasi-steady state, the fluid flow in the
back section of the WP contributes to the uniform distribution of elements along the z-axis. To characterize the
element distribution in the WP, the average content of the Fe element flowing into the Ni side is used to design
L,; (5°) orthogonal simulation. The most important factors for the distribution of Fe elements are scanning speed
(range R=9.45%), spot offset (R = 9. 17%), and laser power (R = 2. 11%). Additionally, the average
concentration of Fe element flowing into the Ni side is negatively correlated with scanning speed and positively
correlated with offset. It is shown that properly decreasing the scanning speed and shifting the spot toward the 304SS
side are beneficial for the full dilution and uniform distribution of Fe elements.

Key words laser technique; laser welding; numerical simulation; multi-physics model; element distribution;

processing parameter
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