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Fig.1 Schematic diagram of electron beam girth welding
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Table 1 Physical properties of pure niobium

Temperature/K 320 400 600 800 1100 1300 1400 1800 2000 2300 2800
Density/g-cm™ 8660 8655 8630 - 8600 - 8560 - 8510 8505
Thermal conductivity/W-(m-K)™' 53.7 55.2 58.2 57 - - 62.8 68 70.6 72 75.6
Specific heat capacity/J-(kg'K)! 269 277 283 288 305 314 - 339 - 360 380




%53

Brfogs: A RINE 2 mm s AT AT 4 I BB A * 883 -

*2 HERPEANEBSH

Table 2 Other parameters used in the simulation

Parameter Value
Melting point/K 2768
Boiling point/K 5042
Laten heat of fusion/x 10° J’kg™ 2.84
Laten heat of evaporation/ X 10° J-kg™! 7.34
Surface tension (at 2768 K)/N-m'1 1.90
Temperature coefficient of surface tension/
X 107 N-(mK)"! -3
Gravitational acceleration/m-s™ 9.81
Ambient temperature/K 300

2 #m A-A LIRS E
Fig.2 Molten pool on section A-A

Temperature/K

H ICEM [) O-Z4 9 % B AT AR 8 g A ) 4, 2 3T 45 4%
DX FH s g, E 328 B8 5 4 XK F A PR o SR
RIRS RSE ol 0.125 mm,  BRS RECh 2104032, 5
WILEEE 300 K, BT 0 0.

2 HR5R

2.1 RESSRIAHEEER

TESRRAMTIRIN 2, Hes it 58 4 %7 3% 2 W7 R L L )
HFRWE 3 Pros. B ACRG RN, G R i
WTEELT — AN, Wi 3a Jros o 40 3 i
JETRGE T e I K2, A w28 URAE R I e
T JEIT R, TBRGEAL, & 3b . R FLIRTE
AW K R %ﬁ?L%%ﬁﬁé?Eﬁi?éiﬁiWPfng$ﬂ§%ﬁﬁ
5K J7 07 1) 5 RN R A A, TR RE AL AR 28 Ak
BAPRE. M =0.14s I, B B8 SIS, ﬁD. 3c
Fise WTLLRIL, W TR EM 7R B, I
Pt B 7 5 SRR A,

LRI IS G, AR SRl TR B R, TR
ZFEEMEN . B 4 B e, et AN R 48
[EMgn oA NE 4 hafLLE H, 7R 7 R

MR, B RALIF A EZ?EE’J RSB
— AWK TS A R, X FEAE Zhang™ 1
WS R RE AR S

Z

2()() 546 739

—I-IL ViR

K3 TR EEBW) TR ALY AL
Fig.3 Formation of keyhole profile during EBW: (a) 0.01 s, (b) 0.03 s, and (c) 0.14 s
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Fig.4 Evolution of the flow pattern and temperature fielding in longitudinal (a, c, e, g) and cross (b, d, f, h) section side view:

(a, b) r=0.17 s, (c, d) t=0.24 s, (e, f) +=0.52 s , and (g, h) =1.7 s

3337 3.50

2708 = A
Temperature/K Velocity/m-s™
5042 © 2

4474

3905 110

| .
5.50 u N 337
. i y
1 >

0.00

3337

2768

M LB A ml g, ARG B4 32 Y I 1t 1) 36 A
T A R R, it RO B I 1A 98 A
K5 proas. WS sl BUE . B R R i) il
fE 1.6+ 14 s EARERE, RS04 991, 8.45
mm . 726 FL ] S B B, WL RCRE R O VR B8 TAF T
T I A It VA < R AN REA R S I A, IR T I
M RN T IR T i RS I B B A 22—

fEE 6 1, P1. P2 F1 P3 3 AR M 3 AN gy
Ff, 7 Bon TR T RUR R R X 3 A S
. 8 BRI RS, WA E R E Marangoni RN,
NN x BT R S) (Point 1)5 1677 17 RIS 6
Jrg 5 9 TR F3 i [P A A it b S, Tl x SRS 6 iarh 3 AN SRR F R K
M 3R E) (Point 2); A LRSI, FRITEGME Fig.6 Schematic diagram of typical positions in the molten pool
FEPE T x BT 1R SN (Point 3). MG ML Y47
(sl Jy ) BT ATRIEUE W 1] 4 AHSG BT iR E AR L M7 FE T U i sl SO0

PEOGIA AO%FE . BEAL, T Rt R P A U Y e L

= T b AN, 3 TR FLBE T 160 98 3 B
Fi B3 T FLT S B A B b I T, A R T L A
FE {1 B F AR S B
g or 2.2 SEYEIRIGEEIE LSS
ig 4r — Urper surface MG 3 123 Hr Al LRI, AE Sl 38 1 25 04 4
z ol B2, ReAL R L R A BN AT 5 PR
% of Pl IR T ORI AL I BER R R 8] T — A2
= 00 05 10 15 2.0 25 PR, XPhSCHEEH e 8 frs .
Timess e TR R, SRS R E . Fi
B S i R RS gs SR AT Sy H R G IR ). AR, BRR I
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Fig.7 Calculated x-velocity evolution curves
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Fig.8 Sketch of support effect of base metal on the molten pool

before full penetration welding
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Fig.9 Diagram of the effect of gravity on the molten pool:
(a) gravity in the flat molten pool and (b) gravity in the

girth molten pool
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Numerical Simulation of Molten Pool Behavior in Electron Beam Girth Welding of
2 mm Niobium Plate

Yang Ziyou, Fang Yuchao, He Jingshan
(State Key Laboratory of Advanced Welding and Joining, Harbin Institute of Technology, Harbin 150001, China)

Abstract: Pure niobium girth weld seam is one of the commonest structures in the process of superconducting cavity fabrication. However,
the circumferential molten pool behavior in electron beam welding (EBW) is seldom studied. A three-dimensional model, which was based
on the VOF model, was established to study the dynamic behavior of circumferential molten pool in electron beam welding of 2 mm
niobium plate. The influences of recoil pressure, surface tension and gravity were taken into account during the simulation process. The
temperature field and flow field of the circumferential molten pool were calculated, the typical positions in the molten pool were analyzed,
and the characteristics of the circumferential molten pool were summarized. During partial penetration EBW, the simulation results show
that there is no obvious difference in keyhole evolution between flat welding and girth welding due to the supporting effect of the unfused
base metal on the molten pool. After entering the full penetration stage, the tail of the molten pool extends rapidly under the influence of
the Marangoni effect and gravity. In addition, the numerical result is in good agreement with the experimental data, which verifies the
rationality of the mathematical model.

Key words: niobium; electron beam welding; circumferential molten pool behavior; supporting effect; gravity

Corresponding author: He Jingshan, Ph. D., Professor, State Key Laboratory of Advanced Welding and Joining, Harbin Institute of
Technology, Harbin 150001, P. R. China, Tel: 0086-451-86418484, E-mail: jingshanhlj@hit.edu.cn



