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Table 1

Elemental composition and mass fraction of nuclear grade high silicon titaniferous austenitic stainless steels

Element Cr Ni C Al

Ti Si Mo Mn P Cu Fe

Mass fraction /%  16.300 15.260 0.058 0. 030

0.370 0. 480 2. 080 1. 640 0.013 0.010 Bal.

laser beam

welding direction arc torch

Tiner plate
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Fig. 2 Tensile specimen
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Table 2 Parameters of orthogonal experimental and tests results of RT detection

Number P /kW v /(m + min ") F /mm Result
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Fig. 3 Morphology of weld surface

laser-arc
interaction area

laser action
area

4
/ fusion line
s
’
equiaxed crystal ’/

[

£
1
!’
+  cellular crystal
43
i 100 pm
1]

fusion line

PR 4 RR e e Sk M AT S IR AR 2 40 () MR S 1 B BT 5 (o) BB B I 1K 5 (o R A PO i 38 (D A G4y
s (e R4 rpL 1 P 5 (D A B B L T35 () SR 4O M T 35 (DA A 2y Tl

Fig. 4 Cross section of welded joint and weld structure. (a) Cross section of welded joint; (b) base metal and heat-affected

zone; (c) upper part of weld center; (d) upper part of right fusion line; (e) middle of weld center; (f) middle of

right fusion line; (g) lower part of weld center; (h) lower part of right fusion line
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Fig. 5 Tensile fracture of welded joint
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Fig. 6 Cross section and dimple structure of tensile fracture. (a) Tensile fracture section; (b) partial enlarged view of

Fig. (a); (c) tear edge and dimple structure

weld surface

weld root

TR Sk i i e DU 45 2R

Fig. 7 Bending test results of welded joints
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positions

S i

i O TIG &4 MR Y IE A2 T 203856, 7T LU
5 2 H AT B 45 M A9 1% 0 s 2 BRI R AN 45 4 )
BN RIS, ZSECT WRERECL LT A
TE AL o [ B 4 Sk B 437 A 56 J88 (96 2 IR A3 1) 0K L 1l
P T A MR TR S5 F T B9 52 P 4 A vp H
AT A RO A U 5 IR R S I AL
JEHLBE 7 A A I AR RE AT 2 — 2 i

K2 NARRES BT R4 RT K2 I 25
M 2 T UFES L E G RN T E S MO8 R 1%k
T ALRAFTEAE — JE (5% W0, 0 S 4 2 0
P O Sk B AL R A AR BRI 5 2 4R
2 T JRE i v P L B B A RS A el ) A
JE DR 7 21 42 T R A 4 I, TR A3 T O i) A
T RE L % 358 R RE P EA T 3 A R LK PR 3P R
A5 A A o E T T X R AP SR T A R AR
JIt LAAE PRSI B o ) 9 7 5 L 58 [ i ok AN L%
(IR B AR B O B T AL s AR R
B v I DRI /N FLAR T o AR S R LA 5 Y
B o DT A AR J80 I A 7R R 58 2 I8 B I L

b £ 20588 [, DA T AL A B A R S 24 e 2
ME 2 7 LLE S, B A RN +5 mm # 5 5
+20 mm B}, #2235k 59 LB AR S B s
T A 2 A NS e b ) 4 U T R L A R
JA A AL VR IR L AT AR AL, ok TR
X L 1) 5 ) R IR A R OB T R 5 TR
VR, I ELIOG T R 6 R84 1 3k LR 1Y 52 i) 3% 81
FEFOG T 20 HL 3 KN AL F R A A L DG IR
A BB O R IR 52 G O R B A e Sk i AL
K B

X A5 6% b R 25 R SR RS R AT 4, &5 SR
B4 fin. M 4 T LUE 3], KR8 0 fb IR 6 T E
FIEELMIT AR, X BRH FEBOCHEIRE &
KRR 1L AR b VS A TR S AR B i 0 B Ak R
AT BERE 125 SR TF G5 T8 4% . TR Ol SR B A 2R 1K
s VR A 320 7 4 TR e A v A S 2 R 3 R R B K
[ REER S S by B s R 1 N O R R N T a2
2514 7 ) SR HICHROH ) R B T A K ARV S
I 1) AR LB T3 ) AN T i 95 b PN A BE A L AT R
BHRABEREETHEAGLN T mAERK, N
B ACD B ACHFIE 4Ch) AT L 3], 76 45 4% X T 1
B 2R AR I f R R ST /N TR AE I o B, BLAE
FEAN /N B BRCR & A SRSl A . R T IE A R B
BERE 0 36 B A5 ¥4 0 B DR T B R R 8%
ZIN R 200 5 DX TR A S O R R R N YA S
AR &) S SO g vt 35 R R A REIR A AL
WK 9Ca) Fron ., T AR EE T 3B A7 7F ot A E IR
AR AR JE A R A A TR AR T TR
JEE A B A A T KR A% R T T /N, ¥ 10 T AR BT LR
HE 1 R R 2R3 B R B e . i it A
Bl E AT T AR A AR R T A
Byfobi RF L — K R L R &0t iy
RSB, P 4R B B DA S R AN B0 B A 4 R
[ 57 B A 0 SF- 289 R R SF L T 9 (b) iR

M 4 BT LA B IS aE ] 20k B — B R iR 4] 4,
C 4 H 5K 2058 % B [ B AN R S IR 4 4 8
BEREA S B Y A S R E/Ew VLR
HUE AT ST B F A AN A5 0 At [ A5 X
AT 4 R, o Los iy AR
RFH R,

DF R (BZERERD . L>L+6>6>5+7,
E./Ew>>2.00,

DFA B R R K- B LABEAD . L>L+ 85—
L+8+y>8+v>7,1.50<E/E<2.00,

1402008-6



Solidification

l Unconsolidated region
process

Fine grain zone

A9 RS BE A I A KR S A [ o0 5 Y S 28 ks RS

F48% F 14 83/2021 £ 7 A/HEHNE

(b) 45

35

30

25

20 |-

Average grain size /um

v
T

top middle

Position in weld

bottom

Ca) RS A BB T 1 05 () i B3 L e SRR 95 40 5 28 ke RS

Y2

Fig. 9 Weld solidification process and average grain size at different positions of weld. (a) Solidification process of

(el |

welds""™ ; (b) average grain size and morphology of top, middle, and bottom of weld
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vertical section diagram
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Abstract

Objective High silicon titanium-containing austenitic stainless steel is used as shell material in nuclear reactor fuel
components due to its excellent radiation resistance and high-temperature mechanical properties. By adjusting
element content based on 316 stainless steel, 1515 stainless steel improved service performance and became the
third-generation shell material of the fast neutron reactor fuel component. Welding is an essential method for building
shell components during manufacturing. For the welding of 1515 stainless steel, the traditional arc welding method is
prone to defects, such as thermal cracks, intergranular corrosion, and joint embrittlement, and porosity defects of
laser-welding lead to failure risks during service conditions, especially for incomplete penetration jointing. Thus,
decreasing welding defects of shell components and obtaining welding joints, which meet technical requirements, are
the main task for the welding of 1515 stainless steel. In this study, shell components are welded using the laser-arc
hybrid welding method. By process optimized, welded joints without pores, cracks, and other defects, and
mechanical properties met technical requirements of a nuclear reactor.

Methods In this study, 1515 stainless steel with backing plate is welded using the laser-arc hybrid welding method.
First, the welding orthogonal test is designed based on the preliminary process exploration, and optimized welding
parameters are obtained. The quantity and distribution of pores in welded joint are detected by radiographic testing
(RT) ray detection and the influence of laser power; welding speed and defocus on the porosity of the weld joint are
investigated. Second, the microstructure of the welded joint is observed using the optical microscope and mechanical
properties of tensile. Besides, bending and hardness are tested. Finally, the tensile fracture section is observed
through a scanning electron microscope.

Results and Discussions Welding speed and defocus have a strong influence on the porosity of the welded joint.
Increasing welding speed and defocus can significantly reduce porosity when the laser power and arc current
remained even welded joints with almost no porosity can be obtained (Table 2) under laser power 3.0 kW, arc
current 130 A, welding speed 1.8 m/min, and defocus + 20 mm. The overall shape of the welded joint cross section
is wide at the top and narrow at the bottom. The weld grains gradually decreased from top to bottom. This is due to
the higher heat input on the upper part of the welded joint than its lower part. However, the welded joint consists of
the weld zone, fusion line, and heat-affected zone. The microstructure of the weld zone is single austenite. There
are many thick columnar crystals in the center of the weld zone, and the crystal growth direction is along the
direction perpendicular to the fusion line. The grain size of the weld zone near the fusion line is reduced, and there
are small equiaxed and cellular crystals. The microstructure of the heat-affected zone is the same as that of the base
material; however, the grain size is slightly larger than the base material (Fig. 4) due to the welding heat input. In
the tensile test of the welded joint, the tensile strength is (607 * 12) MPa, which is about 73% of the tensile
strength of the base material. It meets the requirement of the nuclear reactor for the welded joint tensile strength of
the shell material (=520 MPa). The average elongation of the joint after fracture is 6.5% . The tensile fracture
position is at the center of the weld (Fig. 5). Besides, the surface of the tensile fracture is covered with a large
number of tear edges and small dimples (Fig. 6), indicating that the fracture of the welded joint is a typical ductile
fracture. In the bending test, no cracks are found on the surface and root of the weld (Fig. 7) after 180° face and
back bending of the welded joints. Besides, the hardness of the weld zone is 160 HV,,, which is lower than other
areas of the welding joint, and is about 60% of the hardness of the base material. The hardness of the heat-affected
zone is between the weld zone and base metal (Fig. 8).
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Conclusions  With the optimal parameters, the laser-arc hybrid welding of high silicon titanium-containing
austenitic stainless steel is completed, and well-formed welded joints are obtained. By increasing the welding speed
and defocus, the porosity of the weld can be significantly reduced. Besides, welded joints with almost no porosity can
be obtained under laser power of 3.0 kW, arc current 130 A, welding speed 1.8 m/min, and defocus + 20 mm. The
welded joint consists of the weld, fusion, and heat-affected zones. The microstructure of the weld zone is single
austenite, and the grain size gradually decreases from top to bottom on the cross section. The microstructure of the
heat-affected zone is the same as that of the base material; however, the grain size is slightly larger than that of the
base material. The average tensile strength of the welded joint is 607 MPa, which is about 73% of the tensile
strength of the base material, and the average elongation after fracture is 6.5% . There are many tear edges and
dimples in the tensile fracture, which is a typical ductile fracture. The hardness of the weld is 160 HV, ;, which is
about 60 % of the hardness of the base material. The results of 180° face and back bends are qualified. It means that
joint mechanical properties meet the technical requirements for shell material in nuclear reactors.

Key words laser technique; materials; laser-tungsten inert gas hybrid welding; high silicon titanium-containing
austenitic stainless steel; microstructure; mechanical properties
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