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Effect of GTAW heat input on fracture toughness of stainless steel
welds at 4.2 K

XIA Haixin', LI Zixin', FU Yang',ZHU Mingliang', LU Yingbin®,ZHANG Maolong®
(1.School of Mechanical and Power Engineering, East China University of Science and Technology , Shanghai 200237, China;
2.Shanghai Electric Nuclear Power Equipment Co., Ltd.,Shanghai 201306, China)

Abstract: To address the low ultra-low temperature fracture toughness of welds in 316LN and 316LN-Mn stainless steels, a
method to optimize the welding process by establishing a mapping relationship between welding parameters , microstructure , and
fracture toughness was proposed.Welded joints of the two steels were prepared under three different heat input conditions , and the
fracture toughness of the weld zone was tested at 4.2 K.The relationship between heat input, grain size ; and fracture toughness was
investigated through analysis of hardness, microstructure, and fracture morphology. The results show that with increasing heat
input, the ultra-low temperature fracture toughness of the welds for both joints first increased and then decreased ; while the grain
size gradually increased.Further study found a critical transition zone for weld grain size : when the grain size is smaller than this
zone, larger grain size leads to higher fracture toughness; when the grain size is larger than this zone, the opposite trend is
observed. This research provides a reference for selecting welding parameters and quickly assessing the ultra-low temperature
fracture toughness of welds based on welding heat input.

Key words:fusion reactor; austenitic stainless steel ; fracture toughness ; gas tungsten arc welding(GTAW) ; heat input
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Tab.l ~ Chemical composition of austenitic stainless steel plate and filler wire %
JLER C Si Mn P S Cr Ni Mo N
316LN 0.022 0420 1720 0.020 0.002 17.190 13.210 2.640  0.170
316LN-Mn 0.015 0320  9.680  0.019 <0.003 12.290 12.190 4790 0210
ER317L 0.009 0470 5100  0.013 0.009 18.870 17.130 4100  0.180
316LN 4 0.008 0427 4910  0.013 0.006 17.880 18.000 4019  0.116
316LN-Mn 4% 0.028 0417 5555  0.013 0.007 17.610 18.030 4187  0.127
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Tab.2 Mechanical properties of austenitic stainless steel
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Tab.3 GTAW process parameters
A OSSN A SENE
316LN N1 0.86 —EPiE 5 60 99.999 15-30 H 2 IR
316LN N2 1.20 —EPiE 5 60 99.999 15-30 H 2 I
316LN N3 1.46 —E1E 5 60 99.999 15-30  HBhEIE
316LN-Mn Ml 0.90 — = 1E 5 60 99.999 15-30  HBhEIE
316LN-Mn M2 1.20 — R 1E 5 60 99.999 15-30  HBhEIE
316LN-Mn M3 1.46 — R W1 5 60 99.999 15-30  HBhEIE
V ZEISS Axio Imager 2 %% i U85 W 458 47 44 oW 21
?1 H- =  -F—1 2. HEUN SR P HURE A7 B 1 3 A R 4 B s Gk
FEPIEAR of FERSE 15 mmx15 mmx3 mm, WM 4 #2.4% , BM
- NEEF) . F A Wilson Instruments Tukon 2100 B
TR TSR Y Y B RETH (a7 98 N, RHF 5 o) MR P4z Sk il
= J o A T S % (ZEISS Gemini 300) W1
|l — L 58 KicWBE T I, DS AT HL T 3
i y « 25 5 <10mi17.625
=~ ™ 6.5
>S5 25, e ‘ Vg
Ca) LRI B (7 7 . Q5| A
60+0.2 i = 4%
g 3 »
- © \X’Mg S AR
A 2% 312.5 £ 0.01 1
i1 o
. E3 SEtEDERERE
5 % v Fig.3 Schematic of sampling location for
S P metallographic specimens
g i 2 HBER
(D) CT BT 2.1 BRREMMERAEER

B2 K EZEitsE
Fig.2 K¢ fracture toughness specimen
I EE AR, 0] W R AT LSS5 I 1 73
Bro E SRR EERREAT HUAAT B P00, A E
7K (HCI: HNO5=3: 1) Ji 111 £ 10~20 s, B )55 {3 J1

316LN F1316L.N-Mn B FC AR AN B A0 15 #2452 3k
1E4.2 K T FRIRW 2EDIPEE K MR Rk 4
Fron. TE42 KN, Bl #E 316LN £ 5% #m A M
0.86 kJ/mm 34 % 1.46 kJ/mm, FWr LA Ko ST T
TR PR, FRAE 1.2 kJ/mm ALK BI0EAE . F%6 A0



R, 45 U AR R BN AE 4.2 KR W22 i 17

316LN-Mn JEGEWTZRFIIE 1 5 0 1B 2 BUAH Rl 35 -
L FHAM 0.9 kJ/mm H N2 1.46 kJ/mm I, K¢ [F]
FESC T Ja AR VR H IUAE 1.2 kJ/mm P
R4 AT 316LN F1316LN-Mn BT ERN
IREESK K (ERIRNT
Tab.4  Effect of heat input on K;¢ values of welded joints of

316LN and 316LN—Mn austenitic stainless steels

WrZLH) 1 K,/ (MPa*m'"?)

PN E/(kJ-mm™D

316LN 316LN-Mn
0.86 151 —
0.90 — 80
1.20 234 163
1.46 110 133

2.2 BRI REIESLEE IR

XA [ #4diir N 26 A T 19 316LN A1 316LN-Mn
SRS AT T S A B A, A A
Bl fin. BB NIEAL, H BT NE
4, N7 ONBEM s R AR R A MR S A E . I
B B AT AL SRS X 3, HHIRR 25 350 40 Az X
RUANEE 0.5 mme 4 BRI 008 S M, 78 1R
TR — e S R X 2 S ARG A R
B2 25 MR R P31

316LN JE a4z Sk S Aot I 5 R sl 4. ()
Fron. RICLE Y, BE A G340, 316LN #2:3k
SRS N A e [X (1) Bl 5E 350 18 B A . 316LN—Mn
B Sk I AR R R s SR P 4 (o) BT, HL AR
a3 5 316LN H Sk ARRA - il 25 iy N\ H9 0, Bl
[FIFE R IZHT T RS
23 BRAAFNIELE T LB LM E

& 5 1 6 43 5 4 316LN 5 316LN-Mn /53
PR 4 X IR O L 2R . B 5 Cad~(e) R )
AR RN 2 )2 ZE IR BT R E R AE U IR
7o B 5 Ga)X N KN 0.86 kJ/mm F 45 4% flOW
L, H F B LU IR, 2 I RRAR &
BORADIR A E & . B5 ) (o) 20 B % B2 B A
1.2 kJ/mm A1 1.46 kJ/mm B I3, S5
0.86 kJ/mm I AHALL o wft dokr RS0 & BE A5 #4560
NN, S5 S Sk RS S 3K

3 Fh i N R 316LN-Mn 15 4% i 41 23 30 U
KBl 6(a)~()Tn. 5 316LN R4 L, AR
HETZH 23 DL B IR 3 (A S B PRDIR B v
FRFDIR T2, HL ok R~ Bl #4338 o 1 s
B

WM o °
o o
[+ o]
[+ o]
— 3 o— —
[+ o0—
i
g)
:2 [«
BM
- 15 _
Ca) PR 2 B A s T
320
—A— E=0.86 k]J/mm
300 —€—FE=1.2kJ/mm
—*—[=1.46 kJ/mm
; 280 |
3;( A—A___ 1 A —
g 260 | : N [
& 240} *\*/ — \%/
220 +
200 1 1 1 1 1 1 1 J
-1.0-05 0 05 1.0 1.5 2.0 25 3.0
FEJE & 2 E B /mm
(b)316LN EHeH 3k
320

—o— £=0.9 kJ/mm
300 -v— E=1.2kJ/mm
—m— F=1.46 kJ/mm

"

Tl hE £/ HV

kX
—{

= 240 %/ \f
N
[ ™~ \v/./ —
220 L
200 1 1 1 1 1 1

-1.0-05 0 05 1.0 1.5 2.0 25 3.0
PRI A LM 2 /mm
(¢)316LN-Mn #2553
B4 BERANFRFRIRK R M ENK
Fig.4 Microhardness testing of austenitic stainless steel

welded joints
24 BARAARFMEEE MO HRNE

XIAN AN 2 P Sk R IR T R )
PEREERT S T IEE . B 775 316N 144
SKIBT ES . AT CUE W 3 FRAc 4 T 1l 13547
EREWE, WG P A HRA — iR .
B AN, N RS S R IR £ .



18

PRESSURE VESSEL TECHNOLOGY Vol.42,No.8,2025

MBI

< [ONEEIRGE

PHRR ST
O NERE

El5 316LN BRERCHET FIREEE L MULAR

Fig.5 Microstructure of 316LN austenitic stainless steel welded joint
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Fig.7 Fracture surface morphology of 316LN austenitic stainless steel welded joint
R W) S IR T WERIRES A R EDS 0 b SRR, ELREAE AR AN, NS B R R
FIE H B E N o H B, oy 85 RN 2. PR R A ERIRES A REAT EDS 70 it , R
K5H7n. B8R H 3I6LN-Mn R4 LM 0 B 2 BN BRAC W AT S AL 5 AH LA 27 123 W
TS, Fo 5 316LN I LA, 25 LML R g 90l 3R 5, W7 1 EDS 70 M 45 R sk 6 s .
x5 BIHRAERSURFESED

Tab.5 Chemical composition (atomic percentage) of second phase %
T C Si Mn p S Cr Ni Mo Co N 0 Fe
MCHEEYD 3669 029 043 050 066 455 376 1281 1.34 — 2046  18.51
M;Cottk®n 3234 084  3.66 007 484 1348 10.50 — — — — 33.78
o 2.39 — 2.67 — — 2524 3542 0.87 — — — 3342

E=RA&Y) — 0.33 0.50 0.39 0.44 2.29 0.44 0.17 — 898 8387 259
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Fig.8 Fracture surface morphology of 316LLN-Mn austenitic stainless steel welded joint
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Tab.6  EDS analysis of second phase on fracture surface and statistical results of dimple area
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N2 316LN 1.20 234 MC A E A 1040.783 0
N3 316LN 1.46 110 o AV EAH) 755.802 4
M1 316LN-Mn 0.90 80 MC BRI AL 966.100 1
M2 316LN-Mn 1.20 163 A 1143.789 0
M3 316LN-Mn 1.46 133 MC . M;C, Ak ) 9774770
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Tab.7 Weld grain size and tg5 calculation results

WH B g N E/(kJ»mm™) WM Ky o/ (MPa-m™)  SF8 5k R~ /wm tg/s/s
N1 316LN 0.86 151 90.85 2.03
N2 316LN 1.20 234 120.99 3.35
N3 316LN 1.46 110 149.12 4.49
M1 316LN-Mn 0.90 80 107.80 2.17
M2  316LN-Mn 1.20 163 123.67 3.35

M3 316LN-Mn 1.46 133 151.75 4.49
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Tab.8  Distribution of second phase in microstructure
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