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Effect of welding parameters on microstructure and properties of
welded joints of large-thickness 3161./Q370qE clad plates
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Abstract: The 3161./Q370qE stainless steel clad plates with a thickness of (3+32) mm are studied by
using X-groove welding process . The effects of welding current on the microstructure and properties of the
welded joints of clad plate are analyzed by means of optical microscopy, scanning electron microscopy,
transmission electron microscopy, energy dispersive spectroscopy. The results show that the weld metal
microstructure of the stainless steel cladding layer and transition layer is austenite and skeletal & ferrite. The
microstructure of carbon steel weld metal is proeutectoid ferrite, acicular ferrite, and ferrite side-plate. And
a fine-grained bainite is formed in the area adjacent to the stainless steel transition layer. As the welding
current increases, the content of & ferrite in the weld metal of stainless steel decreases and its shape
becomes more irregular. The microstructure in the local weld metal of the carbon steel coarsens. There is
extensive mutual diffusion of elements in the interface between the weld metal of transition layer and carbon
steel. At the same time, the microstructure in the heat-affected zone of the stainless steel and carbon steel
coarsens. However, the change in the original layered interface of the clad plate is not obvious. The tensile
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fractures of the welded joints of clad plate with different currents all occur in the heat-affected zone. When

the current is 230 A, the tensile properties are the best, and the tensile strength and elongation reach

557 MPa and 23.9%, respectively. The low-temperature impact absorption energy of both the carbon steel

weld metal and fusion zone near the stainless steel cladding layer is about 20 J lower than that at the position

keeping away from the stainless steel cladding layer. The impact energy difference in the heat-affected zone

at the two positions is more significant. The change of welding current in the range of 210-280 A has little

influence on the intergranular corrosion performance of stainless steel cladding layer. Therefore, when

using 230 A and 30-31 V parameters to weld the stainless steel transition layer and cladding layer, the

impact performance difference of the weld metal of carbon steel on both sides of the X-groove is the

smallest, and the tensile properties of the welded joint of clad plate are the best.
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Table 1  Chemical compositions of base metals and welding materials(mass fraction/ %)
Material C Cr Ni Si Mn S p Mo Ti Fe
316L 0.025 16.91 10.03 0.55 1.35 0.003 0.33 0.02 Bal.
Q370qE 0.09 0.12 0.12 0.19 1.44 0.002 0.01 0.015 Bal.
E316L 0.03 17.8 10.4 0.4 2.1 0.005 0.014 2.1 0.051 Bal.
E309MoL 0.028 23.1 12.9 0.46 1.44 0.008 0.01 2.4 0.10 Bal.
ER50-7 0.15 0.15 0.15 0.8 2 0.025 0.025 0.15 Bal.
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Fig.1 Schematic diagram of welding sequence and welding

method of welded joints

R 2 VT RIAILTE K H 00 b UG AR i, Al ]
WO AR AT B AT I | SR 5 X0 A ity i 47 9 ' S ol 42k
., KM AxioScope. A1 A i 455 (OM ) W52 4 AH 40

JSM-6510 LA #4534 i 58 (SEM) K AR FHOW 25 1) , %
FH I B, A 200 KV (19 JEM-2100 %L 37 % 55 3% 5
BE (TEM) $EAT 3 X S SR AE | LIRS B R A5 K5 4% 1) 41
1458

it 452 o o5 3 500 ML X K 42 32 S 1 A 3 40 AN TR
X IRPEAT —40 ‘CHE LV B 11 ap i 5256, i Fad 2
JRGE N B B KR A A — 2 (RS A L B DAAE AR Ty
Tia) b 508 30 78 A R G2 5 7 2 ) S U | 7 T LR
J7 1A b R 4% (weld metal, WM) 54 2k (fusion line,
FL) L F#ggum X (heat-affected zone, HAZ) 3 M &
B W3R o ]2 o R4 Sk MR R A R
LB 2 (a) S A [ 3 it ) BRORE A7 L B 2(b), (o)
g3 ) Sy ek R R B R R B . R H HXD-
1000 TMSC 4 [C A 5 S0 5 65 1 42 S 348K 1T 1) I8 7k
B, N2 8 0 9.8 N, IR i ] g 10 s i &R
YIEI LI A5 50 7 J2 I Tl 0 o ) g O, LR R
SEanE 2 (d) fr s o 5 R)JE S 6 K R BR ifE GB/T
4334—2020 HEAT , W 1l FE B T 4> H0Ch 16 %0 1B
22 - T B ) 1 T P 2 908 20 h, Bl S HEAT 1807725 il 52 56
WEL AL AL 75 A 2L B, R RE AT & T 65 1ok

PERE

&2 316L/Q37T0qE RFMEAMBETZSH
Table 2 Welding process parameters of 3161./Q370qE stainless steel clad plate

Welding position Weld pass Welding method ~ Welding material Welding material diameter/mm  Current/A Voltage/V
Base layer 1 SMAW ER50-7 3.2 115 22-24
2,5-6 4.0 170 25-27
3-4,7-14 5.0 220 27-28
Transition layer 15-16 GMAW E309Mol. 1.2 210 29-30
230 30-31
255 31-32
280 32-33
Cladding layer 17-18 GMAW E316L 1.2 210 29-30
230 30-31
255 31-32
280 32-33
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Fig.2 Schematic diagrams of performance test samples of welded joints

(a)sampling location; (b)impact specimen; (¢)tensile specimen; (d)intergranular corrosion specimen
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Fig.3 Front face and cross-section morphologies of weld metal of welded joints with different welding currents
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Fig.4 Microstructures of stainless steel cladding layer and transition layer weld metal of welded

joints of clad sheet with different welding currents
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Fig.5 Microstructures of carbon steel fusion zone near and keep away from cladding side with different welding currents
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Fig.6 TEM observation position and morphologies of welded joints of clad plate

(a)observation position; (b)carbon steel weld zone; (c)transition layer weld zone; (d )heat-affected zone of

stainless steel base metal; (e )heat-affected zone of carbon steel base metal
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Fig.7 Morphologies and element distributions of welding fusion zone of clad plate with different welding currents
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Fig.8 Microhardness distributions of welded joints in transverse(a) and height direction(b) with different welding currents
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Fig.9 Macroscopic morphology of tensile specimens after fracture under different welding currents(a) and tensile properties of welded joints(b)
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Fig.10 Tensile fracture morphologies of welded joints of clad plate (a)macroscopic fracture; (b)stainless steel cladding layer; (c)carbon steel base layer
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Table 3 Impact absorption energy at —40 °C of carbon steel weld metal of welded joints of clad plate under different welding currents

Impact absorption energy/J

Welding current/A Sampling position Weld metal Fusion zone Heat-affected zone
210 NC side 59 115 175
230 101 133 218
255 72 118 188
280 71 108 197
210 KC side 97 116 270
230 108 131 262
255 91 132 243
280 96 131 265




%54 AW

TSRS KR 3161/ Q370qE &2 A ka4 3k 4l SURI 1 RE AY 52 ) 299

TR W T B AR T s 2 M. SR L 5
AN 0 7 2 I o A A A S0 A DX o Ty bz g 7
JEALE AR 20 T 2247, P A o0 B A2 I IX A o i )
ZRWERE, XEHTHEEEAFEWLEZ LEZ
A, A A A OB B A A R H ARG i X AR T 2
W G 4L 2R AR, PR o s W e T R R . 230 A
K42 1) 52 5 AR 45 DX sl ) {1 T o 5 P B A A i
B R AR X e W ) R 108 T, 48 A Xl 13117,

Mg Xk 262 1, HEEE )2 50 B 2000 op i
W S e T . 45 A B P RE AT S0, 2O 5 N B
2 A 2R LR O 230 A LT R 30~31 A I
AN AN A A B IE F AE  XAR I T A
HENY v MERE 25 SR SO PR AR IR AR AT
s W 11 434 o

AN KL A 5 A 2 0 AR i) X o o SR 1 O
JESANIE 11 Fros o 0l LA A5 4% X I 11 3% 1m0 35 43

e e e e e e e e e e e e e e e e e

Fr————— e — ===

__________________I__________________
|
-

FITL JHEHLUE 230 A B ARHEHE S i i AR 48 — 40 “Cr il iy LB SR

Fig.11 Fracture morphologies after —40 “C impact of carbon steel weld metal of welded joints with welding current 230 A



300 BT R

2026 4 4 H

A 3 RAR 2, LR ORI 7 R e B 5
MLAEREZOh, Al Bt B A7 e — S A /NI ) 88, R
W AR 4% G Jm B b i 0P 22 o M S DT 1 SR T M
AR R 3 o0 A A R S Y ML RAEAE i
P B B 2 A T S 00 B AR TR TV A BT R
fit, X 58S XN LA A . SR, #4
S DX BT 1T 22 B A K €8 F) 2F IR R AR BOU
T A LA RAT J5 180 R 9 0 98 O 3, s T R B4k

2.5 miEEM
AN TR K422 F I AN 5 A 2 ) G ok 52 3 2

WE2 PR TR, i B iR s il in 2k 5 | 1 5% 4
JE A P L B2 IR ) R TR RE s . K
WITE KR FEAR SN G i a8 v, SR X3
FS AN B V2 | B8 A S0 5 ATl T A B X AN 5
B R IR o B B A, DRIE AN S5 N 2 A AR
S S e pe o [, NS AN 2 IR AR S
B IX ) AR A B, X KA %) T 5 ol e B e AN R

12 AR R R AN BRI i )8 il 2 R AR
(a)210 A;5(b)230 A;(c)255 A;(d)280 A
Fig.12 Bending morphologies of stainless steel cladding layer after intergranular corrosion with different welding currents
(2)210 A5(h)230 A;(c)255 A;(d)280 A

3 it

(D AGEWEZ 51 U8 2 R4 4 213 0 B R AR
BRSO BR R AR, SR KR A A SR S ST R R AR
AR IR S8R A, H B AR BN )2 1 IX.
SOV AN & DL ECAAR . Bl AR F S R, AN S 4
(1 0 BRZ AR it R AR AR , e SN AR 4% S s 4L
SURAL, T ANGEAR B AR B e ) X 24Uk b B 2%

(2) TE AN 00 3k V8 J2 A6 5 i 0 A 1) A T X3
RAEDFENICE Y HING  WiE kARSI K
L2 S BREMAM, G #H Crot KRB AR AR 4141,
R L ARG, R S 1) A T [X 2 B AL , X 2R
e VAR SN AR A — 0 1 A T DXt b 2 4 L
BSR4 07 B IO R (R 52 B R R R 2R A
e AE N

(3) AN [R5 42z v Tk 1) 52 5 M 349 A A2 el DX T
P58 AR b B A /DN e L g R 230 A B A
Al tc A, U5 B RN T IS (- 2R 43135 21 557 MPa il
23.9% . BRAVIESELE X RIS O W R AR MR RE 2 S B
T AN 5 B0 2 AL ) B A R A S A XA v T
Fb 378 125 A 057 AR 20 T 2247, P r B AR ) IX (1 o o
T2 5 0 2 . SRR 210~280 A Vi N AR 1L
XN A 7 2 1 1) B PR RE R R K. RS
230 A 30~31 VIR EANE WL IEZ A E , X8y

P T e 9 - ) o MR RE 2 S RN, A OB R Sk
ORI ERE e

S & 30k

(1] fRmadf, R4S, AR, S5 B2 PUELIE S 6 AR A L4
JyvERELT ). M8k, 2017,52(2) : 65-70.

DAIX L,LIU B X,MA J L, et al. Microstructure and mechanical
properties of stainless steel clad plate fabricated by vacuum hot roll-
ing[ J]. Tron and Steel,2017,52(2) : 65-70.

(2] ZJk, Heate, JRTEAL . T R 4 08 A ARt b i A BT ] 4L
9,2017,34(2) :43-47.

LIL,BIJH,ZHOU D J. Production and application of metal clad
plate and strip in China[ J]. Steel Rolling,2017,34(2) : 43-47.

[3] M, Eoi s AERE AR IS S HEAR R T].
542 )8 , 2005, 27(1) : 50-54.

SUN H, WANG K L. Discussion on the production method and
manufacturing technology of clad plate of stainless steel[J]. Shang-
hai Metals,2005,27(1) : 50-54.

(4] MRLLTL, wdA, R ANEE A 5 AR BRI K i [T ] Rk
,2002,23(3) :4-6.

NI H W, GAO J, TANG L M. Development of manufacturing
technology for clad plate of stainless steel[J]. Special Steel, 2002,
23(3):4-6.

(5] B, (aE e, XU, 4 . M Q345R+S31603 AFEME B 4R )
AR BORT]. A b A v 5 i, 2021, 41(24)
33-34.

CHEN K,FU Y B, LIU B, et al. Analysis on welding technology



545 4

FHES BN RIFEEE 3161/ Q370qE 2 3 A He Sk L AVHITE RE 14511

301

[7]

[9]

[10]

[11]

[12]

[13]

[14]

of Q345R+-S31603 stainless steel composite plate pressure vessel
[J]. China Petroleum and Chemical Standard and Quality, 2021,41
(24):33-34.
TR IR ATRIAR . 2GR CO, SRR I AEA S
YA G AR v g [T A AL T4, 2013, 42 (34 I 1)
54-57.
YUWZ,LIY J,REN S C. Application of flux-cored wire melting
pole CO, gas shielded arc welding in the welding of stainless steel
clad plate [J]. Petro-Chemical Equipment, 2013, 42 (Suppl 1) :
54-57.
SONG H, SHIN H, SHIN Y. Heat-treatment of clad steel plate
for application of hull structure[J]. Ocean Engineering, 2016, 122:
278-287.
HANG P, ZHAO B, ZHOU J, et al. Effect of heat treatment on
crevice corrosion behavior of 304 stainless steel clad plate in seawa-
ter environment[J]. Materials, 2023,16(11) : 3952.
DONG L,MA C,PENG Q, et al. Microstructure and stress corro-
sion cracking of a SA508-309L/308L-316L dissimilar metal weld
joint in primary pressurized water reactor environment [J]. Journal
of Materials Science &. Technology ,2020,40:1-14.
HU X D,YANG Y C,SONG M. Experimental and numerical in-
vestigations on the thermomechanical behavior of 304 stainless
steel/Q345R composite plate weld joint [J]. Materials, 2019, 12
(21):3489.
RANJBARNODEH E, SERAJZADEH S, KOKABI A H, et al.
Effect of welding parameters on residual stresses in dissimilar
joint of stainless steel to carbon steel[J]. Journal of Materials Sci-
ence,2011,46(9):3225-3232.
LIU B X, CHEN C X, YIN F X, et al. Microstructure analysis
and weldability investigation of stainless steel clad plate [J]. En-
ergy Materials,2017,2017:425-433.
Jedl AEME S RFOE- R I SRR T 25 (D] 54
R R, 2017,
KANG K. Laser-arc hybrid welding of stainless clad steel plate
[D]. Wuhan: Huazhong University of Science and Technology,
2017.
JEWE . RYPREIE oL B IR AE S T (D] M 2
Rk KA, 2012.
LONG G F. Analysis of characteristics of spatters during high-

[16]

[17]

[18]

[19]

[20]

power disk laser welding[ D ]. Guangzhou: Guangdong University
of Technology,2012.

NIELSEN S E. High power laser hybrid welding-challenges and
perspectives(J . Physics Procedia, 2015, 78 : 24-34.

MRtk , £ N, A, % . 405/Q245R NN E S AR H: 1.2
RASR LV S ERELT ] Sy 7548, 2011,28(8) :16-21.

CHEN C,WANG S G,ZHAI W G, et al. Welding technology of
405/Q245R stainless steel composite plate and microstructure and
mechanical properties of welded joint [J]. Pressure Vessel Tech-
nology,2011,28(8):16-21.

LI C, QIN G, TANG Y, et al. Microstructures and mechanical
properties of stainless steel clad plate joint with diverse filler met-
als [J]. Journal of Materials Research and Technology, 2020, 9
(2):2522-2534.

HEAR, TR Wi . FHA0+317L R4 R A s 3k
A BANERELT] RO, 2022, 51(5) : 40-44.

XIA H C, WANG X Y, TAO L C. Structure and properties of
welded joints of FH40-+317L stainless steel clad plates[J]. Weld-
ing Technology,2022,51(5) :40-44.

X2 AREaR 4 SR (ML U U A, 2007.
LIU H J. Welding metallurgy and weldability[ M ]. Beijing: China
Machine Press, 2007.

XIEH . AW A PR Sk AL S 245 R (D]
Kt b Tl K=, 2018.

LIU M Y. Study on interface structure and mechanical behavior
of welded joints of stainless steel composite plates [D]. Tianjin:

Hebei University of Technology, 2018.

EEWE VI HARRAR AT H (BK20210889) s VIFR & 53 4E S itk
BRI H (STYC24_2615) s sk i BHE I3 H (ZKY'Y2412)
Weks H#A - 2024-10-30; 3 A H#1 . 2024-12-31

BWESE . 2/NE(1986—) , 5, I, 1+ wF 9 0 i b 2R &R 2
B RL A B S R B FR MUk < VT IR A SRR U T A R AR Y P
8 ST I R K2F1h 4 T £ B (215600) , E-mail : Ixbing2009@126.
com; FRAL I (1980—) , 5, 34, 14, W52 5 1) W ASER 2 & MRk B
F btk VETR A SRR U T A A LR X4 b B 8 SR RHE R 4 TR
2#BE (215600) , E-mail : zhengchuanbo@just.edu.cn

(ALFH: £ &)



