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Abstract: Compared with covered electrodes and solid wires, metal-cored wires (MCWs) combine high deposition effi-
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ciency, low fume and spatter generation, and flexible weld metal composition design, making them particularly attractive for

welding of high-strength steels. Nevertheless, their practical application is still constrained by difficulties in welding param-

eter optimization and insufficient consistency of weld quality. This paper reviews recent research progress on MCWs for
high-strength steels. The arc physical characteristics, including droplet transfer behavior, arc stability, and spatter characteris-
tics, are systematically summarized. The effects of core alloying elements (Mn, Ni, Mo, Cr, W, Ti, Cu, etc.) on the micro-
structure, mechanical properties, wear resistance, and corrosion resistance of deposited metals are analyzed. Typical engi-
neering applications in pipeline welding, structural steel welding, and additive manufacturing are also reviewed. Finally, ex-
isting research gaps are identified and future development directions are discussed.

Keywords: metal-cored wires; high-strength steel; arc physical characteristics; core powder composition; welding applica-

tions

YrREEE: 2026-07-01 f&E B : 2026-08-05

BB : FEPIEAEITRI(61420052023WD009) ; [E15 A SRR 4G 545 A0 H (U22A20191) ; 5 [ ARBRF L4 R H (52575373) 5
“BHIA T 2035”7 8 SR & 01 (20252002) ; ZE 1L 7P 4545 A A TF2(2024001)

FEERIAT: XIRR(1984—) , Tlit-, BIBER 15, FZNF SRR K h 407 HIRYHFSY . E-mail : dsliu@hfut.edu.cn,



ﬁiﬁgﬂﬂl)ﬂﬁ?%‘fﬁﬂﬂl—é#%ﬂrml

20 FIgHK

2026 4F

SIRREE XL, ARk SE BRI, 45 . mo s il G Jm by AR 22 B e AR [T ). H IR, 2026, 56(8) : 19-31.
Citation:LIU Dashuang, ZHU Yonghao, CHEN Minghui, et al. Research Status of High—Strength Steel Metal-Cored Wires[J]. Electric Welding Ma-

chine, 2026, 56(8): 19-31.

0 5l

i1

B A 22— b et i = A AR RRL, O
M ASF BT S B T TR T2 RAn 5 A5 g
PERERUAS B BE ST o SRS RSO IR LA H
NP2 AR R A BT BT I HE A S TR R
B ARIUER R AR L R R RS R TR A TR S
PRSP R BORRHPERE o R Z &S T 20
22 50 AFAURIIR I, W) B TP R LR 5
L™ B SR AL S R

Tyt 22 AT A AR B8R a3 1A
P R S AL B AR, B )2 N T i
W5 AR R ) AR A AR U RS R 22 2
B A AR Ao R R IR E R A
A i AR A R R B PR A i )
Fe it AN BEA R4 25, B LRIty 5, s RE
BEARL B2 A 3 AR B, AR A R 5 I SR U
Fes it mh A AR SR, ARG R S AR SR T
J, PR THIRSE A BRI B S on R DU/ NBRLE X
FARIASR M, S T R R AR AR i 5
GAL, WER R T ARAER IR B i oo el AR

(6)

Comprehensive Performance

b PR ; R BIURR U 7 3 e B AE R SRR R 38 By I
HE SRR BE AL, A R A S S IR GE
T3, DT R ik /K 2 G T o 3 i A D S 1 3
AIPEST

A MUY G2 oy IS R LA e R S S B
WU R S AE TR 22 NP I 0 202 &8 My A i
AL GRS AR 22 5 EL R A 1 v 9 IR 4 B
3, T A AR ao A v e B e R A
SR Y LA ST ) & 4R Re 1 BEAE Tolk
AR R IS, S A AT % R AR LA 5 )
IRORIEAE | R RE AR 22 LA R EE AR RE D R
Sk MERE T oK H 25 B, BT & J@ Bt AR 22 1 F
G EBAE T Gl SN EGR (ALL ST Mn 55 i
#557 (CaF, . TiO2 . ALO; %) LA X Z Fi 5 42 90 &K (Ni,
Cr.Mo %) , JF & 35 H ARG 4 = o B A SRRk
PR L HIHR 24 .

ARSI G4 SR M S22 1 R SR D R R I B
BEPE WS B X B A P R 114 5 M S TR N A5
T HEATLRIA , B 76 0 it TR 4 T A3 U A 22 BLA () 8
WE— 25 T AR B A2 % . 4 30
FEHEZRANPE 1R

Pynamic Are b
ot ] = v% Ib
- H— I 2 o{vl

High-Strength
Pipeline Welding

High-Performance
Structural Steels

Additive Manufacturing

E1 SENEEMTELESEE RN R TR A RIESR

Fig. 1 Research framework of composition regulation, performance evaluation and engineering application of high-strength steel metal-cored wires



55 8 1]

KUK, %« i b AR 2 e R 21

1 EEMRIRLERINE

1.1 gz

20 22 P, BB R B 24 Bl T S AR 22
B S o B, S0 22 3 P AR A T A
Rt TG Y e ARG 4 RS & 6 &5
Z AR, LU R AS [ B 4 DG JC RN IR 4% 1458 1 7
SR SRR LA PR B R A A B
oA H S b R Ar, BB FHlERERE L R
PR ORI KRR TR ML AL KR 42 i AR, DA S i
PR RY I 22 . A& T2 RSP
WBE J5 L PI4T35 TR BRI Bt
VAT VR, DL 08 T2 R e e R skt
e T HAI S A5, 00 SR 22 e SR R
BN, R ROV R, i B g (R RE & A
R4S (CO,, Ar B ArtCO, IR A0 [ L LAB 1E
yERlIE R f

SRR 22 PR L gl et RS ) SRR R T
IR | FEAL GE AR FUB 24 A 2N HE b i 1 SRl e
LR AR . SR, A A R o T IR,
o L SR IS I ) AR TS T R A
BAMRA L, A1 I X L S5 I8 1l 3 A A A2 T RN 2
LURAL s BEAD, SO AR 2203 T T B AR SR T
i MRS BB R X T T AR
MERE
1.2 Mgz

R T SRS KR L TE S A AT TR R R
A T T 1) Jeg BIR AP, A9 s 22 PR HE i 53 I B R
I AR R 2 )2 e B2
IR (FCAW) Bt 2 BT 1926 47, 32 FR T 24 A 19 4=
PRI AR, B 1950 4E R J5 A RS AE A& H
SRR AR 22 1T 1957 4 B kA
g T A 1) T 3, BB I A A R 2 AR AR
(22.0~4.0 mm) () [A] 512 1972 4, #3622 5
il 25 7 AR TR 2 L 38 F T 407 B /N ELAR R
7 (1.0 mm,21.2 mm, 1.6 mm) 4[], FCAW
N TR K2 1984 4F Byt iR 22 & EEA
IR B, AR R R AT SR oy S AR 22 AR AR A
B, 4 4 T AR v 9 B A B e A R
IR, E N AMIFFE N B S S0 T & R O A

LR TT S AR G0 R Ry 20 A 223 3 A7 A A I e 22
T AR AR BRI s AR AR A B AR

FENTOIRZZ ST AR rp , A R RS 2235
Wi Ly ] . %R ARVE 22 TOT AN AR
BT 58 AR AR, 33 A HAE A G SRR AP AR HE LA
JEAT RIS Th B R A, H A AR AP L =
M A5 228050 TP R R 1 1 AR AR B R
FTE ), 7E AL I R AR T 3K 26 BT 43 il 7 A=
SR IE B A SURDRA 2 5 RIS, Ao v ) 3 v
B REACTE IR A s T, 7 56 T e of , 4Rt
PP 25 AR A 116 A, Bl Ik RS GOt B T
YL E RN A s !
1.3 &EMEEZ

1997 4F, Hr i & JR M es AR 22 3k AT gt e L2
B TSR R B R T S R LR
VR RAEME . A ROk, &R kR 22
CLAEAA Tk A A5 30 7712 W, B AR
G IR EN 7S ap SR S = AW Ry 8 iy < 52 R
A b FbLEs AR RGN . SE50 2
HH L, 428 Ry N IR 22 7 v S AN A2 v R B T T i A
TSR T /D R R 2 TR | B (4R AE TS
AR R AE PR RE Y

o R 4 TR AR 2 B R TR T
By R 2 i S A URFE R SR -G &R
B4 BB R A 6 e S PR KR4 () AT SR 020, e
AT 3 8 70 BT AR 22 v I T 21 4
JBRY AR, AR L N A T R s R T ks
6], WA DT T TE T X RE , - B R I
PEm, KIRAET: TR 5 o g i, fifk T
TP AR EES G, v S8 S S
A4 B Fe e BIUVRAE , A 20> ik, 5 A%
griss )y M H (I JCHE B R R 22 1 K 2
LR A RAR, JB& T IREE AUy R AT 5
UG RN R, &8 R 22— B E A
SRR R AT A FF 78 305

2 ERHIRLMRER

2.1 SERHSRELYIEBRFENTRR
G B AR 22 o 2 TR L R 2 )

'mﬁgmmﬁﬁﬁm—zw%m.




Wnﬁ?ﬂ-’ﬂﬂlﬁﬂﬁé%’ﬁﬂﬂl—é#%ml

22 '@4215\

2026 4F

AT SN PR LE T A m Tk, T
O B 2k 5 LR, — R 80%~90% , PR X AR
SR il it /B SR A T N [P 0 e
AR TR IR VR SR | SRR E P R R g
Ey T TR

4 VR T A 22 1 e i e VSIS TR A 5 R AUR
% 3k R URL HE R R U 4 Ok Sk L SR
0T TR S 2 A R R LRI T R
HS = NN ORI AR 2375 =3 (SRR N Wl U7 A L R
SE0T TR L U B R TR M I R A
N4 Y o 45, HOB RS Lol U IsF () R0 T VL 2
X 4 i v SAH ] BE 4 BN AT B R
TF ST IN T, 308 g 7 J5 7 1 o DR R T R 4 A
4 I B 45 AR 5 A T DX M RE AN RS, HF
T4 i KR 2

TE T L BB s, E AR L
oI . 5k & B AERVRRGE TSR R AR
568 4 S A S AR 2 R T Ao A T R AL IO A, 45
IR, 150 A20 VR B U 195 A25 V R
BRI 235 A27 VORARIERL L IE (335 A/33 V
oA R S 3 96, D PR 7 T R P A T Wt
T PEXE AR AR . T B AE R R R AN A S R e
2% Metalloy8ONi1 43 %I 7 £ CO, A1 45 <. (5%CO,+
95%Ar) APPSR T BT IR, L B2l CO, T LA
HEF L U8 R 2, 1A 0 b e ok VR Ok Ao
AR A ™ I A R R IR R T
TV 252 72 Sy B — (1 S 2o O, PR IR Ol R

TE o R ERELEID) 30CrMnSIA 55 5N 4 JE R A
22 R IRE X G S A m i B SR S R RER
G2 WF9E T Bk IE AR SRR R T 2007 1 106
A U B I R = 1 /N e AoV P AT o

FERIRAT R T, AR S PO S T A N
HXT 507Mo B 22 Ik P RE A2 MR , 25 SR R
TR I A LA KA S5 0 A R R 22 1)
KIRPERE . Ma SEIFSY T AN [ AR 30 AT B Y
G B AR 22 JR R Q235 B Bk ik PR S .
&2 iR, Bl 25 B A B AR 24 VIR R R R
U AT R, B TR A A v 22 000N, A o A
FRE.

HL S R A2 K 4 30 A R AP SR S 2 R A
ES- AT S TR =8y N A 7 N
PR 3 o AR R P A KR R L L IR DT
5 AW ORI R IR 22 5
VTR A A IR TR FH R R N 4 R R AR 22 Metal-
loy71 1 A HE 261K, 7 85%Ar+15%CO, {31,
B RAS T R AR IO . SRR S S8R I R
FEIR AR R B DA T A EEXT B ) 4 s
F53 S AR 2 149 0 242 B R 4 S A e A Ko AR A 2
DA K LIRS A M I s e A T AIF 9, 4 T R AR
TE 120~150 pm B, B2 00 A2 i d /0N, oI L R b
i 25 85/, HUOIURRUE P dRc g o Ma S5 X6 HLAF 5
FW, AR FI A (19.5 K)/em) £0FF , 4 @ #ts
JRLL 55 ER50-6 SO 22 U AR v R T /> J

(a):: (a)

Welding current (A)

Standard deviation

,, Sandard deviation

Sundard deviation
5

115138 165 195 229 2
Heatinput (k)/cm)

267 31 36

S

B2 AEHBENTHEEMRR: (a) BRMEENEES G IARIRAEE; (b) BIREENTREE

Fig. 2 Voltage and current under different thermal inputs: (a) probability distribution and standard deviation of current and voltage; (b)circular

diagram of current and voltage

[35]



55 8 1]

KUK, %« i b AR 2 e R 23

22 WEES I ERNEEWHEIEL MR

o R AN 4 S A O R 22 G A W U R A
BF FE Rt TR in £ A5 4 8 R (Mn,Ni. Mo, Cr
S5 ), ]SO AR A 4 T B RS ff T 4 DT s
FREEM LR B ERED
221 maeHRe

X 4245904 ) Mn—Mo—Cr-Ni 4 5 i 44 4 )@
Brtsii 22 FEA SRR, LTI B Nb A AL A4
TR R TS AP IR NI B B i es G
PERE . 25 F R, Ni & 7E 0.81%~1.22%, Mo T A
TN 1.52% B S B4 SR YL B 24928 952.24 MPa,
=20 °CAR IR vh i U DI 2978 70 I Liu S50 T
Mo TG Z X 43 Ja Moo A5 22 HE AR 4 BRI g 1 52
i), Gl 3 7R , Mo RS I AT 8 35 R B 188 22 40, 412
FHHERE A 4t s, HLam 2k I8 4% Mo &5 1 ] 8 2 H:

(@ 1.0

0.9
0.8+
0.7
0.6
0.5
0.4]
0.3
0.2
0.14

0.0 +————
0 200

CoefTicient of friction

T I T T =

400 600 800 1000 1200
Time/s

100

o[®

(9]

T
u
|
|
1
O
(=)

1
3
(=)

1
o0
(=]
Transfer coefficient of element/%

1k ® Mo content in the allo J ]
m Transfer coefficient of elemen

Mo content in the hardfacing alloy/wt.%

1 1 1 1

12

(o)
(=]

6 9
Mo content in the metal-core/wt. %
E3 AREMo2ENSEMTRELARERE: )BREERE
EEBZEL; (b) Mo 13 RE
Fig.3 Microstructure and properties of metal-cored wires with differ-

ent Mo contents: (a)coefficient of friction of the deposited metal; (b)

Mo transfer coefficient'*’

NiCr JGE ST B4 8 PERE S A A A T
REMFIT . B CCEE I I v R AN A JE A
27 SIS [B) 5 B 1 Ni L Cr, & B8 N THg 804
JE TR Y TRk B, T Cr BERS ) 35 45 ik i
HE & Cr & FEINME T, fERZ P NI N
2.90% .Cr 24 0.45% B, 45 804 Jm LA SRR D1 G4y
F L R AR, S5 A e R A . T
ST T —F L Mn-Si—-Mo-Ni W& &K 2 105
PR 4 SRR 22 ET6C-K 3, 3 1o 45 Mn/Si Fi i
Fb & Ni, Cr & &, 30459 T8 EERIRER Z A 418 50
W4 JE 1A RE B O e 9 JC Z EC HE . Florian
Pixner 55 7R T FCAARTANESN ) RIS A 1l 1 P &
PR, FEHR 22 vh R N Ni AT s B4 e T 20
SERR MM A BOT 4k O A 21

TE Cu JC X WIAEH J5 1, Wang 284 W98 T AW
Cu % B 14 JB B IS AR 22 G 8 4 TOUL A 2D )
FYERERSZIR . AN 4 BT 4 T Y i i 21
L PELAT 45 1) SR AR S 25 (LK) 4a~4d) , 24 Cu
TR 1.79% B, 5 A7 B i S TR R B R, M 2 2
P AN AR B B, A5 R Tl B0 A I el
28 AR TR S

Je Z iy xr A A Ak A R IR RE A2 256 . Zhu
SEHOSR R AR PR AR CR AR X A 2B K
Q960 iy i & AN SO KR 22 AT AN [R) A A S5 T 1Y
SRR, RIS Z2 T Mo Si L Ti e R LK
4L DL B Min JTCZTE IR B AL 9 mT (2 Rk
RIIEE, ARG RN, i S Fis .

222 R AR

(D) EEERE. WITRAEN—FPZERIT Cr iy
ALY W 2, HAG U0 S5 100 TR v Ak 25 458 6 o 1
i, Liu%F SRR W S B0 4 @ e 22 il 5
PRIEMEIR G 4, B W B AT 38 KA N M,
(C,B) WAL R ek 5 FRARTE B el AR 3t iy
IS, Hodh WA iR 9wt Q% IR B A e L A
PRI F /N o L AT TR A R T e A
Tiif 8 J2 1) 24 N Kt 22, 25 R B Y C & i 3.7~4.3
wt.% , Cr & 18 1 20~25 wt. %}, Bk ) & B MK T
42.2% , HESRRZM M R IF . XuF W58 T Ti
X Fe-Cr—C M5 22 LA B8 Pk i 2 i, Ti 3222 LU

'mﬁgmmﬁﬁﬁm—zw%m.



ﬁiﬁgﬂﬂl)ﬂﬁ?%‘fﬁﬂﬂl—é#%ﬂrml

24 '%4$#§\

2026 4F

@ s 062
Cul.38
0.7 Cul.79
B Cu2.32
X 0.6
E
=0.5
g
L%0.4
<03
0.2
0.1
0.0 L g ‘ull”

10 20 30

40 50 60

Misorientation/®
E4 EBSD KEE: (a-d)ENEZERDHEE; (e-h) BHEENNEEREHRERIH; (1) SEXMEFAESE; (a,e)Cu 0.62;
(b,f)Cu 1.38; (c,g)Cu 1.79; (d,h ) Cu 2.32+
Fig. 4 EBSD IPF maps: (a-d) misorientation angle maps; (e-h)and area fraction of misorientation degree; (i)of deposited metals; (a,e)Cu 0.62;
(b,f)Cu 1.38; (¢,g) Cu 1.79; (d,h) Cu 2.3214

TiINJE BT UURRA & R S Tin A &8
4 wt. %l , G4 A L ARV P 3 3 B0

(2) Tiid J5 ol B it e YR P R o A 1 IRAR T
1o I TR S A PR, R AN 4 R A O AR L)
U P T v Y A T B TS e e 7 DR b2 B ) G
T, T HEZE 5% H E30SLT1-1 A4 4 24 i A5 22 Jit
% A204 304L ANEEHMR, b 58 R W L B 1T 20
Jiti T A I ol R A AR Sk . B ar AR AR
AT a1 A9 0 2R T 75 Y AS 455 9 TW309HIN 240t 22, 2%
750 °Cx1.5 h AL 5 Ok 4 R 4r 1 J1 kg,
T RN

TE Ti 70 3 G R P (4 5% 0 7 T, Liu 252 R
ANTR) Ti B 22 114 75 5 5N 4 By o0 M 22 AR A A Al
YT ZZHERE 78 3.5 wt.% NaCUE W HHRSE T Ti b}
e 2 b s AL . &l 6 BT, Y TR N

N 3.6 wt.%l], T AT SN T Al R
JO7 ST, B o A AR vy T et P AR A 5 24 T o ==
7.2 wt. %ol , B iR AL 55 A Cr St 3, iR
HAVT ALY RS SR SRR R b P 2 1 i

3 ERMIEZNRARIRL

W T T P - A P 40 I A% B 05 i a5 21
Sy S AR S Ll A B 3 ol A e X A A
REFIAE PR Y 2R 6 BOR . i B < by ek 22
TEARIE TSR o AR AE BT SEL T REUF 2
e, AR S T 0 5 K BBy 0 TS ) ) R 2 A
PO, A= Ol A AR AR AR g fir
EE R R T IO AN () R RS [ A7 5, A 77 0 P il
AP ARE] Tz R



55 8 4 KUK, %« i b AR 2 e R 25

B 2am

100 nm

250 nm
[—

3000

(b) () 1000 M ® Mn
i 3 000}

g £ 800 £

22000 ] 2

%‘) %D 600 %D 2 000F

5 g g

H 2 400 H

g 1000 £ o

& £ 200 &

0 0

6
Energy/keV

ERRER R AR TEM BI345 L) K Je 244 EDS RETS

Orientation angle(6/°)

Orientation angle(6/°)
=)
N
? |

0 au-na-atg at EEgag

0 f 2 3 ' , ]
Distance to the edge of the inclusion(H/pm) Al(\);vays poir12t distancé(H/um)

o
R
.E.
il
|
()
|
W
(8
B
()
4
”
%

(g) All Euler All Phases [100 %]
[ )
[Euler 1: /
: 20 4 0 80 100 120 140 160 180 200 220 240 260 280 300 330 340
13 2: - — ; 5 5 o 3
o 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 5
0 10 15 20 25 30 35 40 45 350 55 60 65 70 75 80 85

T B T 4 b A )
5 AREMSESENEGTRESEREE IR S E

Fig.5 Phase diagrams and crystal orientation maps of deposited metal under different welding heat input conditions'**!

3.1 EREEEERE ERAN 4 JE S22 Metalloy71 (E70C-6MH4) it &
LR A B R 2l i R AR A A A RMD ORI ) FoR AT KA i 4 B AR

TR FR LR W R A LT R AHK R R B BREAR R , AR  TR A R, A

SN R T M RHRN TR 223K WA RAE, RIS T E e B AR AR B SR
EEE RN ERE T, ZHREUE T &8 o RUEE SR AR B S AN 4 R

Byt 2 s P . AP AET SR IR AW R 22 Metalloy80N1 L& RMD #5 1L 4> H 84T iK+Pro



26 '%4$#§\ 2026 4

-035 4E+0.
. i 6 0wi% Ti [02,02¢ =40H | [Fe—Fes2c |
e - 1.8 W% Ti N
~0.40 — 36w T
_gal 8 3E+04{ v S4wL%Ti
: ) e T2Wi%Tiy o
~0.45 £ . % .
> = 5 i AL L A= N
20,50 H L z 9 2E+044 it iy W Primary carbides Eutectic carbides
K 52 4 P, e o TR R
L ¢ 2
-0.55 = N = S Xk '.
: 1E+04] we Y [0+2H,042e = 40H ] [Fe—Fe +2¢]
3R Y % = S
v
~0.60 -0.6 Y . 5‘--\ i i \Hé J/D’F’ —W /O
0 \. . OE+004 I '}'iC
PG g ] 26 5 ed) 23 23 1 0.0 1.8 3.6 54 72 OEHD [EH04 2EHM 3EH4 4EH04 SEH04 GEHOY Eutectic carbides
Igi/A-em™ Ti addition/wt.% Z/Q-cm™

1 Corrosion morphology
MR TSOAY
o] 5.4 wt. %Ti

AN

&

7

I Sl
W R

2

52]

Fig. 6 Effect of Ti content on the corrosion resistance of deposited metal from metal-cored wire!
Pulse 4 H shIE w5 F AR X 16 AT EIAT I3, RT  JRA A HFR A R &R 2. 4
Kol (5 2R 05 ) — IR G 46 235 92.33%., F e JEMINIRZZ R o v] RS R 3 P T v R
LI IR TUPEAR R 4 B Ry B MR 22 ETOC—-6M— 432 X MR e oo o A PE SR A s 1 3 5
H4 PEAT Tl JE 14 38 RMD AR AR K5 3RS XK 2R F 4 JE A AR BRI 8 B i 22 A7
BRIGRIFRIUE TIREETS T RUY , 1A EReWs b S WAl T HE /K 2 0 e SR S5 A 4 | g o
HEESR . TS SRS NS BIRZ GCL- T XS = S T AR AR 22 DT T B A R,
70M #£47 APISLX65MOS =il HAE L BRI A B 2 T -60 *CRR M B Rk 2R . 78 RTEESR
S IREGE Y 9S00, B R P AR b R AR ARk, sl A5 X AR i PE RE LS 4N Q460GIC 1)
HIERE R AF, v A LB-52U F TR, FHEZDR MR TiE AL NG & 8 btk 22
SCELT APISLX65MOS B4 B AR B =1k T554T15-1M21AN2UHS , iZ M 223k #5858 85 6
HEROREEEE T, Qi A X X80 L TG, I & R brhiss i hy 650 MPa, Ji IR 5 &
AR R IR TR, R EAR 12 mm By 535 MPa, $E{1K 25%, 7E—-60~20 °C i B 5 [ 4
1o R A JE R S AR 22 BSITSNR2 AT & AR, IR T 150 1. Yu S i@l s & @ it 22 C
B2 2.0 mm 194 B R2Z ESITS BEATIE FEMIZE  Si A Mn &, fe KRR B Hb s /D 1 IR B8 B 15 402
1], AR BEAT & APIRPSLARIEELR . MkEiE 25 SR IR P A SR A8 S FLANIY S 3R TR
TSR P R A 4 B K S R 42 METALLOYSONT AR AL B AR py Mot . 5 [ 98 4511 3% Fif LINCOLN
PO RN X80 B LANIEAT THRE T 3k AR SEHINRZETIT-1, /8 & SRR TS

ﬁiﬁgﬂﬂl)ﬂﬁ?%‘fﬁﬂﬂl—é#%ﬂrml

Jr2 ek B SEFR N AR Sk AU BE M RO R A, AE 2 L IR 340~370 A FEBICHE,
3.2 SHRESHNIERE HE 28~32 V.S Ji & 18 L/min, Ar it [t 70% 11 2% 1

e AN PR AN i AR M IR R R R R SR AL, RIS RN



55 8 1]

KUK, 2« i e b S AR 22 iR 27

33 EHHIE

G2 B KON L AEYE B  TE A RV O Th
BIA N 54 80 ARG R AH L, 4 Ry i e
22 B8 1) 3 e 5 A SR SR B4 R I A O RN 22 6
Sy e N T Y A i B 9 W N5
1R 2L B A B B AR AN JR O

TERSAHE S i, & R 57 & T C-Cr-Mo
R4 by s B S AR R R 22 TR B
ARG SR A HEARE ., T )R Si.Mn . Cr
FE TR G E SR, HHAE NM400 /558 B it B
B MR B AR AR MR 2 2 TR,
S-S5 R K 56.8 HRC, Ay 5 FES 0 Al s 35114 1.3 4%
VIS FEAE TR XTI L TR SR AR T 5 VK B

b

>

Vo b AN
Ry ¢ N
GRS | C |
m

5, KR 02 I REAS AR XA, WF T — b e Bl
PN Z 08 & u R ML I R 22, i SE 2
o7 B HEAR W R R FLIR B L T 0. Tvanov 457
it 5 B A B/ 4 i A9 2R S 7 T 45 0 0 4 D ot AR
22 @t FCAW JU07 & 1 & A MERS B4k 3 R Ak 47
T Vs A ) SO 254, B v 1 T B L 1 R
TR P A P B B Rl S 1B 42

T AR A 1 35 7 187 , Zhai 25555 (i F Bohler 18
AT K 1) 4 SR Ay e 22 TR94ZMn2NiCrMoMM
21THS HEAT TARA 4 e ok B R R A 1) i IS
8 3 AT 9 IR B A ) R RS, RS T
PR S 2 2 ZIEHEIR)E B 7 TR . Lin
APV R A S A R 1 1 7 IR A, A

d 0.30 e 0.30 ¢ 030
B 150 °C 350 °C [ 600 °C

0.251 0.251 0.254
> 0.201 > 0.201 > 0.201
Q Q
=] =] =
50.15 50.154 2 0.151
o o o
2 2 2
= 0.104 = 0.104 = 0.101

0.05 0.05 4 0.054

0.00 4 0.00 0.004

0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

Grain size/um

——LAGB 2-15° B3
=—=HAGB > 15° 8

Grain size/um

Grain size/um

Sv Y === HAGB>15°

E7 AEEREEET WAAMRLRZ K EBSD 4R : (a,d,g)150 °C; (b, e,h)350 °C; (c,f,i) 600 °C; (a-c) BX =) B ; (d-f) 4
E5; (gi) MR E"

Fig. 7 EBSD results of WAAM-deposited materials at different interlayer temperatures: (a,d,g)150 °C; (b,e,h)350 °C; (c,f,i) 600 °C; (a-c)IPF

maps; (d-f) grain size distribution; (g-i) grain boundary maps!

55]

H
=4
.E.
1:']
[
|
W
i
R
[
4
%
%



!
b

W T % I B OSF S5 i 3 — 3 ab ik b

28 F 5K

2026 4F

Tl T LI 4 i i (WAAM) (19 4 Ja e AR
22, HERRDURRE AT R OS540 58 BRI LAR
FHERE.

4 it

(1) 4 8 By K 22 1 L A BT A2 A P S AR
FPEFREE T2 S B L2 5 R L O
AU 95%Ar+5%CO,) A A T 52 BLER 2 1Y 58 ik
P M2l CO, AN LAHERR I8 o = H Rk E K .
A A 15 T AT e 5 r IR R 1 L B AIC R R R
L. BB RIARTE 120~150 pum Y [ Y I
IR PR o

(2) fer AN 4 Ja Ry e K 22 ] i ol o L R 4
Ky A SEFEW () B B e SR8 T 2 S50 AT T %
JEHE  RENS 0 25 A5t P IR 1 L IV A A3 A B0
I IEAT N o R H S BRI (R P Ak, ol A
PRt IR 2 T sl 5 1 AR ) TR, KR
REAR AL B RIS S B b ™ AR i), 4> T
FHEEE R P EREBE o

VEN —Fh ek i AR A B}, TR R it 4 %
SR TH RS BE R R I PR A B il A %8 i
Rl R RIETIF . SR &R R 22 B
T 255E R, 36 T 2R aS F AR 2 T 00 i 4R
et ok B TR N AR . Rl RE 1 AN
TP A PR R, & Jm A R BE AR 22 e T iE ]
Jo e g il AR B RS B AL R RE AL KR T IR S
T2 T2 ME A1, &Rt 58
N H B RN R 45 G TR 3
S, DT SE B = 80 R B R T SR AR 4 B i R
G R N 22 B AR B ) i R e

SE

[1] LiuQ,MiH,Feng L,et al. A critical overview of weld-
ing and directed energy deposition with flux—cored
wires [J]. Journal of Manufacturing Processes, 2025,
142:231-268.

(2] T EWNSME R e & RRESLLT ). 3G i
TRE,1993(11):1-3.
DING C. Development Overview of Flux—Cored Wire
Arc Welding at Home and Abroad [J]. Modern Manu-

(8]

(9]

[10]

[11]

[12]

facturing Engineering, 1993(11) : 1-3.

Coetsee T, De Bruin F. Modification of flux oxygen be-
haviour via Co—Cr—Al unconstrained metal powder ad-
ditions in submerged arc welding: gas phase thermody-
namics and 3D slag SEM evidence [J]. Processes,
2022,10(11):2452.

Liu D, Wang J, Zhang Y, et al. Effect of Mo on micro-
structure and wear resistance of slag—free self-shielded
metal-cored welding overlay [J]. Journal of Materials
Processing Technology,2019,270:82-91.

B, R, Tt 55 N2 0 S ki
PERFSEBUIR SR [T ], SRR, 2024, 53(11) : 8~ 16.
XU W Y, WU B, WANG H F, et al. Research Status
and Progress in Composition and Alloying Control of
Flux—Cored Wires [J]. Welding Technology, 2024, 53
(11):8-16.

XIS RENE , A SRk SR 22 0T A 5 0
FBUIRLT ] s Jsn T (BN T.),2020(3) : 28-29.

LIU B, XU Q G, WANG X F. Development and appli-
cation status of metal-cored flux—cored wire[J]. MW
Metal Forming,2020(3):28-29.

Yi H, Jia L, Ding J, et al. Achieving material diversity
in wire arc additive manufacturing: leaping from alloys
to composites via wire innovation [J]. International
Journal of Machine Tools and Manufacture, 2024, 194:
104103.

Pokhodnya I K. Welding materials : Current state and de-
velopment tendencies [1]. Welding international, 2003,
17(11):905-917.

Harati E, Jose B, Igestrand M. Wire arc additive manu-
facturing using high-strength steel tubular and solid
wires[J]. Welding international 2024, 38(5):329-334.
Bogdan-Dorel C, Virginia S A, George C V, et al.
Analysis of electric flux arc welding parameters influ-
ence using visual X-ray inspection [J]. Materials To-
day : Proceedings,2023,78:214-220.
SWIERCZYNSKA A, VARBAI B, PANDEY C, et al.
Exploring the trends in flux—cored arc welding: scien-
tometric analysis approach[J]. The International Jour-
nal of Advanced Manufacturing Technology,2024,130:
87-110.

WRAR DT . oy s A 22 T S gy s 7 22 v BICAR, 40387 2 e
(—)[J]. BRI, 2015(9) 7.

CHEN Y C. Recent Developments in Flux—Cored and
Metal-Cored Wire Arc Welding (Part 1) [J]. Modern
Welding,2015(9) . 7.



55 8 4 XX, 5« o i J A BN 22 T IR 29

(13] B, X H . FRER SR LZ BRI IR S & (05):10-12.

OO 2R T.(EHT.) ,2010(6) : 4-6. [24] XU 1 5 HEXE FHICHE F ARG ok o AR 22 I Haf 4
YANG J D, LIU B T. Development Status and Trends TTAWFSE[D]. B AT m AL ZS AR R, 2013,

of Flux—Cored Wire Technology in China (Part 2) [J]. LIU D S. Slag—free Self-shielded Flux—cored Wire for
MW Metal Forming,2010(6) : 4-6. Wear-resistant Hardfacing and Its Matellurgical Behav-

[14] Yamane K. Low fume types of welding materials im- iour [D]. Nanjing: Nanjing University of Aeronautics
prove the welding environment [J]. Welding Interna- and Astronautics,2013.
tional ,2007,21(5) :337-346. [25] 2R . R A S A 2 WL ST IR P K  A 5

[15] Akay A, Giiven F. A comparative study on the effects of [D]. K KT K2, 2015.
different fillers on mechanical properties in welding of LI H. Study on Physical Characters of Arc of Metal
S355NL via FCAW-S and GMAW processes[ J]. Forsc- Powder Flux—cored Wire[ D ]. Taiyuan: Taiyuan Univer-
hung im Ingenieurwesen,2025,89(1):1-10. sity of Technology,2015.

[16] RVPL ARG BB INEL—E & ELMN [26] Zhang H,Shi Y,Gu Y, et al. Effects of electrode polar-
Byt 22 [T]. BTN T.) ,2007(8) : 45-47. ity on the droplet transfer mode in self-shielded flux—
SONG P A. Bole Metal-Cored Flux—Cored Wire: A cored arc welding [T]. Journal of Manufacturing Pro-
More Efficient and Cost-Effective Solution [J]. MW cesses,2020,58:478-488.

Metal Forming,2007(8) :45-47. [27] LiuHY,Li Z X,Li H, et al. Study on metal transfer

[17] Krishnan S, Kulkarni D V, De A. Pulsed current gas modes and welding spatter characteristics of self—
metal arc welding of P91 steels using metal cored wires shielded flux cored wire[ J]. Science and Technology of
[T]. Journal of Materials Processing Technology, 2016, Welding and Joining, 2008, 13(8):777-780.
229:826-833. [28] LiuD S, Wei Y H, Liu R P. Microstructure and wear

(18] Ad5e. R4 @My s KR 2211 GMAW HLIR 545 %17 mechanism change by Nb added in slag free self-
RS 430 [T ], IR Tk F AR ,2018(18) : 8. shielded flux cored wire[ J]. Science and Technology of
HE G Y. Inspection and Analysis of Arc and Droplet Welding and Joining,2015,20(8) :693-701.

Behavior in GMAW Using Metal-Cored Wires [J]. [29] Liu D S, Wei P, Long W M, et al. Narrow gap space
Shandong Industrial Technology,2018(18): 1. contributes to chemical metallurgy of self-shielded arc

[19] LiuDS,WeiP. Properties of silicon—-added, iron-based, welding[J 1. China Welding, 2022, 30(3):12-19.
slag—free, self-shielded flux—cored wire [J]. Welding [30] LiuD S,Long W M, Zhou W, et al. Slag—free mecha-
Journal,2015,94:351-357. nism, microstructure evolution, and wear resistance of

[20] XA, X85, B2, 4 IR R JC AL IR 245008 self-shielded metal-cored wire a type of Fe—Cr-CB-
T2z BT PR S PR PR T ] 0542, 2013(2) : 33-36. Mn iron-based, slag—free, self-shielded metal-cored
LIUD S,LIU R P,WEI Y H, et al. Wear resistance and wire was established [J]. Welding Journal, 2021, 100
environmental protection of slag—free self-shielded (8):259-268.
flux—cored wire for hardfacing[J]. Welding & Joining, [31] skEE, 3,5k a2z R g e S 5
2013(2):33-36. W T 1 PEAT BB TE [T, SR AR, 2004,33(4)

[21] Golyakevich A A, Orlov L N, Maksymov S. Mecha- 11-13.
nized welding with metal cored wire[ J]. Advanced Ma- ZHANG F J, WANG Y, ZHANG X Y. Study on Arc
terials Research,2020,1157:113-122. Morphology and Droplet Transfer Behavior in Flux—

[22] Metlitskii V A. Flux—cored wires for arc welding and Cored Wire Arc Welding [J]. Welding Technology,
surfacing of cast iron[J]. Welding International, 2008, 2004,33(4):11-13.
22(11):796-800. [32] EB XM=, £, 5. SRR SR 2205 it

(23] XML, BRHALT, X35 . Toik A ARSI 221 i P T G LB AN HT (). AR, 2012, 33 (10) -

W A7 L], MR, 2015,36(5) : 10-12.

LIU D S,WEI'Y H, LIU R P. “Slag Spatter” Behavior
of Slag-Free Self-Shielded Flux—Cored Wires [J].
Transactions of the China Welding Institution, 2015, 36

83-86.

WANG H,LIU H Y, WANG B, et al. Observation and
Analysis of Droplet Transfer and Spatter in Metal—
Cored Flux—Cored Wires[J]. Transactions of the China

!
b

H
=4
.E.
i
|
[
|
W
i
R
[
4
%
%




!
b

W T % I B OSF S5 i 3 — 3 ab ik b

30

43K

2026 4F

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Welding Institution,2012,33(10) : 83-86.
BAERER 0, UL, 45 . 30CrMnSiA 4 @ AR
AR L2 S L o B 5 r T A I [ ). TR
KAF2A4,2021,42(5) :508-515.

ZHAO H H, GAO X, WANG G Y, et al. Research on
droplet transfer and wire arc additive manufacturingof
30CrMnSiA metal powder—cored welding wire [J].
Journal of Hebei University of Science and Technol-
o0gy,2021,42(5):508-515.

R, B, 5 858, 55 . TS8R 2H 73 %) 507Mo 2453
AR 22 N R IR PERE R SZ A [T ], HLAR L, 2023, 53
(11):119-123.

ZHU H G, CHEN B, JI R L, et al. Effect of Slagging
Agent Components on Deslagging and Welding Spatter
of 507Mo Flux Cored Wire [J]. Electric Welding Ma-
chine,2023,53(11):119-123.

MA Q, SHI Y, PAN Z, et al. Development of a high—
performance metal-cored welding wire: achieving pro-
cess stability and enhanced joint reliability for low-
carbon steel welding[] 1. Journal of Materials Engineer-
ing and Performance,2026,35:15406—15420.
W17, BN o, A5 S5 43 i XU H IR
A HUITOE S S U i [0 ], 4545274, 2014, 35
(7):101-104.

XU X F,MIAO Y G,HAN D F, et al. Measurement of
coupled arc morphology and arc pressure in bypass—
shunting double-sided arc welding[J]. Transactions of
the China Welding Institution,2014,35(7):101-104.
WAEitE . Rk Sk S AR 22 A T 4 A S AR T 0F
e 3], HLARHL,2009,39(5) : 135-138.

YANG X H. Study on metal-cored wire in pipeline au-
tomatic welding process[J]. Electric Welding Machine,
2009,39(5):135-138.

TR, S, R R, A5 RS B AR 22 h 25k
KA S Ak o L RS M R S [0 ] LA TR A
#1,2010,34(10) :23-24.

GUOJJ,L1Z X,LI G D, et al. Effect of Powder Par-
ticle Size in Metal Cored Flux—Cored Wire on Quantity
of Welding Fume and Arc Stability [J]. Materials for
Mechanical Engineering,2010,34(10):23-24.

T, SR B TR . v ik ) 1 S AN 2 R
219 J) PR RE S LU BT (0], 224, 2017, 38
(4):67-71.

HONG B,ZHANG M H, YIN F C. Mechanical proper-
ties and microstructure analysis of flux—cored wire for

high—strength and high—toughness rail transit steel [J].

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[46]

Transactions of the China Welding Institution, 2017, 38
(4):67-71.

XN, o8 , P, % (A ST R EMPEX 4 )8
by R 22 SR L PERE RS2 [T ], 48 42,2017 (8)
1-6.

LIU Z J, QIU R P, WU D, et al. Effect of micro—
alloying nickel and niobium elements on mechanical
properties of welded joints with metal—cored wires[J].
Welding & Joining,2017(8):1-6.

RV SR MG , i, 45 . 45 403 Ni Ml Mo X =i 5t
B < T A S Ry K 22 AR Sk T A M RE Y R T
(3] I T T2,2017(19) :59-62.

LIU ZJ,QIU R P, WU D, et al. Effect of Alloying Ele-
ments Ni and Mo on Mechanical Properties of Metal
Powder Flux Cored Wire Welding Joint of High
Strength Steel [J]. Hot Working Technology, 2017
(19):59-62.

B KR SR, ol I, A LB B R R 4 SR Y
R R B SR ARV S PERE R [T ). Fi AR AL,
2014,44(5):89-93.

XUE F F,ZHANG Y Q,MENG Q R, et al. Effect of Ni
and Cr on the microstructure and properties of depos-
ited metal with metal-cored wire of high—strength steel
[J]. Electric Welding Machine,2014,44(5) :89-93.

S PRI B AN AR . R A A R R
22 E70C-K3 iyt [J . 48R 2016, 45(1) : 72-
73.

MENG Q R, LV K G, BAO R X. Development of
E70C-K3 Metal-Cored Flux—-Cored Wire for High-
Strength Steel[J]. Welding Technology, 2016, 45(1)
72-73.

Pixner F, Buzolin R, Zeli¢ A, et al. Tailoring the alloy
composition for wire arc additive manufacturing utiliz-
ing metal—cored wires in the cold metal transfer process
[J]. Materials & Design,2022,215:110453.

Wang J, Li C, Di X, et al. Effect of Cu content on mi-
crostructure and mechanical properties for high—
strength deposited metals strengthened by nano—
precipitation[ J]. Metals,2022,12(8) : 1360.

ZHU Z Y ,MIN L, XIAO B Z, et al. Effect of heat input
on the metal microstructure and mechanical properties
of Q960 high-strength steel solid core welding wire
[J]. Steel Research International, 2024, 95 (8) :
2400060.

Liu D S, Liu R P, Wei Y H. Influence of tungsten on

microstructure and wear resistance of iron base hardfac-



55 8 1]

XIRAL, % Wi m b

e
)J\AL‘)

S22 IR 31

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

ing alloy[J]. Materials Science and Technology, 2014,
30(3):316-322.

Ih], ZEREAE , AT, A S AR A B Y — e K T L
G Jm AT 25 R 22 IR (], 244k THF5Y, 2025
(02):182-184.

MA C,LI L L, Shi K, et al. Preparation of Cored Wire
for Carbon Steel-high Chromium Wear Resistant Bime-
tallic Plate by Surfacing [J]. Modern Chemical Re-
search,2025(02) : 182-184.

XU C, SONG X M, FAN X Z, et al. The effect of Ti
content on the wear resistance of Fe—Cr—C flux—cored
welding wire[J]. Journal of Materials Engineering and
Performance,2026,35:2783-2792.

FRRE, XV, BRAL R, 55 B 24 AR 22 SRR
S it (B G PERE A B ST 7). AR HHEAR ,2025,54(3) :
31-34.

WANG K, LIU B S, CHEN L H, et al. Study on Inter-
granular Corrosion Performance of Gas Shielded
Welded Joints with Stainless Steel Flux-Cored Wire
[J]. Welding Technology,2025,54(3):31-34.

Forak, 4R, A, 5% R RGN 2R
22 JW309HN PEREMT 5 [J]. HARAL, 2022, 52(10)
31-36.

WANG L Z,QU W C, WANG L, et al. Study on the
Properties of New High Temperature Resistant Stain-
less Steel Flux—Cored Welding Wire JW309HN [J].
Electric Welding Machine, 2022, 52(10):31-36.

LiuD S,WuY C,Long W M, et al. Effect of titanium
addition on the neutral corrosion resistance of welding
overlay [J]. Journal of Materials Engineering and Per-
formance,2022,31(7):5212-5220.

Yu J, Cho S M. Metal-cored welding wire for minimiz-
ing weld porosity of zinc—coated steel [J]. Journal of
Materials Processing Technology,2017,249:350-357.
Coetsee T, De Bruin F. Aluminium-assisted alloying of
carbon steel in submerged arc welding with Al-Cr-Ni
unconstrained metal powders: thermodynamic interpre-
tation of gas reactions [J]. Processes, 2022, 10 (11) :
2265.

Zhai W, Wu N, Zhou W. Effect of interpass tempera-
ture on wire arc additive manufacturing using high—
strength metal—cored wire[ J]. Metals,2022,12(2):212.
2R, RIS . O AL 45 O U 22 B R RN
[J]. AR, 2001,30(3) 4.

LI J H, CHEN B G. Development and Application of a
Novel Metal-Cored Flux—Cored Wire [J]. Welding

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

Technology,2001,30(3) :4.
WA R . RS 2Z4+RMD R TS TE 42 L
AR A BIE T SO T D] B AR AL, 2009, 39 (3) -
86-88.
HUANG J P, ZENG J. Study and application of metal
powder-cored wire and RMD technology in all-
position root welding of pipeline [J]. Electric Welding
Machine,2009,39(3) : 86-88.
Autse, EEA . SRS A R E L ERh
R LT ). FARHL,2009,39(5) : 139-141.
ZHU H L, WANG X C. Application of automatic weld-
ing with metal powder cored welding wire in pipeline
construction [J]. Electric Welding Machine, 2009, 39
(5):139-141.
B, B, A% 55 G Jm b B AR 22 R Tk R
TR R R [T ). Ak TR, 2021, 47
(2):33-35.
LUO X J,LV Z G, HE S J, et al. Application of metal
powder—cored wire in industrial pressure pipeline weld-
ing[J]. Petroleum Engineering Construction, 2021, 47
(2):33-35.
DI AT RS, XD, 4 . — b G JE RO 22
R T 20T % [T, &8I T.(#n ), 2020(7) :
56-59.
SU Y F, REN S H, LIU B, et al. Development of a
Backing Weld Process Using a Domestic Metal-Cored
Flux—Cored Wire [J]. MW Metal Forming, 2020 (7).
56-59.
Qi L H,Jin Z L, Zhang J M, et al. Influence factors of
X80 pipeline steel girth welding with self-shielded
flux—cored wire[ J ]. Materials Science and Technology,
2017,33(5):592-601.
Harati E, Jose B, Igestrand M. Wire arc additive manu-
facturing using high—strength steel tubular and solid
wires[J]. Welding international ,2024,38(5) :329-334.
XURKSE . 2 T Ay BNy O A 22 e FUAE vt B R 30 v
AR L] e Jmin T (A T),2017(8) - 5-7.
LIU Q L. Metal-Cored Flux—Cored Wire and Its Appli-
cation in Offshore Wind Power Testing[J]. MW Metal
Forming,2017(8):5-7.
s, SRS ORI AF A 5w 1k BE 45 H N
Q460GIC HLas NASHE 4 Jm Bt Mt 22 RIS [0 ], T
M 5,2020,50(8) : 38-42.
ZHANG D,MA D Z,SONG X F, et al. Research On
The Metal Powder—Cored Wire For Robot Welding Of
Building High—Performance Structural Steel Q460GJC
&~ TH#HHI2R

!
b

H
=4
.E.
i
|
[
|
W
i
R
[
4
%
%




