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Development and Performance Evaluation of a 550 MPa-Grade Low-
Hydrogen, High-Toughness Flux-Cored Wire for All-Position Welding
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1. Juli New Material Technology (Rizhao) Co., Ltd., Rizhao 276826, China
2. Shandong University, Jinan 250000, China
3. China Welding Technology Development (Harbin) Co., Ltd., Harbin 150028, China
Abstract: To meet the requirements of low diffusible hydrogen, high toughness, and all-position weldability for 55 kg-grade
low-alloy high-strength steel structures used in offshore engineering, bridges, and low-temperature service, a 1.2 mm-
diameter gas-shielded flux-cored wire was developed using a titania-basic slag system and a Mn-Si-Ni-Ti-B-RE multicompo-
nent alloying system. The diffusible hydrogen content was controlled through steel-strip cleaning, flux powder classification
baking, and in-line wire redrying. The welding operability, deposited-metal chemical composition and mechanical proper-
ties, diffusible hydrogen content, crack tip opening displacement (CTOD), and microstructure were systematically evaluated,
and the joint performance was verified using EH460 steel plates. The results show that the developed wire exhibits a stable
arc, low spatter, and easy slag removal in the flat, vertical, horizontal, and overhead positions. The deposited metal achieves
a tensile strength of 601 MPa, a yield strength of 540 MPa, an elongation after fracture of 25.0%, and an impact absorbed en-
ergy of 113-120 J at —-60 °C. The diffusible hydrogen content is 2.90-3.12 mL/100 g, and the CTOD value at -25 °C ranges
from 0.375 to 0.451 mm. The vertically welded EH460 joints exhibit tensile strengths of 591-593 MPa, with all fractures oc-
curring in the heat-affected zone. The average impact absorbed energies of the weld metal and heat-affected zone at —40 °C

are 153 J and 180 J, respectively. The weld metal is predominantly composed of acicular ferrite (volume fraction approxi-
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mately 90%-95%), and the impact fracture surfaces are characterized mainly by dimple morphology. The combination of the

titania-basic slag system with Ti-B composite microalloying promotes acicular ferrite formation in the weld metal, and the

multi-stage hydrogen-reduction process achieves a favorable balance between low diffusible hydrogen and high low-

temperature toughness.

Keywords: 55 kg-grade; low-temperature toughness; flux-cored wire; titania-basic slag system; acicular ferrite
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Table 1 Main components and mass fractions of the titania-basic slag
system (wt. %)
BELA By EER el T FaE AL
(TiO,) (Mg) (NaF) (zr0,) (sio,)  (ALO,)
35~45 1.5~5.0 1.5~3.0 0.5~1.5 0.5~2.0 1~3

) A aEk R, K Mn-Si-Ni-Ti-B-RE
ZICA AR Z . Mn FSi 35 T R 4R [ 7 5
A 5 Ni A7 ] T R AP0 e 2 72 00 9 s AR TR B e
SEEMOCHSY, Ti 5 BE A WINA F T4HRER R 1K
e, Ti5 C N TE A A/ INSORE AT VR A i B AZ AL
B 7E S IR A i R w4 ] Se b gk R AR
(7NN [ s W Ive 1 2 =W 8 B = /7
B

W = H R A IESS RS, PL-60 °C i
W RN IRER R ARIRFL BCR I F8 b , 28 0 B Ak
2.0% Bk 4.0% FIHG + 5 42 0.6% RIS i o X
FUR 504 )8 Ti B A RE A2 PR gk B3 5 7 5
3254 0.045% .0.004 2% F10.008%.

)Rl SEA T L, ek S R
0.9 mmx14 mm AR ARBES FLAT B91E A iz,
C &4 0.02%~0.04%, S \P & 4R KT 0.015%,
PR A R IAE (14.5+0.3) %, 522 iR S hidk
TN N LS U R — 2k i e —
PA 5 A — 1 T R AR TR LR MR ot
> Z88 . SRR PO TR A4S TE U A R 8 A
15%~20% , $37 3 5 B A 8~12 m/s, i, b i 22 i [5] J
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BB AE . SR B S i, XA 28 St
Ay AL B AR IR 28 (8020 ) °CH 74 Bk
(85+10)°C T /K vk I (25020 )°C & Mt T, 4T
Bf 18] A 2 F 30 min; 4406 K A S50 Y0 R 2
950 °C{ i 360 min k5 be , K2k R GG S e
150 °CHRYE 120 min BT o HERS 5 B0 2585 37 B 4% 4
PRAT FFAEAXH IR R AT 30% TR BREE P 4f
FUE . IR 2 Eeni T e 0t AR 22 LA 10~
12 m/s [ 3 32 30 28 K 8 ok 6 m A5 BE TR S 300~
350 °CHYMHAEE | LA — D RRAR KR 22 v I BR A /K 3
IET R
1.2 BEIZS5RXEHE

SR ST/ 400 mm> 150 mm>x20 mm,
PSR EHA60 A9 . X230 11 41 3 R 300622, A4S [
Btk 16~18 mm , J2 IR EFE HITE 100~150 °C fieF
AN 100% CO,, It o4 18~22 L/min, #E42HL I
H 220~260 A, HL R K 26~30 V, B 45258 i ol 25~35
cm/min, BT A 12~16 kl/em (P % 9=0.85)
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18 kJ/em, )2 [] ik B 45 il 7E 130~150 °C . )5 &
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1.3 Mk AE
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FHURE , e C1 FRRAE oL BRI -60 °C.
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Table 2 Results of welding operability tests
e REDF RIRGENE RIS BORELL  REERTE

RS R /N wo Rgr
5 DAL R /N wo Rar
P2 R R /N wo RLgf
g e /N wo RLAf

B FIREERT

Fig. 1 Weld appearance in flat position

2 MIRIBEERTE

Fig.2 Weld appearance in vertical position
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22 BEHEBWERSSHFMERE

AR E R ME 3 PR, C.S PR H
S35 R 0.049% . 0.006% F10.011% , HIE T
Pt E B s Mn  Ni B BT 5532800300 1.31%.1.48%.
&G 2 S 2456 AWS A5.29/A5.29M : 2021 1)
AR ER . B C .S FIP A i LUK G H 1) Mn Al
Ni, 6 4 T AR AT R A () 5 AR P S it T
% g

3 BESEUZRES (RESH, %)

Table 3 Chemical composition of the deposited metal (wt. %)

i H C Si Mn P S Ni Mo
PRUEVERE <012 <08 <1.75 <0.03 <0.03 1.00~2.00 <0.35
STE 0.049 034 131 0.011 0.006 1.48 0.007

I g JE b A b R S R Nz 4 s . Bt
PR A 601 MPa, Ji Al & 28 540 MPa, Wi 5 i<
FK 25.0%;5-60 °C R 34> whif e A e 3 43 51k
117 1,120 J A1 113 J, 85 53 = FASCR A 27 T H)
EfE

x4 BEHEENFMERE

Table 4 Mechanical properties of the deposited metal

SH PrRisRE  RMGRE GRS VIR bR
/MPa /MPa /% EEEPC Wl s/y
FRUETERE 550~690 >470 >22 -60 >27
SEE 601 540 25.0 -60  117/120/113

23 FHERE5CTOD %8

PRUE S AL AN S s . AR AR 2
120 °C.60% RH IS4 T 194 MU & 10 2.90~
3.12 mL/100 g, F#{H A 3.03 mL/100 g; [A] %+ Lt
I3 1 ) 280 20 1 2 KR 22 T A B i 3.93~
4.26 mL/100 g, F-¥I{E N 4.11 mL/100 g, FifiEsz
A B S = 0 2 RN KT S mL/100 g Y46 bR g
SR ARG KR 22 (- B B s G 200
PRLZ[EARZY 26.1%. SEAERI NI 2580 73 )
M JE B 22 A7 22 52 WL T S 16 i e % A8 A i
SRy A SR

x5 BRESRIHESE

Table 5 Diffusible hydrogen content of the deposited metal

P AN S P ErE (mL/100 g)
ity <5
ARG AR 22 20°C,60% RH 3.08/2.90/3.12

iiampeyyy 4.13/3.93/4.26

TEY B S fh R FE PR 2R b i — 2P
K H CTOD 255 - s 04 Ja 7 AR I 25 0 R e
JfsBrRE 11 . CTOD A4 B AN T )5 1 ialAE 43
AN 3 K 4R RIS R LK 6., fE-25°CF,
=AMEFER CTOD fA 43 %174 0.433 mm ,0.451 mm Fl
0.375 mm, 218 4 0.420 mm, ¥ 75 T 0.15 mm %
BT bR , BRI A AR 22 4845 16 B 4 e B
A BT AR T T BE
%6 CTODRIGZER
Table 6 CTOD test results

BB T
EH460/95 mm J&

TiH HLEE/PC
AR g 22 -25

CTOD {H 6/mm
0.433/0.451/0.375

3 CTODiXtRIEHE

Fig.3 Welding of the CTOD test plate

El4 CTODiX#
Fig.4 CTOD specimen
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Table 7 Mechanical properties of the welded joint

5 R (-40°C)  (-40°C)
yohRE W
TiH P (o () KV,/J KV,/J
),
MR s g K
KK o
PAS
piss 593/591 X U UEE S 149/141/168 168/188/183
2402 FBE

TEJG FETE R 7 2 mm b X HRSE 05 A LG
M) DX AT HV10 A B2, 25 SR W3R 8. AREEFIIAGY
Wi DX R 3 43591 A 192~210 HV 10 £ 183~198 HV 10,
5 A 26 B BE Ry 221 HV10, 35 3k 5 v 6 5 o 221
HV10, A8 B 5 ) S5 Bl A i)
#8 1EHEESLEE (84 :EH460,HV10)

Table 8 Hardness of the EH460 welded joint (HV10)

KbE AR WA PUEm R
Tji R 4
T e g PR o mm
Alge 120 ERETE 204/ 198/
37 221
St mm 2mm  210/192 187/183

243 AIFLEMER
FRREER IS 18] AL E AR SRS 8.0 mm,
RN 1.5 mm, e KARIIZE D9 2.0 mm. - H ALK
AR BV JRIRE e | BB 3R T AL A ik
O YN EITE IR Wi 2 1R A R B0 AL AR
W IREERRTEAR WA & R AR 9,
x99 ARBRBER

Table 9 Fillet weld test results

SR SNEE CoN

e
5 fj; Ref g 2 KRB Bk
/mm  /mm /mm
P N G
BRI g, JEAU Lk
past KEALS SRk

AN BLBRIG Gy

2.5 ERALRKEOSH

Jok 4 g WA LN R S s, 8 A /NEE
NN E N W o e R NV NS L2 5 N
FRIRAR R R S A AR BT IR A 40 A, R 5~
15 pm, & 1~3 pm s RIS 28 f A S HAAR R 53
2R 90%~95% . Jir B ECAAR fh B 30 A UL A S R
KICHMTRFRMR . G5B MR HEN, Ti B0 R
S IR e R T4 4 Bk 2R A iU 3
WEPIRERRARTEAZ

A

(a) fEAF Y (b) iR

5 RESRERBMAARIEEXFEMBHKX
Fig. 5 Microstructure of the weld metal and enlarged view of the

boxed region
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Fig. 6 Low-magnification and locally enlarged SEM morphologies of

the impact fracture at —60 °C
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