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TR O A B 1 mm, SLFEARHR AN

1.2 mm M52 MG90-G M ERSOYM, DL T S #ik i
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Table 1  Chemical compositions of base material and filling material(mass fraction, %)
Element C Si Mn P S Cr Mo Ni v Cu Al Nb
BS960E 0.18 0.08 1. 25 0.013 0.003 .20 0.50 0.02 0. 04 0.02 0. 04 0.02
MG90-G 0.07 0.40 1.76 0.006 0. 006 0. 64 0.63 2. 60 - - — -
ERS8OYM 0. 06 0.37 1. 49 0.008 0. 005 0. 34 0.35 2.84 - 0.10 - -
2 BEM M IEFERORI Y Ty 2= MR
Table 2 Mechanical properties of base material and filling material
Element Yield strength /MPa  Tensile strength /MPa Elongation /% Impact fracture absorbed
energy at —40 ‘C/]
BS960E 978 1050 12.0 76
MG90-G 1076 1125 12.2 67
ER80YM 764 845 20 135

3 PR NPIRR 2 IR T Z 28, b v,
NIRIETRE , V, ik 2L, P OO T IR
F L, U B i IR . LUT PRI R 22 52 3k 19 g 27
P RE 24 2 78 [A] — 2050 AR R AR

*3OWOLHINE S RIEE L ZSH

Table 3 Process parameters for laser-arc hybrid welding

v,/ v,/
P/kW I/A U /V
(m * min ") (m*+ min” ")
1.32 12 4.6 300 30
0.72 7.5 4.6 198 20

J 42 T 1 2 6 AR KR B T R AT T S L AR S
KEiE Ve . MR8 50 U5 # I E bR GB T2651-2008( 47
e LR B0 7 82 ) B GB/T 2650-2008( 4 $24
S o 3 6 7 9 ) BRI T AR R e o R L B
BEGLE T 1 Ca)y (b) iR, w3 B RSF R
55 mm X 10 mm X5 mm, %L B R H7E 5% tho b
FAm KR AR 3 mm G2 X IORE . Ty 2F P RE D
R4 2 31k DNS-300 i 5 fig $ir {32 56 AL AN
JBN-300 #I4E v 5 30 98 L , 2R FH Zeiss Stemi 2000
ARSI o 4 W 5% 22 0 T 1T, B0 B T B SEM
QUANTA FEG250 B4 7 W i B A 4% .
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Fig. 1 Sampling positions of tensile and impact samples. (a) Tensile sample; (b) impact sample
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Bl 2 R TZ&MTRREEIEN . (o) 5 SR T 0 4% 22 AR S 5 (b) AR 8 45 1 T 19 45 48 3R T FIAR T 5
Co) e A5 A% 0 T I 08 T 3 0 5 (D UK B 0 AP T 0 e i o 0
Fig. 2 Weld macro-morphologies under different process conditions. (a) Weld surface and root at high welding speed;
(b) weld surface and root at low welding speed; (c) droplet transfer at high welding speed; (d) droplet transfer at

low welding speed
R s T T 22 6tk . 1l 3 P AP T2 %A T Fh AL A= F R A R WD ey AR I RE AL A0 A
() REEERAT 1] DL M AR AR 25 1 R AR AR R A i) I WA B8R B VR TE A B B R AT
(9 PR AT DL AL AL 2R 2R B o O e R 1 4 TRt

B3 AR T E&MTRREERMGER . (O MRARE; (b) iy 5

Fig. 3 Weld flaw detection results under different process conditions. (a) Low welding speed; (b) high welding speed
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AR SE AR B B TR AR R Pl 4 R [ T R ) 45 24 A S 0 R AR L 0 24
S A 80 4522 B HE Sk 9 K 4 1K 5. 1% 490 BT R

Moy B S A S L 54, 5% L A L B . Fig. 4 Weld cross sectional areas for different wire welded
A S B 2 I 80 M 22 M B2 42 Sk ki 4 HE O 46, 4%, joints and wire filling areas at different welding speeds
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Fig. 5 Thermal cycles. (a) Acquisition position for thermal

cycle; (b) thermal cycle curves under different heat inputs
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®) —=— 8( wire welded joint at high speed
—e— 90 wire welded joint at high speed
500 [ —a— 80 wire welded joint at low speed

—v— 90 wire welded joint at low speed
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Fig. 6 Microhardness. (a) Microhardness measurement
position; (b) microhardness distributions of

different wire welded joints

Th AL X BB BE AR 320 HV 2247 ARKEHE S 0F T
Pk 4% X A B BE A 310 HV A 47, Mk ok B # Ak X
FORE B K2k 310 HV, SRR AR L, TR T
8.8%0 . XL UL & & 0 42 Be % o0 1 Sk Ak
PG G ) DX VAR M e R BEA R RE R R . A
PRI 22 F0 B R T , S IR 25 E T 80 KR 42 SR 44 3k
R A B EE Ll 90 A 22 MR 4 S T AR B S AR X 2
T EM LR AT .90 L EHEZLE Cr,
Mo Mn JCE , B ATk P 2 05 4%, 195 7 AR SE
RN 80 MR22 MR #2453k 15 90 MR 22 R 2 4 3k
R 2 T8 A 2 AR A LR IR BT 80 MR
MG LT BE T 15. 8%, 1M 90 MR 22 A G L T B¢
T4.0%, X fE—ERE LHE TR ESR. 5
—J7 L AE R RS T R A R, 45 5 TE B
T 22 F VAR 4 4, [N O A R s TR R
P14 A B AR ) DX P R X TR A, SRR B
K4 55 RE A T R 22 E R K, UL AR % 4 JE TP A
i G R W B ELL Ay AR ¥ 51 4 A R AE A R T2
AR KL 5 P BE R R M A /N
3.5 A 4

K7 JT7R o R SR 90 MR 22 IR FE S RN
80 2 JR 4 42 3 1 AR 2 e A e X 2 4L, A AR )
TEKMT R AE 21 20 32 50 DL AR R /b i M-
A TG, PR3 Sk 0 RG24 B 2k IR
R 2, UL G I X L 5 R R A oG RO R
HRERRBHEE TR T AL, X

0602113-4



=48 % E S HI/2021 &£ 3 B/ E M

30 um 30 pm 30 um

B 7 4k YRR SE PG IR X 14, ()90 A3 22 AR 422423k AU FE 4% 5 (b) 80 M 22 I 12 3 B MR 4% 5 (©) 90 ML 22 L 10 2 3k 1) A2 iy
X5 (d) 80 Hi 22 M52 42 3k I FA 2 i [X
Fig. 7 Weld seam and heat-affected zone microstructures of joint. (a) Weld seam of 90 wire welded joint; (b) weld seam

of 80 wire welded joint; (c) heat-affected zone of 90 wire welded joint; (d) heat-affected zone of 80 wire welded joint
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Fig. 8 Tensile samples. (a) Tensile fracture positions;

(b) tensile curves EHRHAZE., XEHAROCE 58T NEE T kKb
Table 4 Tensile properties of laser-arc hybrid welded @ ' (b) l 1
joints [——

Sample No. Tensile strength /MPa  Elongation /%

1 1129 11.2

2 1145 12.5 5.5 mm | 25mm
3 1117 11.8 K9 Ry O mE MBS . (1 538 ; (b2 5
4 1084 12.2 Fig. 9 Macro-morphologies of tensile fractures.

(a) Sample 1; (b) sample 2
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Fig. 10 Micro-morphologies of tensile fractures.

(a) Sample 1; (b) sample 2
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Fig. 11 Micro-zone of joint tensile {racture
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Table 5 Chemical compositions of tensile fracture
Element O Na Mg Al Si S Cl K Ca Mn Fe Cu
Mass fraction %  34. 96 2.18 0. 88 1.53 0.92 5.83 2.59 5.42 31.18 1.03 12. 34 1. 15
3.8 s 1500, UGEWITEIE & EAY B oL T . 90 #R 22 iy

90 #5225 80 22 7E 1. 32 m/min K 0. 72 m/min
SR ST , —40 CHESL R4 5GP m X (HAZ)
(o ef MERE QN 12 Fr7R . 78 1. 32 m/min A9 3K B
(high speed) .90 45 22 il 80 45 22 iy #5 4% vh i fiE
BYE 9N 22,8 ] A1 23. 6 J, B X A F 1
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_
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80 wire at

Bl 12 O [R)B ORUA R B 22 F — 40 °C b IR RE
Fig. 12 Impact absorbed energy at —40 “C for different

welding wires at different welding speeds
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Fig. 13 Impact fracture paths in heat-affected zones. (a) Heat-affected zone of 90 wire welded joint at high welding speed;

(b) heat-affected zone of 90 wire welded joint at low welding speed; (c) heat-affected zone of 80 wire welded joint

at low welding speed

3.9 MmEEHOSHh

P14 0 AS [ J T R 2 42 S A A S A i [X
ook B 2 W A . fR AL 14 Ca) AT 14 (b) AT A
FEH. ORI EX ST XER T 45 CLEL
e iy AE SN T AE TN MR R AR T — o i 98 P AR
.2 R R REIE. R 4O LE
WL WS B R XA . B 14 (DT LR
AR IR N, O e RS, W 3 S B
PR P D RO A . 3 U B AR IR SR R B

26 AE R 1B, AR i XA R DX R A Ak, 2
3 AR U N T P/ A S L TN ) 1
B 14 Co W O AP AL R T 14 Ch) /0 HL 2 36 W 1
AR B AR A8 A AP AL Y e R AR T AL K
8 T 1A L AL B /N Y BB 11 ol M B v U R
FE AR R 42 & 8 s A BB £, BB A &0 i
S POP R F<NR N N 7 =R U o= A 1 R
B — 2 B 1 A AL X A B S IR b o P BB Y
AN K,

B 14 —40 Cohfi W R WIES . () B HUREAE W H 5 (b) (TR SE BT 11 5 (o) rmy RS2 ) DX T 11 5 (D IR 588452 ) X 1y 11

Fig. 14 Macro-morphologies of impact fractures at —40 “C. (a) High-speed weld fracture; (b) low-speed weld fracture;

(¢) high-speed heat-affected zone fracture; (d) low-speed heat-affected zone fracture
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Fig. 15 Micro-morphologies of impact fractures at —40 °C. (a) High speed weld seam of 80 wire welded joint; (b) high

speed heat-affected zone of 80 wire welded joint; (c¢) high speed weld seam of 90 wire welded joint; (d) high speed

heat- affected zone of 90 wire welded joint; (e) low speed weld seam of 80 wire welded joint; (f) low speed heat-

affected zone of 80 wire welded joint; (g) low speed weld seam of 90 wire welded joint; (h) low speed heat-affected

zone of 90 wire welded joint

BORAE A7 VIR T I VE TR, SAALIR B P . & AR
TRRWBHEAE, Hit@dEsn, B 15 2%
S KN — (S 5 s 4L BoR TR SR
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Fig. 16 Heat-affected zone impact fracture of high speed

welding joint

P17 AR AR 22 42 Sk ) BAGRE T X e i T 1

Fig. 17 Heat-affected zone impact fracture of low speed

welding joint

F 6 R B S 0 PG i X ot BT 10 Ak A
Table 6 Chemical compositions of heat-affected zone

impact fracture of high speed welding joint

Element C O Si Cl Fe Co

Mass fraction /% 13.67 29.71 0.25 0.17 55.69 0.51

F T AR EEIE S AR i X ol BT A Ak A S
Table 7 Chemical compositions of heat-affected zone

impact fracture of low speed welding joint

Element C Fe

Mass fraction /% 2.33 96.77
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Mechanical Properties of Laser Hybrid Welded Joint of 1000 MPa
Ultrahigh-Strength Steel

Ma Yanlong, Chen Hui’, Zhao Xu, Zhang Chengzhu, Zhu Zhiyong

Institute of Materials Science and Engineering, Southwest Jiaotong University, Chengdw, Sichuan 610031, China

Abstract

Objective Currently, the development of lightweight materials has become the primary objective of manufacturing,
and the application of high-strength steel has emerged. Compared with traditional lightweight materials such as
aluminum and magnesium alloys, 1000 MPa ultrahigh-strength steel exhibits good strength and toughness, high
safety performance, and low application costs. It also exhibits good economic benefits. However, the application of
high-strength steel requires reliable welding joints. Recently, the welding joints obtained via traditional welding
methods are softened, the heat-affected zone is embrittled, the impact toughness of welding joints is low, the joint
strength is lower than that of the base metal, the welding deformation is large, and the welding efficiency is low. As
a new type of heat source welding method, laser-arc hybrid welding can effectively restrain the softening of the heat-
affected zone, reduce damage to the base material, and exhibits a high welding efficiency and small deformation,
etc. Furthermore, the performance of welding joints of 1000-MPa-grade tempered ultrahigh-strength steel
increasingly deteriorates with the increase of strength, limiting the popularization and application of this type of high-
strength steel. Therefore, it is considerably important to select appropriate filling materials and adopt laser-arc
hybrid welding for studying the performance of welding joints of this type of high-strength steel.

Methods Equal-strength matching welding wire MG90-G and low-strength matching welding wire ERSOYM were
selected to perform laser-arc hybrid single-pass welding on the 1000-MPa-grade quenched and tempered ultrahigh-
strength steel BS960E to well solve the deterioration of the welded joint performance of this type of high-strength
steel. The welding equipment is manufactured using a 10 kW fiber laser (TRUMPF LASER TruDisk 10002) and a
welding machine. The laser-guided hybrid welding method is adopted. In addition, the groove form is type I, and the
butt gap is 1 mm. The welding process is optimized through the single factor variable method, and the welding
quality is evaluated via non-destructive flaw detection. The heat input changes are collected based on the thermal
cycle. The tensile strength, hardness, and low-temperature impact toughness of the welding joints for two types of
welding materials were tested, and the fracture was analyzed via microscope and scanning.

Results and Discussions The mechanical properties of the BS960E laser-arc hybrid welded joints were analyzed
when using different welding speeds and welding materials, and the following results were obtained. 1) Welding
quality: The weld formation was good when the welding speeds were 1.32 m/min and 0. 72 m/min. With the
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increase of welding speed, the porosity of welding seam decreased significantly. Thus, a stable molten pool at high
welding speed can inhibit the generation of porosity. At a high speed, the fusion ratio of welding joints increases, the
beneficial elements of welding wire transition to welding seam are reduced, and the impact property of welding seam
deteriorates. 2) Hardness and microstructure: Under the condition of high-speed welding, the hardness of welds
increases by 9.7% compared with that observed under low welding speeds. Laser-arc hybrid welding can effectively
improve and restrain the softening of welding joints, and the hardness of the softening zone is reduced by 8. 8%
compared with that of the base material. The microstructure of the weld with a welding speed of 1.32 m/min
includes bainite and M-A component, and the microstructure in the heat-affected zone is lath martensite. 3) Tensile
properties: The tensile strengths of 90 wire and 80 wire welded joints are 1129, 1117, 1145, and 1084 MPa,
respectively. The tensile strength is equivalent to that of the base metal, and the elongations observed in the
aforementioned cases are 93%, 98%, 104%, and 102% of the base metal, respectively. Thus, low-strength
matching has better ductility. 4) Impact performance and fracture: The impact performances of the two welds at low
welding speeds increased by 28. 5% and 15. 7%, respectively, compared with those observed at high welding
speeds. The impact fracture of the welding seam of the two types of welding wires exhibits the characteristics of
ductile fracture, and the impact fracture of the heat-affected zone is mainly manifested as a brittle fracture. With the
decrease of welding speed, the brittleness of the MG90-G welding joint in the heat-affected zone increases, but the
impact performance deteriorates less obviously because of the small difference in the welding input energy.
However, the impact toughness of the ER80YM wire welded joint in the heat-affected zone increases with the
decrease of welding speed.

Conclusions Research results show that laser-arc hybrid welding can effectively improve the softening of joints and
reduce the width of heat-affected zone of joints; therefore, the tensile fracture can be observed in the base metal.
Under the action of the laser heat source, laser-arc hybrid welding can effectively improve defects such as undercuts
caused by traditional welding. Further, under the conditions of fast cooling and heating, the weld porosity can be
effectively reduced by increasing the welding speed. From the matching analysis of welding materials, the laser-arc
hybrid welded joint with low-strength matching wires exhibits better ductility than that obtained in case of equal-
strength matching wires. Further, the tensile strength is equivalent to that of the base metal. Under the same
welding process parameters, the impact performance of different welding wire welded joints is small, which can be
attributed to the unevenness of the weld metal composition and the influence of fusion ratio. Currently, the impact
performance of the welded joints of this type of high-strength steel is a weak link, which must be further improved.
Therefore, under the condition of laser-arc hybrid welding, the selection of appropriate heat input and low-strength
matching welding wires can effectively improve the low-temperature impact performance of welding joints.

Key words laser technique; BS960E; quenched and tempered ultra-high strength steel; laser-arc hybrid welding;
impact properties
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