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Abstract: To investigate the feasibility of laser-arc hybrid welding in bogie structures, the hybrid welding of 20mm-thick Q345E
steel T-joints was carried out. The fatigue properties were assessed using both the single-point method and the staircase method.
The findings reveal that, at the specified 5 million cycles, the median fatigue strength of the hybrid-welded T-joint stands at 148.3
MPa. Furthermore, the conditional fatigue strength at 2 million cycles is 181.5 MPa, representing a remarkable 39. 6% increase
compared to the corresponding arc-welded T-joint. Analysis of the fatigue crack morphology indicates that the fatigue crack
originates at the root weld toe, with the instantaneous fracture region displaying a ductile fracture mode. The enhanced fatigue
properties of the hybrid-welded T-joint can be attributed to the reduced stress concentration factor at the root weld toe and the finer
weld microstructure composed of the intragranular ferrite. This prevents premature fatigue crack initiation and hinders fatigue crack

propagation.

Highlights: (1) The fatigue strength of the laser-arc hybrid welded T-joint marked a substantial 39. 6% increase compared to the
corresponding arc-welded T-joint.

(2) The pivotal factor contributing to enhanced fatigue properties was the reduction in the stress concentration factor at
the root weld toe, coupled with the refinement of the weld microstructure.
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Laser-arc hybrid welding system. (a) M-710iC
robot; (b) YLS-6000 laser; (c) TPS4000-CMT
welder; (d) laser-arc hybrid welding head
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Table 1 Chemical compositions of base metal and filler metal
R C Si Mn P S Ni Ti Fe
Q345E <0.18 <0.50 <1.70 0.025 0.025 0.50 0.12 A
ER50-6 0.08 1.40 0.80 0.025 0.025 0.15 — N
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Fig. 2 Schematic of groove size and weld pass. (a)
groove dimensions; (b) welding passes
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Table 2 Welding parameters for T-joint

B B ok S LR
JER Ji1a) P/kW vy/(m'min ) v/(m'min ')

1 LA 5.5 1.0 8.3

2 AL 2 0.4 8.3

3 LA 1.2~1.5 0.3~0.4 8.3

4 AL 1.2~1.5 0.3~0.4 8.3

5 LA 1.2 0.25 10

6 LA 1.5 0.6 8.3
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Fig. 3 Size of fatigue sample
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Fig. 4 Cross-section morphology of T-joint
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Table 3 Fatigue test results for T-joint
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el N TS e SN
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T11 140 N 5 —
T12 150 RS 0.929 728 ESig ety
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Fig. 5 Microstructure of fusion zone. (a) LAHW; (b) MAG
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Fig. 6 Typical fatigue fracture location
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Fig. 7 Fatigue limit lifting diagram of T-joint



%54 ZREH, %: Q345E WHOL-wINE &8 T M ki 7 ik 5
TR 75 9 55 W5 SURHAE " TLIET 9(b), o5 (ISP A 47 i

1
Tor=¢ X(2x155+4x%x145)=1483 MPa  (2)

X% 3 T o I I A AT LA T A A b
E 5550 E 148.3 MPa, 3545 T B HL A9 S-N
ik, Horh 4 NSy S KR 1) o RFTR, BEYA
AEARIBILL 10 R FXTEOE .

& 8 2 LAHW #2:3k iy A S-N £k, Jf 53¢
fik [6,14] WG I 2R A T 2323k 9% 97 P RE1EA T
Pbdg, o, b B RS, 78 Q345E B &4k S-
N MR A X, RN 59 95 0 R U E e XL
STBAAR T SRR R, RIS 0.91, B4R
BRI

lgom =3.33-0.171g N¢ A3)
350
uLAHW, h=20 mm, Q 345 E
300F = AMAG, bh=12mm, Q345 E
®LAHW, b =12 mm, SMA 490 BW
g 250 F A\.\ . ® MAG, b =12 mm, SMA 490 BW
& 200
R
3
2 150 ‘
100 1 i é
1 10 20 50 100
PEFRUEL N (10° JEIK)

B8 TRELHHE SN %

Fig. 8 Fatigue S-N curve for 50% survival rate of T-joint
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Fig. 9 Fatigue fracture morphology of T-joint. (a) crack
initiation region; (b) crack propagation region; (c)
instantaneous fracture region
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Table 4 Stress concentration factor of weld toe

FRETDT s Bk SRS /mm HBF L b/mm FRBEAEEO SRk A2 R/mm IDRIE LR 1
LAHW Q345E 5.08 20 0.74n 2.28 1.69
LAHW SMA490BW 10 6 0.74n 0.91 1.72

MAG SMA490BW 15 6 0.72n 0.52 2.16
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LAHW JR48 BLAS AN/ SR RS, 5 F B
FEAS 2, DT $E e AL S AR A B v 9 57 0 R IR
$e It H, ARFT MAG #4841 40 rh oK e b gk
ZARFINNR 54 1K, LAHW JR4%84H 20 i KRR
BRE R AR, BENS T b PRS- 55 480y e, i
P HE Sk (9 5 PR RE.

3 4

(1) T IEHELT S-N il 1go,,=3.33-0. 17 1gNy,
PEFR UKL 5 x 10° JE YR A B T (R 25 58 32 148.3
MPa.

(2) LAHW 453K 7E 2 x 10° Y I A 4% 129 95 5
JEh 181.5 MPa, LLIRIFIA R MAG FR2 3k #2 5
T 39.6%. 55 Mk Re W = IR I 7E T LAHW

B S S R BEAR T 21.8%, HAR4EZH A
SR/, B 1 R0 AR i R BT B 55 A B

(3) B T3 HEOUHUFIER W, T ALK 55 R
4G ER- S R P I VE Sk NI U )
RRERE 51X, 5257 IR X A W 25

S 3k

[1] BRI, 220 5, BT PREEGT 4244 481 Q345E Mt 7%
R S5 VERERITSE [J]. HLAEHIL, 2020, 50(1): 105 — 108.

Wei Shitong, Jiang Haichang, Lu Shanping. Study on fatigue
property of Q345E steel welded joint for express freight car bo-
gie[J]. Electric Welding Machine, 2020, 50(1): 105 — 108.

[2] FanD, Wang Y Z, Li D Q, et al. Numerical analysis of arc-droplet
behavior in thin wire high current MAG welding with magnetic
control[J]. China Welding, 2023, 32(4): 29 — 37.

[3] KL, XU, FMEC S5, [ A v ) A2 1) AL F AR 0 A e 1]
FEIRAN, 2022, 43(2): 1 - 5.

Zhang Ruiqi, Liu Zhiwei, Sun Ao, et al. Development of domest-
ic high speed train bogie steel[J]. Special Steel, 2022, 43(2): 1 — 5.

[4] Chen J Z, Zhang B, Song Z M, et al. Biaxial tension-torsion fa-
tigue properties of A588 steel weld joint for high-speed train bo-
gie[J]. Materials Science and Engineering:A, 2023, 865: 144634.

[5]1 Lhifie, B, BRI, 45, I DR B 22 e 1) 2R M AU 2

9% 55 MERERIF AT S5 0 [3]. HAEAL, 2019, 49(2): 72 - 75.
Ma Qingbo, Huang Xianfeng, Huang Fenglong, et al. Research
and application of fatigue performance of typical joints of bogies
welding for railway express truck[J]. Electric Welding Machine,
2019, 49(2): 72 - 75.

[6] BRiGA, T4, T, 55 U IEXT Q345E LA 4: 40 f et Sk
PEIFPERBBRER [J]. O SSE K241, 2015, 36(3): 73 — 76.
Chen Zengyou, Yu Yan, Yin Lixiang, et al. Effect of thermal cor-



%54

ZREH, %: Q345E WHOL-wINE &8 T M ki 7 ik 7

[10]

(1]

rection on fatigue performance of Q345E low alloy steel fillet
joint[J]. Journal of Dalian Jiaotong University, 2015, 36(3):
73 = 76.

Unni A K, Vasudevan M. Computational fluid dynamics simula-
tion of hybrid laser-MIG welding of 316 LN stainless steel using
hybrid heat source[J]. International Journal of Thermal Sciences,
2023, 185: 108042 — 108059.

Liu Q Y, Wu D, Wang Q Z, et al. Progress and perspectives of
joints defects of laser-arc hybrid welding: A review[J]. The Inter-
national Journal of Advanced Manufacturing Technology, 2024,
130(1): 111 — 14e6.

Pavan A R, Arivazhagan B, Vasudevan M, et al. Study on the mi-
crostructure and mechanical properties of hybrid laser + MIG wel-
ded joints of 316LN stainless steel[J]. Optics & Laser Techno-
logy, 2023, 163: 109410.

FERRWE, 2048, SR, 4. X80/X100 S FHIEOE-MIG & &
FrEEk WM SURTERE []. #4524, 2023, 44(1): 20 - 26.
Yan Chunyan, Jiang Xinyi, Zhou Qianwen, et al. Microstructure
and properties of laser-MIG hybrid welded X80 and X100 steel
dissimilar joint[J]. Transactions of the China Welding Institution,
2023, 44(1): 20 — 26.

Meng Y, Fu J, Zhang S, et al. Laser-arc hybrid welding of AZ31B
magnesium alloy by newly-designed beam oscillating pattern[J].

Journal of Manufacturing Processes, 2023, 93: 208 — 218.

[12]

[13]

[14]

[15]

[16]

Shi L, Jiang L, Gao M. Numerical research on melt pool dynam-
ics of oscillating laser-arc hybrid welding[J]. International Journ-
al of Heat and Mass Transfer, 2022, 185: 122421 — 122432.

i, GEARIE, AL, 55 SRR 6082 F 5 B AR HeHE S
FPPERERYE M [J]. KREEHR, 2013, 42(10): 35 - 37.

Wang Run, Hou Zhenguo, Niu Xujing, et al. Effect of weld rein-
forcement on fatigue properties of 6082 aluminum alloy welded
joints[J]. Welding Technology, 2013, 42(10): 35 — 37.

GRS, R, M fLE, % SMA490BW 4#0O-MAG 2 &
J5 T B % 57 PERE [J]. FARAIL, 2014, 44(10): 158 — 163.

Rao Qingpeng, Wu Xiangyang, Tao Chuangi, et al. Fatigue per-
formance of laser-MAG hybrid welding T joint on SMA490BW
steel[J]. Electric Welding Machine, 2014, 44(10): 158 — 163.

Li L, Zheng J M, Wang C M. Fatigue behavior improvements of
laser-induction hybrid welded S690QL steel plates[J]. Optics &
Laser Technology, 2020, 126(6): 106101 — 106110.

Zhang C, Gao M, Zeng X. Effect of microstructural characterist-
ics on high cycle fatigue properties of laser-arc hybrid welded
AA6082 aluminum alloy[J]. Journal of Materials Processing
Technology, 2016, 231: 479 — 487.

E—1ER ZORGH, WL A EEOF I A EOE-
HNE &84T 7., Email: jianglai@hust.edu.cn.
BISEE: mH, Hit, #d%; Email: mgao@mail hust.edu.cn.

(4mig: XIS


http://dx.doi.org/10.3969/j.issn.1002-025X.2013.10.009

	0 序言
	1 试验方法
	1.1 试验设备及材料
	1.2 疲劳试验

	2 试验结果及分析
	2.1 截面形貌及微观组织
	2.2 疲劳试验结果
	2.3 S-N曲线
	2.4 疲劳断口形貌
	2.5 疲劳性能的提升机理

	3 结论
	参考文献

