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Research on the Weld Forming Law of High-Strength Steel Narrow-Gap
Laser-MAG Composite Welding based on Response Surface Method

XING Yucheng, ZHANG Pingze’

School of Materials Science and Technology, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China

Abstract: To deeply investigate the forming rules of narrow gap laser-MAG hybrid welding seams of high-strength steel, 25
mm thick Q690 high-strength steel was taken as the research object. The Box-Behnken Design (BBD) in the Response Sur-
face Methodology (RSM) was used to design a three-factor and three-level experiment, systematically exploring the effects
of laser power (P), welding current (I), and welding speed (V) on the forming of backing, filling, and cover seams. For differ-
ent functional requirements of the seams, the melt depth and fusion ratio (backing seam), melt width and sidewall fusion ra-
tio (filling seam), and width-to-height ratio and fusion ratio (cover seam) were selected as response indicators respectively. A
quadratic regression prediction model for each forming parameter was constructed, the significance of the model was veri-
fied through Analysis of Variance (ANOVA), and the relationship between process parameters and seam forming was quanti-
fied using 3D response surfaces and contour plots. The results showed that in the backing seam, the laser power had the great-
est impact on the melt depth, with optimal parameters being 3,800 W, 240 A, and 0.7 m/min, achieving a stable melt depth of
5.6~5.7 mm; in the filling seam, the welding current had the greatest impact on the melt width, with optimal parameters be-
ing 2,200 W, 260 A, and 0.7 m/min, achieving a sidewall fusion ratio of more than 0.60, and it could be dynamically adjusted

according to the groove spacing; in the cover seam, the welding speed had the greatest impact on the width-to-height ratio,
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with optimal parameters being 2,000 W, 280 A, and 0.48 m/min, achieving a width-to-height ratio of more than 7.0 for

smooth forming. Welding experiments were carried out using optimized process parameters, resulting in aesthetically pleas-

ing seam formations without defects such as porosity or lack of fusion, and the radiographic inspection results met the stan-

dards. Compared with traditional arc welding, this process reduced the groove filling area by 50.4%, decreased the welding

heat input by 48.4%, and increased the welding efficiency by 47.8%, providing a reliable process plan and theoretical support

for the efficient and high-quality welding of Q690 high-strength steel thick plate structures.

Keywords: Q690 high-strength steel; narrow-gap laser-MAG hybrid welding; response surface method; weld formation

rules; process optimization
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Table 1 Chemical composition of base metal and welding wire(wt. %)

ok C Si Mn P S Cr
BEpF 0.16 0.33 12 0.014  0.004  0.247
Jies 0.096 0.38 1.74 0.01 0.01 0.46
K Ni Cu Al Ti Fe
BEpF 0.013 0.024 0.033 0.022 Bal.
SRy 2.75 0.092 — — Bal.

®2 BMMRLNFMERE

Table 2 Mechanical properties of base metal and welding wire

- BrhisRE R R g I
/MPa /MPa /% 2l

BlpF 887 849 14.5 117(-20 °C)

JRaz 894 835 16.5 99(-20°C)
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Table 3 Factor coding table for root pass

Hifiy BOLIPARW REERA RS/ (memin)
-1 3600 220 0.6
0 3800 240 0.7
1 4000 260 0.8

22 FTIRIBEER B R

22,1 WEIRBNEA YR ol @A A & 5 54 T
X7 ] B A TR (H) 60 2

BT E A IEXT R TRIG R T G A (0)

R4 EHREEHEERRD

Table 4 Factor coding table for filler pass

2ty BOCHPR/W IREERA R (meminT)
-1 2000 240 0.6
0 2200 260 0.7
1 2400 280 0.8

RS EEEEHNEERD

Table 5 Factor coding table for cover weld

Sl BOGh /W TERR/A A/ (memin™)
-1 1 800 260 0.54
0 2 000 280 0.48
1 2200 300 0.42
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Fig.3 Schematic diagram of root pass weld depth and fusion ratio
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Fig. 4 Macrophotograph of root pass
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Table 6 Design of the response surface method for root pass

o PRI KRR SRR TR fEEAs A Fen WOEThA SRR R SRR MEEAS A
e 7
/W /A /(m+min™)  H,/mm tby /W /A /(m+min™)  H/mm Lty
1 3 600 220 0.7 5.01 0.539 10 3800 260 0.6 4.82 0.472
2 4000 220 0.7 5.35 0.529 11 3800 220 0.8 437 0.562
3 3600 260 0.7 528 0.503 12 3800 260 0.8 461 0.498
4 4000 260 0.7 5.50 0471 13 3800 240 0.7 5.61 0.541
5 3600 240 0.6 532 0452 14 3800 240 0.7 5.64 0.550
6 4000 240 0.6 527 0.464 15 3800 240 0.7 5.64 0.556
7 3600 240 0.8 4.67 0.541 16 3800 240 0.7 5.68 0.556
8 4000 240 0.8 5.16 0.485 17 3800 240 0.7 5.74 0.558
9 3800 220 0.6 4.61 0.451
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Fig. 5 Comparison of actual and predicted values of root pass weld depth and fusion ratio
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Table 7 Regression analysis result of root pass weld depth

RS FIREEBALLLERASTER

Tab. 8 Regression analysis result of root pass fusion ratio

FEARBE AME FaR B F{H P{H B FERE AME FHM B F{H PfH B
EJE] 9 3.04 03376 9846  <0.000 1 B EYE| 9 0.0261 0.0029 31.17  <0.000 1 T
X, 1 0.1250 03376 9846  <0.000 1 X, 1 0.0009 0.0009 10.13  0.0154
X, 1 0.0946 0.1250 3645  0.0005 X, 1 0.0024 0.0024 2542  0.0015
x; 1 0.1830 0.0946 2759  0.0012 x 1 0.0076 0.0076 81.80  <0.000 1
X)X, 1 0.0036 0.1830 5337  0.0002 XX, 1 0.0001 00001 124 03019
XX, 1 0.0729 0.0036  1.05 0.339 7 XX 1 0.0012 0.0012 1241  0.0097
X%, 1 0.0002 0.0729 2126  0.0025 X, 1 0.0018 0.0018 19.62  0.003 0
x? 1 0.0166 0.0002 0.0656  0.8052 x? 1 0.0029 0.0029 31.55  0.0008
x2 1 08142 0.0166  4.83 0.063 8 x2 1 0.0011 0.0011 11.65 0.0112
x2 1 1.62 08142 23743  <0.000 1 X2 1 0.0070 0.0070 75.09 <0.000 1
K 3 0.0139 0.0046  1.84 02799  ANEE K 3 0.0004 00001 249 01998 A
R2E 4 0.0101 0.0025 R2E 4 0.0002  0.000 1
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Fig. 7 Effect of single factors on root pass fusion ratio
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Fig. 8 Effect of interaction on base weld depth
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Fig. 9 Effect of interaction on base weld melting ratio
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Fig. 10 Diagram of filler weld width and fusion ratio of side wall
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Table 9 Design of the response surface method for filler pass

o WOt SRR R T L 3sey o WOLTIR R R JE9E MEER S

/W /A /(m+min™)  H/mm ey /W /A /(m+min™)  H/mm tbn
1 2200 280 0.6 5.61 0.542 10 2 000 280 0.7 5.31 0.514
2 2200 260 0.7 5.73 0.609 11 2200 260 0.7 5.72 0.592
3 2200 260 0.7 5.6 0.583 12 2 400 280 0.7 5.45 0.532
4 2400 260 0.6 5.21 0.562 13 2000 260 0.8 5.17 0.493
5 2200 280 0.8 5.14 0.476 14 2400 260 0.8 5.55 0.489
6 2200 240 0.6 5.04 0.509 15 2200 240 0.8 5.65 0.495
7 2 000 260 0.6 5.41 0.522 16 2 400 240 0.7 5.25 0.494
8 2200 260 0.7 5.72 0.609 17 2 000 240 0.7 5.17 0.472
9 2200 260 0.7 5.59 0.585

©)

E11

\_/ 3mmj-

Fig. 11 Macrophotograph of filler pass
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Table 10 Regression analysis result of filler weld width

7;:; ﬁ; Rl ¥or F{H P{H B
EVE] 9  0.8452 0.093 9 21.85  0.0003 B
X, 1 0.02 0.093 9 8.75 0.069 5

x, 1 0.02 0.02 4.654  0.00025

X 1 00072 0.02 4.654  0.067 87

X%, 1 0.0009 0.007 2 1.675  0.236 58

XX 1 00841 0.000 9 0.2094  0.661 07
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Table11 Regression analysis result of filler weld melting ratio of side wall
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Fig. 14 Effect of single factors on filler weld melting ratio of side wall
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Fig. 15 Effect of interaction on filler weld melting ratio
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Fig. 16 Effect of interaction on filler weld melting ratio of side wall
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Fig. 17 Schematic diagram of cover weld fusion ratio and aspect ratio

6= (10)

AR 12 B £ LI T oy H A e S o 3 iy
AR B — Uk Rl s AR, anaX (1) (X (12)
IR o BT SR E AT (X b3 g B 47
R, AnE 19 B, B B0l s 35 20 b o3 Afi 4597 £
2, S PR (RS U AR R A DR — B0 IR
EERI B 3 R [ YRR M 5 SR A 1

0=-14.5604+0.00653x,+0.04689x,+7.352x,~

0.00000287x,x,0.000479x x,~0.00104xx,—

E 18 iﬁk*fé#—iﬂ@ﬁ

Fig. 18 Macrophotograph of cover weld



142 @i%i\

2025 4F
F12 EEELEN R RIS
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1 1800 260 0.48 0.382 6.71 10 2000 300 0.42 0.472 6.76
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3 1800 300 0.48 0.401 6.74 12 2000 300 0.54 0.474 6.35
4 2200 300 0.48 0.463 6.79 13 2000 280 0.48 0.507 7.21
5 1800 280 0.42 0.412 6.74 14 2000 280 0.48 0.523 7.03
6 2200 280 0.42 0.491 6.89 15 2000 280 0.48 0.532 7.19
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Table 13 Regression analysis result of cover weld fusion ratio
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Table 14 Regression analysis result of cover weld aspect ratio
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Table 15 Narrow Gap laser-MAG hybrid weld process parameters for high strength steels

BR ROCUIEW RERRVA  REE/V RS/ (memin)

W EOEIRE/W RHERTEVA R E/V EEE (memin )

1 3800 240 252 0.7
2 2200 260 26.5 0.7
3 2200 260 26.5 0.7
4 2200 280 27.2 0.7

5 2200 280 272 0.7
6 2200 280 27.2 0.6
7 2200 280 27.5 0.6
8 2200 280 27.4 0.48
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Fig. 24 Surface morphology of narrow-gap laser-MAG hybrid weld for high strength steels
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Fig. 25 Macroscopical morphology and radiographic inspection results of narrow-gap hybrid weld for high strength steels
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