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Abstract. Inview of the problems like incomplete penetration caused by the traditional MAG welding,
laser-MAG hybrid welding of 12 mm thick corrosion resistance steel was studied by using the
SMA490BW as the research object, which was the material of high speed train bogie. By comparing
weld formation, residual stress, microstructure of 12 mm thick corrosion resistance steel welding joints
welded by MAG welding and laser-MAG hybrid welding, the following results can be get. The residual
stress value in atmospheric corrosion resistant steel SMA490BW welding joint of laser-MAG hybrid
welding was smaller than that of MAG welding; the weld appearance quality of hybrid welding was
better than that of MAG welding, and the weld microstructure of hybrid welding was much more
uniform and fine; the hardness value of the weld zone welded by hybrid welding was higher than that of
MAG welding, but the width of heat affect zone was smaller than that of MAG welding.

Introduction

The rapid development of high-speed railway in China has made great achievements in recent years.
The total operations mileage of China's high-speed railway was more than 16000 km until December
28, 2014. The operating mileage of high-speed railway in China taken up about 50% of the world,
which was the best in the world high-speed railway mileage list. With the improvement of the running
speed, the load and operating conditions of bogie were becoming more and more complex [1]. Asan
important part of the train, the bogie is mainly used to support the body, motor and other components.
The bogie was suffering the horizontal stress, vertical stress and other complex stress while the
movement and steering of thetrain. Therefore the safety and stability of the train was determined by the
welding quality of bogie [2]. Under the effect of the factors like stress concentration, fracture accident
of the bogie caused by fatigue failure was often occurred, which has caused great restriction for the
high-speed and stable operating [3, 4]. Therefore the material selection, welding procedure and the
service performance of the bogie has become important research topics[5].

Asfor the bogie, the common welding method is MAG arc welding. The value of residual stressis
relatively large and it’s easy to deform, causing the incomplete penetration defect easily, which will
lead to serious stress concentration. Therefore it is not conductive to the reliability and safety of the
bogie frame [6]. In order to solve the incomplete penetration defect and stress concentration, the
laser-MAG hybrid welding was considered. With the advantages of high power density, small heat
input, large weld penetration, better gap adaptive capacity and high speed welding, the laser arc hybrid
was of great importance to solve the problems of the bogie frame [7, §].

In this paper, the processing property of the atmospheric corrosion resistant steel SMA490BW was
studied, which is used in high-speed train bogie and welded by laser-MAG hybrid welding, attempting
to give better processing parameters of the 12 mm thick corrosion resistance steel SMA490BW in
laser-MAG hybrid welding. Besides the influences of MAG welding and laser-MAG hybrid welding on
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the weld formation and residual stress distribution were analyzed, which provided theoretical guidance
for the design of actual bogie structure and welding production.

M aterial and Experiments

Testing M aterial. The 12 mm thick atmospheric corrosion resistant steel SMA490BW was used asthe
testing material, according to the Japanese standard J'S G3114. The chemical composition of
atmospheric corrosion resistant steel SMA490BW is shown in Table 1.
Testing Material C Si Mn P S Cu Cr
SMA490BW  0.18 055 140 0.035 0.035 0.20~0.35 0.30~0.55

Table 1 The chemical composition of atmospheric corrosion resistant steel SMA490BW ( wt% )

In addition to the elements in the above table, the atmospheric corrosion resistance elements like
Mo, Ti, Ni, V and Zr were aso added. Through the solid solution strengthening and fine grain
strengthening of the aloy elements, the strength and plasticity of materials can be improved. At the
sametime, the elementslike Cu, P and Ni were reacted with matrix, producing dense protective film on
the surface of the matrix, which improved the corrosion resistance of the material effectively.

The welding wire CHW-55CNH with a diameter of 1.2 mm was used as the weld filling material.
This kind of welding wire can be used in the welding of rail vehicles and bridge structure in the
condition of argon gas. The chemical composition of thewelding wire CHW-55CNH isshownin Table
2.

Testing . . Othe
Material C Si Mn P S Cu Cr Ni )

CHW-55CNH 0.08 0545 140 0.012 0.008 025 0.65 0.35 <03

Table 2 The chemical composition of welding wire CHW-55CNH ( wt% )

Experiments. The laser-MAG hybrid welding system was mainly composed by the fiber laser IPG
Y LS-4000, pulsed-current welding machine KEMPPI KempArc-450 and the robot ABB IRB2600. As
isshown in Fig.1a, the composite form of the laser head and MAG welding torch was in the position
relation as the laser head was in front while the welding torch was in the rear. In order to prevent the
laser head from splashing, dust and other pollutions, the ordinary argon was used for the protection of
laser head in the laser-MAG welding; the 80% Ar and 20% CO2 were provided by welding torch for
the protection of the weld pool in order to ensure the quality of weld metal.
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Fig. 1 Main composition of hybrid welding

The atmospheric corroson resstant steel SMA490BW plate with the size of
300mmx300mmx12mm was used for the test. The 30°, 40°and 60° were designed as the groove angle
of three kinds of butt joints (the hybrid welding groove blunt edge was 3 mm, and the MAG welding
groove blunt edge was 2 mm), asis shown in Fig.2. Besides, the welding methods were MAG welding
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and laser-MAG hybrid welding. Meanwhile, the Proto iXRD residual stress measuring instrument was
used to measure the residua stress; the residual stress distributions of the welded joints with different
groove sizeswere compared and analyzed, which were welded by different methods. Asfor the typical
joints welded by two kinds of welding methods, the microstructure was observed through the Zeiss
microscope A1lm. Meanwhile, the hardnesstest of the joints was completed through the digital Vickers
hardness tester HV S-30. ; "
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Fig. 2 The groove design of MAG welding and hybrid welding for butt-cover plate

Results and Discussion

Welding Test. Asfor the different welding methods and groove designs, the good appearance of weld
formation was got by adjusting the main welding parameters like laser power P, welding speed V; and
wire feeding speed V, (other parameters, the welding wire stem elongation 1=20 mm, the distance
between welding wire and laser d=2 mm, defocusing distance f=0 mm). The welding process
parameters used in the experiment are shown in Table 3, where H stands for the laser-MAG hybrid
welding, and M stands for the MAG welding.
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Welding Welding Wire feeding Laser Line groove
timesand Speed Speed power Current Voltage energy angle

layers  Vamimin)  Vomvmin)  PGw) (A V) aagem )
H30-1 0.48 8.0 35 205 245 846 o
H30-2 0.78 115 1.0 275 205 5.68
H40-1 0.48 8.0 35 205 245 8.46
H40-2 0.78 115 1.0 275 205 568 40
H40-3 0.78 115 10 275 205 5.68
H60-1 0.48 8.0 35 205 245 8.46
H60-2 0.78 115 1.0 275 205 568
H60-3 0.78 115 10 275 205 5.68
H60-4 0.78 115 10 275 205 5.68
M30-1 0.42 80 / 210 250 600 o
M30-2 0.48 10.0 / 265 285 755
M40-1 0.42 8.0 / 210 25.0 6.00
M40-2 0.48 10.0 / 265 285 755 40
M40-3 0.48 10.0 / 265 285 755
M60-1 0.42 8.0 / 210 25.0 6.00
M60-2 0.48 10.0 / 265 28.5 755 60
M60-3 0.48 10.0 / 265 285 755
M60-4 0.48 10.0 / 265 28.5 755

Table 3 The welding parameters of MAG welding and laser-MAG hybrid welding for the
Atmospheric corrosion resistant steel SMA490BW

The heat input of the weld was calculated according to the formula given by reference [9],

P Ul
Q ulvl +U2V1 (1)
where Pislaser power (kW); . islaser coefficient of thermal efficiency, and the valueis 0.9; p, isarc
coefficient of thermal efficiency, and the value is 0.8.

The calculation results of the welding line energy are shown in Table 3. According to the results, the
heat input value of other welding beads of hybrid welding was smaller than that of MAG welding.
However, the heat input value of backing welding in hybrid welding was relatively large. Asfor such
complete weld of 12 mm thick SMA490BW, the total heat input value of hybrid welding was lower
than that of MAG welding, which had a very avital effect on the microstructure and properties of the
hybrid welding joints.

In order to compare the macro molding differences of the joint with different grooves and welded
by different methods, the metallographic specimens from the welded steel plate was got, then the
grinding, polishing, corrosion, observation processes and the analysis of macro morphology of the
weld cross section were conducted, which is shown in Fig.3.
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(a) H30 weld cross section | (b) M30 weld cross section

(c) H40 weld cross section (d) M40 weld cross section

(e) H60 weld cross section (f) M60 weld cross section
Fig. 3 The weld cross section of different welding methods and grove

Asisshownin Fig.3, the weld reinforcement decreased with the increase of the groove angle under
the condition of little change in the welding parameters. The H30 and M40 weld penetration was in
good condition, with smooth weld reinforcement transition, and the required number of layerswas also
less, asis shown in Fig.3aand 3b. From the observation of macro morphology of the above two kinds
of welded joints (Fig. 4), it can be seen that the surfaces of H30 and M40 welds were relatively smooth,
without the defects like undercut and crack, which indicated that the hybrid welding with 30° groove
angle and the MAG welding with 40° groove angle were appropriate for the welding of the 12 mm
thick atmospheric corrosion resistant steel SMA490BW. However, the hybrid welding had obvious
advantages in the welding speed and heat input.

(QMAG welding weld front profile with 40° groove ; (b)MAG welding weld reverse profile with 40°

groove ; (c) Hybrid welding weld front profile with 30° groove; (d) Hybrid welding weld reverse
profile with 30° groove.
Fig. 4 The weld macro forming with different welding methods and groove

Residual Stress Test. In order to analyze the effect of different welding methods and grooved on
residual stress distributions of the joints, the residual stress of the welded joints was tested by X-ray
method. Fig.5 shows the distributions of residual stress test points, and the results are shown in Fig.6.
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Fig. 5 Schematic of residua stresstest by X-ray method
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Fig. 6 Residual stress distributions of laser-MAG hybrid welding and MAG welding

Welding was a process of uneven heating. The longitudina shrinkage of the weld will produce the
longitudinal residual stress. Besides , the transverse shrinkage and longitudinal shrinkage of the weld

zone and plastic deformation zone will produce the transverse residual stress together.

Asis shown in Fig 6a and 6c, the transverse residual stress near the weld zone was tensile stress,
while the transverse residua stress far away from the weld zone was compressive stress, and the value
of transversetensileresidual stressin the middle of the weld was the maximum. With the increase of the
groove angle, the weld metal which was needed to fill increased, as well as the welding heat input.
Thereforethe transverseresidual stress of weld increased with the increase of groove angle. According
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to the Fig.6b and 6d, the distribution law of longitudinal residual stress of the weld was the same as that
of transverse residua stress. The value of the longitudinal residual stressin the center of the weld was
the largest, and from center to both sides of the weld, the longitudinal residua stress of the weld was
gradually changing fromthetensile stressto compressive stress. The weld’ slongitudinal residua stress
of different groove angles was compared, and it was shown that with the increase of the groove angle,
the weld metal which was needed to fill increased, therefore the shrinkage of the weld increased, aswell
asthe longitudinal residual stress.

In general, the residual stress level of laser-MAG hybrid welding was less than that of MAG
welding, because the laser-MAG hybrid welding had higher welding speed and less fill metal was
required so that the welding deformation of the hybrid welding was smaller, and the residual stresslevel
was decreased.

Microstructure and Hardness Test

Microstructure analysis. The metallographic structures of H30 and M40 typical joints are shown
inFig.7. AsFig.7ashowsthejoints morphology of laser-MAG hybrid welding which was observed in
low-power. The joint included the weld zone, heat affected zone and base metal. Besides, the heat
affected zone can be subdivided into overheated zone, normalized zone and incomplete
recrystalization zone. The distribution of the MAG welding jointswas similar to that of hybrid welding
joints.

(a) Joints' morphology of hybrid welding in low-power; (b) MAG‘weIdri ng Zone; (c) Normalized zone
of MAG welding;(d) Weld zone of hybrid welding; (€) Normalized zone of hybrid welding (f) Base
metal

Fig. 7 The joints microstructure of MAG welding and laser-MAG hybrid welding

Theweld microstructure shown in Fig.7b and 7d was the ferrite band along the grain boundary, and
the carbide-free bainite grew into the crystal; in the crystal, there were acicular ferrite, ferrite side-plate
and pearlite. In process of crystallization, the ferrite band separated out along the grain boundary of
austenite, and the ferrite side-plate grew into the crystal as side-plate from flank of the grain boundary
of austenite. In the original austenite grain, there was the acicular ferrite, which changed into pearlite
after the cooling of original austenite. By the comparison of Fig.7b and 7d, it can be seen that the ferrite
band of MAG welding was more butt, because of the larger heat input of MAG welding.

By comparing the Fig.7c and 7e, it can be seen that the normalized zone microstructure of 2 kinds of
joints were both ultrafine ferrite and pearlite, and the distribution of the normalized zone
microstructure welded by hybrid welding was more uniform. The base metal microstructureisshownin
Fig.7f, which were equiaxed ferrite and pearlite. As the supply state of base metal was in the condition
of hot rolling, the dendrite segregation and impurities were elongated in the processing, showing the
characteristics of black banded structure.
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Hardness Test. The hardness tests to the H30 joints and M40 joints were conducted, and the test
results are shown in Fig.8. From the hardness curve, it can be seen that the change of the hardness of
the two kinds of joints was almost the same. The hardness value of base metal was the lowest, only
about 165HV because there was no phase transition in the base metal during the welding process, and
the microstructure was still composed by pearlite and ferrite. The weld zone was composed by acicular
ferrite, ferrite band and pearlite so that the value of hardness was relatively high. In the whole joint, the
value of hardness of the coarse grain zone in the heat affected zone was the highest, because such zone
was composed by widmanstatten microstructure. The high hardness was caused by the shear formation
mechanism of widmanstatten microstructure. However the plasticity and toughness of widmanstatten
microstructure was poor, the coarse grain zone was the relatively weak zone in the whole joint; the
value of hardness of normalized zone was lower than that of coarse grain zone, because its
microstructure was fine and uniform ferrite; In the incomplete phase transformation zone, the
characteristics of the base metal were retained by some microstructure due to the incomplete phase
transformation, and the hardness value was lower than the normalized zone but dightly higher than the
base metal.
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Fig. 8 Hardness curve of typical joints

By comparing the Fig.8aand 8b, it can be seen that the width of the heat affected zone of the joint
welded by MAG welding was about 6 mm, while the width of the heat affected zone of the joint welded
by laser-MAG hybrid welding was only about 3.5 mm, which was relative to the high speed and small
welding heat input of the hybrid welding. The highest hardness value of hybrid welding was higher than
that of MAG welding, because of the higher cooling speed of joints welded by hybrid welding.

Conclusions

1. The optimum parameters of laser-MAG hybrid welding of 12 mm thick atmospheric corrosion
resistant steel SMA490BW were obtained ;

2. The residua stress distributions of the two kinds of joints were compared, and the value of
residual stress of the laser-MAG hybrid welding joint was smaller than that of MAG welding.

3. The microstructure of 12 mm thick corrosion resistance steel SMA490BW joint welded by
laser-MAG hybrid welding was finer than that of MAG welding, and the width of the heat affected
zone was smaller than that of MAG welding.
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