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Abstract The morphology and microstructure of the weld
joint have significant influence on mechanical properties
of welded specimens. In this paper, the mechanism on
how the external magnetic field affected weld profile
and microstructure was discussed by applying the longi-
tudinal steady magnetic field to laser welding for SUS301
stainless steel. The optimal and scanning electron micro-
scopes were used to measure the shape of the cross sec-
tion and observe the microstructure after welding. The
results showed that the shape of the cross section and
microstructure could be significantly changed using the
external magnetic field. Moreover, joint shape changed
distinctly with the magnetic field intensity changing.
With the increasing of magnetic flux density, the weld
profile of the full penetration model changed from funnel
to X type; meanwhile, the bottom weld width increased
by 40%. In addition, the partial fusion zone occurred, and
the weld width decreased by 20% while penetration in-
creased by 18% when magnetic flux density turned into
380 mT. As far as microstructure of weld joint was con-
cerned, it appeared that application of axial magnetic field
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led to indistinct fusion line and blocky austenite in big
size rather than columnar grain in the center of the cross
section. This phenomenon could be explained by numer-
ical simulation results.
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1 Introduction

Laser beam welding is a new welding method with high-
energy density, high efficiency, low heat input, and fine
adaptability compared to conventional welding. Based on
these advantages, it is widely used in the fields which ask
for accuracy and quality like aerospace, electronics, rail-
way, automobile, and medicine [1-6]. Hence, engineers
are trying to expand the range of application, especially
in the case of enhancing welding speed and improving
seam quality, which is important to improve quality of
welding products. According to previous research, the
joint geometry is a very important factor to affect the
welding bead quality [7-10]. Adding the magnetic field
to optimize the velocity field of the welding pool is
thought to be a powerful way to improve the welding
quality by optimizing joint geometry [11, 12].

Over the past several years, a number of researchers
have conducted experiments to investigate influence of
the magnetic field on welding. Based on these experimen-
tal observations, it was found that magnetically supported
laser beam welding could suppress humping, improve top
bead quality, dampen plasma plume fluctuations, and in-
crease process stability [13]. Using low-frequency mag-
netic fields, the flow conditions inside the melt pool can
be altered, potentially enhancing melt pool dilution. The
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frequency of the magnetic field was a critical parameter to
determine the spatial distribution of elements [14]. With
alternating the magnetic field, the spatial distribution of
silicon at the transversal section was changed and the joint
became more homogeneous for laser welding of alumi-
num with filler wire. The Lorentz forces induced by the
magnetic field affected the horizontal component of the
flow velocity at molten pool [15]. In GTA welding of
austenitic stainless steel, it could be concluded that appli-
cation of the axial magnetic field had an obvious effect on
the shape and solidification structure of weld beads [12].
It was found that the penetration depth can be increased
by more than 13% with the influence of electric and mag-
netic fields on plasma and keyhole of CO, laser welding
[16]. Bachmann [17-21] and his research group studied
the influence of magnetic fields on deep penetration laser
welding of austenite stainless steel by using experimental
and numerical investigation. The formation of gravity
dropout was discussed in these works, and the prevented
method was proposed in both parametrical and magnetic
aspects.

According to the previous works mentioned above, the
influence of the magnetic field on the macro profile and
microstructure of laser welding is still insufficient which
makes it difficult to execute a stable welding process. The
mechanism of the velocity field at the welding pool is still
unclear since it is very difficult to be observed by an
experimental approach. In this work, a combined laser-
magnetic welding process for SUS301 stainless steel
was carried out to investigate the effect of the magnetic
field on the macro profile, microstructure, and mechanical
properties. The numerical model with the same condition
of experiments was proposed to obtain temperature and
velocity field which can be used to explain the formation
mechanism of welding geometry. The relationship be-
tween welding geometry, microstructure, and mechanical
properties was discussed based on the experimental and
numerical results.

2 Experimental procedure

The experimental setup used in the study was schemati-
cally given in Fig. 1. Butt joint laser welding with high-
power fiber laser (IPG YLR-4000) was performed on
SUS301L stainless steel (150 x 100 x 2 mm,
150 x 100 x 3 mm). The chemical composition of the
material is given in Table 1. The welding process was
shielded by pure argon (flow rate 20 L/min). Permanent
magnets (NdFeB) were located under steel plate horizon-
tally which means that the magnetic field was vertical to
the workpiece and paralleled to the laser beam. The mag-
net can generate not more than 490 mT of the magnetic
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Fig. 1 Schematic representation of the experimental setup

field on the top surface, and the flux density on the top
surface of the steel plate was adjusted by controlling the
height of bearing shown in Fig. 1. The value of flux den-
sity on the plate was measured by a HT201 gauss meter
which was used as the value of the magnetic field in the
following part of the manuscript. Laser welding was car-
ried out using a laser power of 3600 W, welding speed of
3.6 m/min, and defocusing distance of 0 mm under vari-
ous magnetic field conditions (0, 95, 310, 380 mT). To
measure dimensions of weld beads, transverse cross sec-
tions were made at different locations of each weld. After
a standard polishing and etching process, width and pen-
etration depth of the weld were obtained by an optic mi-
croscope. The etching reagent used to reveal the micro-
structure was made of one part HF, three parts HNO;, and
seven parts water. Scanning electron microscopy (SEM)
was used to obtain a more microscopic observation of the
microstructure. Numerical simulation of laser welding
which applied axial magnetic field was carried to investi-
gate the mechanism on how the magnetic field affects
welding procedure.

Table 1  Chemical composition (wWt-%) of SUS301

C Si Mn P S Cr Ni N Fe

<0.03 <I1.0 <2.0 <0.045 <0.03 18~20 8~10.5 <0.02 Margin
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Fig. 2 The shapes of the cross
section of 2-mm 301 stainless
steel plates under different
magnetic field

3 Results and discussion

3.1 The influence of different directions and densities
of magnetic field on weld joint morphology

In theory, the shape of the cross section was only affected
by heat input, which means that the joint morphology
would not change with the same heat input. For laser
welding, the weld width was very critical because the
porosity number was directly related to weld width. A
smaller weld width means a smaller welding pool would
be more difficult for porosity to escape. If the weld width
increased, the porosity number would decrease.
According to previous research [8], increasing heat input
was the only way to obtain a wider weld. However,

w

increasing heat input was harmful for the mechanical
properties, for example, increasing microstructure gradi-
ent. The shape of the cross section in laser welding also
would be affected by the magnetic field [20]. It was a
powerful method which could increase weld width with-
out disadvantages caused by overheating. However,
Malinowski [22] found that a 20-mT magnetic field in
arc welding had a significant influence on shape and mi-
crostructure of hybrid laser-arc weld joint. When an alter-
nating magnetic field was applied, a symmetric weld bead
of regular and predictable shape was produced.

The different shapes of the cross section under 0-
380mT magnetic fields are shown in Fig. 2 for a full
penetrated laser welding of 2 mm stainless steel. The pro-
file of the cross section changed from funnel to X type

Fig.3 Different values of top and
bottom width with different
magnetic densities
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Fig. 4 The shapes of the cross
section of 3-mm 301 stainless
steel plates under different
magnetic fields

when the magnetic density increased from 0 to 383 mT.
The shape of the joint under 95 mT magnetic field had no
significant difference with joint shape without the mag-
netic field. And yet, the top and bottom weld widths were
far bigger than the middle width when applying a 380-mT
magnetic field. The top and bottom widths were plotted as
a function of different magnetic field strengths shown in
Fig. 3. It can be concluded that seam appearance had no
difference when applying a magnetic field less than
95 mT. What is more, the shape and microstructure of
the weld joint stayed similar no matter how the density
changed. When the magnetic density increased to 380 mT,

500pum 500pum

(d)

the bottom width increased from 0.83 to 1.19 mm, which
was bigger than no magnetic condition by 40%. However,
the top width increased only by 10% under a 380-mT
magnetic field. On the whole, with the magnetic density
increasing, the values of top and bottom width were on
the rise.

Likewise, it was found that the magnetic field had a
significant influence on partial penetration laser welding.
The cross section of 3 mm stainless steel under different
magnetic fields was illustrated in Fig. 4. The value of
weld width and penetration under different magnetic
fields is illustrated in Fig. 5. It could be seen that the

Fig. 5 Different values of width 22
and penetration under different
magnetic densities
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Fig. 6 Macrostructure of full
penetrated 301 stainless steel
weld joints. a 0 mT. b 310 mT

penetration almost increased linearly with the magnetic
density increasing, while the width decreased at the same
time. The shape varied from wide and shallow shape to
narrow and deep shape when the magnetic density
changed from 0 to 380 mT. In Fig. 5, it can be concluded
that the weld width increased by 20% while penetration
decreased by 18% when magnetic flux density turned into
380 mT. In conclusion, a magnetic field more than
100 mT would make a big difference on the profile of
the cross section in laser welding.

3.2 Microstructure

Macro profiles of 2 mm stainless steel weld joint are
shown in Fig. 6. It was observed that the fusion line
was clear with no magnetic field, while the fusion line
near the middle of the cross section was distinct when
applying a 310-mT magnetic field. Two symmetrical tri-
angle zones were more similar to the base metal replacing
welding metal at location “A” in Fig. 6b. However, the
fusion line at locations “B” (near top surface) and “C”
(near bottom surface) were quiet clear. It was obvious that
the shape of the fusion line was directly related to the
microstructure. Aiming to study more about these zones,
an optical micrograph showing the microstructures of

Fig. 7 Microstruture of welding
metal of 301 stainless steel weld
joints. a Zone I in Fig. 6a. b
Zonell in Fig. 6b

(b)

zone I and zone II are presented in Fig. 7. Weld bead
was composed of d-ferrite and cellular dendrite, while 6-
ferrite was rare in base metal. The microstructure of the
base metal and weld bead was quiet different which made
the fusion line very clear. However, only block austenite
existed near the base metal which resulted in a fuzzy
fusion line when adding a 310-mT magnetic field.
Further analysis about the partly molten zone (PMZ)
was conducted by using SEM analysis. The fusion line
was distinct near the black dotted line without the mag-
netic field. Limited §-ferrite (light etched) distributed
along the fusion line while the amount of ferrite became
larger when getting closer to the centerline of the weld
which was mainly composed of columnar dendrites. This
phenomenon was attributed to different supercooling de-
grees near the base metal or near the weld centerline. The
larger supercooling near the weld centerline made more 8-
ferrites precipitate at the grain boundary. When combining
310 mT magnetic field with laser welding, the thermal
current from liquid metal to base metal would generate
Lorenz force which would stir molten pool near the base met-
al. The stirred molten pool would break cellular dendrites and
format more blocky austenites. With a reducing temperature
gradient at the welding centerline, the thermal current was too
small to stir molten pool which resulted in the microstructure
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Fig. 8 SEM microstructure and
spectrum analysis of middle
welding metal of full penetrated
2 mm weld bead. a
Microstructure under 0 mT. b
Microstructure under 310 mT. ¢
EDS analysis of zone I. d EDS
analysis of zone II
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Fig. 9 SEM microstructure of
full penetrated 2 mm 301 stainless
steel weld joints. a 0 mT. b

310 mT. ¢ Microstructure of zone
1. d Microstructure of zone 11
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Fig. 10 Microhardness near axis of welds

mainly consisting of cellular dendrite. EDS analysis of zone I
and zone II are shown in Fig. 8a, b. It was found that the
chemical composition at the weld bead had no difference
when the magnetic field was applied. It can be concluded that
the stirred molten pool caused by thermal current showed no
influence on element distribution. The changed microstructure
was only attributed to the different flow velocity of the molten
pool.

To study more about the influence of the magnetic field on
microstructure, SEM analysis of upper weld metal is present-
ed in Fig. 9. It could be seen that lots of vermicular d-ferrite
existed in HAZ; this could be attributed to element segrega-
tion along the rolling direction. The segregated element re-
duced the austenization temperature at typical location so that
part of the base metal austenized and transformed to ferrite
after cooling. Without the magnetic field, the amount of d-
ferrite was minor because the heat that transferred from the
molten pool was very limited. However, the molten pool
flowed more violently due to thermal current effect under
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Fig. 11 Tensile property of 2 mm stainless steel welds, upper: OmT,
lower: 310mT

the magnetic field. As a consequence, the base metal received
more heat that transferred from the molten pool which in-
creased both the length and amount of vermicular 3-ferrite
along the rolling direction as shown in Fig. 9b.

3.3 Mechanical properties

The microhardness of the Z-direction of joints under different
magnetic conditions were measured. According to Fig. 10, the
microhardness at the bottom part was bigger than that of the
upper part. The microhardness under 310 mT magnetic field
was totally smaller than the 0-mT magnetic field. The large
phase fraction of blocky austenite was thought to be the reason
for the hardness reduction. However, the difference between
two magnetic fields was not more than 20 HV, which is not a
large value.

The transverse tensile properties of weldment using differ-
ent magnetic field conditions are shown in Fig. 11. In each
condition, three specimens were tested and the average tensile
was obtained to ensure repeatability. The fracture region of all
weldments is cited in Table 2. There was only little difference
between the strength of weld joints with or without the mag-
netic field. However, it can be seen that the elongation of
tensile specimen under 310 mT magnetic field was obviously
larger than the specimen without considering magnetic effect
because of the different fracture location. The welding joint
without magnetic effect, which fractured at the weld zone,
exhibited much less plastic with base metal. Although the
tensile strength had no big difference under different condi-
tions, the extensibility of the weld applied magnetic field was
better.

Figure 12 shows the fracture profile with 310 mT mag-
netic field. Pure-shear fracture mode could be obviously
observed in Fig. 12a, which was resulted from the dislo-
cation slip. The typical dimple fracture microstructure il-
lustrated that a completely ductile fracture occurred dur-
ing tensile tests. This also proved that the weld joint under
310 mT magnetic field possessed good ductility.

4 Discussion

4.1 Welding pool dynamic

Kern [13] found that the current in the weld pool was only
some amperes because of the Seebeck effect. In laser
welding, the electric field may exist in the molten pool,
and the movement of liquid metal in the magnetic field

would generate electric current. So ohm’s law can be ex-
tended to be

1/ =e+vxB+SVT+'/Vu (1)
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Table 2 The fracture region of

weldments 0 mT 310 mT
Number 1 2 3 1 2 3
Region Weld zone Base metal Weld zone Base metal Base metal Base metal

In formula 1, j was the current density, o was the conduc-
tivity under isothermal condition, e was the basic electric
charge, v was the speed of conductor movement which was
equaled to fluid flow velocity in the molten pool, B was the
magnetic induction, S was the absolute thermoelectric power,
and p was the chemical potential of liquid metal. The current
caused by electric field can be ignored since there was no
original field. Besides, the current caused by nonuniformity
of the chemical composition did not need to be taken into
consideration because composition can be regarded uniform
in stainless steel. As a result, the current in laser welding
molten pool can be decided only by thermoelectric current
(Seeback effect) and induced current caused by the movement
of conductive liquid metal in the magnetic field. So here was
the discussion about Lorentz force generated by these two
currents.

Compared to common welding pool, the laser welding
pool under magnetic field was larger with a more intense
flow. To explain this phenomenon, an assumption needs
to be introduced. The assumption is that the liquid in the
molten pool is approximated to the sum of charged parti-
cles so that the Lorentz equation can be applied to each
particle. Since thermal current paralleled to temperature
gradient (from welding pool to base metal), the induced
Lorentz force was along the circumferential direction of
the weld pool. The plan view of the welding pool with
and without magnetic effects is shown in Fig. 13.
According to Fig. 13a, most of liquid moved parallel to
the temperature gradient without any circumferential com-
ponent. If a magnetic field was combined, the circumfer-
ential component of velocity appeared due to the induced

Fig. 12 SEM fracture
morphology of joint under
310 mT

@ Springer

Lorentz force. The amount of velocity significantly in-
creased coupling radial and circumferential components
so that the movement of the molten pool became very
violent. The larger size and more violent flow at the weld
pool can be represented by a high-speed camera video
shown in Vid. 1.

4.2 The partial fusion zone

Area “A” in Fig. 6a was named as half fusion zone be-
cause the microstructure of this part consisted of part weld
and part base metal. In addition, the fusion line was
blurred with no columnar grain neighboring it. Very fine
equiaxed grains were found at the half fusion zone which
made this area a nonsignificant crystalline orientation.
The reason for this phenomenon was that columnar grains
were crashed by a more intense molten pool flow caused
by magnetic fields. Besides, fragments of columnar grains
would stay at the welding pool in the form of impurity
which was helpful for heterogeneous nucleation. Thus, a
more intense flow field at the welding pool promoted the
forming of equiaxed grains in one aspect and suppressed
the forming of columnar grain in other aspects. However,
the microstructure near the top and bottom surfaces
remained to columnar grain which was quite different
from the half fusion zone. The fusion line near the top
and bottom surfaces was very clear. The columnar grain
grew from the fusion line to the weld centerline with a
single growing orientation.

The difference of the microstructure between areas “A,”
“B,” and “C” was attributed to different supercooling degrees




Int J] Adv Manuf Technol (2017) 91:3051-3060

3059

I I I

Temperature: 400 800 1000 1400 1600 1800 2200 2400 2600 2800 3000

(@)

E [ 7 [ [ [ e

Temperature: 400 800 1000 1400 1600 1800 2000 2200 2600 2800 3000

(b)

Fig. 13 Temperature field and flow field of quasi steady state. a Top view of laser welding molten pool without magnetic field. b Top view of laser

welding molten with magnetic field

at different locations of the weld pool. The heat conductivity at
location A was worse than that at locations B and C because
no thermal convection occurred at the middle part of the weld
component which made solid phase base metal at location A
(at middle part of plate) remain a relatively higher temperature
than locations B and C. The temperature of the molten pool
boundary equaled to the melting point so that the supercooling
degree at location A was smaller than those of B and C.
According to welding metallurgical theory, a larger
supercooling degree was helpful for generating columnar
grain and the explicit growth orientation of columnar grain
which was perpendicular to fusion leading to a local line an-
isotropy. It can be concluded that the half fusion zone occurred
under the intense velocity fields caused by the magnetic field
accompanied by a small supercooling degree at the middle
part of the component.

5 Conclusions

1. The influence became obvious with magnetic density in-
creasing. As the magnetic field changes from 0 to 310 mT,
the weld joint varied from funnel type to X type with the
bottom width increasing by 40% in full penetration laser
welding 2 mm stainless steel. In addition, the shape
changed from wide and shallow type to narrow and deep
type with weld width decreasing by 20% while penetra-
tion increased by 18% in partial penetration laser welding.
A magnetic field less than 100 mT had no significant
impact on shape of the cross section in laser welding
301 stainless steel.

2. When applying an axial magnetic field bigger than
100 mT, the fusion lines in the middle of the weld joints
turned into indistinct, the triangular area near the fusion
line in the middle of the cross section could not be etched
clearly, and the microstructure of this blur area was

blocky austenite which was different with the columnar
microstructure at the top and bottom surfaces.

3. A better plastic joint was obtained if the magnetic field
was combined into laser welding. According to numerical
simulation, the molten pool was larger and the liquid met-
al flow more violent considering the magnetic effect.
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