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Abstract

Tailored blank laser welding was performed on dissimilar automobile metals, i.e., CP780
and TRIP590 steels, by coupling laser welding with a steady-state magnetic field. Before mag-
netic field application, the weld seam center was mainly composed of proeutectoid ferrite,
acicular ferrite, granular bainite, and upper bainite, whereas the heat-affected zone on both
sides was mainly composed of lath martensite and lower bainite. Under the same heat-input
conditions, magnetic field application makes the laser energy more concentrated and acceler-
ates the crystallization process of the weld pool, reducing the width of welded joints. Therefore,
lath martensite and lower bainite are generated in the weld seam center, and only martensite
is generated in the heat-affected zone, while the grain size in the heat-affected zone on both
sides is reduced. Under a heat input of 160 J mm−1, the comprehensive mechanical proper-
ties of the welded joints exhibit the most significant improvement with a magnetic induction
intensity of 20 mT.

K e y w o r d s: steady-state magnetic field, CP780 steel, TRIP590 steel, laser welding, mi-
crostructure, mechanical properties

1. Introduction

Due to its energy saving, emission reduction,
and environmental protection advantages, “automo-
bile lightweight” has become a research hotspot in
automotive scientific and technological innovations
[1]. For lightweight automotive materials and struc-
tures, some advanced high-strength steels, such as
complex phase (CP), transformation-induced plastic-
ity (TRIP), and dual phase (DP) steels, have been
widely applied to replace common steels in vehicle
body manufacturing [2–4]. Fiber laser has many mer-
its, including excellent beam quality, high brightness,
high power, deep penetrability, and low beam diver-
gence [5, 6]; thus, it has gradually become an im-
portant welding technique and process in automobile
manufacturing.
TRIP and CP steels are widely used in the auto-

mobile manufacturing industry due to their excellent
mechanical properties. TRIP steels have a “Trans-
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formation Induced Plasticity” effect, excellent ten-
sile strength, and a high strain hardening index, and
their microstructure is a poly-phase mixture of ferrite,
residual austenite, and bainite. On the other hand, the
microstructure of CP steels is composed of a ferritic
or bainite matrix, and pearlite, bainite, and marten-
site are distributed in the matrix. The strength of CP
steel plates can be enhanced by the precipitation and
strengthening effects of bainite or other precipitates.
Currently, the microstructure and properties of laser
welded joints of TRIP and CP steels have attracted
extensive attention from scholars.
As regards TRIP steels, Švec et al. [7] conducted

fiber laser welding tests on TRIP 690T steel plates
and HSLA LAD340 steel plates with different thick-
nesses under a power of 3600W and a welding speed of
70 mm s−1. They reported that the microstructure of
the weld seam zone was composed of martensite, lower
bainite, and a small amount of upper bainite, while
the fine-grained zone near the TRIP690T steel con-
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sisted of martensite, lower bainite, and ferrite. In the
critical temperature interval, the proportion of ferrite
increased as the distance from the weld seam center in-
creased. The conclusions confirm the TRIP steels mi-
crostructural constituents and mechanical properties,
which can be compared with several previous works
[8–13]. As regards CP steels, there are only a few re-
cent experimental studies on laser welding technology.
P. Švec et al. [14] conducted a butt-joint welding test
using a fiber laser on DP980 and CP780 steels with a
thickness of 1.5 mm. Under a laser power of 3900 W
and a welding speed of 70 mm s−1, the microstructure
of the weld seam zone was composed of martensite
and lower bainite, while in the coarse crystal zones on
both sides of the joint, the presence of lath martensite
and a small amount of lower bainite was observed.
The tensile strength of the welded joint ranged be-
tween 823–826MPa. The conclusions confirm the CP
steels microstructural constituents and can be com-
pared with several previous works [15–18].
According to existing studies, the mechanical prop-

erties and weld seam microstructure of the welded
joints of TRIP and CP steels are mainly affected
by the chemical composition of the base metal,
plate thickness, and welding parameters (e.g., weld-
ing power and welding speed) [14, 17, 18]. With the
increase of the heat input, the martensite proportion
in the weld seam zone gradually decreases, and the
width of the heat-affected zone gradually increases.
Currently, the laser welding technology of dissimilar
automotive advanced high-strength steels mainly fo-
cuses on the welding process of TRIP-DP steels [19,
20] and CP-DP steels [14]. Nevertheless, attention is
seldom paid to the welding process of dissimilar met-
als of TRIP and CP steels. Nowadays, TRIP and CP
steels are both used in the production and manufac-
ture of automobile body structures, and there are in-
dispensable demands and possibilities as regards the
connection of dissimilar steels. Hence, there is a cer-
tain significance and value in studying the laser weld-
ing process of these two materials.
Laser welding has the advantages of high energy

density, good welding quality, and small deformation.
Nevertheless, due to the poor stability of the laser
welding process, the fluid flow in the molten welding
pool is vigorous, which can affect the weld forming
process and the microstructure and properties of the
welded joints [21]. In view of this, several researchers
have attempted to apply a magnetic field to the laser
welding process of nonmagnetic metal materials such
as aluminum alloys and stainless steel. It has been
found that the magnetic field has a significant effect
on the molten pool flow of laser welding. Hence, to
improve the microstructure and properties of welded
joints, appropriate magnetic field parameters need to
be selected [22–27]. Therefore, it is particularly impor-
tant to analyze the microstructure and properties of

welded joints and optimize the welding process param-
eters by conducting laser welding tests on dissimilar
advanced high-strength automotive steels (i.e., TRIP
and CP steels) with the application of the magnetic
field. Thus, it is of significance to improve automobile
safety performance, broaden the applications of high-
strength steels, and reduce the use amount of vehicle
body materials.
Herein, TRIP590 and CP780 steels are used as

the research materials, and a steady-state magnetic
field is applied to the tailored blank laser welding
process of dissimilar automotive high-strength steels.
The synergistic effects of the steady-state magnetic
field and the heat input on the macroscopic morphol-
ogy, microstructure, hardness, and tensile properties
of the welded joints are explored, and the laser weld-
ing process parameters for the welding of automo-
tive high-strength steels are optimized. It is believed
that the present work can broaden the application
range of magnetic field-assisted laser welding technol-
ogy and provide theoretical and practical references
for lightweight automobile research.

2. Materials and methods

2.1. Materials

The materials used in the following experiments
were CP780 high-strength steel and TRIP590 steel
produced by Shanghai Baosteel Group, China; the
supply status was a cold rolled state. The micro-
constituents are typical of TRIP and CP steels, as
reported by Švec and Wang et al. [7, 8, 14]. The
microstructure of the TRIP590 steel containing twin
crystals exists around the ferrite grains, which is con-
firmed as retained austenite by SAED analysis. More-
over, the martensite structure with high-density dis-
location morphology is confirmed by SAED analysis.
Their microstructure is shown in Fig. 1a.
The microstructure of CP780 steel is shown in

Fig. 1b. Acicular carbides distributed in parallel in a
small part of ferrite are characterized as lower bainite
structure, and the black striped structure of marten-
site is confirmed by the SAED analysis. The dimen-
sions of the test materials are 55 mm× 60mm× 1mm.
The alloy elements and mechanical properties of the
two materials are listed in Tables 1 and 2, respectively.

2.2. Methods

In the tailored blank laser welding process of dis-
similar metals, i.e., CP780 steel and TRIP590 steel,
in this study, the process parameters with the greatest
impact on joint performance are the laser power, weld-
ing speed, and defocus amount. Although most schol-
ars usually select high laser welding power in their
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Ta b l e 1. Alloy elements’ maximal concentration of TRIP590 and CP780 steels (wt.%)

Material C Si Mn Cr P S Al Fe

TRIP590 0.17 2.0 2.0 0.06 0.01 0.005 2.0 Bal.
CP780 0.18 0.8 2.2 1.0 0.08 0.015 2.0 Bal.

Ta b l e 2. Mechanical properties of TRIP590 and CP780 steels

Yield strength (MPa) Tensile strength (MPa) Hardness, HV Elongation (%)

TRIP590 380 (minimal) 620 (minimal) 187 (average) 28 (minimal)
CP780 500 (minimal) 790 (minimal) 238 (average) 10 (minimal)

Fig. 1. Microstructure of base materials: (a) TEM image
of TRIP590 steel and (b) TEM image of CP780 steel.

experiments [7–20], it is equally important to investi-
gate the laser welding process under low power when
considering the production and manufacturing costs.
In the tailored blank laser welding tests, a G1080L-
-1000W fiber laser produced by China Guoyao Laser
Company was used as the heat source and Ar as the
protective gas. Before welding, the surface of the test

Fig. 2. Schematic diagram of welding experiment.

plates was polished with a series of sandpapers, and
then, the parts to be welded were cleaned with ace-
tone. Both sides of the two test plates were fixed with
stainless-steel fixtures on a stainless-steel workbench,
and the welding joint form was butt-joint. To explore
the effect of the applied magnetic field on the mi-
crostructure and properties of the welded joints of
dissimilar metals, a NdFeB strong permanent magnet
with a surface magnetic induction intensity of 150mT
was fixed horizontally under the original stainless-steel
fixture. The dimensions of the permanent magnet were
60 mm × 20mm × 5mm, as presented in Fig. 2.
In the experiment, the magnetic induction value

was altered by adjusting the distance between the per-
manent magnet and the surface of the plates to be
welded. In general, the closer the vertical distance be-
tween the permanent magnet and the surface of the
plates to be welded, the higher the magnetic induction
intensity at their surface. The axis of the permanent
magnet along the length direction coincided with the
joint gap, and the front and back ends of the perma-
nent magnet were flush with the head and tail ends
of the welding direction of the test plate. This way,
the magnetic induction lines through each position of
the joint gap of the test plates to be welded were all
upright, and the received magnetic field induction in-
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Ta b l e 3. Welding parameters of the joints

Group Laser power B Welding speed Heat input Gas-flow rate Defocus amount Seam gap Spot diameter
number (W) (mT) (mm s−1) (J mm−1) (L min−1) (mm) (mm) (mm)

1
500

0
1002 20

3
600

0
1204 20

5 15 0 0.5 1.0
5

700
0

1406 20

7
800

0
1608 20

tensity values were approximately the same. A liquid
crystal display HT201 high-precision Gauss meter was
utilized to measure the magnetic induction intensity at
the welding gap position during the experiment. The
measured value was displayed by a digital voltmeter in
the instrument. The measuring accuracy could reach
0.1 mT with a relative error of 2.0 %.
Before welding, the vertical distance between the

permanent magnet and the bottom of the test plate
to be welded was set to 43 mm. First, along the start-
ing position of the welding direction of the test plate,
the magnetic induction intensity values along the ver-
tically upward direction at the surface of the joint gap
of the test plate to be welded were measured at an
interval of 5 mm. It was found that the vertically up-
ward magnetic field induction intensity values at all
points on the surface were basically the same along
the welding direction. The deviation between the mea-
sured values was between +1.8 and –2.0mT, and the
average magnetic induction intensity value at the sur-
face of the joint gap of the plate to be welded was
found to be about 20.0 mT. According to the above
measurement method, when the vertical distance be-
tween the permanent magnet and the bottom of the
plate to be welded was set to 35mm, the magnetic
induction intensity at the surface of the joint gap of
the plate to be welded was about 30.0 mT; when the
vertical distance was 31mm, the magnetic induction
intensity was about 40.0 mT.
To explore the synergistic effect of the magnetic

field and the heat input on the microstructure and
properties of the welded joints, four different heat in-
puts were selected. Under each heat input value, two
sets of tests were conducted; in the first, no mag-
netic field was applied; in the second, a certain mag-
netic field was applied. All remaining process param-
eters and pre-welding preparation processes were con-
sistent. Equation (1) was used to calculate the heat
input:

Heat input = P/V, (1)

where P (W) is laser power and V (mm s−1) is welding
speed.
Subsequently, eight groups of laser welding tests

were conducted along the rolling direction of the base
material; the process parameters are listed in Ta-
ble 3.
After welding, metallographic samples were pre-

pared from the welded joints by wire cutting. The
bulk samples cut from the joints were ground and pol-
ished by a series of sandpapers and then etched with a
5% nitric acid solution. Immediately after, the macro-
scopic morphology was observed by a Zeiss Stemi508
stereomicroscope. Subsequently, the weld seams were
polished and etched with 4 % nitrate alcohol solution,
and their microstructure and heat-affected zones on
both sides were observed by a Zeiss SIGMA 500 field-
emission scanning electron microscope (FESEM). The
samples of two types of base metals, the weld cen-
ter and the coarse-grained areas on both sides before
and after adding the magnetic field, were prepared
by double-jet electrolytic thinning. Moreover, the mi-
crostructure of the samples was identified by a Tec-
nai G2 T20 transmission electron microscope. Then,
hardness tests were performed at the central position
of the welded joints every 0.1 mm along the horizontal
direction using an HVS-10 automatic Vickers hard-
ness tester. The loading pressure was 200 gf, and the
pressure holding time was 10 s. Tensile strength tests
were conducted by a Metes CMT5305 electronic uni-
versal testing machine on the eight groups of tensile
specimens prepared with different welding parameters.
The thickness of all specimens was 1 mm. The sur-
face of the weld seams was polished, and then the
specimens were machined into tensile specimens ac-
cording to the ASTM E8-2016 standard; their dimen-
sions are shown in Fig. 3. After tensile testing, the
average values of the tensile strength, yield strength,
and elongation of each group of specimens were de-
termined. Finally, the tensile fracture morphologies of
the eight groups of welded joints were observed by
FESEM.
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Ta b l e 4. Macro-morphology of the surface of welded joints under 160 J mm−1

Position B = 0 mT B = 20 mT

Front surface

Bottom surface

Fig. 3. Schematic diagram of the tensile samples.

3. Results and discussion

3.1. Macroscopic morphology of welded joints

After welding, no obvious defects, such as cracks
or incomplete welding, were observed on the surface
of the eight groups of welded joints. The local macro-
scopic morphologies of the joints without surface pro-
cessing are presented in Table 4.
By comparing the table in parallel, it can be found

that under a heat input of 160 Jmm−1, joint form-
ing is relatively poor before magnetic field applica-
tion, while there is an obvious splash. After magnetic
field application, the width of the weld seam is signif-
icantly reduced, and the widths of the weld seam sur-
face and the heat-affected zone, as well as the splash
phenomenon, decrease significantly. These findings in-
dicate that the magnetic field has a positive promot-

Fig. 4. Cross-sectional widths of the top, waist, and bottom
portions at the weld seam.

ing effect on laser welding energy concentration and
forming.
Subsequently, the widths of the top, waist, and

bottom portions of the weld cross-section in all eight
groups of welded joints were measured, and the results
are presented in Fig. 4. Without magnetic field appli-
cation, the widths of the top, waist, and bottom por-
tions of the weld cross-section increase with increasing
heat input level.
Overall, under the same heat input level, when a

magnetic field with a magnetic induction intensity of
20 mT is applied, the widths of the weld seams at the
top, waist, and bottom portions are all significantly
reduced compared to those without a magnetic field
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Fig. 5. Interaction between the magnetic field and weld
pool.

application. These test results are mainly attributed
to the effect of the auxiliary magnetic field on the weld
molten pool flow.
In the laser welding process assisted by a steady-

state magnetic field, the current in the molten pool
originates mainly from two aspects, and accordingly,
the force generated by the steady-state magnetic field
has two different effects on the molten weld pool.
The first is the Hartmann effect; that is, the con-

ductive fluid in the molten pool is affected by the mag-
netic field, forming an induced current and simultane-
ously producing a Lorentz force. The Lorentz force
direction is always opposite to the flow direction of
the melt and can inhibit the flow of the melt [28–33].
Usually, a Hartmann coefficient Ha2 is used to char-
acterize the inhibitory effect of the magnetic field on
the melt, which is defined as follows:

Ha2 = σB2L2/η, (2)

where L is the half-width of the weld seam, σ is the
electrical conductivity, B is the magnetic field inten-
sity, and η is the dynamic viscosity.
According to Bachmann et al. [30, 33], as regards

magnetic materials, when the magnetic induction in-
tensity B is about 500mT, and the weld width is
about 7 mm, i.e., when the Hartmann coefficient Ha2

is about 104, the external magnetic field can have an
apparent inhibitory effect on the molten pool. The
value of B is known (20mT), and the width of the
weld seam is about 2–3mm. Assuming that σ and η
have no significant changes in the order of magnitude,
by equal proportional conversion, the value of Ha2 is
between 1.31 and 3.1, which is much smaller than 104

[34]. Consequently, the magnetic induction resistance
is far from adequate to compensate for the viscous
force and, thus, far from enough to exert an inhibitory
effect on the molten pool. Hence, in this study, the in-
fluence of the Hartmann effect on the molten pool is
ignored.
The second is the Seebeck effect; that is, during the

laser welding process, a thermal current can be pro-

duced between the front zone of the liquid phase region
and the solid zone in the molten pool. Most scholars
believe that the current in the molten pool in the weld-
ing process mainly originates from the thermal current
caused by the temperature gradient [35–40]. When a
magnetic field is applied, the thermal current can pro-
duce a thermoelectric magnetic force under the effect
of the magnetic field in its movement process, which
can drive the local flow of the molten pool. Figure 5
illustrates the interaction between the thermoelectric
magnetic force and the welding pool. The direction of
the magnetic induction lines (B) is perpendicular to
the X-O-Y horizontal plane. Moreover, it is vertically
upward and parallel to the Z-axis. The thermal cur-
rent I flows mainly in the X-O-Z plane [41], which gen-
erates an Ix component parallel to the X-axis and an
Iz component parallel to the Z-axis. Since Iz ‖ B, the
thermal current component Iz along the Z-direction
does not interact with the vertical magnetic induction
line B. Since the magnetic induction line B passes
vertically through the thermal current Ix, according
to Fleming’s left-hand rule, a thermoelectric magnetic
force FL parallel to the Y -axis can be generated at the
thermal current Ix in the molten pool under the action
of the vertically upward magnetic field. Therefore, the
thermoelectric magnetic force FL can drive the local
convection at the center of the molten pool, thus ac-
celerating the crystallization process and significantly
reducing the molten pool volume. Under the condi-
tion of a certain temperature and magnetic induction
intensity, FL satisfies the following:

FL ∝ σΔTB, (3)

where FL is the thermoelectric magnetic force, σ is
the electrical conductivity of the melt, S is the abso-
lute electric potential energy, ΔT is the temperature
gradient, and B is the magnetic induction intensity
[42].
It is not difficult to realize that, with the increase

of the laser heat input level, the molten pool tempera-
ture keeps increasing, which can lead to the decrease of
the temperature gradient ΔT , the decrease of the elec-
trical conductivity σ, and the decrease of the absolute
electric potential energy S. As a result, the thermo-
electric magnetic force FL keeps decreasing, and its
action force on the molten pool decreases gradually
as well. Under the same magnetic induction intensity,
the volume of the weld seams increases gradually with
increasing heat input level. On the other hand, along
with the increase of the heat input level, the existence
time of the molten pool is prolonged. Consequently,
the existence time of the thermoelectric magnetic stir-
ring effect on the melt flow is prolonged accordingly,
which can cause obvious changes to the internal flow
direction in the molten pool, resulting in an energy
decrease at its bottom portion [40].
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Fig. 6. Overall micro-morphology of the weld seam: (a) 160
J mm−1-0 mT and (b) 160 J mm−1-20 mT.

Hence, under the action of thermoelectric magnetic
force, the cross-sectional widths of all groups were sig-
nificantly shortened. In particular, when the heat in-
put level was 160 Jmm−1, i.e., maximum heat input,
there was a root hump defect at the bottom of the
weld. After magnetic field application, it was found
that the root hump defect disappeared. The above test
results are consistent with the analysis in Table 6 and
Fig. 5.

3.2. Weld seam center microstructure

Figure 6 shows the overall microstructure at the
weld seam center in the welded joints. As it can be
observed, under no magnetic field application, a lot of
reticular pre-eutectoid ferrites exist in the weld seam
center. After the magnetic field is applied, the electro-
magnetic force can disturb the crystallization direc-
tion of the weld seam metal; thus, the growing pre-
eutectoid ferrite grains are continuously scoured, re-
sulting in reticular grain reduction. The magnetic field
application promotes the proliferation of dendrites,
drives the convection of the local melt [34], and finally

affects the changes in the weld seam structure.
Before magnetic field application, due to the low

heat input (30–80 J mm−1) selected by previous au-
thors [7–16], the cooling rate was high, and the mi-
crostructure of the weld seam center during the laser
welding of the TRIP590 and CP780 steels was dom-
inated by lath martensite and lower bainite. How-
ever, the heat input selected in the present study is
high, i.e., within the range of 100–160 Jmm−1. Con-
sequently, no martensite structure could be found in
the center of the weld seam.
Figure 7a displays the microstructure of the weld

seam center under a heat input of 160 Jmm−1 before
magnetic field application. Since the heat input is the
highest and the residence time at high temperatures
is the longest, the temperature gradient is the lowest,
and the overall grain size is the largest.
When the welded metal gradually cools from the

high temperature, the proeutectoid ferrite precipitates
at the grain boundaries of the original austenite in
the high-temperature region during the γ → α phase
transition. The morphology of the proeutectoid fer-
rite precipitated at the grain boundaries is varia-
tional. A certain amount presents an elongated-strip
shape along the grain boundaries, and the remain-
ing amount presents a morphology of connected poly-
gons distributed along the grain boundaries [43–45],
as shown in Fig. 7a.
Some granular bainite with relatively fine grain

boundaries (ferrite and island-like carbon-rich austen-
ite) is found at the grain boundaries, which consists of
“ferrite + island structure”. The islands in the granu-
lar structure are irregularly shaped and distributed on
the ferrite matrix, as shown in Figs. 7a,b. The island-
-like particles in the granular bainite are found to be
relatively small, which is conducive to improving the
plastic toughness of the weld seam [43, 44].
During the γ → α phase transition in the medium-

temperature region, a large amount of small cross-
distributed acicular ferrite is formed, and the direc-
tion difference between two adjacent ferrite particles
presents a large dip angle (60◦–90◦), which is the main
microconstituent in the weld center conducive to im-
proving the weld seam strength, as shown in Figs. 7a,c.
With the decrease of the temperature, it can be

found that a few particles are distributed among the
parallel elongated lath ferrites precipitated at the pre-
eutectoid ferrites, which exhibit a feathered shape. As
verified by Refs. [7, 45], this is a brittle and hard upper
bainite, as shown in Fig. 7a.
The SEM and TEM microstructure of the weld

seam center under a heat input of 160 J mm−1 after
magnetic field application is exhibited in Figs. 7d,e.
Due to the high cooling rate, a large amount of

parallel lath microscopic structure is generated inside
the original austenite grains, as shown in Fig. 7d. Ac-
cording to TEM, black stripe structures with high dis-
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Fig. 7. Microstructure in the center of weld seam: (a) SEM image of 160 J mm−1-0 mT, (b) TEM image of 160 J mm−1-
0 mT (granular bainite), (c) TEM image of 160 J mm−1-0 mT (acicular ferrite), (d) SEM image of 160 J mm−1-20 mT,

and (e) TEM image of 160 J mm−1-20 mT (lath martensite and lower bainite).

location density can be found near the grain bound-
ary of the original austenite and carbides distributed
in rows inside the ferrite, as shown in Fig. 7e. Ac-
cording to the relevant literature [7, 8, 10, 13, 16] and
SAED analysis, it is confirmed that the microstructure
of the weld seam center is composed of lath martensite
and lower bainite. These martensitic lath bundles and
lower bainite are generated inside the original coarse

austenitic bulk grain structure due to the stirring ef-
fect of the thermoelectric magnetic force, which pro-
motes the solid phase transition under the rapid cool-
ing condition of the molten pool [10, 13]. Hence, within
a certain heat input range, the application of a mag-
netic field can significantly improve the weld seam mi-
crostructure of dissimilar metals, i.e., TRIP590-CP780
steel.
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3.3. Microstructure of the heat-affected zone
of welded joints

Due to the similar content of alloy elements in
TRIP590 and CP780 steels, the microstructures of
their heat-affected zone are similar. When the tempe-

rature of the heat-affected zone of the TRIP590 and
CP780 steels reaches the highest peak temperature
above the critical transition temperature of Ac3, the
grains grow up rapidly after complete austenitization,
and coarse grain structures can be formed near the
fused boundaries.

Fig. 8a–f. Microstructure of coarse grain zone in the heat-affected zone: (a) SEM image of 160 J mm−1-0 mT (TRIP590
side), (b) TEM image of 160 J mm−1-0 mT (TRIP590 side), (c) SEM image of 160 J mm−1-0 mT (CP780 side),
(d) TEM image of 160 J mm−1-0 mT (CP780 side), (e) SEM image of 160 J mm−1-20 mT (TRIP590 side), and (f) TEM

image of 160 J mm−1-20 mT (TRIP590 side).
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Fig. 8g,h. Microstructure of coarse grain zone in the heat-affected zone: (g) SEM image of 160 J mm−1-20 mT (CP780
side) and (h) TEM image of 160 J mm−1-20 mT (CP780 side).

With the increase of the heat input, the coarse-
grain structure remains above the Ac3 line for a longer
time, and the grain size of the coarse-grain zone on
both sides of the joint increases. Figures 8a–d depict
the microstructure of the coarse-grain zones on the
TRIP590 and CP780 steel sides, respectively, under a
heat input of 160 Jmm−1 before magnetic field appli-
cation.
On the TRIP590 steel side, the severe grain growth

in the coarse-grain zones and the increased austenitic
homogenization degree enhance the quenching hard-
ening tendency. In Fig. 8a, completely austenitized
grains can be observed with a coarser grain size rang-
ing from 50–100µm. Due to the coarse grain in this
region, the heat-affected zone has higher hardness and
lower plasticity, which is the weak link of the welded
joints with poor comprehensive mechanical properties.
On the CP780 steel side, due to the low quench-

ing tendency and relatively small grain size of the base
material, the grains grow up rapidly after complete re-
austenitization, and their size ranges within 30–60µm.
Compared to the TRIP590 steel, the coarsening de-
gree of the heat-affected zone near the CP780 steel is
smaller, as shown in Fig. 8c. In the rapid cooling pro-
cess after welding, the microstructure possesses high
hardness.
By comparison to previous research results [7, 14,

46, 47] and according to TEM images in Figs. 8b,d and
SAED analysis, it is confirmed that the microstructure
of the coarse-grain zones on both sides is dominated by
lath martensite and a small amount of lower bainite.
The identification criteria of these microstructures are
consistent with those shown in Figs. 1 and 7.
After magnetic field application under a heat input

of 160 Jmm−1, the microstructures of the coarse-grain
zones on the TRIP590 and CP780 steel sides are ex-
hibited in Figs. 8e-8h.
By comparing Figs. 8a,e and Figs. 8c,f, it can be

found that, after magnetic field application, the resi-

dence time of the coarse-grain zones remaining above
the Ac3 line becomes shorter, hindering the growth
of austenitized grains. Here, the size of the grains in
the coarse-grain zone on the TRIP590 steel side ranges
within 20–30µm, and that of those on the CP780 steel
side within 10–20µm, as shown in Figs. 8e,g. Due to
the cooling rate acceleration, the coarsening degree of
the coarse-grain zones on both sides is decreased. The
direction difference of the parallel stripped bundles in
adjacent bulk coarse grain exhibits a large dip angle,
leading to a decrease in the embrittlement tendency of
the coarse grains, which improves the comprehensive
mechanical properties of the welded joint.
The microstructures of HAZ coarse grain areas on

both sides of the magnetic-field-assisted laser joint are
observed by TEM and SAED analysis. Only marten-
site is found, and no lower bainite structure is ob-
served, as shown in Figs. 8f and 8h. The identification
criteria of these microstructures are consistent with
those shown in Figs. 1 and 7.

3.4. Mechanical properties of welded joints

Figure 9 illustrates the hardness distribution di-
agram of the welded joints in Groups 1–8. As can
be observed, the hardness distribution trends of the
welded joints in the eight groups are roughly the same.
The hardness at the weld seam is relatively low, while
that of the heat-affected zone near the weld seam on
the side of the TRIP590 steel is relatively high, which
gradually decreases towards the base metal. On the
side of the CP780 steel, there are different degrees of
softening in the heat-affected zone, and the softening
degree can be expressed by the softening ratio r, as
defined in Eq. (4):

r = Hmin/HBM, (4)

whereHmin is the minimal micro-hardness in the heat-
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Fig. 9. Micro-hardness of welded joint: (a) 100 J mm−1, (b) 120 J mm−1, (c) 140 J mm−1, and (d) 160 J mm−1.

Fig. 10. Results of tensile test of welded joints: (a) tensile strength and (b) fracture position.

-affected zone on the side of the CP780 steel and HBM
is the average micro-hardness on the CP780 steel base
metal (238HV).
When the heat input increases from 100 to

160 Jmm−1 and before magnetic field application, the
softening ratios of the heat-affected zone on the side
of the CP780 steel are 0.88, 0.84, 0.81, and 0.73. Af-
ter magnetic field application, the softening ratios are
0.92, 0.89, 0.86, and 0.93, respectively, and the soft-
ening phenomenon is relieved. At the same time, the
average hardness values of the weld seam also increase
by 12.24, 19.18, 32.66, and 33.27%, respectively.
To sum up, before magnetic field application, the

hardness of the weld seam center decreases gradually
with increasing heat input level, and the softening phe-

nomenon is gradually aggravated. The time subjected
to electromagnetic stirring in the molten pool expands
gradually with increasing heat input level, which pro-
motes the expansion of the region where the marten-
sitic structure is formed. Due to the decrease of the
grain size and the shortening of the heat-affected zone
width on the side of the CP780 steel, the softening de-
gree can be decreased significantly. These results show
that the effect of magnetic field application on joint
hardening is significant.
The tensile properties of the welded joints in

Groups 1–8 were tested, and the results are presented
in Fig. 10. As it can be observed in Fig. 10a, be-
fore magnetic field application, the tensile strength
of dissimilar metal welded joints is similar to that of
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Fig. 11. Fracture morphology of tensile specimen of joint:
(a) 160 J mm−1-0 mT and (b) 160 J mm−1-20 mT.

the TRIP590 steel base metal (620.0MPa). However,
when no magnetic field is applied, with the increase
of the heat input, the embrittlement phenomenon of
the coarse crystals in the coarse-grain zone on the
TRIP590 steel side is aggravated. Consequently, the
joints prepared within the heat input range of 120–
160 Jmm−1 are all fractured in the coarse-grain zone
on the TRIP590 steel side (Fig. 10b). After magnetic
field application, the cooling rate on the TRIP590
steel side is accelerated due to the concentration of
laser energy, resulting in a fine-grain strengthening
phenomenon of the microstructure in the coarse-grain
zone. Consequently, the fracture positions of the four
groups of joints are all located at the base metal
near the heat-affected zone on the TRIP590 steel side
(Fig. 10b).
Figure 11 shows the fracture morphologies of the

tensile specimens of welded joints under 160 Jmm−1.
Before magnetic field application, the fracture location
of the welded joint is located in the coarse grain zone
on the side of TRIP590 steel, the dimples on the joint
fracture surface are sparse and shallow, while a few

zones exhibit a quasi-cleavage fracture morphology,
indicating that the coarse-grain zone on the TRIP590
steel has poor plasticity, as shown in Fig. 11a. After
magnetic field application, due to the concentration of
heat energy, the fracture locations of the tensile spec-
imens are at the TRIP590 base metal. The number
of dimples on the fracture surface of the base metal
is significantly increased, and the dimples are deeper.
Moreover, there is no cleavage fracture morphology,
as shown in Fig. 11b. These results indicate that the
plasticity of the welded joints is relatively better after
magnetic field application.
Hence, under the synergistic effects of appropriate

magnetic field parameters and heat input, a fine crys-
tal microstructure with desirable strength and plastic-
ity can be generated in the coarse-grain zones, which is
particularly important for improving the mechanical
properties of the joints.

4. Conclusions

In summary, the synergistic effects of adjusting the
heat input level and applying a magnetic field on the
microstructure and mechanical properties at various
welding parameters were focused on during tailored
laser welding of dissimilar metals, i.e., CP780 and
TRIP590 steels. With the assistance of a magnetic
field, the weld seams were regular and neat when the
heat input range was 100–160 Jmm−1, and there were
no splashes or obvious defects. The following conclu-
sions can be drawn:
1. Before magnetic field application, the weld seam

center is mainly composed of proeutectoid ferrite,
acicular ferrite, granular bainite, and upper bainite,
whereas the heat-affected zone on both sides is mainly
composed of lath martensite and lower bainite. Af-
ter magnetic field application, the continuous stirring
effect of the thermoelectric force on the molten pool
drives the internal convection movement of the molten
pool, improves the cooling rate, and inhibits the fer-
rite transformation during the crystallization of the
weld seam center. Consequently, the reaction process
of the martensitic and bainite phase transitions is ac-
celerated. Moreover, the laser energy can be concen-
trated, and the width of the welded joints decreases
significantly. Therefore, lath martensite and lower bai-
nite are generated in the weld seam center, and only
martensite is generated in the heat-affected zone. The
grain size in the heat-affected zone on both sides is
reduced, and the softening degree of the heat-affected
zone on the side of the CP780 steel is reduced. Con-
sequently, the comprehensive mechanical properties of
the welded joint are improved compared to those with-
out magnetic field application.
2. With the increase of the heat input level, the ef-

fect of the steady-state magnetic field on the weld mi-
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crostructure becomes stronger. When the heat input
level exceeds 120 Jmm−1, the stirring time of the ther-
moelectric magnetic force on the molten pool is pro-
longed, and the region of the martensitic and bainitic
phase transitions in the weld seams is expanded.
3. Comprehensively speaking, among the eight

testing groups, the mechanical properties of the
welded joints under a heat input of 160 Jmm−1 ex-
hibit the most significant improvement with a mag-
netic induction intensity of 20mT. The yield strength
and the average hardness values increase by 31.95 and
33.27%, respectively, while the softening degree is fur-
ther relieved compared to those without magnetic field
application.
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