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Abstract: With the aim to investigate the effect of parameters and the quenching process on the joint
microstructure and mechanical properties of hot stamping steel by laser welding, BR1500HS boron
steel was welded by wire-filling laser welding with ER70-G welding wire under different parameters.
The welded specimens were heated to 900 ◦C and held for 5 min before water quenching. A universal
material test machine, optical microscope, Vickers hardness tester, scanning electron microscope, and
electron backscatter diffraction (EBSD) were used to characterize. The results show that the heat
input should be greater than 1040 J/cm and the optimal wire-feeding speed is between 160 cm/min
and 180 cm/min. The tensile strength of the quenched joint can reach greater than 1601.9 MPa at
compatible parameters. More retained austenite distributes in the fusion zone (FZ) and fine grain
zone (FGZ) than the coarse grain zone (CGZ) before quenching. However, the retained austenite
in FZ and heat-affected zone (HAZ) decreases clearly and distributes uniformly after quenching.
The grain diameter in FZ before quenching is not uniform and there are some coarse grains with
the diameter greater than 40 µm. After quenching, the grains are refined and grain diameter is
more uniform in the joint. With the increase in heat input, the microhardness of FZ and HAZ before
quenching decreases from 500 HV to 450 HV. However, if the wire-feeding speed increases, the
microhardness of FZ and HAZ before quenching increases from 450 HV to 500 HV. After quenching,
the joint microhardness of all samples is between 450 HV and 550 HV. The fracture morphology
of the joint before quenching consists of a large number of dimples and little river patterns. After
quenching, the fracture morphology consists of a large amount of river patterns and cleavage facets
due to the generation of martensite.

Keywords: wire-filling laser welding; quenching; process parameters; grain diameter; retained austenite

1. Introduction

The tendency of current lightweight automotive parts is the application of more and
more high strength steel to reduce weight [1]. However, automobile parts inevitably need
to be connected by welding technology and the heat affected zone is easily softened due
to the effect of thermal circulation in the welding process for high-strength steel, which
dramatically decreases the strength of the joint. In order to meet the welding demand of
high-strength steel and reduce the defects in the welding process, laser welding technology
has recently been applied more widely [2]. With many advantages such as high heat
input, concentrated energy, fast cooling rate, narrow heat affected zone, and excellent joint
properties, etc, laser welding is applied more frequently in the connection of high strength
steel [3,4]. Whether conducted with filler wire material or not, laser welding can be divided
into autogenous laser welding and wire-filling laser welding [5]. For autogenous laser
welding, the assembly precision of the workpiece is very high and no gap is allowed in the
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joint. Otherwise, the slim laser beam will pass through the gap of the joint so that the base
material cannot be melted fully to form a qualified joint. For wire-filling laser welding, the
laser beam fuses the wire material to fill the gap to obtain the welding joint [6]. Therefore,
wire-filling laser welding can allow a small gap in the joint, solving the problem of autoge-
nous laser welding requiring a high-precision assembly of the joint [7]. Moreover, filling
materials can also adjust the chemical composition of the welding joint, realize metallurgi-
cal treatment, and obtain better mechanical properties [8–10]. Therefore, it is meaningful
to carry out an experiment to investigate the process parameters, microstructure, and
mechanical properties of wire-filling laser welding for high-strength steel.

A number of researchers have conducted experiments and investigations of wire-filling
laser welding for high-strength steel. Himani Siva Prasad et al. [3] investigated the stability
of laser welding with respect to the parameters of gap width, welding speed, and power.
Mei Yang et al. [11] studied the effect of welding speed on 2195 aluminium–lithium (Al–Li)
alloy joints welded by laser and metal inert gas (laser-MIG) hybrid welding using Al–Si
welding wire. Ho Won Lee et al. [12] investigated the effect of post-welding heat treatment
(PWHT) of quenching and tempering (QT) on the microstructure and mechanical properties
of welded boron steel joints processed using laser-arc hybrid welding on two commercial
filler materials, SM80 (Type-I) and ZH120 (Type-II). Muyu Li et al. [13] researched the
effects of welding speed and post quenching on the joint microstructure, microhardness,
and high-temperature tensile properties.

Hot stamping steel is an advanced ultra-high-strength steel containing a few boron
elements which inhibit the precipitation of ferrite during cooling, making it easier to obtain
martensite with very high strength. At present, hot stamping steel has been widely used
in the automobile B pillar, the anti-collision beam, and other structures [14]. However,
hot stamping steel possesses a poor welding performance due to the phenomenon of the
heat-affected zone (HAZ) softening after the quenching process [15,16]. Therefore, it is
essential to investigate the welding process before the quenching state of hot stamping steel
and the effect of the quenching process on the microstructure and mechanical properties of
the joint. Furthermore, the welding process of hot stamping steel concentrates more on
the autogenous laser welding method and less on the wire-feeding laser welding method.
Therefore, the investigation of wire-filling laser welding for hot stamping steel requires
further study.

In this paper, hot stamping steel of BR1500HS and ER70-G welding wire were used to
investigate wire-filling laser welding under different parameters before specimen quench-
ing. Then, the welded specimens were heated and quenched by water to research the effect
on the laser welding parameters and quenching process for macro morphology, microstruc-
ture, microhardness, tensile strength, and fracture morphology of the welded joint.

2. Materials and Methods
2.1. Materials

The hot-rolled boron steel, BR1500HS, in 3.5 mm thickness was used as the experimen-
tal sample material, which was provided by Baosteel (Shanghai, China). The wire used for
the welding process was ER70-G, with a diameter of 1.2 mm and ultimate tensile strength of
690 MPa before quenching. The chemical composition of BR1500HS and ER70-G is shown
in Table 1. The ultimate tensile strength of BR1500HS before quenching is about 630 MPa
with an elongation of 15%. The ultimate tensile strength of BR1500HS after quenching is
between 1500 and 1800 MPa, with an elongation of 6%. The microstructure of BR1500HS
before quenching consists of ferrite and pearlite. Measured by graphic analysis software at
20 times, the average area fraction of pearlite is (25.94 ± 5.06)%.

Table 1. The chemical composition of BR1500HS and ER70-G wire.

Elements C Si Mn Cr Ni Mo B Al Ti Cu V S P

BR1500HS 0.23 0.25 1.35 0.19 0.028 0.04 0.003 0.04 0.03 0.016 0.004 0.006 0.015
ER70-G 0.1 0.6 1.6 - 0.7 0.4 - - 0.2 0.5 - 0.025 0.025



Metals 2021, 11, 1047 3 of 18

2.2. Laser Welding and Quenching

The equipment used for laser welding was RFL-C4000 fiber laser system (Raycuslaser
Co., Ltd., Wuhan, China), which had a maximum power of 4000 W and wavelength
of 1080 ± 5 nm. The welding process was performed by industrial robot MOTOMAN-
GP50 (Yaskawa Electric (China) Co., Ltd., Shanghai, China). The sheet was processed
into samples with dimensions of 240 mm × 120 mm. The samples were polished with
sandpaper to remove rust and oil prior to welding. Pure argon was used as the shielding
gas, with a flow of 15 L/min. For the first group of samples, the laser power was 1800 W,
2200 W, 2600 W, 3000 W, and 3400 W, while the wire-feeding speed and welding speed
were fixed at 180 cm/min and 150 cm/min, respectively. For the second group of samples,
the wire-feeding speed was 140 cm/min, 160 cm/min, 180 cm/min, 200 cm/min, and
220 cm/min, respectively; laser power was 2600 W; and the welding speed was 150 cm/min.
The schematic of the wire-filling laser welding and the field experiment image are shown in
Figure 1. When the welding process was complete, the samples were processed into tensile
test specimens by wire-electrode cutting. As shown in Figure 2, the dimension of tensile
test specimens was based on the standard ISO 6892-1:2019. For the quenching process, the
temperature was kept at 900 ◦C and the samples were put into the furnace and held for
5 min before quenching in water.
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2.3. Characterization

The tensile test of samples was tested on a SHT4106 universal material test machine
(MTS System, Eden Prairie, MN, USA). The tensile test was repeated 4 times for every
parameter condition sample and the loading speed was 1 mm/min. Metallographic speci-
mens were polished with 240, 400, 800, 1200, and 1500 mesh sandpaper and mechanically
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polished with 1 µm of diamond polishing fluid. Then, specimens were corroded with 4%
nitric acid alcohol for 10 s to 20 s and then washed by anhydrous alcohol. The Axio Scope
A1 (ZEISS, Jena, Germany) optical microscope (OM) was used to observe the macrostruc-
ture of the joint and microstructure of the heat-affected zone. The macrostructure and
microstructure were observed at 25 times and 500 times, respectively. The electron backscat-
ter diffraction (EBSD) specimens were first burnished with sandpaper. The specimens were
then polished with 9 µm, 3 µm, and 1 µm diamond polishes, and then finally polished
with OPS. The EBSD test was performed using Quanta FEG 450 scanning electron micro-
scopes (SEM) with EBSD detector (EDAX, LLC., Mahwah, NJ, USA) to obtain the grain
diameter, grain orientation, and fraction of retained austenite. The microhardness of the
weld joint was tested by HV-1000A (Laizhou Huayin, Laizhou, China) Vickers hardness
tester, with loading force of 500 g (4.9 N) and pressure holding time of 10 s. The position
of the microhardness test of the joint is shown in Figure 3. The distance between the two
microhardness test points was 0.1 mm. The microhardness test was repeated 3 times for
each series of samples and the average value was calculated as the final result. The fracture
morphology of tensile specimens was observed by Hitachi SU8010 (Hitachi, Ltd., Tokyo,
Japan) high-resolution field emission scanning electron microscope (SEM) at 3000 times.
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3. Results and Discussion
3.1. Tensile Test Results

The tensile strength and fracture position of the samples before and after quenching
are shown in Table 2. Before quenching, the tensile strength of samples No.1#, No.2#,
and No.6# were 398.5 ± 17.4 MPa, 557 ± 28.1 MPa, and 588.9 ± 9.8 MPa, respectively,
and their fracture position was on the joint. The fraction position of all other samples
before quenching was on the base material (BM). The tensile strength of BR1500HS after
quenching can reach 1800 MPa at maximum, which is difficult for the welded joint to
exceed. It can be seen on Table 2 that fracture positions of all samples after quenching are
on the welded joint.

Table 2. Tensile strength and fracture position of samples No.1# to No.9# before and after quenching.

No.
Power (P)

Wire-Feeding Speed
(vf)

Welding Speed (v) Heat Input (q)
Before Quenching After Quenching
Tensile

Strength
Fracture
Position

Tensile
Strength

Fracture
Position

W cm/min cm/min J/cm MPa - MPa -

1# 1800 180 150 720 398.5 ± 17.4 Joint 743.3 ± 77.9 Joint
2# 2200 180 150 880 557 ± 28.1 Joint 1023.9 ± 55.8 Joint
3# 2600 180 150 1040 631.3 ± 2.84 BM 1601.9 ± 37.3 Joint
4# 3000 180 150 1200 630.5 ± 2.2 BM 1647.2 ± 23.8 Joint
5# 3400 180 150 1360 623.9 ± 3.2 BM 1638.2 ± 33.3 Joint
6# 2600 140 150 1040 588.9 ± 9.8 Joint 618.1 ± 50.1 Joint
7# 2600 160 150 1040 630.2 ± 1.5 BM 1630.8 ± 68.3 Joint
8# 2600 200 150 1040 583 ± 30.4 BM 1160.3 ± 126.3 Joint
9# 2600 220 150 1040 605.7 ± 20.3 BM 1364.7 ± 21.8 Joint
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3.2. Macrostructure and Tensile Strength

The macrostructure has a significant influence on the surface quality and strength of
the joint. For welded joints, defects such as underfill, crack, and weld porosity have serious
effects on the weld appearance and joint mechanical properties. Therefore, the weld joint
should not contain underfill defects, cracks, and weld porosities [17–19]. Furthermore, the
shape of the joint cross-section requires a flat or convex face. Heat input and wire-feeding
speed of wire-filling laser welding have remarkable influences on the macrostructure and
strength of the joint. If the heat input is incompatible with the wire-feeding speed, some
defects may occur in the welded joint and induce poor mechanical properties.

3.2.1. The Influence of Heat Input on Macrostructure and Tensile Strength

The macrostructures of the samples No.1# to No.5# are shown in Figure 4. The wire-
feeding speed of samples No.1# to No.5# was fixed at 180 cm/min to investigate the
influence of heat input on the macrostructure and tensile strength. When the heat input
was 720 J/cm, it was observed that an obvious reinforcement exists in the top surface of
the joint, but the bottom surface has a distinct underfill defect, as shown in Figure 4a. The
underfill defect in the joint is the reason that the heat input is low and the droplets cool
rapidly when they touch the top surface of the gap. Wire metal solidified on the top surface
hinders the gap filling of the bottom surface. Finally, the droplets accumulate on the top
surface, forming a reinforcement; however, an underfill defect still exists on the bottom
surface. Therefore, an increase in the heat input is required to penetrate the joint in order
to correct the defect.
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Therefore, when the heat input increases to 880 J/cm, the underfill defect is removed
from the bottom surface and the reinforcement is not as obvious as seen in Figure 4b.
However, samples No.1# and No.2# have a funnel-shaped heat-affected zone (HAZ) due to
the low heat input. The funnel shape is not an optimal shape for the joint and HAZ [18].
Therefore, the heat input of 880 J/cm is still low and needs to be increased to improve the
shape of the HAZ. The macrostructure of the sample welded at a heat input of 1040 J/cm
is shown in Figure 4c. The heat input of 1040 J/cm is enough to penetrate both the top and
bottom surfaces of the joint. There are no underfill defects in the weld root and the HAZ
shows a hyperbolic curve shape, which is an optimal shape for the HAZ.

If the heat input is greater than 1200 J/cm, the width of the HAZ becomes larger but
the HAZ still shows a hyperbolic curve shape. However, the sinking of the top surface
is shown in Figure 4d and becomes more apparent in Figure 4e. The sinking of the top
surface makes the cross-sectional shape of the joint appear like a concave face, which is a
poor macrostructure affecting the joint tensile strength. Therefore, the heat input should
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not be greater than 1200 J/cm when the wire-feeding speed is 180 cm/min. According to
the analysis for the heat input and macrostructure above, the optimal heat input is between
1040 J/cm and 1200 J/cm when the wire-feeding speed is 180 cm/min. In such conditions,
a flat joint cross-section and a hyperbolic curve shape of the HAZ can be obtained.

The sample images and tensile strength of No.1# to No.5# are shown in Figure 5. When
the heat input is 720 J/cm, the obvious underfill defect increases the stress of the joint
zone and decreases the resistance to tension. The cross-sectional area of the joint of tensile
specimens is smaller than that of the BM and the concentration of stress leads to fracture
in the joint. When the heat input is 880 J/cm, the fracture position is on the joint before
quenching and the tensile strength is 557 ± 28.1 MPa. After quenching, the tensile strength
is 1023.9 ± 55.8 MPa. Although no underfill defect exists in sample No.2#, the low tensile
strength is possibly caused by the incomplete fusion between the fusion zone and base
material due to the low heat input [20]. If the heat input is greater than 1040 J/cm, the
tensile strength of the quenched samples exceeds 1601.9 MPa due to the compatible heat
input. Furthermore, the tensile strength before quenching is greater than that of the base
material. Compared with sample No.2#, this is a huge improvement in the tensile strength.
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If the heat input increases to 1200 J/cm and even 1360 J/cm, the tensile strength of the
quenched samples fluctuates around 1629.1 MPa. Therefore, the influence of heat input
on the joint tensile strength is more obvious when the heat input is very low, but when
the heat input is greater than 1040 J/cm, its influence is not apparent. If the heat input
is greater than 1040 J/cm, the tensile strength of the joint after quenching is higher than
1601.9 MPa.

3.2.2. Influence of Wire-Feeding Speed on Macrostructure and Tensile Strength

The macrostructures of samples No.6# to No.9# and No.3# are shown in Figure 6. The
heat input of samples No.6# to No.9# and No.3# is fixed at 1040 J/cm to investigate the
influence of wire-feeding speed on the macrostructure and tensile strength. In Figure 6a, at
wire-feeding speed of 140 cm/min, the top surface of the joint is sinking distinctly because
the volume of filling metal is small and the heat input is relatively high. A large amount of
BM is melted and the temperature of the weld pool is high, leading to a slow solidification
rate. Therefore, the pit on the top surface is formed under the action of gravity and the force
of the laser beam on the liquid metal [20]. The joint cross-section of Figure 6a is similar to a
concave face which is not an optimal macrostructure. Therefore, the wire- feeding speed
should be increased to decrease the sinking defects on the top surface.
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When the wire-feeding speed is increased to 160 cm/min, there is only slight sinking
on the top surface, with the volume of the wire-filling metal increased as shown in Figure
6b. When the wire-feeding speed is 180 cm/min, there is no sinking on the top surface and
no obvious reinforcement on the bottom surface. The joint shows a flat face, which is a
good macrostructure as shown in Figure 6c.

However, if the wire-feeding speed increases continually, an evident reinforcement
appears on the top surface and the HAZ shows a funnel shape at wire-feeding speed of
200 cm/min and 220 cm/min. At this moment, the heat input is incompatible with the
wire-feeding speed and the heat input is on the low side relative to the increasing wire-
feeding speed. As shown in Figure 6d,e, weld porosities and cracks were seen in the weld
zone and the HAZ. This is because the low heat input increases the solidification velocity
of the molten metal in the molten pool. Finally, the bubbles cannot escape from the molten
pool, forming a porosity defect in the weld [20]. Some research points out that the increase
in heat input can reduce porosity defects [20,21]. Defects such as weld porosities and cracks
will lead to a concentration of stress and crack growth, decreasing the tensile strength of
the joint. Generally speaking, if the wire-feeding speed increases, the heat input should
be increased to obtain better compatibility. By investigating the influence of wire-feeding
speed on the macrostructure, we can conclude that the most compatible wire-feeding speed
is between 160 cm/min and 180 cm/min when the heat input is 1040 J/cm.

The sample images and tensile strength of samples No.6# to No.9# and No.3# are
shown in Figure 7. When the wire-feeding speed is 140 cm/min, the joint has a low ability
of resisting the tension due to the incomplete filling and concave faces of the joint cross-
section. This indicates that the wire-feeding speed of 140 cm/min is too slow for such
conditions. Furthermore, an incomplete fusion is shown in Figure 6a, which has obvious
influence on the tensile strength of the joint.

If the wire-feeding increases to 160 cm/min and 180 cm/min, there are no obvious
defects such as sinking, incomplete fusion, and weld porosity in the joint. Moreover,
the HAZ shows a hyperbolic curve shape, which is a good morphology for the joint.
Therefore, the tensile strengths of the samples after quenching of No.7# and No.3# are
1630.8 ± 68.3 MPa and 1601.9 ± 37.9 MPa, respectively, which accounts for greater than
89% of the strength of the BM after quenching. However, if the wire-feeding speed is faster
than 180 cm/min, the tensile strength decreases as shown in Figure 7c. The tensile strengths
of the quenched samples No.8# and No.9# are 1160.3 ± 126.3 MPa and 1364.7 ± 21.8 MPa,
respectively. One reason is that the heat used to melt the wire increases and the energy
used to melt the BM decreases due to the high wire-feeding speed, leading to a poor fusion
condition between the BM and filling metal [21]. Furthermore, as shown in Figure 6d,e,
some cracks and weld porosities are observed in the joint. The presence of porosities and
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cracks can reduce the load area of the weld and cause a concentration of stress, making
the joint fracture at a low tensile force [22]. Therefore, it can be concluded that when the
heat input is 1040 J/cm, the compatible wire-feeding speed is between 160 cm/min and
180 cm/min, and in such conditions, the tensile strength can reach greater than 1601.9 MPa.
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3.3. Microstructure of Joints before and after Quenching
3.3.1. Microstructure before Quenching

Due to the fact that the microstructure of all the samples is similar, the microstructure
of sample No.3# is studied as an example. The microstructure of sample No.3# before
quenching is shown in Figure 8. Observing the macroscopic morphology in Figure 8a, the
joint can be divided into fusion zone (FZ), heat-affected zone (HAZ), and base material
(BM). The microstructure of the FZ is shown in Figure 8b; martensite (M) is the main
microstructure in this zone due to the rapid cooling after laser welding [13]. The HAZ
can be divided into the coarse-grain zone (CGZ), fine-grain zone (FGZ), and incomplete
recrystallization zone (IRZ), according to the degree of transformation [13]. The tempera-
ture of the CGZ and the FGZ exceeded the Ac3 line by the function of thermal cycle. The
CGZ is close to the FZ and the temperature is between the melting point and the superheat
temperature. Thus, the austenite grain grows significantly and transforms into coarse
martensite and retained austenite (RA) as shown in Figure 8c. The temperature in the FGZ
ranges from superheat temperature to Ac3 line, so the high temperature residence time is
short and the grain has no obvious growth compared with the CGZ. The martensite in the
FGZ is finer than that in both the FZ and the CGZ, as shown in Figure 8d. For the IRZ, the
temperature in this region is between Ac3 and Ac1, with part of the pearlite austenitized
and transformed into martensite. The rest of the ferrite (F) and pearlite (P) remain in their
original state as shown in Figure 8e. Figure 8f shows the microstructure of the BM, which
is not affected by the thermal cycle and does not have a microstructure transformation.
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3.3.2. Microstructure after Quenching

The microstructure of sample No.3# after quenching is shown in Figure 9. It is
difficult to distinguish the boundary of the FZ, HAZ, and BM after quenching from the
macroscopic macro morphology shown in Figure 9a. After quenching, the FZ, HAZ,
and BM transformed into lath martensite and RA, as shown in Figure 9b–d. Due to the
high heating temperature and fast cooling rate in the quenching process, the martensite
fraction after quenching is very high, with a few fine RA distributed around the martensite
compared with the microstructure before quenching. The main cause of the high joint
strength of hot stamping steel is the generation of martensite through the quenching
process. Therefore, for hot stamping steel, welding before quenching can avoid the HAZ
softening and obtain an ultra-high-strength joint of greater than 1600 MPa after quenching.
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3.4. EBSD Test

In order to investigate the influence of the quenching process on the joint grain
diameter, grain orientation and phase, sample No.3# was analyzed by EBSD test before and
after quenching.

3.4.1. Grain Size before and after Quenching

The colored grains of sample No.3#, before and after quenching, are shown in Figure 10.
The most apparent feature of the FZ is that the grain diameter is obviously nonuniform
from Figure 10a. There are coarse grains in the FZ with a large diameter, which is consistent
with the coarse martensite observed in the microstructure of Figure 8b. Therefore, this
indicates that the overheating the FZ leads to distinct grain growth. The grain diameter
of the CGZ and FGZ are relatively uniform, but the grain of the CGZ is coarser than that
of the FGZ. It can be clearly observed that the grain diameter of the FGZ is the smallest
among all zones. As shown in Figure 10b, after quenching, the original coarse grains in the
FZ have been completely refined and the grain diameter among all joints is much more
uniform than before quenching. Furthermore, the grain diameter of the CGZ and FGZ is
the same after quenching, which cannot be clearly distinguished in Figure 10b. However,
the grain of the BM grows after quenching, which is coarser than that of the FZ and HAZ.
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Figure 11 shows the statistical result of the grain diameter before and after quenching.
Very few joints showed a grain diameter greater than 15.8 µm before and after quenching.
The largest grain diameter is between 3.1 µm and 10.1 µm, accounting for 86.2% before
quenching. After quenching, most grain diameters are between 4.2 µm and 10.1 µm,
accounting for 81.9%. However, the difference is that the FZ has some coarse grains of
diameter greater than 40 µm before quenching, increasing the nonuniformity of the grain
diameter. The coarse grains are refined by the quenching process; therefore, the maximum
grain diameter is less than 27.5 µm after quenching. The analysis of grain diameters
indicates that the quenching process has distinct effects on refining grains and enhancing
the strength and toughness of joints.
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Figure 11. The statistical result of the grain diameter of sample No.3 before and after quenching.

3.4.2. Grain Orientation before and after Quenching

Figure 12 shows the grain orientation distribution of sample No.3# before and after
quenching. As depicted in Figure 12a, the BM has obvious orientation towards green {101}
before quenching due to the rolling process. The metal in the FZ cools fast from the melting
state, so the grain in FZ shows a random orientation. The HAZ experienced recovery and
recrystallization and the grain grew by the effect of the thermal cycle, showing no obvious
preferred orientation compared with the BM [17]. Figure 12b shows the grain orientation
of different regions of the joint after quenching. It can be found that the BM has more
orientations of blue {111} and red {001} generated by the quenching process. The whole
joint is identified in random orientation after quenching [19,20].
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3.4.3. Grain Boundary before and after Quenching

The grain boundary misorientation and statistical result of sample No.3# before and
after quenching are shown in Figures 13 and 14. Before the quenching process, the propor-
tion of high-angle misorientation boundary (15◦–180◦) is 88.5%, while the middle-angle
misorientation (5◦–15◦) and low-angle misorientation (0◦–5◦) is 6.8% and 4.7%, respectively.
Furthermore, the statistical result shows that more grain boundary misorientation occurs
between 0◦ to 5◦ and 25◦ to 60◦ in the joint. The grain diameter of the FZ is not uniform and
there are a large number of red boundaries (2◦–5◦) inside the coarse martensite, while more
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blue boundaries (15◦–180◦) are visible in the FGZ [2]. Compared with the FZ and HAZ,
the BM has more green boundaries (5◦–15◦) as shown in Figure 13a [23]. From Figure 13b,
more 50◦–60◦ boundaries generate after the quenching process but the boundaries of
25◦–60◦ decrease greatly. Therefore, overall, the high-angle misorientation boundary de-
creases to 86.1% after quenching. However, the middle-angle misorientation and low-angle
misorientation increases to 8.1% and 5.9%, respectively. With the grain refinement and
homogenization in the FZ and HAZ, the high-angle misorientation boundaries in the FZ
and FGZ are reduced. More middle-angle misorientations generate in the FZ and FGZ
while more low-angle misorientations generate in the BM.
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3.4.4. Retained Austenite before and after Quenching

The retained austenite in the joint of sample No.3# was analyzed by EBSD and its
distribution is presented in Figure 15. From Figure 15a, the fraction of retained austenite
in the FZ and FGZ is very high before quenching and its distribution is very nonuniform,
which has great influence on its microhardness. However, the fraction of retained austenite
in the CGZ is clearly less than that in the FZ and FGZ. Figure 16b shows the distribution of
retained austenite in the joint after quenching. With the fraction of 9.1% decreased to 4.4%,
less retained austenite exists in the FZ, CGZ, and FGZ, and it distributes uniformly after
quenching. However, the fraction of retained austenite in the BM increases significantly
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after the quenching process due to the fast cooling. Therefore, the quenching process
distinctly decreases the retained austenite in the FZ and HAZ but increases it in the BM.

Metals 2021, 11, x FOR PEER REVIEW 13 of 18 
 

 

cantly after the quenching process due to the fast cooling. Therefore, the quenching pro-
cess distinctly decreases the retained austenite in the FZ and HAZ but increases it in the 
BM. 

 
Figure 15. Retained austenite distribution of sample No.3# of (a) before quenching; (b) after quenching. 

3.5. Microhardness 
3.5.1. The Influence of Heat Input on Microhardness 

Heat input and the quenching process have considerable influences on the micro-
hardness of joints. Figure 16 shows the joint microhardness of samples No.1# to No.5# be-
fore and after quenching. From Figure 16a), the microhardness is higher than that of the 
BM and IRZ before quenching due to the FZ, CGZ, and FGZ containing a lot of martensite. 
The microhardness of the FZ, CGZ, and FGZ is greater than 450 HV but the BM is only 
about 206.06 ± 8.15 HV. This is the reason why the strength of the joint before quenching 
is higher than that of the BM. It can also be seen from Figure 16a that the width of the FZ 
and HAZ increases gradually with the increase in heat input. Furthermore, the grain 
growth is obvious as the heat input increases, resulting in a decrease in the microhardness. 
When the heat input is 720 J/cm, 880 J/cm, and even 1040 J/cm, the microhardness of the 
FZ, CGZ, and FGZ is greater than 500 HV, which is higher than that microhardness of 
1200 J/cm and 1360 J/cm. 

Figure 16b shows the microhardness of the quenched joint at different heat inputs. 
The microstructure of the FZ, HAZ, and BM transforms into martensite and a few retained 
austenite with a uniform grain after quenching. Thus, the microhardness becomes more 
uniform and is between 450 HV and 550 HV for all joint regions. The microhardness of 
the BM increases enormously from about 200 HV to 500 HV after quenching, while that 
of the FZ, CGZ, and FGZ only increases slightly. For the samples of heat input of 880 J/cm 
and 1020 J/cm, the microhardness decreases clearly but it distributes more uniformly on 
the whole joint. For the heat input of 1200 J/cm and 1360 J/cm, the high heat input and 
grain growth leads to low microhardness before quenching, but the microhardness in-
creases slightly due to the grain refinement and the generation of more martensite after 
quenching. However, according to the analysis of the joint microhardness before and after 
quenching, it can be concluded that the quenching process can significantly improve the 
microhardness of the BM and IRZ, while homogenizing the microhardness and the mi-
crostructure of the CGZ, FGZ, and FZ. 

Figure 15. Retained austenite distribution of sample No.3# of (a) before quenching; (b) after quenching.

Metals 2021, 11, x FOR PEER REVIEW 14 of 18 
 

 

 
Figure 16. Microhardness of the joint at different heat inputs: (a) before quenching; (b) after quenching. 

3.5.2. The Influence of Wire-Feeding Speed on Microhardness 
The joint microhardness of samples No.6# to No.9# and No.3# is shown in Figure 17. 

Figure 17a,b shows the microhardness of samples before and after quenching when the 
wire-feeding speed increases from 140 cm/min to 220 cm/min at heat input of 1040 J/cm. 
It can be clearly observed from Figure 17a that the microhardness of the FZ is about 375 
HV at a wire-feeding speed of 140 cm/min and 160 cm/min before quenching. This may 
be because the low wire-feeding speed and the high-heat input leads to a high tempera-
ture and grain growth in the FZ. Therefore, when the wire-feeding speed increases to 180 
cm/min, the microhardness of the FZ increases suddenly due to an increase in the volume 
of the wire metal. Then, if the wire-feeding speed is 200 cm/min or 220 cm/min, the mi-
crohardness of the FZ and HAZ remains between 450 HV and 500 HV. Therefore, it can 
be concluded that an increase in wire-feeding speed results in an increase in wire metal 
volume, which increases the microhardness of the FZ to some extent. 

Figure 17b shows the microhardness of the joint at different wire-feeding speeds after 
quenching. The whole joint microhardness is between 450 HV and 550 HV and distributes 
uniformly after quenching, which is similar to Figure 16b. In analyzing the microhardness, 
it is determined that the heat input and wire-feeding speed only affect the microhardness 
before quenching of the joint and have less effect on the joint microhardness after quench-
ing. 

 
Figure 17. Microhardness of joint at different wire-feeding speeds: (a) before quenching; (b) after quenching. 

Figure 16. Microhardness of the joint at different heat inputs: (a) before quenching; (b) after quenching.

3.5. Microhardness
3.5.1. The Influence of Heat Input on Microhardness

Heat input and the quenching process have considerable influences on the microhard-
ness of joints. Figure 16 shows the joint microhardness of samples No.1# to No.5# before
and after quenching. From Figure 16a, the microhardness is higher than that of the BM
and IRZ before quenching due to the FZ, CGZ, and FGZ containing a lot of martensite.
The microhardness of the FZ, CGZ, and FGZ is greater than 450 HV but the BM is only
about 206.06 ± 8.15 HV. This is the reason why the strength of the joint before quenching is
higher than that of the BM. It can also be seen from Figure 16a that the width of the FZ and
HAZ increases gradually with the increase in heat input. Furthermore, the grain growth is
obvious as the heat input increases, resulting in a decrease in the microhardness. When the
heat input is 720 J/cm, 880 J/cm, and even 1040 J/cm, the microhardness of the FZ, CGZ,
and FGZ is greater than 500 HV, which is higher than that microhardness of 1200 J/cm and
1360 J/cm.

Figure 16b shows the microhardness of the quenched joint at different heat inputs.
The microstructure of the FZ, HAZ, and BM transforms into martensite and a few retained
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austenite with a uniform grain after quenching. Thus, the microhardness becomes more
uniform and is between 450 HV and 550 HV for all joint regions. The microhardness of the
BM increases enormously from about 200 HV to 500 HV after quenching, while that of the
FZ, CGZ, and FGZ only increases slightly. For the samples of heat input of 880 J/cm and
1020 J/cm, the microhardness decreases clearly but it distributes more uniformly on the
whole joint. For the heat input of 1200 J/cm and 1360 J/cm, the high heat input and grain
growth leads to low microhardness before quenching, but the microhardness increases
slightly due to the grain refinement and the generation of more martensite after quenching.
However, according to the analysis of the joint microhardness before and after quenching,
it can be concluded that the quenching process can significantly improve the microhardness
of the BM and IRZ, while homogenizing the microhardness and the microstructure of the
CGZ, FGZ, and FZ.

3.5.2. The Influence of Wire-Feeding Speed on Microhardness

The joint microhardness of samples No.6# to No.9# and No.3# is shown in Figure 17.
Figure 17a,b shows the microhardness of samples before and after quenching when the
wire-feeding speed increases from 140 cm/min to 220 cm/min at heat input of 1040 J/cm.
It can be clearly observed from Figure 17a that the microhardness of the FZ is about 375 HV
at a wire-feeding speed of 140 cm/min and 160 cm/min before quenching. This may be
because the low wire-feeding speed and the high-heat input leads to a high temperature and
grain growth in the FZ. Therefore, when the wire-feeding speed increases to 180 cm/min,
the microhardness of the FZ increases suddenly due to an increase in the volume of the wire
metal. Then, if the wire-feeding speed is 200 cm/min or 220 cm/min, the microhardness
of the FZ and HAZ remains between 450 HV and 500 HV. Therefore, it can be concluded
that an increase in wire-feeding speed results in an increase in wire metal volume, which
increases the microhardness of the FZ to some extent.
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Figure 17b shows the microhardness of the joint at different wire-feeding speeds
after quenching. The whole joint microhardness is between 450 HV and 550 HV and
distributes uniformly after quenching, which is similar to Figure 16b. In analyzing the
microhardness, it is determined that the heat input and wire-feeding speed only affect the
microhardness before quenching of the joint and have less effect on the joint microhardness
after quenching.

3.6. Fracture Morphology

Figure 18 shows the fracture morphology of the joint and the BM before quenching.
A large number of dimples and some river patterns can be observed on the fracture
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morphology. The ductile fracture indicates that the joint before quenching has a good
plasticity [19]. However, some river patterns and many voids are also observed in the
dimples. This is mainly caused by the generation of high strength and poor ductility
martensite after quenching and the large number of secondary cracks and dissociation
platforms which occur during the tensile process [24]. The dimples in Figure 18b are
cup-shaped dimples with large depth mixed with a large number of voids. The dimples in
Figure 18c are axial dimples with small depth and nearly round shape. Furthermore, a large
number of second-phase particles are observed at the bottom of the dimples. Figure 18d
shows the tensile fracture of the BM before quenching. The dimples of the BM are denser
and smaller with less secondary cracks distributed on the fracture surface. The surface of
the fracture is more uneven, resulting in greater plastic deformation during the tensile test.
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Figure 19 shows the fracture morphology of the joint and the BM after quenching. The
microstructure of the joint combine with the high strength and brittleness of the martensite.
The cleavage facets, dissociation river patterns, and a small number of shallow dimples
were observed in the fracture morphology after quenching. Furthermore, the fracture
morphology is flat with smaller plastic deformations before the fracture, indicating a
brittle fracture of the joint after quenching. As particularly evident in Figure 19a,b, the
fracture almost constitutes a cleavage step and river pattern. Figure 19d shows the fracture
morphology of the BM after quenching. The fracture morphology of the BM fracture is
flat and consists of a large number of shallow dimples. Compared with the BM before
quenching, the BM has less plasticity after the quenching process with an elongation of
about 6%.
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4. Conclusions

BR1500HS hot stamping boron steel, in 3.5 mm thickness, was welded by fiber wire-
filling laser welding with a gap of 0.5 mm at different heat inputs and wire-feeding speeds.
The experiment result analysis led to the following conclusions.

The tensile strength of the joint after quenching is greater than 1601.9 MPa when the
heat input is greater than 1040 J/cm and the wire-feeding speed is between 160 cm/min
and 180 cm/min.

Before quenching, the microstructure of the FZ, CGZ, and FGZ consists of martensite
and retained austenite. The FZ and FGZ distribute more retained austenite than the
CGZ. After quenching, the retained austenite in the FZ and HAZ decreases clearly and
distributes uniformly, while the retained austenite in the BM has increased due to the
quenching process.

Before quenching, the FZ has a uniform grain diameter with some grain diameters
greater than 40 µm. The grain diameter of the FGZ is the smallest in the whole zone and
the CGZ has a similar grain diameter as the BM. After quenching, the grain diameter
of the FZ, HAZ, and BM is more uniform and some coarse grains in the FZ have been
refined. Furthermore, the phenomenon of grain growth in the BM was observed. The grain
diameter is between 3.1 and 10.1 µm at the main part in the joint, accounting for more than
86.2% and 81.9% before and after quenching, respectively.

With the increase in heat input, the microhardness of the FZ and HAZ before quench-
ing decreases from 500 HV to 450 HV. However, its microhardness increases from 450 HV
to 500 HV as the wire-feeding speed increases. After quenching, the microhardness of
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all samples remains at 450 HV~550 HV and the microhardness in the FZ, HAZ, and BM
remains unchanged.

A large number of dimples and little river patterns in the fracture morphology of the
joint before quenching indicate a good plasticity. But after quenching, a large amount of
the river patterns and cleavage facets are observed in fracture morphology due to the high
strength and brittleness that martensite generates in the joint.
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