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Abstract As for the tailor welded blanks (TWB) of dual-
phase steels, heat-affected zone (HAZ) always exhibits signif-
icant changes of mechanical properties after experiencing the
laser welding process. Hence, the characterization of HAZ
mechanical properties is very critical for the accurate forming
simulation and service performance of laser-welded blanks.
However, it is still difficult to obtain the regional mechanical
properties of HAZ because it has a varied transition of micro-
structures and mechanical properties in a very narrow range
(e.g., <1 mm). In this paper, to investigate the regional me-
chanical properties of HAZ in the laser-welded joints of
DP600 steels, an experimental approach was carried out based
on the thermal simulation running on the Gleeble machine.
The thermal histories of different regions in HAZ during laser
welding were simultaneously measured by thermocouples,
and then applied for the thermal simulation. The regional
characterization of HAZ mechanical properties was realized
with the thermal-simulated HAZ specimens. The results show
that the thermal histories in weld and HAZ are very sensitive
to the distance from the weld centerline, which results in
different relevant microstructures and mechanical properties.
The tensile strength of HAZ at different locations decreases
with increasing distance from the weld centerline, but the
elongation has the opposite tendency. The regional mechani-
cal properties of HAZ were also applied to the finite element
model of the tensile testing for welded joint by ABAQUS, an

elastic-plastic finite element code. And the finite element
simulation shows good agreement with the experimental.

Keywords Laser welding . Heat-affected zone . Thermal
history . Thermal simulation . Regional mechanical properties

1 Introduction

Tailor-welded blanks (TWBs) have been developed to meet
the requirements of cost and weight reduction in automotive
industry [1, 2]. To predict the forming behavior of TWBs,
finite element (FE) method is widely applied to save experi-
mental cost and time. Some researchers assume that the weld
zone is a rigid weld line and HAZ is base metal [3–7]. This
assumption is based on that weld and HAZ are only a small
proportion of the whole TWB, and the models can obtain the
reasonable results for mild steels. However, both weld and
HAZ are the separate zones, which have different mechanical
properties from those of base metal. Especially for the TWBs
of advanced high-strength steel (AHSS), their weld and HAZ
are sharply different with base metal after enduring welding
thermal histories, such as hardened weld and softened HAZ
[8–10]. Hence, this assumption is hard to accurately predict
the forming behavior [11]. Furthermore, to improve the FE
model accuracy [11–16], it is necessary to consider the differ-
ence between mechanical properties of weld and HAZ and
that of base metal, especially for TWBs of AHSS [17, 18].
Consequently, it is very important to characterize the regional
mechanical properties of weld and HAZ.

In addition, experimental methods also have been reported
to characterize the mechanical properties of weld and HAZ.
One is the thin tensile specimen cut directly from weld and
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HAZ to obtain their regional mechanical properties [19–21].
This method assumes that weld and HAZ have homogeneous
mechanical properties, which is not the real case for actual
weld and HAZ. And it also needs sufficiently large specimens,
i.e., wide size weld and HAZ, which is relatively easier for arc
welding [20, 21] but rather difficult for laser welding [19].

Another common method is the “rule of mixture,” which
can calculate the average mechanical properties of weld zone
based on the tensile testing of welded joints [21–24]. Al-
though this method can be applied to the relatively narrow
weld zone even to laser-welded welds, the characteristic of
HAZ region represented by the average properties is still
rather coarse. Consequently, to characterize regional strain-
stress curves of weld and HAZ, shear test [25], microhardness
test [25–28], and indentation test [17, 20, 29] have been
adopted. In these methods, the test results are converted to
the strain-stress curves based on the empirical formulas, while
the formulas need the sufficient experimental verification. To
directly measure the regional strain-stress curves of weld and
HAZ, digital image correlation (DIC) method has been
attempted for friction stir welds [30–34], arc welds [35, 36],
and laser-welded welds [37–39] during tensile testing. Since
DICmethod only can obtain the local strain, the determination
of the local stress is still based on the iso-stress assumption in
the whole tensile specimen. However, as for the laser-welded
joints of AHHS, little plastic deformation will occur at weld
and the harder part of HAZ during tensile loading, and thus
only a part of whole strain-stress curve can be obtained
[8, 9, 40].

Compared with the methods mentioned above, thermal
simulation can produce the enlarged HAZ specimen based
on the actual thermal history of HAZ. The thermal-simulated
specimen has the relatively homogeneous mechanical proper-
ties and can be used for the directly test of the mechanical
properties of HAZ. This method has been used for arc welding
based on the measured thermal histories to study the mechan-
ical properties of HAZ [41, 42]. However, there are still
limited reports to apply this method to laser welding. The
reasons may due to the following: (1) Compared with arc
welding, the rapid heating and cooling process of laser
welding is more difficult to be measured and reproduced; (2)
The HAZ of laser-welded joint is a very narrow range (e.g.,
<1 mm) with a varied transition of microstructures and me-
chanical properties. Therefore, the thermal history measure-
ment and subsequent thermal simulation for different regions
in HAZ are necessary but still very challenging.

In this study, thermal histories of different regions in laser-
welded HAZ are measured by thermocouples and data acqui-
sition system. Based on these measured thermal histories,
thermal simulation running on the Gleeble machine is carried
out to obtain thermal-simulated HAZ specimens, and the
regional mechanical properties of the resultant HAZ are in-
vestigated. Then the FE model of the uni-axial tensile test is

developed to validate the mechanical properties of HAZ
regions.

2 Experimental

2.1 Materials and laser welding process

Galvanized DP600 steel with a thickness of 0.7 mm is selected
as base metal (BM). The main chemical composition and
mechanical properties of the base metal are given in Table 1,
where YS, UTS, and TEL stand for yield strength, ultimate
tensile strength, and total elongation, respectively.

An IPG YLR-4000 laser device was used (wavelength, 1,
060 nm; focal length, 250 mm; focal spot diameter, 0.3 mm),
and the laser head was mounted on the end arm of an ABB
robot. Schematic diagram of laser welding setup is shown in
Fig. 1. The DP600 steel sheets were clamped in butt-joint
configuration (Fig. 1a). Edge preparation by the finish milling
was done before welding process to make sure the gap be-
tween the two sheets was smaller than 10 % of the sheet
thickness. The detailed setup of laser beam and shielding gas
are shown in Fig. 1b. The defocusing distance of laser beam
was set at +2.0 mm from the sheet surface. Argon gas was
supplied as the shielding gas at a flow rate of 33 L/min.

2.2 Thermal history measurement

Thermal histories were measured by thermocouples and re-
corded by an eight-channel computer-based data acquisition
system (the sampling frequency of 1 k Hz). According to the
different peak temperatures scope of weld (higher than the
melting point of base metal, 1,530 °C) and HAZ (730–1,
530 °C), C-type thermocouples (W5Re-W26Re, the short-
time temperature tolerance of 2,310 °C) and K-type thermo-
couples (Ni-Cr/Ni, the short-time temperature tolerance of 1,
350 °C) were selected for the temperature measurement of
weld and HAZ, respectively. This case can make the two types
of thermocouples both work in their suitable temperature
range.

Laser-welding experiments were carried out under various
process parameters to obtain the full-penetrated welds with the
good surface quality and the cross-section geometry. The laser
power and the welding speed were selected as 1.5 kW and
3.0 m/min in this study, respectively. Before the measurement
of thermal history, metallographic examination and micro-
hardness testing were both carried out firstly to verify the
regions of weld and HAZ. And then micro-holes (the inner
diameter of ~0.3 mm and a depth of ~0.3 mm) are drilled in
the scope of weld and HAZ to position thermocouples at
desired locations. The thermocouples were welded into the
micro-holes to ensure the good contact by a thermocouple
welding machine, as shown in Fig. 1a. To realize the quick
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response and accurate positioning, very thin thermocouples
(0.1 mm in diameter for C-type and 0.125 mm in diameter for
K-type thermocouples) were selected.

2.3 Thermal simulation

Thermal simulation of HAZ was carried out by a
Gleeble® 3500 system, and all the specimens were
machined into the dimension of 100 mm×30 mm×
0.7 mm. The experimental setup and specimen are
shown in Fig. 2. The key parameters of the actual
thermal histories of laser welding, including heating
rate, peak temperature, and cooling rate, were input to
the Gleeble system to obtain the thermal-simulated spec-
imens. Because of the thermal inertia, the peak

temperature input into the Gleeble system was set with
a short holding time about 0.1 s until the specimen
actually reached the peak temperature.

The maximum heating rate of about 5,000 °C/s was
achieved. To realize the rapid cooling, the quenching by
0.6 MPa compressed air was conducted as soon as the
peak temperature was reached. This case not only effec-
tively cooled the specimen by the desired cooling rate
but also prevented cracking when cooling with water.
And the t8/5 (the cooling time from 800 to 500 °C) was
in the range of 0.4~0.5 s. Finally, thermal-simulated
HAZ with the width of about 8 mm was successfully
obtained, as shown in Fig. 2.

2.4 Microstructure and mechanical property testing

Cross sections perpendicular to the welding direction of
laser-welded joints were mounted, polished, and etched
with 4 % nital to observe the microstructure by an
optical microscope and a scanning electron microscope
(SEM). A two-stage color etching [43], 4 % picral and
then 10 % aqueous sodium metabisulfite solution, was
used to clearly distinguish between ferrite and martens-
ite. Thus, the volume fraction of martensite fM was
determined by quantitative metallographic techniques.
Microhardness testing was also carried out with a
Vickers indenter at a load of 200 g and the dwelling
time of 15 s. The microhardness was tested along the
transverse centerline of the cross section of welded
joints.

Uniaxial tensile testing was carried out to obtain the
mechanical properties of various specimens. The sche-
matic diagram of various types of specimens is shown
in Fig. 3. The specimens of base metal, transverse and
longitudinal joints follow the subsize geometry of
ASTM E8M standard. The weld specimen with a min-
iature size was cut from the weld zone directly. The
specimens of thermal-simulated HAZ follow a non-
standard size (marked as short size in this paper). Ten-
sile testing was operated at a constant crosshead speed
of 2 mm/min, and three repetitions were performed for
each test. To rule out the effect of specimen size on
results, the validity of measured data obtained from the
miniature and short size specimens was also confirmed
with the same test of the base metal.

Table 1 Chemical composition and mechanical properties of DP600 steel

Chemical composition (wt%) Mechanical properties

C Mn P Si Ni S Al Cr Ti YS (MPa) UTS (MPa) TEL (%) Microhardness (HV0.2)

0.096 1.5 0.015 0.1 0.01 0.01 0.03 0.02 0.01 390 604 29 203

Welding direction 

Laser beam 

Inner diameter: 12 mm

45°
10°

Weld

Argon gas

Steel sheet

Steel base 16

Steel clamp

26

26

(a)
Unit: mm

(b)

Thermocouples

Laser beam 

Fig. 1 Schematic diagram of laser welding setup: a cross-section view
and b side view
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3 Regional characterization of HAZ properties

3.1 Microstructure and microhardness

The microhardness profile of the DP600 welded joint is
shown in Fig. 4. The weld exhibits significantly high micro-
hardness, approximately 1.5 times higher than that of base
metal. Most of HAZ has a higher microhardness than base
metal, and its microhardness shows a gradual decrease from
the fusion line to base metal. However, the softened zone is
observed in the HAZ close to base metal, which is mainly due
to the local tempering of martensite [44–47]. The softened
zone locates at a distance of about 1.2 mm from the weld
centerline, which has a width of about 100 μm.

Figures 5 and 6 show the microstructures at different loca-
tions in the joint. Different locations of regions are marked
individually by their distance (mm) from the weld centerline,
i.e., HAZ-0.4 means the location of HAZ having a distance of
0.4 mm away from the weld centerline. As shown in Figs. 5a
and 7a, base metal is composed of ferrite (F) with the islands
of martensite (M), and the volume fraction of martensite fM is
about 15 %. Weld zone is dominated by the lath martensite
along with a small amount of ferrite (Fig. 5b). HAZ shows
varied microstructures at different locations: (1) HAZ-0.4
adjacent to the fusion line has a high fM of 89 %, as shown
in Fig. 6a, while the lath martensite grain is finer than that of
the weld zone; (2) It can be observed from Fig. 6b–f that fM

decreases sharply with increasing distance from the weld
centerline; (3) Little decomposition of martensite grain is
observed in HAZ-1.2 (Fig. 7b), i.e., the tempered martensite
(TM), which results in the softening. Variations in microhard-
ness at different locations of HAZ are mainly due to the
variation of the volume fraction and the size of martensite.

3.2 Measurement of thermal histories

Based on the previous microstructure and microhardness
study, eight thermocouples were positioned at different
locations in weld and HAZ, as shown in Fig. 8. The
thermal histories of weld were also simultaneously mea-
sured to investigate the temperature characteristics of
the whole joints. Measured thermal histories during
laser welding process are shown in Fig. 9. All thermal
histories show rapid heating and cooling, which is the
characteristic of laser welding process. The interval of
the starting time between the two adjacent thermal his-
tories is about 0.12 s, which can infer that the heat
source moves a distance of 6 mm in 0.12 s. That is
to say, it is corresponding with the actual welding speed
of 3 m/min.

As shown in Fig. 9, the difference in locations causes a
significant difference in peak temperature, and the peak tem-
peratures decrease with increasing distance from the weld
centerline. The temperature of the welding pool reaches above

8 mm

Thermal-simulated HAZ specimen

Copper grips
Thermocouple

for the feedback 

control of 

temperature

Injector of coolantFig. 2 Experimental setup and
thermal-simulated specimen

Fig. 3 Schematic diagrams of
tensile testing specimens
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1,600 °C with extremely high heating rate (~105 °C/s), ex-
ceeding the melting point of base metal (1,530 °C). The
peak temperature of HAZ is in the range of 1,360–
733 °C varying with locations. The peak temperature of
the inner HAZ (HAZ close to weld) is more susceptible
to location than that of the outer HAZ (HAZ close to
base metal). For instance, the temperature difference
between HAZ-0.35 and HAZ-0.55 is 349 °C. However,
the difference between HAZ-0.7 and HAZ-1.2 is 200 °C.
Consequently, microhardness and microstructure of the
inner HAZ are more susceptible to location than those of
the outer HAZ, as shown in Figs. 4 and 6, respectively.
HAZ-1.2 is located in the softened zone, and its peak
temperature is 733 °C and slightly higher than Ac1=
718 °C calculated by Andrews’s formula [48].

However, the cooling rate does not show such location
susceptibility, as shown in Fig. 9. All the t8/5 are in the range
of 0.303~0.389 s, and the corresponding cooling rate is in the
range of 771~990 °C/s. This cooling rate is much higher than
120 °C/s, the critical cooling rate for the martensite formation
of DP600 base metal [46]. Hence, the martensitic

transformation occurs in the weld and HAZ under such rapid
cooling rate.

3.3 Thermal simulation of HAZ

Considering the location susceptibility of thermal histo-
ries, microstructure, and microhardness, five typical
thermal-simulated HAZ regions were selected: (1) HAZ-
0.4, in the coarse-grained zone adjacent to the fusion line
and with a peak temperature of 1,200 °C; (2) HAZ-0.5, in
the coarse-grained zone and with a peak temperature of 1,
100 °C; (3) HAZ-0.7, in the fine-grained zone and with a
peak temperature of 950 °C higher than Ac3=859 °C
calculated by Andrews’s formula [45]; (4) HAZ-1.0, in
the intercritical zone and with a peak temperature of
800 °C between Ac3 and Ac1; (5) HAZ-1.2, in the softened
zone and with a peak temperature of 730 °C near Ac1.
Two HAZ regions, HAZ-0.4 and HAZ-0.5, in the coarse-
grained zone were investigated because this zone has a
sharp microstructure change. The peak temperatures of
HAZ-0.4, HAZ-0.7, and HAZ-1.2 for thermal simulation
were the same with the measurement results presented in
Fig. 9, while those for HAZ-0.5 and HAZ-1.0 were cal-
culated by the linear interpolation of the peak tempera-
tures of their adjacent two zones.

The setting thermal histories of the five thermal-
simulated HAZ regions are demonstrated in Fig. 10.
The simulated thermal histories are approximately similar
to those of the actual HAZ regions in Fig. 9. They all
exhibit rapid heating and cooling, and the peak temper-
atures are falls in the range of peak temperature of actual
HAZ. The microstructures of the thermal-simulated HAZ
regions are shown in Fig. 11. It is revealed that the
microstructures of the thermal-simulated HAZ regions
are comparable with the actual HAZ regions shown in
Figs. 6 and 7, respectively.

Microhardness test is also carried out to observe the varia-
tions between the actual and the thermal-simulated HAZ re-
gions. This method has also been reported by the researchers

Fig. 5 Microstructures of a base
metal and b the weld zone.M and
F stand for martensite and ferrite,
respectively

Fig. 4 Microhardness profile of laser-welded DP600 joint
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[41, 49]. As shown in Fig. 12, the microhardness of thermal-
simulatedHAZ regions has the same gradual tendencywith that
of actual, and it also nearly falls in the range of the actual HAZ.

There is no significant microhardness variation between the
actual and thermal-simulated HAZ. Therefore, the microhard-
ness of the thermal-simulated HAZ can reflect of the actual.

Fig. 7 SEM images of a DP600
base metal and b the softened
zone

Fig. 6 Microstructures of HAZ at
different locations: a HAZ-0.4; b
HAZ-0.5; c HAZ-0.8; d HAZ-
0.9; e HAZ-1.0; f HAZ-1.2. TM
stands for the temperedmartensite
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3.4 Evaluation of regional mechanical property

Stress-strain curves of base metal with different specimen
geometries were compared to validate the results obtained
by non-standard specimens, as shown in Fig. 13. Miniature
size and short size specimens both exhibit similar stress-strain
curves to that of the standard subsize tensile specimen before
failure. Therefore, the short size and the miniature specimens
can produce reliable results, and we can rule out the effect of
specimen size.

Figure 14 shows the stress-strain curves of weld metal
and HAZ regions, and their main mechanical properties
are described in Fig. 15. Compared with the base metal
and HAZ, the weld metal exhibits the highest strength
(1,127 MPa) and the lowest elongation (5.6 %). The
strength and elongation of thermal-simulated HAZ fall
in between those of base metal and weld metal. And
different HAZ regions exhibit significant different me-
chanical properties. With increasing distance from weld
centerline, the strength decreases but the elongation in-
creases. The properties of simulated HAZ-0.4 are very
close to simulated HAZ-0.5. Softening is not apparently
observed in simulated HAZ-1.2.

The variations in mechanical properties of different regions
could be attributed to microstructure change. For low carbon
steel with dominated martensite microstructure, the strength
increases with increasing the packet size of lath martensite
[50]. For low carbon steels with martensite and ferrite micro-
structure, the strength increases but the elongation decreases,
with increasing volume fractions of martensite [51–53]. Three
cases of mechanical properties are discussed as follows.

1. For weld zone and the inner HAZ, HAZ-0.4 and HAZ-
0.5, they have dominated martensite microstructure and
their variation of fM could be negligible. And thus the
packet size of lath martensite plays the most important
role in the mechanical properties. Possibly due to the
decrease of packet size, the strength of weld zone is higher
than the inner HAZ but the elongation is lower. Some
typical packets are shown in Figs. 5b, 6a, b. The small
variation in mechanical properties of HAZ-0.4 and HAZ-
0.5 may be due to the other sub-microstructure of the
martensite, such as block and lath [54].

2. For the outer HAZ, HAZ-0.7 and HAZ-1.0, their fM are
not very high; thus, their mechanical properties mainly
depend on the fM. Since the fM decreases with increasing

Fig. 9 Thermal histories of different locations during laser welding of
DP600 steels Fig. 10 Thermal histories setting for the thermal-simulated HAZ regions

Fig. 8 Locations of different
thermocouples
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Fig. 11 Microstructures of
thermal-simulated HAZ regions:
a HAZ-0.4; b HAZ-0.5; c HAZ-
0.7; dHAZ-1.0; eHAZ-1.2; and f
SEM of HAZ-1.2

Fig. 12 Microhardness of thermal-simulated HAZ and the actual HAZ
Fig. 13 Stress-strain curves of base metal obtained from subsize,
miniature, and short size specimens
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distance from weld centerline, the strength decreases but
the elongation increases.

3. For softened HAZ, HAZ-1.2, it does not show lower
strength and higher elongation. This could be attributed to
the ageing of ferrite [49]. Both the aging in the ferrite phase
and the tempering in the martensite attribute to the mechan-
ical properties of dual phase steel [55]. In this study, since
the small amount of martensite in DP600 base metal, the
ageing of ferrite may have more significant effect on me-
chanical properties than the little tempering of martensite.

4 Numerical modeling based on the regional HAZ
properties

4.1 Development of FE model

Numerical modeling of the uni-axial tensile test was per-
formed on both transverse and longitudinal joints to validate

the mechanical properties of HAZ regions. Three-dimensional
FE model was established based on the ABAQUS/Standard
implicit code. The eight-noded linear solid elements with the
reduced integration (C3D8R) were used for all joints. The
modeled joint geometries are similar with the experimental
shown in Fig. 3.

Figure 16 shows the FE meshing and boundary condition,
detailing the regions with different mechanical properties and
their widths. HAZ was divided into five regions, correspond-
ing with the regional properties characterization in Section 3.4.
The element size was approximately 0.2 mm×0.2 mm for
base metal and weld zone, and 0.1 mm×0.1 mm for HAZ
regions. As shown in Fig. 16, the deformation of joint was
motivated by one end of joint with a constant velocity of
2 mm/min, while the other end was fixed. This boundary
condition was consistent with the experimental.

The mechanical properties of each HAZ region, as well as
the weld and base metal, were considered to be isotropic and
homogeneous. Their deformation was governing by their
elastic-plastic constitutive behavior (or the true stress-strain
curve). Both the elastic and the plastic true stress-strain curves
were calculated by the experimental engineering stress-strain
curves in Fig. 13. For all regions, the elastic material

Fig. 14 Stress-strain curves of thermal-simulated HAZ regions and weld
metal

Fig. 15 Mechanical property distribution across the joint Fig. 16 Meshing of welded joints and the boundary condition
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properties were determined by elastic modulus of 210 GPa
and the Poisson’s ratio of 0.3. The plastic part of the true
stress-strain curve was assigned the calculated data from the
engineering stress-strain curves based on Eq. (1).

σT ¼ σE 1þ εEð Þ
εT ¼ ln 1þ εEð Þ ; ð1Þ

where, σE, σT, εE, and εT are the engineering stress, the true
stress, the engineering strain, and the true strain, respectively.

4.2 Validation of the FE model

The simulation and the experimental results are both included
in Fig. 17. The simulated necking locations show good agree-
ment with the experimental failure locations. For the trans-
verse joints, the failure occurs at the base metal, which means
HAZ softening does not seriously influence the mechanical
properties of the transverse joint. This may be due to the low
softening of DP600 base metal. For the longitudinal joint,
failure initiates at the weld, and this is caused by the low
ductility of weld compared with the base metal and HAZ.

In order to investigate the contribution of HAZ to the joint
performance, two kinds of welded joint in FE model are
compared, i.e., joint-WH (joint including base metal, weld,
and HAZ), joint-WO (joint including only base metal and
weld, treating HAZ as base metal). Figure 18 shows simulated
engineering stress-strain curves. In Fig. 18a, there is no obvi-
ous difference between the stress-strain curves of the trans-
verse joint-WH and the transverse joint-WO because base
metal undergoes most of the deformation. The simulated
stress-strain curves agree well with the experimental results.

In Fig. 18b, the stress-strain curve of the longitudinal joint-
WH shows better agreement with the experimental than that of
the longitudinal joint-WO. This reveals that the regional HAZ
properties in the model are very important to the accurate
prediction of the whole welded joint performance.

5 Conclusions

Regional mechanical properties of HAZ are investigated by
the thermal simulation based on the measured thermal histo-
ries and are applied in the numerical model of tensile testing of
welded joint. The main conclusions are as follows.

1. The thermal histories in HAZ show rapid heating and
cooling rates and significant location susceptibility. The
peak temperature decreases sharply with increasing dis-
tance from the weld centerline, in the range of about 1,
360~730 °C. The cooling rate (t8/5) does not show quite

Fig. 17 Experimental and simulated results for tensile tests of a the
transverse joint and b the longitudinal joint

Fig. 18 Experimental and simulated engineering stress-strain curves of a
transverse joint and b longitudinal joint
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difference in weld and HAZ, around 0.30 to 0.39 s. The
thermal histories result in the location susceptibility in
microstructure because the volume fraction of martensite
decreases sharply with increasing distance from the weld
centerline.

2. The mechanical properties of HAZ regions show that the
strength decreases with increasing distance from weld
centerline but the elongation increases. The reason is
mainly that the packet size of lath martensite and the
volume fractions of martensite decrease with increasing
distance from the weld centerline. The strength of soft-
ened HAZ is slightly higher than that of base metal, and
this is possibly because the ageing of ferrite has more
significant effect on the mechanical properties than little
tempering of martensite.

3. Based on the regional mechanical properties of HAZ, the
numerical simulations for the tensile properties of welded
joints show good agreement with the experiments, and
this can improve the prediction accuracy of laser-welded
joint performance.
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