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high strength steels (AHSSs) to address these conflicting 
demands [1-3]. AHSSs are being used to reduce the weight 
of vehicle bodies and closure panels, while simultaneously 
improving energy absorption in specific areas and stiffness 
in others. Dual phase (DP) steels are one of the popular 
groups in the AHSS family, which produced through in-
tercritical annealing followed by rapid cooling. Their mi-
crostructure is composed of ~ 10-50 vol.% of martensite 
islands in the ferrite matrix. Currently, several grades of 
DP steels are being used in auto-body components such as 
B-pillars and bumpers [4, 5]. 

Recently, automotive part manufacturers have become 
interested in applications of AHSSs in fabrication of tai-
lored welded blanks (TWBs). TWBs are blanks of differ-
ent materials and/or shapes, grades and thicknesses that 
are welded together before the stamping operation. This 
design allows blanks to be made of the most appropriate 
materials at the right place, leading to weight reduction 
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1. Introduction

The rising global energy consumption has led to an in-
crease in fuel prices, which in turn has created a greater 
demand for fuel-efficient vehicles. Additionally, consum-
ers are now more conscious of the environment and are 
seeking vehicles that are not only eco-friendly but also 
provide enhanced safety during accidents. Consequent-
ly, the automotive industry has started utilizing advanced 
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2. Materials and methods

1.6 mm thick sheets of DP590 and AISI 1012 steels, 
with the chemical compositions listed in table 1, were used 
in this research. Samples with the dimensions of 100 mm 
× 40 mm were cut from the initial sheets and butt-welded 
in a dissimilar configuration perpendicular to the rolling 
direction using a diode laser machine. Table 2. presents 
the parameters of the LW operations. Before welding, the 
samples were de-scaled mechanically and cleaned with ac-
etone. Argon gas with a flow rate of 10 L/min was used as 
the shielding gas during the welding.

Specimens for microstructural analysis were cut from 
the welds cross-section, mounted, mechanically grounded 
to 2500 grit finish, polished with a 0.3 μm alumina suspen-
sion, and etched with 3% Nital reagent. The microstruc-
ture of the etched specimens was studied using optical 
microscopy (OM). The volume fraction of martensite in 
the DP590 steel was measured by point counting method 
based on the ASTM-E562-19 standard [18], using the Im-
age J software. Grain size measurements was carried out by 
linear intercept method according to the ASTM-E112-13 
standard [19]. 

Microhardness profile of the cross-section of welded 
samples was measured at a load of 100 g with a dwell time 
of 10 s using a Vickers microhardness tester (Buehler). In 
order to determine the tensile properties, uniaxial tensile 
tests were conducted on the BMs and welded joints perpen-
dicular to the welding direction at a cross-head speed of 1 
mm/min using SANTAM STM150 machine. Tensile spec-
imens with the geometry and dimensions shown in Fig. 1. 
were cut from the BMs and welded samples through elec-
trical discharge machining. The tests were repeated three 
times to access the average value of tensile properties.

and cost minimization [6-9]. Since DP steels have high 
strength combined with improved ductility, it may be ben-
eficial to use these steels where energy absorption and high 
strength characteristics are important, while other materi-
als such as mild steels can be used where reduced strength 
is desired. Laser welding (LW) is widely used in the join-
ing of TWBs, due to its flexibility, high quality, excellent 
finish and reliability in manufacturing compared with oth-
er processes such as gas metal arc welding, gas-tungsten 
arc welding and electron beam welding [10, 11]. 

LW of DP steels have been extensively studied in the 
past decade. Farabi et al. [12] studied tensile properties 
and work hardening behavior of laser welded DP600 and 
DP980 steel joints. Bandyopadhyay et al. [13] investigat-
ed the formability of laser welded DP steels and report-
ed a decreased formability for laser welded DP600 and 
DP980 steel welds compared to their respective base met-
als (BMs). Alves et al. [14] optimized the parameters of 
LW to minimize the amount of softening in the HAZ of 
DP1000 steel joints. Parkes et al. [15] evaluated the micro-
structure and fatigue properties of fiber laser welded joints 
of DP980 and high strength low alloy steel. Mostaan et 
al. [16] investigated the effect of silicon content on phase 
transformation, microstructural evolutions and mechanical 
behavior of laser welded DP steels. In a recent publication, 
Ozturk and Arikan [17] studied LW of DP600 to DP800 
steel sheets with different thicknesses. They also investi-
gated the effect of laser power and welding speed on the 
mechanical properties of the TWBs.

The aim of the present work is to investigate the 
microstructure and tensile properties of laser weld-
ed DP590 steel to a plain low carbon steel for use in 
TWBs. Furthermore, the effect of laser power on the mi-
crostructure and tensile properties is also investigated.

1 
 

 

 

 

 

Table 1. Chemical composition (wt.%) of DP590 steel used in this research.

Table 2. Processing parameters of LW operations.

Fig. 1. Geometry and dimensions of the tensile specimens.
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illustrated in Fig. 3. In the P400 sample, a lack of 
penetration (LOP) defect was detected, while for the 
other two samples the weld was sound and free from 
any defect. Widening of the fusion zone (FZ) with 
increasing the laser power was another noticeable 
feature observed in Fig. 3. A schematic illustration 
of the peak temperature range in different areas of 
weld cross-section with respect to the iron-carbon 
phase diagram is shown in Fig. 4. In the FZ (A-A), 
the peak temperature is above the liquidus tempera-
ture of steel, resulting in complete melting. In the up-
percritical HAZ (A-B), the peak temperature is above 
the critical temperatures of A3, resulting in complete 
austenitization. This area can be divided into two 
subzones, coarse grained HAZ (CGHAZ) in which 
the peak temperature is well-above the A3 so that the 
austenite grain growth is noticeable, and fine-grained 
HAZ (FGHAZ) in which the austenite grain growth is 
limited. In the intercritical HAZ (ICHAZ), the peak 
temperature is between A1 and A3, resulting in par-
tial austenitization. The peak temperature in the sub-
critical HAZ (SCHAZ) is below the A1 (CD), which 
can have effects like tempering of martensite on the 
BM. The width of each zone is directly proportion-
al to its temperature range in the iron-carbon phase 
diagram.

3. Results and discussion
3.1. Thermodynamic calculations

Fig. 2. shows the equilibrium weight percentage of 
phases at different temperatures for the DP590 and AISI 
1012 steels obtained by thermodynamic calculations. Ac-
cording to Fig.2a. the solidification of the DP590 steel 
begins at 1517 °C (liquidus temperature), and ends at 
1460 °C (solidus temperature). Austenite is the only sta-
ble phase between 1460 °C and 837 °C (A3). From 837 
°C to 680 °C (A1), ferrite phase is also stable besides aus-
tenite. Below 680 °C, ferrite phase with a small amount 
of cementite coexists. For the AISI 1012 steel (Fig.  2b.), 
the liquidus and solidus temperatures are respectively 
1525 °C and 1455 °C. The A3 and A1 are 870 °C and 
715 °C, respectively, which both are ~ 35 °C higher than 
those calculated for the DP590 steel. This means that the 
temperature range for the stability of austenite phase in 
the DP590 steel is wider than that in the AISI 1012 steel. 
This can be attributed to the presence of a higher amount 
of manganese in the former, as this element promotes the 
stability of austenite over ferrite [20].

3.2. Macrostructure

Macroscopic image of the welds cross-sections is 
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Fig. 2. Equilibrium weight percentage of phases from 600 °C up to the liquidus temperature for (a) DP590 steel, (b) 
1012 steel.

Fig. 3. Macroscopic image of the cross section of different joints: (a) P400, (b) P450, (c) P500.
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the present work can be estimated as: %C = 0.097, %Mn 
= 1.14, %Si = 0.21. This composition is similar to that of 
low carbon steels which have a very low hardenability. 
Therefore, martensite can hardly form in the FZ even at 
cooling rates as high as what can achieve during LW. This 
effect of hardenability on the microstructure can better be 
understand from Fig. 7. which shows the fusion boundary 
(FB) in the DP590 steel side. It is observed that the micro-
structure changes from martensite in the CGHAZ of the 
DP590 steel with a higher hardenability, to ferrite in the FZ 
with a lower hardenability. 

Fig. 8. shows OM images of the microstructure of the 
CGHAZ in the DP590 steel side. For all samples, a mixture 
of martensitic, WF and acicular ferrite (AF) were present. 
Prior austenite grain boundaries (PAGBs) were also de-
tected in Fig. 8. and marked by dashed lines. A comparison 
between the size of the prior austenite grains in different 
samples demonstrated that it is increased from ~40 µm to 
~90 µm with increasing the LW power from 400 W to 500 
W. This is because by increasing the LW power, the time 
that CGHAZ remains at high temperatures increases. The 
higher LW power also means a higher welding heat input, 
resulting in a decreasing cooling rate and promoting the 
formation of WF and AF besides martensite.

3.3. Microstructural analysis

Fig. 5. shows OM images of the microstructure of 
the BMs. As illustrated in Fig. 5a. the microstructure of 
the DP590 steel was composed of fine martensite islands 
(dark) mostly distributed in the boundaries of ferrite ma-
trix (light). The mean diameter of martensite islands was 
~0.8 µm with a volume fraction of ~22%, and the aver-
age grain size of ferrite was ~5 µm. It is demonstrated that 
presence of very fine martensite islands in ferrite matrix 
can improve the ductility of DP steels [21]. In the AISI 
1012 steel (Fig. 5b.), a completely ferritic microstructure 
with a mean grain size of ~9 µm was observed.

OM image of the microstructure of the FZ in different 
samples is shown in Fig. 6. A mixture of Widmanstätten 
ferrite (WF), polygonal ferrite (PF) and ferrite-carbide ag-
gregate (FCA) was observed in all samples. The latter is 
composed of a mixture of very fine and spherical cemen-
tite particles in a ferrite matrix [22]. No trace of marten-
site was observed in the FZ, in contrast to previous ob-
servations on the LW of DP steels [23, 24]. In the case of 
autogenous welding, the chemical composition of FZ is 
ideally the average of the chemical composition of the two 
BMs. Therefore, the chemical composition of the FZ in 

Fig. 4. Schematic illustration of various temperature ranges in the cross-section of a low-carbon steel welded joint.
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Fig. 5. OM image of the microstructure of (a) DP590 steel, and (b) 1012 steel. 

Fig. 6. OM image of the microstructure of the FZ in different samples: (a) P400, (b) P450, (c) P500. 

Fig. 7. OM image of the FB in the DP590 steel side. 

Fig. 8. OM image of the microstructure of the CGHAZ in the DP590 steel side, (a) P400, (b) P450, (c) P500. Dashed 
lines show PAGBs.
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(Fig.10b.), ferrite grains with a size significantly reduced 
compared to that in the AISI 1012 steel (Fig. 5b.), with a 
small amount of pearlite were observed. In this area, the 
fine-grained austenite forms at peak temperature trans-
forms to fine-grained ferrite and pearlite, as reducing the 
grain size of austenite encourages the formation of eutec-
toid transformation products. The grain size of ferrite in-
creased by moving from FGHAZ to SCHAZ in the ICHAZ 
(Fig. 10c.). The microstructure in the SCHAZ, as shown in 
Fig. 10d. was similar to that in the AISI 1012 steel, except 
the appearance of some pearlite colonies.

3.4. Microhardness measurement

Fig. 11. shows the microhardness profile of the weld 
cross sections. As expected, the hardness was higher in the 
DP590 steel side compared to the other side. In the former, 
local hardening and local softening were observed in the 
HAZ, similar to previous findings on the LW of DP steels 
[14-25]. The hardening in the CGHAZ is because of the 
formation of martensite, while the local softening in the 
SCHAZ is attributed to the tempering of the pre-existing 
martensite. According to Fig. 11. the width of the hardened 
zone increases with increasing the laser power, due to the 
widening of the FZ and CGHAZ. However, the maximum 
hardness in the hardened zone was lower for the P450 
sample compared with the other two samples. This may 
be attributed to a lower fraction of martensite in the P450 
sample, as martensite is the hardest microconstituent pres-
ent in the hardened zone. In the AISI 1012 steel side, the 
hardness gradually increases from BM to the FZ, mainly 
due to the partial grain refinement and formation of WF.

Typical microstructure of the outer part of the HAZ in 
the DP590 steel side is shown in Fig. 9. In Fig. 9a. the mi-
crostructure of a point between the CGHAZ and FGHAZ 
is also presented. As can be seen, the microstructure in this 
point was nearly fully martensitic, with fine grains of prior 
austenite. In the FGHAZ (Fig. 9b.), a mixture of ferrite 
and martensite was observed. However, the size of ferrite 
grains (2.7 µm) was smaller than those in the DP590 steel 
BM. In this area, the peak temperature during the LW is 
just slightly above the A3. This result in the austenitiza-
tion of the microstructure at peak temperature. However, 
because the time that this area remains above A3 is very 
short, carbon diffusion is negligible and therefore the aus-
tenite is inhomogeneous in chemical composition. During 
the cooling cycle, martensite forms at locations with high 
carbon concentration while areas that are poor in carbon 
transform to ferrite. In the ICHAZ, which is a narrow zone 
marked in Fig. 9c. the peak temperature is between the 
critical temperatures of A1 and A3, which leads to partial 
austenitization. The austenite then transforms to marten-
site upon cooling to room temperature. In the SCHAZ 
(Fig. 9d.), the microstructure was similar to that in the BM 
(Fig. 5a.). The peak temperature in this area is below the 
A1, only causing the tempering of the pre-existing marten-
site. Therefore, no apparent microstructural change can be 
seen in the OM image.

Fig. 10. shows typical OM microstructures of different 
locations within the HAZ in the AISI 1012 steel side. In 
the CGHAZ (Fig. 10a.), the microstructure was composed 
of a mixture of WF, FCA and PF. In fact, the hardenability 
of the AISI 1012 steel is not enough to form martensite at 
cooling rates experienced during the LW. In the FGHAZ 
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Fig. 9. OM image of the microstructure of different location in the outer part of HAZ in the P450 sample: (a) a point between 
the FB and SCHAZ (b) FGHAZ, (c) ICHAZ, (d) SCHAZ.
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is typically observed in the low carbon steels [27]. The 
P400 sample which had a LOP defect, failed in the elastic 
region. In the other two welds, the yielding behavior was 
discontinuous and the UTS as well as elongation were 
significantly reduced compared to the BMs. However, 
the YS of both welds were nearly the same as the AISI 
1012 steel BM. Analyzing the fractured specimens of the 
welded samples (Fig. 13.) demonstrated that the fracture 
location for the P400 sample was in the FZ, while the 
other two samples failed in the AISI 1012 steel BM. In 
fact, the significant reduction of elongation in the P450 
and P500 samples compared to the BMs was due to the 
localization of strain in the AISI 1012 steel BM.

3.5. Tensile properties

Fig. 12. shows the representative engineering stress-
strain curves of BMs and welded samples. A summary of 
the tensile properties is also listed in Table 3. The tensile 
curve of the DP590 steel was indicative of the typical 
tensile behavior of DP steels, i.e. continuous yielding 
behavior, low yield strength (YS) to ultimate tensile 
strength (UTS) ratio and a high elongation [26]. On the 
other hand, the AISI 1012 steel showed a high elongation 
over 40% and a discontinuous yielding behavior. The 
yield point phenomena, which is a result of dislocations 
locking by interstitial atoms like carbon and nitrogen, 
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Fig. 10. OM image of different locations within the HAZ in the 1012 steel side of the P450 sample: (a) CGHAZ, (B) FGHAZ, 
(c) ICHAZ, (d) SCHAZ.

Fig. 11. Microhardness profile of different samples.
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Fig. 12. Engineering stress-strain curves of different samples.

Table 3. Summary of the tensile properties.

Fig. 13. Macroscopic image of the tensile tested specimens.

4. Conclusions

In this work, effect of LW power on the microstruc-
ture and tensile properties of dissimilar joints between 
DP590 and AISI 1012 steels were investigated. In the 
sample welded with a power of 400 W, a LOP defect 
was detected, while sound welds were created using la-
ser powers of 450 and 500 W. The microstructure of 

FZ in all samples was consisted of a mixture of WF, PF 
and FCA. No trace of martensite phase was detected 
in the FZ of all samples. In the CGHAZ and FGHAZ 
of the DP590 steel side, martensite phase was detected 
besides ferrite while no trace of martensite was found 
in the HAZ of the AISI 1012 steel side. Formation of 
martensite in the HAZ of the DP590 steel side resulted 
in local hardening, while tempering of the pre-existing 
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martensite in the SCHAZ of the DP590 side led to local 
softening. The sample welded with a laser power of 400 
W failed from FZ in early stages of tensile test due to 
the LOP defect, while the other two samples failed from 
the AISI 1012 steel BM. Furthermore, P450 and P500 
samples exhibited YS and UTS values slightly above 
those for the AISI 1012 steel, with a significant reduc-
tion of TE compared to both BMs. 
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