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Abstract 

The QP980-DP980 dissimilar steel joints were fabricated by fiber laser welding. The weld zone (WZ) was fully marten-
sitic structure, and heat-affected zone (HAZ) contained newly-formed martensite and partially tempered martensite 
(TM) in both steels. The super-critical HAZ of the QP980 side had higher microhardness (~ 549.5 Hv) than that of the 
WZ due to the finer martensite. A softened zone was present in HAZ of QP980 and DP980, the dropped microhard-
ness of softened zone of the QP980 and DP980 was Δ 21.8 Hv and Δ 40.9 Hv, respectively. Dislocation walls and slip 
bands were likely formed at the grain boundaries with the increase of strain, leading to the formation of low angle 
grain boundaries (LAGBs). Dislocation accumulation more easily occurred in the LAGBs than that of the HAGBs, 
which led to significant dislocation interaction and formation of cracks. The electron back-scattered diffraction (EBSD) 
results showed the fraction of LAGBs in sub-critical HAZ of DP980 side was the highest under different deformation 
conditions during tensile testing, resulting in the failure of joints located at the sub-critical HAZ of DP980 side. The 
QP980-DP980 dissimilar steel joints presented higher elongation (~ 11.21%) and ultimate tensile strength (~ 1011.53 
MPa) than that of DP980-DP980 similar steel joints, because during the tensile process of the QP980-DP980 dissimilar 
steel joint (~ 8.2% and 991.38 MPa), the strain concentration firstly occurred on the excellent QP980 BM. Moreover, 
Erichsen cupping tests showed that the dissimilar welded joints had the lowest Erichsen value (~ 5.92 mm) and the 
peak punch force (~ 28.4 kN) due to the presence of large amount of brittle martensite in WZ and inhomogeneous 
deformation.
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1 Introduction
In order to reduce the weight of automobiles and increase 
requirement of passenger safety, advanced high strength 
steels (AHSSs) have been widely applied in automotive 
industry [1, 2]. Currently, the third generation AHSSs via 
a novel heat treatment processing, “quenching and par-
titioning” (QP), have drawn much attention because of 
their low-cost and superior combination of strength and 
ductility [3, 4]. The retained austenite (RA) in QP steel 
can transform into martensite during deformation due 

to the transformation-induced plasticity effect (the TRIP 
effect) [5, 6], which decelerates the propagation of crack 
and enhances the strength and uniform elongation [7].

During the manufacturing processes, jointing of dis-
similar or similar AHSSs using fusion welding techniques 
is inevitable [8]. However, heat input of fusion welding 
of AHSSs is associated with some problems such as heat 
affected zone (HAZ) softening, formation of porosities 
as well as solidification cracks. Guzman-Aguilera et  al. 
[9] assessed the effect of the welding heat input on the 
microstructure and mechanical properties of Si-alloyed 
TRIP steel. They found that the welded joints occurred 
softening at the sub-critical HAZ and the failure location 
of the arc welded samples was the sub-critical HAZ. Far-
abi et al. [10] suggested that the degree of softening was 
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more obvious in DP980 than DP600 during laser welding, 
and tensile failure was in the soft zone of DP600 side. Li 
et  al. [11] studied the tensile properties and formability 
of laser welding joints of QP980, showing that the micro-
hardness of the sub-critical heat affected zone (HAZ) 
decreased due to martensite tempering. In addition, the 
formability ratio was only 68.08% of QP980 base material 
(BM) in Erichsen cupping test. Conclusively, the HAZ of 
welded joints had a negative effect.

Compared with conventional welding methods, laser 
welding is becoming popular in manufacturing auto-
body parts due to its high energy density, excellent 
welded quality and rapid welding speed [12–14]. Guo 
et al. [15] found all the laser welded joints failed at base 
metal during quasi-static and dynamic tensile tests. And 
the laser welding can reduce welding heat input, leading 
to a narrower HAZ and improved mechanical and form-
ability properties of the joints [16, 17].

The dissimilar AHSSs welded joints can achieve light 
weight and maximal material efficiency. DP steel consists 
of hard martensite islands embedded in the soft ferrite 
matrix which increases strength and ductility [18]. And 
DP steel has been widely used in motor vehicles [19, 20]. 
Consequently, the dissimilar AHSSs welded joints, espe-
cially QP and DP steel joints are important in industrial 
applications. Nevertheless, few studies have been carried 
out on the influence of HAZ on mechanical properties of 
dissimilar QP-DP welded joints.

The purpose of this study was to investigate the effect 
of the HAZ, especially softened zone, on mechanical 
properties of fiber laser welded QP980 and DP980 dis-
similar joints. Microstructure, microhardness, tensile 
properties and biaxial stretch formability were studied. 
The microstructure evolution of the softened zone of 
QP980 and DP980 under different strain was compared 
by electron back-scattered diffraction (EBSD).

2  Experimental Procedure
2.1  Materials and Laser Welding
1.35  mm thick QP980 steel sheet and DP980 steel 
sheets were used. Their chemical compositions were 
shown in Table  1. Welded blanks with a dimension of 
100 mm × 200 mm were fabricated by laser butt weld-
ing using IPG Photonics YLS-6000 fiber laser system. 
Figure 1 shows the schematic illustration of laser weld-
ing. During laser welding, the welding direction was 

perpendicular to the rolling direction of base material, 
and laser welding parameters are listed in Table 2.  

2.2  Microstructure Characterization
Metallographic specimens were cut from the center 
of welded joint and then mounted, ground, polished, 
and etched with 3% Nital solution. Optical microscope 
(OM, Zeiss Scope.A1), scanning electron microscope 
(SEM, Merlin Compact) and EBSD were used to char-
acterize the microstructural evolution. Specimens for 
EBSD were mechanical polished, and then electro-pol-
ished for stress relieving using a solution of 15 mL per-
chloric acid and 285 mL alcohol at 20 V for 20 s. Image 
quality (IQ) map, inverse pole figure (IPF) map, Kernel 
average misorientation (KAM) map and Taylor Factor 
(TF) map can be obtained by EBSD. The family of active 
slip systems for BCC metals (< 1 −1 1>) was used to get 
Taylor factors and deformation gradient for uniaxial 
tension (Eq. (1)) [21]

Table 1 Chemical compositions (wt.%) of the BM

Steels C Mn Si Al Cr Mo Fe

QP980 0.2 2.41 1.31 0.06 0.04 ‒ Bal.

DP980 0.15 1.5 0.31 0.05 0.02 0.05 Bal.

Figure 1 Schematic diagram of laser welding

Table 2 Parameters of laser welding

Laser power 
(kW)

Welding 
speed (m/
min)

Focal 
length (cm)

Beam 
dimension 
(mm)

Head angle 
(°)

4.5 8 30 0.6 0



Page 3 of 14Xue et al. Chin. J. Mech. Eng.           (2021) 34:80  

Vickers microhardness of the welded joint was meas-
ured using a Vickers hardness tester (FM 800) with a 300 
g load and 15 s dwell time.

2.3  Mechanical Properties and Erichsen Cupping Tests
The tensile specimens were machined according to 
ASTM: E8M, with a gauge length of 25 mm, gauge width 
of 6  mm (Figure  2a), the tensile direction was paral-
lel to rolling direction. Erichsen cupping test was car-
ried out with a standard of GB4156-84 at a constant 
speed of 10  mm/min. The Erichsen cupping test geom-
etry as shown Figure  2b. The tensile tests were carried 
out by an electromechanical universal testing machine 
(MTSC45105) equipped with digital image correlation 
(DIC CSI VIC-2D) system under a constant speed of 
1.5 mm/min, as shown in Figure 3. The fracture morphol-
ogies after tensile test and Erichsen cupping test were 
observed by SEM.

3  Results and Discussion
3.1  Microstructure
The SEM and image quality (IQ) maps in EBSD of QP980 
and DP980 steel are shown in Figure 4. The microstruc-
ture of QP980 in Figure 4a and b was comprised of fer-
rite, martensite and retained austenite (RA). Although 
ferrite and martensite both are difficult to distinguish by 
phase map because of their body centered cubic (BCC) α 
crystal structure [22], martensite islands are dark grains, 
as shown Figure  4b, owing to its faint Kikuchi patterns 
due to its highly distorted lattice compared with ferrite. 
Therefore, RA, face centered cubic (FCC) γ crystal struc-
ture, was marked with red color (Figure  4b). And the 
volume fraction of RA in QP980 was about 8.7%, while 
DP980 mainly consist of martensite and ferrite, as shown 
Figure 4c and d.

After fiber laser welding, the QP980-DP980 joints had 
no cracks and voids. The cross-sectional microstructure 
of joint can be identified as weld zone (WZ), HAZ and 
BM (Figure 5a). Because the cooling rate of the WZ was 

(1)F =





1 0 0

0 −0.5 0

0 0 −0.5



.

much higher than the critical forming rate of martensite, 
the WZ was fully martensite, as shown in Figure 5b. The 
HAZ of QP980 and DP980 sides could be divided three 
sub-regions, namely super-critical HAZ (Figure  5c and 
f ), inter-critical HAZ (Figure  5d and g) and sub-critical 
HAZ (Figure  5e and h), according to the experienced 
different peak temperatures during laser welding. The 
super-critical HAZ of QP980 and DP980 sides (Figure 5c 
and f ) experienced peak temperature above  Ac3 tem-
perature, resulting in the original microstructure of BM 
was completely austenitized and then transformed to 
martensite upon a high cooling rate. The peak tempera-
ture in the inter-critical HAZ was between  Ac1 and  Ac3 

Figure 2 a Tensile specimen geometry (mm), b Erichsen cupping test geometry (mm)

Figure 3 Electromechanical universal testing machine equipped 
with DIC system
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lines, leading a partially austenitization. Consequently, 
the inter-critical HAZ contained martensite and ferrite as 
shown in Figure 5d and g. The peak temperature in sub-
critical HAZ was below  Ac1 line, forming tempered mar-
tensite (TM) as displayed in Figure 5e and h. Hence, the 
sub-critical HAZ of QP980 consisted of tempered mar-
tensite, ferrite and a small portion of retained austenite. 
And the sub-critical HAZ of DP980 contained tempered 
martensite and ferrite.

3.2  Microhardness
Microhardness measurements are shown in Figure 6. For 
comparison, microhardness profiles of similar joints of 
QP980-QP980 and DP980-DP980 are also shown. It indi-
cates that the microhardness was clearly different in dif-
ferent zones. The microhardness value of dissimilar joint 
exhibited an asymmetric characteristic with a higher 
hardness on the QP980 side and a lower hardness on the 
DP980 side (Figure 6a). The average hardness of QP980 
and DP980 is 369.8 Hv and 298.9 Hv, respectively. All the 
WZ had the higher microhardness value than that of BM 
since the WZ was fully martensitic microstructure. Nev-
ertheless, the microhardness of QP980 WZ was higher 
than that of DP980 WZ, due to the higher C content of 
the former [23].

The super-critical HAZ experienced a relatively low 
peak temperature (exceeded  AC3) with limited time. This 
condition could not promote austenite grow, thus fine 
martensite was generated with higher hardness than that 
of WZ. Thus, the super-critical HAZ of QP980 side had 
peak microhardness value of 549.5  Hv. And the super-
critical HAZ of DP980 side also had higher microhard-
ness than that of the WZ of near the DP980, similar 
result was presented in Ref. [11]. A significantly softened 
zone can be observed in sub-critical HAZ of QP980 
(~ 21.8  Hv hardness drop than that of QP980 BM) and 
DP980 (~ 40.9 Hv hardness drop than that of DP980 BM) 
because of the tempering of martensite. In general, mar-
tensite tempering is an unavoidable phenomenon among 
AHSSs consisting of martensite phase. It depends on the 
volume fraction of martensite, the heat input and thermal 
properties [15, 24, 25]. Figure  6b shows the microhard-
ness mapping of the entire cross section of the QP980-
DP980 welded joint. The microhardness distribution in 
the vertical direction was consistent.

3.3  Tensile Properties
Seven typical deformation stages of unloaded, elastic 
deformation, uniform plastic deformation-1, uniform 
plastic deformation-2, maximum load, localized necking, 

Figure 4 SEM and IQ map with phase of base materials: a, b QP980, and c, d DP980 (F: Ferrite; M: Martensite; RA: Retained Austenite)
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and onset of fracture were selected using DIC, as shown 
Figure  7. The welded joints are indicated by solid lines, 
and the fracture location are marked by dash lines. The 
local axial strain along gauge length direction (red solid 

lines) at various strain stages were extracted and plotted 
in the right side of Figure 7.

In QP980-DP980 joint (Figure  7a), the strain concen-
tration firstly occurred on the QP980 BM and then the 

Figure 5 Microstructure of QP980-DP980 weld joint: a overview of the joint, b weld zone, DP980 of c super-critical HAZ, d inter-critical HAZ and 
e sub-critical HAZ; QP980 of f super-critical HAZ, g inter-critical HAZ and h sub-critical HAZ (F: ferrite; M: martensite; TM: tempered martensite; RA: 
retained austenite)

Figure 6 Microhardness profile across the welded joint: a typical hardness distribution, b hardness map of QP980-DP980 welded joint
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maximum strain concentration transferred from the 
QP980 BM to the HAZ of DP980 side with the increase of 
strain. For the DP980-DP980 joint (Figure 7b), deforma-
tion was localized in both sides of the weld at the begin-
ning, then localized in the HAZ. The localized necking 
appeared at the HAZ of DP980 side in both QP980-
DP980 and DP980-DP980 joints after the stress reached 
the maximum value, and then specimens fractured in this 
necking region. The reason was that the HAZ included 
sub-critical HAZ (i.e., softened zone), and the sub-
critical HAZ of the DP980 side had the worst mechani-
cal properties [26]. Compared with QP980-DP980 and 
DP980-DP980 joints, the strain of QP980-QP980 joint 
(Figure  7c) always concentrated in the QP980 BM dur-
ing tensile testing. Localized necking and fracture 

position also appeared the strain concentration area of 
the QP980 BM, as shown Figure 8c. From Figure 8a and 
b, the QP980-DP980 and DP980-DP980 joints failed at 
the soften zone of DP BM. Moreover, the ultimate tensile 
strength (UTS) and the YS of QP980-QP980 joints was 
not degraded. Thereby the sub-critical HAZ of QP980 
side had a negligible effect on tensile testing [11, 15].

The engineering stress-strain curves of the QP980-
DP980 joint, QP980-QP980 joint, DP980-DP980 joint, 
QP980 BM and DP980 BM are presented in Figure  9a. 
The details of tensile properties of BM and joints are 
given in Table 3. The UTS (1011.53 MPa) and elongation 
(11.21%) of QP980-DP980 joint are significantly higher 
than that of DP980-DP980 joint (991.38 MPa, 8.2%). 
But the UTS and elongation of QP980-DP980 joint are 

Figure 7 DIC measurement of strain maps and associated local axial strain profile at different loading stages for the joints: a QP-DP joint, b DP-DP 
joint, c QP-QP joint
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obviously lower than that of QP980 BM (1072.07 MPa, 
25.69%) and DP980 BM (1020.09 MPa, 16.54%). In addi-
tion, all the welded joints show a higher YS than those of 
the BM because of the hardened WZ [27].

According to DIC measurement, the strain of speci-
men concentrated invariably in the QP980 BM before 
the QP980-DP980 joints necked due to its low strength 
of QP980 BM during uniform plastic deformation stage, 
as shown enlarged drawing of Figure  9a. And the TRIP 
effect of RA in the QP980 BM made the QP980-DP980 
joints possess better the tensile properties (such as UTS, 

YS, elongation and energy absorption) than DP980-
DP980 welded joints.

According to the following equation, the true stress-
strain curves and work hardening rate-true strain can be 
depicted (Figure 9b).

where S is the true stress; e is the true stain; σ is the engi-
neering stress; ε is the engineering strain; K is the work 
hardening rate.

The work hardening rate curves of the welded joints 
can be divided into two stages.

In stage 1 (e < 0.025), the work hardening rate of all the 
BM and joints rapidly decreased with the increase of the 
true strain, which is related to a sufficient dislocation 
movement [28]. The joints were elastically deformed or 
at the beginning of plastic deformation, indicating that 
all of the joints had an equal elasticity in small strain 
stage. In stage 2 (e > 0.025), a large number of dislocation 

(2)S = (1+ ε)× σ ,

(3)e = ln(1+ ε),

(4)K =
dS

de
,

Figure 8 The fractured tensile sample: a QP-DP joint, b DP-DP joint, 
c QP-QP joint

Figure 9 Tensile properties of base materials and joints: a engineering stress-strain curves, b true stress-strain curves and work-hardening rate 
curves

Table 3 Tensile properties of BM and joints

Material UTS (MPa) YS (MPa) Elongation (%) Energy 
absorption 
(GP %)

DP BM 1020.09 664.16 16.54 15.49

QP BM 1072.07 689.12 25.69 26.47

QP-DP 1011.53 708.92 11.21 10.1

DP-DP 991.38 698.82 8.2 7.38

QP-QP 1045.53 715.58 19.12 19.17



Page 8 of 14Xue et al. Chin. J. Mech. Eng.           (2021) 34:80 

multiplication led to a stronger increase in dislocations 
density during plastic deformation process. Therefore, 
the movement of dislocation was prevented and the work 
hardening rate decrease slowly [29–31]. The decrease of 
the work hardening rate of QP980-QP980 and QP980-
DP980 joints were slow because of the contribution of 
the TRIP effect caused by retained austenite [31, 32].

The micrograph of the fracture surface of joints and 
BM are exhibited in Figure 10. A large amount of dimples 
was observed on the fracture surface, representing a typi-
cal ductile fracture [33]. However, the fracture surface of 
QP980-DP980 and DP980-DP980 joints showed shallow 
dimples, as shown Figure  10c and d, suggesting a poor 
ductility caused by the softened zone of DP980 [22].

3.4  Microstructure Analysis under Different Strains
It was found that the sub-critical HAZ of DP side was the 
weakest zone of all joints during tensile testing. This sec-
tion illustrates microstructural features of different zone by 
EBSD analysis. Firstly, image quality (IQ) maps with phase 
of different zone were created, as shown Figure 11a‒d. The 
low angle grain boundaries (LAGB) with misorientation 
2° < θ < 10° were marked by green lines and the high angle 
grain boundaries (HAGB) with misorientation θ > 10° 
were delineated by blue lines. Generally, the fraction of 
LAGBs (fLAGBs) is related with motion of dislocation; addi-
tionally, the motion, rearrangement and annihilation of 
dislocation are related to the strain during tensile testing 
[21]. Therefore, it is feasible to interconnect the mechani-
cal properties of the different zones with fLAGB. The fLAGBs 
of QP BM, the sub-critical HAZ of QP side, DP BM and 

the sub-critical HAZ of DP side is exhibited in Figure 11e. 
The change of fLAGBs is likely to be affected by tempering 
in welding. Dislocation accumulation more easily occurred 
in the LAGBs than that of the HAGBs, which led to signifi-
cant dislocation interaction and formation of cracks. The 
fLAGBs of the sub-critical HAZ of DP BM has the highest 
value, which indicates that cracks are more probably gen-
erated in this area under loading.

IPF, KAM and TF maps of the microstructure of the 
sub-critical HAZ in DP980 under different strains (0, 
7.9% and 9.8% corresponding to unloaded, maximum 
load and onset of fracture, respectively) are presented 
in Figure  12. KAM map could illustrate the local strain 
distribution and indicate the dislocation density of the 
material [34]. The number of substructures and the KAM 
were improved as the increase of strain, as shown Fig-
ure 12a‒f. Combined IPF map with KAM map, it is found 
that dislocation concentration occurred at grain bounda-
ries. The value of TF can associate with the orientation-
dependent hardness [35]. The grains with a lower TF 
value, such as 2.27, were associated with a lower yield 
strength, meaning the grains were “softer”. Generally, a 
higher strain would produce higher TF value due to work 
hardening. Nevertheless, the grains with lower TF value 
(blue and green grains) throughout the deformation pro-
cess could be observed, as shown Figure  12g‒i. These 
softened grains played a significant role in delaying the 
damage and improving deformability of material [21, 36].

Figure 13a summarizes the relationship between strain 
of sub-critical HAZ of DP and average misorientation 
angle and fLAGBs. With the increase of strain, the average 

Figure 10 Micrograph of the fracture surface: a QP BM, b DP BM, c QP-DP joints, d DP-DP joints, e QP-QP joints
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misorientation angle reduced to 20.8° from 31.6°, and 
fLAGBs increased from 0.24 to 0.5. Stress concentration 
occurred firstly at grain boundaries under loading, and 
grain boundaries generated dislocation. Therefore dislo-
cation walls and slip bands were likely formed at the grain 
boundaries with the increase of strain, resulting in the 
formation of LAGBs. In addition, grain orientation could 
rotate under plastic deformation, which caused the mis-
orientation of grains decrease and annihilation and rear-
rangement of substructures. Thus, it shows a low average 
misorientation angle and a high fraction of LAGBs [36].

The QP980-DP980 joint after maximum tensile load 
would begin necking in the sub-critical HAZ of DP side. 
KAM value and fLAGBs in sub-critical HAZ of DP and 
QP side under maximum load are illustrated Figure 13b. 
KAM value and fLAGBs in DP side were higher than that 
of QP. Extensive dislocation and a high percent of LAGBs 
made the strain concentration and necking appear in the 
sub-critical HAZ of DP side, confirming the sub-critical 
HAZ of DP side was the weakest area in the entire joint.

3.5  Biaxial Stretch Formability
Standard Erichsen cupping test can reflect the biaxial stretch 
formability of the welded joints. The Erichsen cupping test 
results of BM and welded joints are shown in Figure 14. The 

QP BM had the highest punch force (53.6 kN) and Erichsen 
value (10.6 mm). Because the QP contains RA, which was 
beneficial to delay crack propagation and increase the form-
ing property [11, 37]. The WZ of all joints only included 
brittle martensite, which made the failure of welded joints 
initiate in WZ. Therefore, the joints had lower punch force 
and Erichsen value than that of BM. The Erichsen value 
(5.92  mm) of QP-DP joint was only 55.8% of BM of QP 
(10.6 mm), 60% of DP (9.87 mm), respectively, due to the 
different mechanical properties between QP980 and DP980 
and their inhomogeneous deformation during test in joint.

The failure locations of Erichsen cupping test blanks of 
the similar and dissimilar welded joints are shown in Fig-
ure  15. The fracture surfaces of Erichsen cupping test 
blanks of the welded joints are illustrated in Figure 16. The 
dimples and quasi-cleavages were observed on the fracture 
surface of QP-DP joint (Figure  16b). This mixed fracture 
mode presented poor formability [22]. The fracture sur-
faces of similar welded joints indicated secondary cracks 
and dimples as shown in Figure  14b and c, especially a 
large number of dimples appeared on the fracture surface 
of QP-QP joint. The secondary crack can prevent propa-
gation of the crack by reducing the stress concentration at 
the main crack tip [38, 39]. Therefore, the similar welded 
joints had better formability than dissimilar welded joint. 

Figure 11 IQ map with phase: QP of a BM, b sub-critical HAZ; DP of c BM, d sub-critical HAZ and e the LAGBs fraction of QP BM, sub-critical HAZ of 
QP, DP BM and sub-critical HAZ of DP
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Erichsen value of the welded joints and BM was: 10.6 mm 
(QP980 BM) < 9.84  mm (DP980 BM) < 5.9  mm (QP-DP 
joint) < 6.6 mm (DP-DP joint) < 6.8 mm (QP-QP joint), as 
shown Figure 14b.

4  Conclusions

(1) The WZ of QP980-DP980 joint exhibited a higher 
microhardness (484.3  Hv) due to fully martensi-
tic structure. The peak microhardness (549.5  Hv) 

appeared at the super-critical HAZ of QP980 side 
with finer martensite microstructure. The signifi-
cant softening of the sub-critical HAZ of DP980 
was observed.

(2) All dissimilar welded joints fractured at the sub-
critical HAZ of DP980 side with a ductile fracture 
mode. Compared with DP980-DP980 joints, elon-
gation and energy absorption of the QP980-DP980 
welded joints increased by 36.7% and 36.9%.

Figure 12 IPF, KAM and TF map of sub-critical HAZ of DP: a, d, g strain of 0; b, e, h strain of 7.9%; c, f, i strain of 9.8%
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Figure 13 a The relationship between strain of sub-critical DP HAZ and average misorientation angle and fLAGBs, b KAM value and fLAGBs in 
sub-critical HAZ of DP BM and QP BM under maximum load

Figure 14 Erichsen cupping test results of base metal and welded blanks: a Punch force and displacement curves and b Erichsen values

Figure 15 Failure locations of Erichsen cupping test blanks of joints: a QP-DP joint, b QP-QP joint and c DP-DP joint
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(3) The LAGBs fraction of the sub-critical HAZ of 
DP980 side was higher in unloaded and at maxi-
mum load stage. It proved that the sub-critical 
HAZ of DP980 side was the weakest area in the 
entire joint. With the increase of strain, the LAGBs 
fraction, the number of substructures and KAM 
value of the sub-critical HAZ of DP980 side were 
improved while the average misorientation angle 
reduced due to the motion, rearrangement and 
annihilation of dislocation.

(4) Erichsen test of the dissimilar welded joints failed 
at the WZ. The Erichsen values (5.92 mm) and the 
maximum punch force (28.4 kN) of QP980-DP980 
joints significantly decreased compared with that of 
DP980 BM. The mixed fracture mode including the 

dimples and quasi-cleavages was observed on the 
fracture surfaces of the dissimilar welded joints.
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