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A B S T R A C T   

The mechanical performance and stretch formability of dissimilar butt joints between medium-Mn stainless steel 
(MMn-SS) and high-strength carbon steel (HS-CS) processed by laser welding using different parameters were 
studied under uniaxial and biaxial loadings applied by tensile and Erichsen cupping tests, respectively. Laser 
scanning microscopy and electron backscatter diffraction (EBSD) were used to study the microstructural evo-
lution. An electron probe microanalyzer (EPMA) was employed to analyse the distribution of alloying elements 
within the weld zone. The dominating deformation mechanisms operating in the paired metals during stretch- 
forming were identified through EBSD analysis. The study revealed that a fully martensitic microstructure is 
promoted in the fusion zones (FZs) of the weldments processed with low and high specific point energy (SPE 19, 
25, and 30 J). Consequently, hardness values of the FZs were slightly decreased with SPE. Similarly, tensile 
properties were not affected since failure occurred at the softer base metal HS-CS. 

During stretch-forming deformation by Erichsen cupping tests, the dissimilar metals exhibited various oper-
ating deformation mechanisms. The formation of shear bands (SBs) and strain-induced martensite along the SBs 
were observed to be the biaxial strain-induced microstructural features in the MMn-SS. However, the HS-CS was 
deformed by the general deformation mode, i.e., dislocation-mediated plasticity.   

1. Introduction 

Advanced high strength steels (AHSSs) have been introduced in 
many structural applications such as the automotive industry, oil and 
gas industries, and chemical process plants. Medium-Mn (MMn) steels 
with metastable austenitic structure referred to 3rd generation AHSS is a 
promising material for a wide range of potential structural applications. 
Excellent balance between work hardening ability and extremely high 
ductility owing to transformation induced plasticity (TRIP)-assisted 
deformation mechanism together with moderate corrosion resistance, 
enable them as a potential candidate for the automotive industry, even 
for cryogenic applications [1,2]. Interestingly, steel manufacturers 
found higher demand for that low-cost grades of MMn stainless steel 
with low-Ni content as alternative materials for 300 series stainless steel, 
especially in the Asian markets. Several studies related to MMn stainless 
steels have been dedicated to controlling the grain structure and 
enhancing the mechanical properties [3,4]. Recently, Allam et al. [5,6] 

developed MMn steel with microalloying additions to achieve high 
corrosion resistance along with superior strength–ductility balance and 
improve resistance to hydrogen embrittlement. The weldability of MMn 
steel is a key factor for its application in the automotive industry as 
automotive structural parts need to be assembled using welding. 

Considerable efforts have been devoted to investigating the influence 
of the parameters of the welding process on the weldability efficiency of 
MMn steel. In an earlier study, Vashishtha et al. [7] studied the welding 
behavior of a low Ni Cr–Mn stainless steel and the effect of heat input by 
the shielded metal arc welding (SMAW) on the microstructure and 
mechanical properties of the weld metal (WM). In a following work, the 
same authors welded dissimilar butt joints of the conventional austenitic 
304 steel and low nickel Cr–Mn stainless steel by two different welding 
techniques, gas tungsten arc welding and shielded metal arc welding, to 
study the mechanical properties of dissimilar butt joints [8,9]. Recently, 
Chuaiphan and Srijaroenpramong [10,11] studied the mechanical 
properties and pitting corrosion resistance of butt joints of MMn 
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stainless steel, Type 216, after welding using the tungsten inert gas (TIG) 
technique. They found that the mechanical strength of the weld metal 
slightly decreased with joint efficiencies (UTSWM /UTSBM) of 
0.82–0.86. Furthermore, the corresponding hardness of the WM zone 
was lower than the base metal (BM) due to the formation of the 
delta-ferrite phase in the WM. 

Yang et al. [12] processed butt joints of MMn steel using the metal 
inert gas (MIG) technique with different types of fillers. They studied the 
elemental distribution and the precipitates in the WM, mechanical 
properties, and impact toughness of the welded joints. Liu et al. [13] 
enhanced the microstructure and the mechanical performance of MMn 
joints by adding nitrides to the molten pool during gas tungsten arc 
welding (GTAW). Since the tensile strength of the joint improved by 
7.4% and the impact toughness of the weld improved by 28%. Recently, 
Cui et al. [14] conducted friction stir welding (FSW) on 6 mm thickness 
plates of MMn ultrahigh strength steel to study the martensite 
morphology and impact toughness at various rotation friction stir speed. 
Although significant research works have been carried out to investigate 
micro-mechanical properties of welded butt joints of MMn steels with 
other stainless steels, recently, more attention has been paid towards 
dissimilar metals joints in various industrial sectors. More specifically, it 
is often noticed that dissimilar joints between low carbon steel (LCS) and 
stainless steel are frequently used in the design and manufacturing of 
various structural components to enhance the economic benefits in 
different industries, such as pipeline welding in oil and gas and power 
plant industries as well as the automotive industry. Since each metallic 
component serves specific structural and functional requirements. 
Hence, the geometry, steel type, and grade of the components in the 
automotive body structure vary significantly [15]. 

Most recently, dissimilar welding joining of LCS and austenitic 
stainless steel (ASS) is markedly gaining attention. For instance, Chen 
et al. [16] employed Hybrid laser-TIG welding to process dissimilar butt 
joints of 10 mm thick LCS and 304 ASS. Abioye et al. [17] studied dis-
similar welding of LCS and AISI 304 austenitic stainless steel by gas 
metal arc welding. Wang et al. [18] studied the feasibility of employing 
FSW to weld dissimilar joints between LCS and stainless steel. Praba-
karan and Kannan [19] studied the laser weldability of dissimilar butt 
joints between LCS AISI 1018 and AISI 316 stainless steel by optimizing 
the welding parameters. 

Overall, from the above-mentioned literature, it can clearly be 
noticed that most of the previously reported works have concentrated on 
finding an optimum welding parameter, micro-mechanical behavior of 
different dissimilar metals joints between LCS and mainly Ni–Cr 
austenitic stainless steel. 

New 3rd generation of AHSS grades including MMn-SS with unstable 
austenite is developed for use in the automotive industry. Thus, the 
weldability of such steel grade and its formability are highly required to 
satisfy the needs of renewed vehicle designs [20]. Currently, laser 
welding is a major welding process that is considered the most suitable 
welding technique for automotive manufacturing lines due to the 
remarkable characteristics of the high processing speed and the inherent 
high energy density [21]. 

It is well known that a wide mixture of different steel classes with 
high strength (e.g., high or ultrahigh-strength steels) is used in a modern 
car body, the body in white, for safety requirements that mandate high 
strength materials in the crash-relevant areas. Hence, multi-material 
design in automotive applications with combining different strengths 
and lightweight materials is significantly required. Due to the unique 
characteristics of laser joining technology of steels in the automotive 

applications, we aim to study the industrial reliability of the laser 
welding of dissimilar paired steels of two developed high strength steel 
sheets, MMn-SS and HS-LC, with 2 mm thickness and various chemical 
compositions and different phase microstructures. 

Hence, in the current study, dissimilar butt joints between a recently 
developed hot-rolled high-strength low-alloy C-steel (Docol S355) and 
MMn-SS (Type 201) are processed using laser welding technique at 
different laser energy inputs to optimize the mechanical strength and 
stretch-forming property. Within this context, this manuscript brings as 
a further contribution to the understanding of the effect of welding 
parameters on the microstructural features of the FZs and the mechan-
ical reliability of laser-welded dissimilar joints of the studied steels. Both 
steels are developed to account for the next generation of automotive 
steels. 

2. Experimental procedures 

2.1. Materials 

The experimental materials, i.e., base metals (BMs) in the present 
study are high strength low-alloy carbon steel and medium-Mn low-Ni 
austenitic stainless steel (Type AISI 201). The carbon steel was manu-
factured and supplied by SSAB Europe Oy (Raahe, Finland) as a prom-
ising material for the next generation of hot-rolled high-strength low- 
alloy steels with improved local formability under the brand (Docol 
S355) for the automotive industry. The medium-Mn low-Ni austenitic 
stainless steel was supplied by Outokumpu Stainless Oy (Tornio, 

Table 1 
The chemical composition of the base materials for laser welding (in wt. %).  

Steel Code C Si Mn P S Cr Ni N V Nb 

AISI 201 MMn-ASS 0.027 0.4 6.8 0.031 0.001 17.2 4.5 0.203 –  
Docol S355 HS-CS 0.1 0.03 1.58 0.025 0.01 0.03 0.34 0.004 0.2 0.02  

Table 2 
Laser welding parameters of dissimilar joints of HS-CS and MMn-SS.  

Laser 
power, kW 

Welding speed, 
mm/s 

Focal position 
level, mm 

Specific point 
energy, J 

No. 
pass 

2.4 60 − 5 25 1x 
2.4 80 − 5 19 1x 
3 80 − 7 30 1x 
3 80 − 7 30 2x  

Fig. 1. Schematic diagram of the laser welding dissimilar butt joints of HS-CS 
and MMn-ASS. 
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Finland). 
Both BMs were received in the form of rolled sheets with 2 mm 

thickness. The chemical compositions of the BMs are presented in 
Table 1. The surface finish of the steel 201 SS is ¼ hard cold worked to 
achieve a minimum yield strength of 500 MPa. 

2.2. Welding experimental setup 

Yb: YAG disc-laser type with a maximum power of 4 kW, beam 
quality 8 mm*mrad, and beam diameter in focus point 3 mm was 
employed for dissimilar welding. Different series of laser welding ex-
periments with different parameters were applied to induce different 
levels of energy input as shown in Table 2. A schematic diagram of the 
laser welding of dissimilar butt weld joints between HS-CS and MMn-SS 
under argon shielding gas is shown in Fig. 1. Single and multi-pass 
welding of 2 weld passes were applied at laser power of 3 kW. 

It is established that the amount of delivered energy to the workpiece 
during laser welding plays a major role in the fluid dynamics and the 
promoted microstructure of the fusion zone. Various types of the 
delivered energy to the workpiece can be calculated based on the used 
parameters. According to the following formula, the theoretical energy 
input EI is calculated. 

EI =
P
V

(1) 

However, the melt area is related to laser beam diameter D. This 

parameter determines the specific point energy SPE imparted to the 
weld specimen through the laser processing according to the following 
relation [22]: 

SPE =
P × D

V
(2)  

Where P is the laser power in watt, D is the laser beam diameter in mm 
and V is the welding speed in mm/s. 

The dissimilar butt joints welded by laser were transversely cross- 
sectioned and mechanically grounded and polished to prepare metal-
lographic specimens. Laser scanning confocal microscopy (Model: 
KEYENCE/VK-X200) and field-emission gun scanning electron micro-
scopy (FEG-SEM) (Model: Carl Zeiss Ultra plus) equipped with an elec-
tron backscatter diffraction (EBSD) detector were used to detect the 
microstructural features of the weldments. EBSD mapping was con-
ducted using an accelerating voltage of 15 kV, a working distance of 
12–15 mm, and a fine step size of 0.2. μm. The elemental distribution 
profiles through the WM were studied using electron probe microanal-
ysis (EPMA), which applied at a low accelerating voltage of 5 kV with a 
low beam current. 

2.3. Hardness measurements and tensile tests 

The hardness distribution in of the welded but joints at different 
energy inputs has been drawn based on Vickers hardness measurements 
with applying 0.2 kg load and measured every 0.1 mm distance along 
the weld cross-section. The tensile properties of the BMs and the dis-
similar joints were evaluated using a Zwick Z 100 tensile machine 
(Zwick Roell, GmbH) at a quasi-static strain rate of 10− 3 s− 1. To achieve 
accurate measuring of the tensile properties an external extensometer 
was used. 

2.4. Erichsen cupping tests for stretch formability 

Erichsen cupping tests were conducted using a hemisphere-shaped 
punch pushing on the weld seam according to the illustrated 

Table 3 
Erichsen tests parameters applied to measure the stretch formability of the laser- 
welded dissimilar joints of HS-CS and MMn-SS.  

Dimensions of welded butt joint 50 mm × 200 mm 

Punch diameter 27 mm 
Punching speed 0.5 mm/min 
Blank holder diameters Inner: 45 mm, outer: 85 mm 
Blank holder force 150 kN 
Die diameters Inner: 27 mm, outer: 53 mm  

Fig. 2. Microstructures of the base steels used in processing dissimilar laser-welded butt joints: (a) EBSD-IQ map and (b) EBSD-IPF map of MMn-ASS, (c) Laser focal 
imaging and (d) SEM image of HS-CS. 
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parameters in Table 3. A blank holder force of 150 kN was applied on the 
samples to maintain the sample stability during stretch formability tests. 

3. Results 

3.1. Characteristics of the base metals 

Typical microstructures of the base steels are shown in Fig. 2. The 
microstructure of MMn-SS shows a fully austenitic equiaxed grain 
structure with numerous annealing twin boundaries and average grain 
size of 36 μm, as shown in Fig. 2(a). The corresponding orientation map 
is presented in Fig. 2(b). The grain boundaries are associated with low 
angle misorientation boundaries, white traces. This is attributed to the 
slight cold worked deformation of the steel structure. However, the 
microstructure of HS-CS reveals the ferritic matrix with a small content 
of pearlite, as shown in Fig. 2¬(c). Clearly, it can be observed that the 
pearlite is distributed throughout the ferrite grain boundaries, as indi-
cated by the white arrows in Fig. 2(d). 

The engineering flow curves of the BMs i.e., MMn-SS and HS-CS, as 
measured using uniaxial tensile testing are shown in Fig. 3. The me-
chanical tensile properties are listed at the corresponding tensile curve 
of the steel in Fig. 3. It can be observed that a distinct yielding region is 

Fig. 3. Quasi-static tensile properties of the base materials MMn-ASS (blue) 
and HS-CS (black). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 4. Laser scanning confocal microscope images of the dissimilar laser welded butt joints of HS-CS and MMn-ASS at different welding parameters and different 
specific energy point SPE: (a) general view of the weld at SPE 19 J, (b) high magnification of (a); (c) general view of the weld at SPE 25 J; (d) high magnification of 
(c); (e) general view of the weld at SPE 30 J-2x, and (f) high magnification of (e). 
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observed in the HS-CS with promoting Lüders bands. However, MMn-SS 
exhibits a continuous transition from elastic to plastic behaviour with 
significantly higher strength properties. For instance, the yield strength 
(R0.2) and the tensile strength (UTS) are 700 and 900 MPa, respectively. 
However, the corresponding properties of HS-CS are 430 and 500 MPa, 
respectively. Whereas MMn-SS displays a significant ductility with 60%, 
HS-CS shows a lower ductility of ~30%. This is attributed to the oper-
ative deformation modes in both steels during tensile straining. The high 
elongation obtained by MMn-SS is due to twinning induced plasticity 
(TWIP) and TRIP effects [23]. However, the dislocation glide is usually 
the active deformation mechanism in conventional steels, such as HS-CS. 

3.2. General characteristics of the weld metal 

The morphology and microstructure of the weldments between the 
paired metals, MMn-SS and HS-CS at different SPE, are shown in 
Fig. 4a–f. It is observed that a sound weld structure without detrimental 
defects after solidification is promoted at SPE 19 J, as shown in Fig. 4(a). 
At high magnification, cast structure with dendritic morphology is dis-
played without recognizing the present phase, highlighted by the white 
circles, Fig. 4(b). It is reported that a dendritic structure is mainly pro-
moted in the laser-welded melt pool of steels due to the rapid cooling 
rate [24]. 

However, with increasing the SPE to 25 J, the width of the FZ in-
creases, as shown in Fig. 4(c). A magnified image of the corresponding 
weld structure (Fig. 4(d)) reveals the presence of a typical martensite 
lath structure. Similarly, Fig. 4(e) shows the FZ after two passes of laser 
welding at SPE 30 J. It can be seen that the size and morphology of the 
FZ are significantly affected. It is apparent that the weld bead size and 
width increase. A striking feature of the weld structure is the columnar 
morphology of the prior austenite grains (PAGs), as displayed in Fig. 4 

(f). It was reported that the size and morphology of the PAGs are 
significantly affected by the energy input during laser welding. The 
higher energy input promoted higher PAG [25]. 

3.3. Microstructure characteristics of the weld metal 

The microstructural features of the FZ were analyzed further by 
EBSD imaging. Fig. 5(a) displays the image quality (IQ) map of the weld 
metal at SPE of 19 J. It can be observed that the BM grain structure of 
MMn-SS on the right side is visible due to the grain coarsening caused by 
the heat transfer from the weld pool. Similarly, the grain structure of a 
small heat-affected zone (HAZ) in the HS-CS BM was relatively affected 
by increasing the grain size, as marked by the white lines. Furthermore, 
the IQ map of the FZ microstructure, highlighted by the yellow lines in 
Fig. 5(a), clearly reveals a typical lath martensite structure. However, 
the grey-scale level of the grain structure in that zone is dark. This is 
attributed to the high density of dislocations in the lath martensite 
structure [26]. 

It is well known that misorientation angles across lath boundaries 
within the martensite packets and the boundaries between the sub- 
blocks are low angle grain boundaries LAGBs [27]. Thus, the 
EBSD-misorientation boundaries mapping of the weld structure is 
illustrated in Fig. 5(b) for misorientation analysis even for lath 
martensite. It is observed that a high density of LAGBs, in green color, is 
favorable for the formation of martensite grain boundaries. The corre-
sponding phase map shows two different domains with different colors, 
as shown in Fig. 5(c). The grey colored domain is γ-fcc structure for 
MMn-SS and the red colored domain is α-bcc structure for the FZ in the 
middle and HS-CS on the left side. It is well known that martensite lath 
has an α′-bct crystal. However, both ferrite structure and the martensite 
structure were indexed by EBSD mapping as bcc-cubic crystal. The 

Fig. 5. EBSD maps across the weld section of the dissimilar laser-welded butt joint at SPE 19 J (a) IQ map, (b) grain boundary misorientation map, and (c) 
phase-map. 
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morphological correspondence of the two phases is significantly various 
and obvious in Fig. 5(a). 

At higher magnification, the fine microstructure features of the FZ 
are illustrated in Fig. 6. The IQ map in Fig. 6 (a) clearly displays a typical 
lath martensite structure and prior austenite grain boundaries (PAGBs), 

marked by black arrows. It is observed that the FZ microstructure mainly 
consists of bundles of martensite lath parallel to each other in one PAG. 

Fig. 6(b) shows the corresponding misorientation map of all 
boundaries in (a). According to that map, high-angle grain boundaries 

Fig. 6. EBSD imaging maps show typical lath martensite structure of the fusion 
zone at SPE 19 J: (a) Image quality (IQ) map, (b) Misorientation map (low angle 
grain boundaries 2◦–15◦ in green color, and (c) Euler-orientation color map. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 7. EBSD imaging maps of the of the fusion zone FZ near the fusion 
boundary FB of the base metal MMn-ASS at SPE 19 J: (a) Image quality (IQ) 
map, (b) Misorientation map (low angle boundaries 2◦–15◦ in green color, and 
(c) IPF map. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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(HAGBs) with misorientation angle >15◦ in black have appeared within 
each PAG. It is apparent that these HABs are the boundaries of the 
martensite blocks and packets [28]. Green boundaries which represent 
low-angle grain boundaries (LAGBs) with misorientation angle <15◦, 
are mainly boundaries of martensite lath and also subgrains structure 
inside the martensite lath due to its high density of dislocations [28]. As 
clearly shown in the EBSD-orientation map, Fig. 6(c), the morphology 
and orientation features of the martensite laths within the same PAG are 
substantially the same, and the misorientation of martensite laths in 
different PAGs significantly various, in good agreement with the work of 
Shen and Wang [29]. 

Fig. 7 displays the microstructures of the FZ and the HAZ of the BM 
MMn-SS near the fusion boundary (FB) region, highlighted by the yellow 
lines. As shown in the IQ map, Fig. 7(a), the HAZ exhibits grain coars-
ening of the austenitic structure. The FZ shows the typical morphology 
of the lath martensitic structure. On the other hand, the density of 
misorientation boundaries of LAGBs was observed to increase noticeably 
near the FB, as shown in Fig. 7(b), comparing with those in the middle 
region of the FZ, Fig. 6(b). For instance, the normalized frequencies of 
LAGBs are ~70 and 55 pct for the lath martensite structure of the FZ 
near the FB and middle region, respectively. This is attributed to the 
relatively higher cooling rate near the BM. The corresponding inverse 
pole figure IPF of the lath martensitic structure near the FB is shown in 
Fig. 7(c). It is apparent that nucleation and growth characteristics of 
martensite laths are widely various. Since, some martensite laths 
nucleate on the grain boundary and grow in a direction of 20–40◦ in-
clined to it, as shown by the white circle. Besides, some newly martensite 
laths are formed inside the grain and then extend at a high rate within 
the grain as shown by the yellow circle. 

Similarly, the general view of the weld metal at SPE 30 J − 2 pass 
exhibits a lath martensitic structure as shown in Fig. 8. However, the size 
of FZ at that SPE is wider than the counterpart at lower SPE 19 J in Fig. 5. 
This is attributed to the higher focal level − 7 mm applied at 3 kW, which 

increases the laser beam diameter used during welding. Consequently, 
the melt area and the size of the melt pool increase during welding. 
Moreover, the grain morphology of the PAGs of the FZ is significantly 
columnar, as shown in Fig. 8(b). This reveals the unidirectional solidi-
fication of the weld pool starting at the regions near the BMs towards the 
middle region of the pool. 

It is interesting to reveal that the experimental MMn-SS has under-
gone a surface finishing processing, i.e., cold working with ¼ hard to 
increase the tensile and yield strengths, as shown in Fig. 3. Hence, the 
grain structure of the stainless steel is composed of deformed grains. 
During laser welding, a limited heat transfer occurs unidirectionally 
from the weld pool to the workpiece. Consequently, the regions of the 
fusion boundary and HAZ in the MMn-SS side have undergone static 

Fig. 8. General view of the microstructure across the weld section of the dissimilar laser welded butt joint at SPE 30 J-2x: (a) EBSD-misorientation boundary map (b) 
EBSD-IPF map, and (c) EBSD-phase map. 

Fig. 9. Hardness distribution profiles across the welds at different specific 
point energies. 
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recrystallization (SRX), as shown in the EBSD observations, Figs. 5, 
Fig. 7, and Fig. 8. 

3.4. Mechanical measurements 

Fig. 9 shows the variation of hardness distributions through the 
cross-section of the dissimilar laser-welded butt joint of the paired 
metals. It is observed that the maximum hardness of the FZ averaged ~ 
430 HV, whereas the corresponding hardness values of the BMs HS-CS 
and MMn-SS are ~200 and 300 Hv, respectively. As illustrated in 
Figs. (5 and 8), the microstructures of the FZs are predominately 
martensitic. It is reported that the hardness values of the fresh 
martensite formed during the welding of steels are diverse based on the 
chemical composition of the BMs, the energy input, and the welding 
technique. For instance, the hardness of the fresh martensite promoted 
during friction stir welding of medium–Mn ultrahigh strength steel is 
relatively low 380 Hv due to forming tempered martensite in the stir 
zone [30]. The hardness of the formed martensite during dissimilar laser 
welding of dual-phase and complex-phase ultra-high-strength steels is 
500 Hv [31]. In recent work, the hardness of the martensite formed in 
the FZ during laser welding of abrasion resistance ultrahigh-strength 
steel was significantly high 700 Hv [32]. A striking feature of the HAZ 
of the MMn-SS shows a measurable softening with a low hardness of 260 
Hv. 

The engineering tensile flow stress curves of the studied dissimilar 
butt joints at room temperature are shown in Fig. 10. It is observed that 
the tensile flow curves of the weldments are similar to that of the BM HS- 
CS, see Fig. 3, with tensile strengths of 500 MPa and exhibiting Lüders 
plateau. The dissimilar joints that undergone tensile straining were 
broken within the BM HS-CS. It means that the weld zone is stronger 
than the BM HS-CS. This is in agreement with the hardness measure-
ments in Fig. 9. It can be seen that the flow curve at SPE 30 J with 2 
passes shows higher ductility than the counterpart with 1 pass. It is 
reasonable to assume that more heat transfer was induced to the BM HS- 
CS. Consequently, more softening in the BM was promoted. 

3.5. Stretch-forming behaviour 

The stretch-forming tests of the dissimilar joints processed by laser 
welding were conducted at ambient temperature using a conventional 
Erichsen principle to determine limiting dome height LDH, i.e., Erichsen 
index EI, which characterizes stretch formability property of metals due 
to elasticity and plasticity during Erichsen cupping deformation until 
failure. Fig. 11 presents the punch stroke displacement versus load 
curves (F-D) of the studied dissimilar joints laser-welded with different 
SPE. The F-D curves of the BMs were determined and compared with 
those of the dissimilar joints. It is obvious that no remarkable change is 
observed in the stretch-forming behavior of the dissimilar joints. The F-D 
curves show a slight variation in the punch stroke displacements before 
cracking. Since, the maximum LDHs of the dissimilar joints welded at 
SPE 30 J and 30 J-2x are 9 ± 0.22 and 10 ± 0.3 mm, respectively. These 
LDHs are comparative values with that of the BM HS-CS, which shows a 
LDH of 11.2 ± 0.1 mm. This is attributed to the fracture of the joints is 
promoted in the HS-CS side of the hemispherical dome under Erichsen 
cupping testing. 

It is observed that the F-D curve of the BM MMn-SS shows a higher 
LDH of 11.8 mm with a maximum applied force of 97.2 kN. The sig-
nificant variation between the BM MMn-SS and the dissimilar joints 
broken at the HS-CS side is attributed to the various deformation resis-
tance of the dissimilar metals blank. Since the operating plasticity 
mechanism in the BM MMn-SS differs significantly from that induced in 
the HS-CS. Consequently, the strain hardening rates of the two metals 
during proceeding with the stretch-forming deformation are signifi-
cantly different. This deformation behaviour is better depicted by 
drawing tangent straight lines (dashed lines) for the F-D plots of the 
BMs. It is observed that the tangent straight lines have different slopes 
and illustrate more powerfully that two different plasticity deformation 
mechanisms are operated during the stretch-forming deformation of the 
metals. This will be discussed in section 4. Sekban et al. [33] studied the 
stretch formability of low carbon steel processed by friction stir pro-
cessing (FSP) under biaxial loading applied by Erichsen testing. They 
found that FSP slightly decreased the stretch formability (Erichsen index 
EI) of the welded steel from 2.73 to 2.66 mm. 

Panda et al. [34] reported that three possible locations of fracture are 
expected during the stretch forming of a dissimilar laser-welded blank: 
the weaker BM, the FZ, or the soft zone in the weldment. 

Fig. 12 shows typical macrographs of the fracture appearance of the 
stretch-formed dome under biaxial straining. It is interesting to observe 
that the main fracture, is located at the HS-CS side of the central region 
of the dome and the fracture path follows a crescent-shaped path on the 
HS-CS side. This crack morphology is a typical characteristic feature in 
the biaxial deformed materials in Erichsen testing [35,36]. However, at 
high SPE 30 J-2X, severe cracking with secondary cracks propagates 
across the top of the dome toward the weld and another side of MMn-SS, 
highlighted by yellow circles in Fig. 12(c–d). Furthermore, the weld line 
shifts toward the BM MMn-SS, the stronger side, during punching the 
dissimilar blank. It was established that the weld line movement on the 
hemispherical dome results from the differential strain distribution 
across the paired sheets of the weldment on the dome. This is correlated 
with the strength ratio (SR) of the dissimilar sheets according to the 

Fig. 10. Tensile flow curves of the dissimilar laser welded butt joints with 
different specific point energies. 

Fig. 11. Load versus displacement (F–D) curves of the stretch-forming tests of 
dissimilar laser-welded joints of HS-CS and MMn-SS with different en-
ergy inputs. 

A. Hamada et al.                                                                                                                                                                                                                               



Materials Science & Engineering A 831 (2022) 142200

9

following Eq. (3) [34]: 

(εn)CS

(εn)ASS
=
(K.t)ASS

(K.t)CS
= SR (3)  

where ε, K, n, and t represent the flow strain, strength coefficient, strain- 
hardening exponent, and thickness of the BM materials, respectively. As 
the SR increases, the strain distribution differential between the stronger 
BM MMn-SS and weaker BM HS-CS increases. Consequently, the weld 
line more moves toward the stronger side. Ahmed et al. [37] studied the 
formability characteristics of dissimilar laser-welded joints of 
dual-phase (DP600) and transformation-induced plasticity (TRIP700) 
steel sheets. They evaluated the plastic strain distribution on both steel 
sheets by simulation. It was found that the TRIP side, a stronger sheet, 
exhibited higher plastic strain distribution. However, due to the thin-
ning of the TRIP sheet, the crack was located and propagated at the TRIP 
sheet. 

4. Discussion 

The joining of dissimilar steel sheets, such as medium-Mn stainless 
steel with carbon steel, by laser welding, is more complicated than 
similar welding because of different thermo-physical properties of the 
BMs and inevitably in the chemistry of each metal. The microstructural 
evolution and the related mechanical properties and formability of the 
dissimilar welded joints of MMn-SS and HS-CS are affected by the 
dilution between the two metals, which is influenced by the welding 
power and FZ size [38]. Dilution (D) is defined as the percentage 
contribution of CS in the weld FZ and given by Eq. (4) [39]: 

D=
CFZ − CSS

CCS − CSS
(4)  

Where where CFZ, CSS, and CCS are the chemical compositions of the FZ, 
MMn-SS and HS-CS, respectively. 

Fig. 13 depicts the EPMA distributions of the alloying elements, 
which form at the FZ of the dissimilar joints of MMn-SS and HS-CS at two 

Fig. 12. Stretch-formed dome samples of laser-welded blanks of dissimilar carbon steel – medium Mn stainless steel combinations after biaxial stretch-forming 
experiments. 

Fig. 13. EPMA distribution of the alloying elements in the dissimilar joints 
laser-welded at different specific point energy (a) 19 J, and (b) 30 J. 
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different SPEs 19 and 30 J. It is observed that uneven distribution of 
alloying elements across the FZ correlated to the SPE. For instance, the 
Cr content is uneven in the FZ with an average of 5% at SPE 19 J. 
However, the Cr content significantly increased at SPE 30 J to 13%. 
Similarly, Mn and Ni distributions are higher at SPE 30 J. Based on the 
chemistry of the FZ, we calculated the D parameter of CS in the melt pool 
during dissimilar welding with MMn-SS. We found that the D of CS in the 
melt pool are 0.64 and 0.35 at SPE 19 and 30 J, respectively. Therefore, 
the magnitude of mixing and transportation of the alloying elements in 
the melt pool is various according to the applied SPE. 

During laser welding of the dissimilar paired steels, the size and 

temperature gradients of the molten pool are affected by the heat input 
SPE. Based on the elemental distribution in Fig. 13, it is emphasized that 
with increasing SPE from 19 to 30 J, the contribution of MMn-SS in the 
molten pool has significantly increased to 0.65. Hence, the contents of 
Cr, Mn, and Ni elements, rich at the MMn-SS, considerably increase in 
the weld pool, as shown in Fig. 13(b). Furthermore, the uniform distri-
bution of the elements in the FZ was suppressed due to the very short 
time of laser welding ~1 s, which does not promote the diffusion of the 
elements and the subsequent homogenizing through the FZ. Moreover, 
upon cooling, the molten pool of Cr, Mn, and Ni-rich austenite trans-
forms into martensite without elements diffusion because the martensite 
phase transformation is diffusionless [40]. 

Similar observations of weld microstructure were noticed by Esfa-
hani et al. [39] during laser welding of dissimilar joints of 316L stainless 
steel and low carbon steel at a range of SPE 8.3–50 J. Table 4 shows a 
comparison between the present results of dissimilar MMn-SS/HS-CS 
and those of dissimilar 316L/LCS at different SPE. 

Whereas a significant variation in the hardness values is observed 
with the SPE of the dissimilar joints 316L/LCS. The present study of the 
dissimilar welds MMn-SS/HS-CS at different SPE shows an insignificant 
change in the hardness values. This is attributed to the formation of the 
austenite phase during welding of 316L/LCS at low SPE <17 J. How-
ever, a fully martensitic structure was promoted during welding of 
MMn-SS/HS-CS at the studied SPE (19, 25, and 30J). The achieved phase 
structure of the present dissimilar joints is in agreement with the pre-
dicted microstructure on the Schaeffler diagram based on the average Cr 
and Ni equivalents of the FZ. 

It is well known that the corrosion resistance of steel is affected by 

Table 4 
Comparison between conventional dissimilar joints of 316L/low carbon steel 
and the studied dissimilar joints of MMn-SS/HS-CS: Effect of specific point en-
ergy on the weld microstructure and hardness.  

Specific point 
energy, J 

Microstructure Average FZ 
hardness 

Joint No. 
pass 

10 A 220 316L/LCS [39] 
17 A + M 315 316L/LCS [39] 
25 M 378 316L/LCS [39] 
50 M 370 316L/LCS [39] 
19 M 430 MMnSS/ 

HSCS 
present 

25 M 426 MMnSS 
/HSCS 

Present 

30 M 422 MMnSS 
/HSCS 

present 

A, austenite; M, martensite. 

Fig. 14. Microstructure characteristics on the top surface region of MMn-ASS side of the hemisphere dome after laser welding at SPE 19 J and stretch formability 
deformation: (a) EBSD-phase map, (b) EBSD-IPF, and (c) the corresponding KAM map of (a). 
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the Cr content. The low Cr content would deteriorate the corrosion 
resistance. Accordingly, the SPE could introduce a significant 
improvement in the corrosion behaviour of the weld due to controlling 
the concentration of alloying elements which can enhance the corrosion 
and mechanical properties. 

This work systematically studied the effect of laser welding param-
eters on the load–displacement curves in the Erichsen cupping test, and 
microstructural characteristic features have been observed both in the 
MMn-SS and HS-CS stretched under biaxial straining. Based on the 
previous results of the stretch-forming tests, we can emphasize that the 
dissimilar welded joints MMn-SS/HS-CS steels demonstrated good 
formability with the respective EI of 9 mm under biaxial straining. Based 
on the observations in Section 3.5, the weld line has moved toward the 
MMn-SS side during the biaxial forming of the dissimilar joints. More-
over, crack formation is mainly generated and propagated through the 
HS-CS side of the dissimilar joints. There is no crack observed on the 
surface of the MMn-SS side of the hemisphere dome blank specimen. 

It is well established that the operating deformation mode during 
straining is related to the stacking fault energy SFE of the material. From 
the open literature, the low SFE of order <20 mJ/m2 induces the ε- and 
α′-martensite formation [41,42]. The MMn-SS steel has a significant 
lower SFE than that of the HS-CS. The first steel has an SFE of 10 mJ/m2, 
i.e., metastable austenitic structure and is prone to martensite trans-
formation during deformation [43]. The deformation mechanism of CS 
is dislocation slip due to its high SFE. EBSD was employed to identify the 
coexist phases after stretch-forming of the paired metals, and some re-
sults for the MMn-SS dome side are shown in Figs. 14 and 15. Laths of 
α′-martensite (colored red) had formed and were highly localized in the 

shear bands. These microstructural features were reported during uni-
axial tensile straining of that steel at a range of temperatures by Hamada 
et al. [44]. Interestingly, the kernel average map (KAM) maps exhibit the 
local variations in the internal plastic strains associated with the lattice 
distortions or phase transformation through the local misorientations 
within crystalline lattices during stretch-forming deformation [45,46]. 

The corresponding KAM map of the deformed microstructure in 
Fig. 14 (c) interestingly shows that strain is mainly localized in the shear 
bands. The free shear bands regions in the deformed microstructure are 
free from deformation of local strain accumulation, highlighted by ar-
rows. Similarly, density parallel shear bands formed during the biaxial 
stretch-forming deformation with the formation of coalescence of 
α′-martensite, as shown in Fig. 15(a). The IPF shows the orientation of 
the martensite formed on parallel shear bands in one grain appears like a 
unified set of thin parallel martensite needles that mainly have similar 
orientation, Fig. 15(b). The corresponding KAM map in Fig. 15(c) il-
lustrates that local misorientations are extended to be more obvious on 
the α′-structure showing the strain localization along the shear bands. 
This further indicates the inhomogeneous deformation process in the 
MMn-SS sheet. 

In the stretch-forming testing, the HS-CS showed a deformed grain 
structure without existing deformation twins or martensite in the grains, 
as shown in Fig. 16(a). The IPF map in Fig. (b) reveals a significant 
difference in the crystallographic orientation due to the deformation 
incompatibilities in the neighboring grains [47]. The presence of fine 
substructures bounded by LAGBs is observed in Fig. 16(b). This might be 
attributed to the dynamic recovery during the Erichsen cupping test. The 
corresponding KAM map shows an inhomogeneous distribution of the 

Fig. 15. Microstructure characteristics on the top surface region of MMn-ASS side of the hemisphere dome after laser welding at SPE 30 J and stretch formability 
deformation: (a) EBSD-phase map, (b) EBSD-IPF, and (c) the corresponding KAM map of (a). 
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strain. Furthermore, few regions within the KAM map show highly local 
strain gradient accumulation as presented by red color. Large strain 
inhomogeneities attributed to the presence of hard cementite phase. 
Hard phase cementite particles hinder the dislocation motion during 
deformation and thereby accumulate dislocations in their surroundings. 
A relatively lesser amount of lattice strain and dislocations within ferrite 
grains in the HS-CS is directly evidenced from the KAM map, Fig. 16(c). 

Based on the EBSD analysis of the different operating deformation 
mechanisms in the paired metals of the studied dissimilar joints during 
stretch-forming, we can emphasize that the MMn-SS demonstrated good 
formability due to intensive strain-induced martensitic transformation 
resulting in the TRIP effect and thereby high strain hardening with 
higher plasticity. This is confirmed by evaluating the mechanical 
response of the paired steels after stretch-forming deformation through 
measuring the load penetration depth curves by the indentation hard-
ness testing. A diamond Berkovich indenter equipped in an instru-
mented microindentation tester (CSM Instruments) was employed to 
measure the indentation hardness HIT. 

Fig. 17 presents the typical microindentation load–penetration depth 
(P–h) curves of different zones of the paired steels in comparison with 
the weld zone before and after the stretch formability testing. It can be 
seen the stretch deformation has a significant influence on the micro-
indentation property of the dissimilar metals. For instance, the HIT of the 
BM MMn-SS and its HAZ before stretch deformation are 4.29 and 4.02 
GPa, respectively. However, the corresponding HIT values after form-
ability testing have significantly increased to 5.95 and 5.45 GPa with 
hardening ratios of ~40 and 36 pct, respectively. Similarly, the HIT of 
BM HS-CS and its HAZ before stretch-forming are 2.86 and 2.62 GPa, 

respectively. After stretch deformation, the corresponding HIT values 
increased to 3.28 and 2.98 GPa with hardening ratios of ~15 and 14 
pct., respectively. The higher hardening ratios in the MMn-SS are 
attributed to the TRIP effect induced through the forming deformation, 
as shown in Figs. 14 and 15. However, the hardening of the HS-CS is 
slightly increased due to the active deformation mechanism, i.e., dislo-
cation slip. Consequently, the formability index of the paired metals, 
MMn-SS/HS-CS, is limited by the softer HS-CS due to the slight hard-
ening ratio during stretch-forming deformation. 

5. Conclusions 

The microstructural analysis and stretch-forming property of dis-
similar joints between advanced 3rd generation MMn-SS and Docol 
S355 (HS-CS), with 2 mm thick plates were processed by Yb: YAG laser- 
welding at different specific energy points SPE of 19 and 30 J. The 
following conclusions can be drawn based on the experimental results 
from this study:  

1. The microstructural analysis using EBSD mapping of the weld 
structures depicts that the fusion zone is composed of a fully 
martensitic structure at the SPEs applied to the paired steels. More-
over, with higher SPE, a wider and more homogeneous weld FZ is 
achieved.  

2. The various welding parameters applied during laser welding of the 
dissimilar steels processed sound joints between the paired steels. 
The tensile strengths and flow behaviors of the dissimilar joints are as 
lower as the softer of the two base metals, i.e., low-alloy C steel. 

Fig. 16. Microstructure characteristics on the top surface region of HS-CS side of the hemisphere dome after laser welding at SPE 30 J and stretch formability 
deformation: (a) EBSD-IQ map, (b) EBSD-IPF, and (c) the corresponding KAM map of (a). 
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3. The chemical analysis of the dissimilar weld zone conducted using 
EPMA illustrates significant alloying elements, Mn, Cr, and Ni, with 
increasing the SPE. Furthermore, there were no significant hardness 
changes in the weldments due to similar microstructure promoted in 
the weld zones.  

4. Stretch-forming property in terms of Erichsencupping depth value 
for the dissimilar joints was comparative with that of the BM HS-CS 
and significantly lower than those of the BM MMn-SS. Since the 
fracture takes place in the softer HS-CS.  

5. During stretch-forming testing, different deformation mechanisms 
are activated in the paired steels, i.e., TRIP effect in the MMn-SS and 
dislocation slip in HS-CS. Consequently, the hardening ratio of MMn- 
SS is significantly higher than that of HS-CS. 
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