
Introduction

     The use of advanced high-strength steels (AHSSs) has in-
creasingly continued to grow in automotive applications due
to their role in the manufacturing of weight-reduced vehi-
cles with enhanced crash safety (Refs. 1, 2). The perform-
ance of the AHSSs depends on their sophisticated designed
microstructures. However, the steel microstructure can be
altered due to the welding thermal cycle, which can affect
damage-tolerance properties of the welds. Therefore, the
failure of welds during a crash is a critical issue for crash-
worthiness, stiffness, and noise, vibration, and harshness
(NVH) performance of the vehicle (Refs. 3–5).

     Resistance spot welding (RSW), as the dominant joining
process in the automotive industry, plays a critical role in
vehicle manufacturing. The use of AHSS in the automotive
industry comes with a challenge in their weldability.
Through past research studies (Refs. 4–22), it has been iden-
tified RSW of AHSS has several challenging issues, including
the following:
     1) Material properties mismatch induced by complex
phase transformation in the weldment. The two crucial
phase transformations in AHSS welds are as follows:
     • Martensite formation in both the fusion zone (FZ) and
coarse-grain heat-affected zone (HAZ) (Refs. 4–12), which
can induce an adverse effect on the weld failure characteris-
tics during some loading conditions (e.g. peel and cross-ten-
sion tests) (Refs. 4, 5). Formation of martensite in the FZ is
due to the high cooling rate of the RSW process. It is report-
ed that the cooling rate during RSW changes from roughly
3000˚C/s for 2.0 mm thickness to more than 105˚C/s for
thicknesses less than 0.5 mm (Ref. 8). These cooling rates
are sufficient for producing martensite in the FZ and the
coarse-grain HAZ of the AHSSs, and even in low-carbon
steel weld (Refs. 5, 8, 9).
     • Softening due to martensite tempering in the subcriti-
cal HAZ during welding of martensite-containing AHSS
(e.g., dual-phase steels and martensitic [MS] steels) (Refs. 5,
13–17). This phenomenon can reduce the load-bearing ca-
pacity of spot welds compared to the strength expected
from the initial base metal microstructure (Refs. 5, 14).
     2) High susceptibility to interfacial failure mode. It is iden-
tified that sizing of spot welds made on AHSS based on 4t0.5

and 5t0.5 rules does not ensure the pullout failure mode in
AHSS welds (Refs. 5, 6, 10, 13). Therefore, in some situations,
postweld treatment (e.g., in-situ tempering) is needed to mod-
ify the as-welded microstructure of FZ and HAZ to improve
the failure behavior of the weld (Refs. 18–22). However, this
increases the time required to produce a weld with optimum
mechanical properties.
     These challenges can lead to the possibility of using stain-
less steels as a new material for structural applications in auto-
motive industries (Refs. 23–26). A study on the possibility of
using stainless steels for automotive body structures was the
subject of the next generation vehicle (NGV) program (Refs.
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23, 24). Duplex stainless steels (DSSs) exhibited great poten-
tial due to decreasing weight along with increasing safety, sus-
tainability, and corrosion resistance of the structural automo-
tive systems. The implementation of DSSs for the design of
several critical components (e.g., A and B pillar) demonstrated
the possibility of further weight reduction while ameliorating
safety (Refs. 23, 24).
     In automotive bodies, there are two primary crashworthi-
ness zones with specific functions, as follows (Refs. 2, 5):
     • Crumple zone. Components in this area must be capable
of absorbing energy during a crash event.
     • Safety cage. Components in this zone must resist defor-
mation to prevent the vehicle structure from impacting on
passengers.
     The material requirements in these zones are different. The
crumple zone requires materials with high energy absorption,
and the safety cage needs materials with high yield strength.
Therefore, a multimaterial design has been suggested for auto-
motive bodies that composites several lightweight materials
with specific properties. In a multimaterial construction, ma-
terials with proper properties are selected for the intended
part’s functions (Refs. 27–29). Therefore, welding of dissimilar
metal joints in the automotive bodies is inevitable.
     By taking into account the current trend toward using
the martensitic AHSS (as a good candidate for use in the
safety cage zone) and DSS (as a good candidate for use in the
crumple zone), the study of similar and dissimilar joints of
these steels is a critical issue. However, there is limited re-

search on the joining of dissimilar steels involving DSSs by
RSW. In previous works, the metallurgical and mechanical
behavior of similar joints involving DSSs has been studied.
Arabi et al. (Ref. 30), in their study on the metallurgical re-
sponse of 2304 DSSs joints during RSW, found that an un-
balanced microstructure in the FZ and HAZ of joints is gen-
erated due to the high cooling rate of the RSW process.
Pouranvari et al. (Refs. 25, 26) found the presence of Ti in
the composition of DSSs can contribute to decreasing
austenite content in the FZ. Moreover, Thulin et al. (Ref.
31), Kotecki (Ref. 32), and Arabi et al. (Ref. 33) showed ap-
plying a second pulse after the first melting/solidification
pulse can improve the phase balance of the FZ. However,
there is no research study on the RSW of AHSS/DSS dissimi-
lar combination. Failure behavior of dissimilar resistance
spot welds can be a problematic issue due to differences in
the physical, mechanical, and metallurgical properties of the
weldments (Refs. 34, 35). Moreover, phase transformations
in the FZ can be affected by the mixing of base metals (Refs.
36–40). This paper aims at investigating the phase transfor-
mations and mechanical behavior of similar and dissimilar
joints of MS1200 martensitic AHSS and 2304 duplex stain-
less steel in RSW.

Experimental Procedure

     This paper concerns the RSW of uncoated MS1200
martensitic AHSS and 2304 DSS sheets. The thickness of
both sheets was 1.5 mm. The chemical composition and me-
chanical properties of the base metals in this work are given
in Tables 1 and 2, respectively. Resistance spot welding was
performed using a programmable logic-controlled, 120-kVA,
AC-pedestal-type RSW machine. Welding was conducted us-
ing a 45-deg truncated cone, RWMA Class 2 electrode with
an 8-mm face diameter. Figure 1A shows the welding sched-
ule. Squeeze, welding, and electrode holding times after cur-
rent off and electrode force were kept constant at 0.6, 0.24,
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Fig. 1 — A — The tensile-shear specimen dimensions; B — welding schedule used for joining of similar and dissimilar combinations
involving MS1200 and DSS2304. The tS is squeeze time, tW is welding time, th is holding time, and IW is welding current.

Table 1 — Chemical Composition of the Base Metals Used in This Study (wt-%)

                                      C                    Mn                 Ni                  Cr                      Si                    Mo                  Cu                     Al               N

     DSS2304                 0.03                  1.6                 4.7                23.4                   0.37                 0.42                0.33                 0.03            0.15
      MS1200                  0.09                  1.5               0.04               0.04                   0.18                  0.02                  —                   0.04             —

Table 2 — Tensile Properties of the Base Metals Used in This Study(a)

                                YS (MPa)                 UTS (MPa)                  TEL (%)

    MS1200                    1240                         1330                            5
  DSS2304                   720                          800                           25

(a) YS: yield strength, UTS: ultimate tensile strength, and TEL: total elongation.
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and 0.2 s as well as 4.5 KN, respectively. The welding current
was incrementally increased from 9 to 13 kA with a step size
of 1 kA.
     Metallurgical examinations of the joints were performed
under scanning electron and optical microscopes. Marble
etchant (10-g CuSO4, 50-mL HCl, and 50-mL H2O) was used
for microstructural examination of the FZ and DSS side. More-
over, a nital etchant (100-mL C2H5OH, 2-mL HNO3) for mi-
crostructural metallography of the MS1200 side was used.
Vickers microhardness test was performed using an indenter
load of 100 g for a period of 15 s.
     The quasi-static tensile shear test samples were prepared
according to the ANSI/AWS/SAE/D8.9M Standard (Ref. 41).
Figure 1B shows the sample dimensions for the tensile-shear
test. Mechanical tests were conducted at a crosshead of 10
mm/min with an intrusion universal testing machine. The fail-
ure mode of the spot welds was determined by observing the
fractured samples.

Results and Discussion

Metallurgical/Hardness Characteristic

     The metallurgical properties and hardness characteristics of
the resistance spot welds play an essential role in controlling
the mechanical performance of the spot welds (Refs. 4–6). In
this section, metallurgical characteristics of the DSS/DSS,
MS/DSS, and DSS/MS joint are studied. Figure 2A, B shows a
typical macrostructure and hardness profile of the dissimilar
DSS/MS RSW joint, indicating microstructural gradient across
the weldment. The failure behavior of the spot welds is influ-
enced by materials properties mismatch among the base met-
al, HAZ, and FZ. In the following sections, the microstructure
of each zone is described and analyzed.

The Base Metals

     The DS2304 duplex steel microstructure, as shown in Fig.
3A, exhibited a balanced duplex microstructure of precipi-
tates-free ferrite and austenite. The corresponding hardness
was about 225 HV — Fig. 2B. The MS1200 steel microstruc-
ture, as depicted in Fig. 3B, consisted of very fine packets of
martensite lath. The corresponding hardness is 400 HV —
Fig. 2B.

The Fusion Zone

     Figure 4A, B shows the microstructure of the DSS/MS fu-
sion zone. The FZ is predominantly martensite with a small
amount of ferrite. Regarding the microstructure evolution
of the FZ in the DSS2304/MS1200 joint, the following
points should be considered:
     • The chemical composition of FZ. To investigate the ef-
fect of materials mixing on the composition of the FZ, the
composition of the weld FZ was measured using FESEM-
EDS. Figure 4C shows the Ni/Cr concentration profile across
the weldment along the through-thickness direction. Ac-
cording to Fig. 4C, the content of nickel and chromium in
the FZ was almost uniform, indicating there was a complete
mixing of liquid metals, which can be attributed to the in-
tense electromagnetic stirring force in the molten weld
nugget (Ref. 42). Due to the limitation in the determination
of carbon content with high accuracy using FESEM-EDS
analysis, the chemical composition of the FZ was calculated
using the dilution concept. According to the macrograph of
the cross section of the solidified weld nugget, the melting
ratio of DSS2304/MS1200 welds varied from 57:43 in welds
made using the welding current of 9 kA to 50:50 in welds
made using the welding current of 13 kA. Therefore, consid-
ering a melting ratio of 55:45, the chemical composition of
the FZ can be determined as Fe-0.06C-12.88Cr-2.6Ni-
1.59Mn-0.28Si-0.24Mo-0.08N-0.03Al. 
     • The transformation path. To determine the transforma-
tion path of the FZ, the phase diagram of the FZ was devel-
oped by ThermoCalcTM (Ref. 43). Figure 5 shows the pseudo-
binary phase diagram of the FZ vs. carbon content. Accord-
ing to Fig. 5, the solidification and solid-state transforma-
tion path for the FZ, before the austenite decomposition,
was as follows:

WELDING RESEARCH

SEPTEMBER 2019 / WELDING JOURNAL 265-s

Fig. 3 — Microstructure of the base metals: A — 2304 duplex
stainless steel with a precipitates free balanced microstruc-
ture of ferrite-austenite; B — martensitic steel with very fine
martensite packets.

Fig. 2 — A — Typical macrostructure; B — hardness profile of
the DSS2304/MS1200 dissimilar resistance spot weld.
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     According to the equilibrium phase diagram, when the
temperature falls below 1297˚C, ferrite is entirely trans-
formed to austenite via  +   . This reaction is a solid-
state, diffusion-controlled reaction. Therefore, due to the
rapid cooling rate of RSW, some amount of untransformed
ferrite is retained in the microstructure. The subsequent
transformation of austenite to martensite depends on the
austenite stability, which can be determined using the
martensite start temperature (MS) using the following equa-
tion (Ref. 44):

     Ms = 526 – 12.5Cr – 17.4Ni – 29.7Mn – 31.7Si 
     – 354C – 20.8Mo – 1.34 (CrNi) + 22.41 (Cr + Mo)C  (2)

where the chemical symbols indicate the weight percentage of
the elements present. The MS for the FZ of DSS2304/
MS1200 RSW was estimated to be 223°C, which is well above
the room temperature. This indicates that martensitic trans-
formation occurs in the FZ. Furthermore, the martensite fin-
ish temperature, Mf, is approximately 100°C below the Ms val-
ue (Ref. 44). This confirms that the austenite is not stable at
room temperature, and it completely transforms to martensite
during cooling. Thus, the transformation path of the FZ in dis-
similar DSS2304/MS1200 welds under the rapid cooling rate
of RSW can be summarized as follows:

     • Prediction of the FZ microstructure using constitution di-

agrams. Constitution diagrams can be used to predict the mi-
crostructure of the FZ of dissimilar metal joints. The applica-
tion of these diagrams is for the prediction of the FZ mi-
crostructure of arc welds and, in this case, it might be inaccu-
rate owing to the very high cooling rates of RSW process. The
Schaeffler diagram and Kakhovskii et al. diagram (Ref. 44), as
well as the Balmforth diagram (Ref. 45), all predict a mixture
of ferrite and martensite phases for the FZ of dissimilar
DSS2304/MS1200 resistance spot weld. According to the
Balmforth diagram (Ref. 45) (see Fig. 4D), the volume fraction
of ferrite in the FZ is less than 10%, which is in accordance
with the experimental observations.
     To further understand the effect of pairing and mixing of
DSS and MS steels on the weldability of the dissimilar joint,
the metallurgical/hardness characteristics of the similar
DSS/DSS and MS/MS joints are investigated. Figure 6 com-
pares the hardness values of the FZ in similar and dissimilar
joints. Figures 7 and 8 show the microstructure of the
DSS/DSS and MS/MS similar joints, respectively. The fol-
lowing points can be drawn from Figs. 6–8:
     • DSS/DSS weld. The FZ exhibited an unbalanced mi-
crostructure with a reduced volume fraction of austenite and
consequent second-phase precipitation (i.e., chromium-rich
nitrides), as confirmed in previous works (Refs. 30, 46). The
phase transformation path of the FZ is as follows:
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Fig. 4 — Fusion zone of dissimilar DSS/MS weld: A–B — 
Microstructure; C — Ni/Cr concentration profile across the 
weldment in the through-thickness direction obtained using
EDS-FESEM analysis; D — prediction of fusion zone
microstructure using the Balmforth diagram.

Fig. 5 — ThermoCalcTM phase diagram for the dissimilar fusion
zone of the DSS2304/MS1200 weld at different carbon con-
tent. The composition of the fusion zone is Fe-0.06C-12.88Cr-
2.6Ni-1.59Mn-0.28Si-0.24Mo-0.08N-0.03Al.

Fig. 6 — Hardness values of the fusion zone for DSS/DSS,
MS/MS, and DSS/MS resistance spot welds.
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     The high cooling rate associated with RSW suppressed
the postsolidification ferrite-austenite transformation
(stage III) leading to ferritization of the FZ. Therefore, the
higher hardness of the FZ compared to the base metal can
be attributed mainly to the formation of second phase 
precipitations.
     • MS/MS welds. The FZ exhibited almost martensitic mi-
crostructure. This is due to the high cooling rate as well as
high hardenability of the MS1200 steel (Refs. 5, 14). The av-
erage hardness of the FZ is slightly higher than the base
metal, which can be related to the light tempering of the
steel during the manufacturing process.
     • DSS/MS welds. The high hardness of the DSS/MS FZ is
attributed to the presence of a high volume fraction of
martensite in the weld nugget. Despite the presence of al-

loyed martensite in the DSS/MS FZ, compared to the unal-
loyed martensite in MS/MS FZ, the presence of ferrite in the
former makes it slightly less hard than the latter.
     As the FZ size is the key in determining the failure mode
and mechanical properties of the welds (Refs. 5, 47), the ef-
fect of welding current, the main factor affecting the weld-
ing heat input, on the FZ size for the similar and dissimilar
combination was examined — Fig. 9. The plots follow gener-
al trends. The differences in the FZ size are attributed to the
difference in physical properties (electrical resistivity and
thermal conductivity) of the steels (Ref. 5). The drop in FZ
size in high welding currents is due to expulsion.

The Heat-Affected Zones

     The hardness variations in the HAZ prove that the metal-
lurgical responses of dissimilar DSS2304/MS1200 joint to
weld thermal cycle are analogous with those of similar joints.
The phase transformations in the HAZ of the MS1200 and
2304 DSS are well described elsewhere (Refs. 14, 30).
     Table 3 summarizes the microstructure and phase trans-
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Fig. 7 — DSS/DSS resistance spot welds: A — A typical
macrostructure; B — low-magnification optical micrograph
showing the grain structure of the fusion zone; C, D — optical
and FESEM micrographs showing the detailed microstructure
of the fusion zone.

Fig. 8 — MS/MS resistance spot welds: A — A typical
macrostructure; B — microstructure of the fusion zone; C —
microstructure of the subcritical heat-affected zone (SCHAZ).

Table 3 — Summary of Transformation Pathways and the Resultant Microstructure in the Heat-Affected Zone (HAZ) of Duplex Stainless Steel
(DSS) and Martensitic Steel (MS)

                                          Zone                            Microstructure                                                           FZ Transformation Path

             DSS                                                             F +  + CrxNy                               + F                                                                 F                                         F + 
             
                                          UCHAZ                                    M                                         M                                                                             M
             MS                        ICHAZ                                 M + F                                     M                                          + F                                                                   M + F

                                          SCHAZ                                   TM                                        M                                          TM                                              TM

F: delta ferrite, : austenite, M: martensite, and TM: tempered martensite. 
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formation path in the FZ and HAZ of similar and dissimilar
joints. The softening observed in the HAZ of the MS side is
due to ferrite formation in the intercritical HAZ and
martensite tempering in the subcritical heat-affected zone
(SCHAZ). The minimum hardness of the HAZ in the MS side
was a function of the welding current. Increasing welding
current from 8 to 13 kA decreases the SCHAZ hardness from
266 to 205 HV due to more severe tempering of martensite
at higher welding heat input.

Failure Mode of DSS/MS Dissimilar
Welds

     During the quasi-static tensile-shear test, dissimilar
DSS/MS RSW joints failed in two distinct modes, described
as follows:
     • Interfacial failure (IF) mode. Figure 10A shows a typical
fracture surface of DSS2304/MS1200 spot weld, which
failed in the IF mode. In this mode, the fracture propagates
through the weld nugget centerline, and the sample under-
goes little plastic deformation during the failure process.
     • Partial thickness-partial pullout (PT-PP) failure mode.
Figure 10B exhibits a typical PT-PP failure mode in which
slant crack propagates into the FZ, and part of the mating
sheet thickness is removed during separation. 
     The failure mode transition from the IF to PT-PP mode was
observed for DSS/MS joints when the welding current in-
creased beyond 9 kA. According to Fig. 10C, there is a pulled-
out zone in the fracture surface of the PT-PP failure mode. The
pullout failure (PF) fraction of the weld, which is a criterion for
the tendency to fail in the PF mode, can be calculated as the ra-
tio of the area of the PF zone (APF) to the total of weld frac-
ture surface (At). According to Fig. 10D, increasing the welding
current enhanced the area of the fraction of the pulled-out

zone. Indeed, this can be attributed to the increase of the FZ
size due to increasing of the welding current, which in turn
produces greater PF fraction during the tensile-shear test.
     Figure 11A shows a typical load-displacement curve of
the DSS/MS joint failing in the PT-PP mode is superimposed
on the stiffness curve (dF/dX). According to this plot, there
are three stages in the failure process of spot welds that fail
in PT-PP mode.
     • Stage I. This stage corresponds to the work hardening
and through-thickness straining of both sheets.
     • Stage II. The second stage corresponds to the crack initi-
ation from weld nugget circumference, which results in a
significant drop in load-bearing capacity. The failure of the
joint was initiated at the MS side — Fig. 11B. In dissimilar
joints, the failure location is determined by the competition
between the cracking of base metals. In this case, the mini-
mum hardness values of both sides (i.e., the hardness values
of the SCHAZ for the MS side and hardness of the base met-
al for the DSS side) are almost equal. However, despite the
fact the extent of the softened zone in the HAZ of the MS
side is very low, the failure initiated at the MS side. This can
be explained by the higher work hardening rate of DSSs that
impedes the failure initiation from the DSS side and hence
the crack is initiated from the SCHAZ of the MS side. Simi-
lar phenomena (i.e., failure initiation from stronger but less
work hardenable sheet) is also reported previously (e.g., for
DP600/TRIP780 [Ref. 44] and low-carbon steel/DP600 [Ref.
45] joints).
     • Stage III. At this stage, after crack propagation around
the weld nugget circumference, the crack deviated and prop-
agated into the FZ in the through-thickness direction, re-
sulting in PT-PP failure.

Mechanical Behavior of DSS/MS 
Dissimilar Spot Welds

     To investigate the mechanical properties of DSS/MS dis-
similar spot welds, peak load and energy absorption ob-
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Fig. 9 — FZ size vs. welding current for DSS/DSS, MS/MS, and
DSS/MS combinations. The failure modes of the welds, includ-
ing interfacial failure (IF), pullout failure (PF), and partial thick-
ness-partial pullout (PT-PP) modes, are specified in the plot.
Transition of failure mode from IF to PT-PP for both DSS/DSS
and DSS/MS combinations occurred at a welding current of 10
kA. However, IF-to-PF transition for the MS/MS combination oc-
curred at a welding current of 13 kA. Note that the correspon-
ding critical fusion zone sizes leading to the non-IF mode in
these three combinations are different.

Fig. 10 — Failure mode of DSS/MS dissimilar welds: A — Inter-
facial failure; B — partial thickness-partial pullout (PT-PP) fail-
ure; C — detailed view of failed cross section in the PT-PP
mode; D — effect of welding current on the fraction of the
pullout failure during PT-PP failure.

A

D

B

C

Sobhani and Pouranvari Supp WJ Sept 19 corrected.qxp_Layout 1  8/8/19  2:49 PM  Page 268



tained in the tensile-shear test were measured at various
welding currents. According to Fig. 12A, B, increasing the
welding current from 8 to 10 kA significantly improved the
mechanical properties of the joint in terms of peak load and
energy absorption of the welds. This improvement is a func-
tion of enlarging the weld nugget size and the dependency
of peak load on the square of the FZ size in the interfacial
mode. However, when the welding current increased beyond
the 10 kA, no significant improvement was observed in the
mechanical properties of the DSS/MS welds. This is a func-
tion of their failure mode and the failure location hardness.
The DSS/MS welds made using welding current higher than
9 kA failed in the PF mode. Therefore, their strength is a
function of weld nugget size and PF location hardness (i.e.,
SCHAZ of the MS side). Thus, despite the slight increase in
the FZ size by increasing the welding current from 10 to 13
kA, the peak load of the welds remained essentially constant
due to increasing the HAZ softening in the MS side.

Comparison of Mechanical
Performance of Similar and Dissimilar
Welds

Failure Mode Transition

     The failure mode of the similar and dissimilar combina-
tions was determined after the tensile-shear test. Figure 9
shows the effect of welding current on the FZ size and the fail-
ure mode of the similar and dissimilar welds. Maximum weld
size leading to the IF mode and minimum weld size leading to
the non-IF mode for each combination can be determined us-
ing Fig. 9. The critical FZ size (DC) is located between these
two values. The susceptibility of the joints to interfacial failure
decreases in the order of MS/MS, DSS/DSS, and DSS/MS com-
binations. It is well known that hardness ratio of the FZ to the
minimum hardness of the weld circumference (base metal or
HAZ) is one of the key controlling factors in determining the
susceptibility of the spot welds to fail in the IF mode (Refs. 5,

6, 10). Increasing the hardness ratio reduces the tendency to
fail in the IF mode. The hardness ratio for DSS/DSS welds is
the ratio of FZ hardness to base metal hardness. The hardness
ratio for MS/MS welds is the ratio of FZ hardness to SCHAZ
hardness. The average hardness ratio in the MS/MS and
DSS/DSS joints are 1.9 and 1.4, respectively. However, DC for
the DSS/DSS joint is smaller than that of the MS/MS joint.
This can be explained by considering the high tendency of DSS
to rotate during tensile-shear loading (see Fig. 11B), which re-
duces the effective shear stress acting on the sheet/sheet in-
terface. The relationship between the degree of rotation and
the failure mode of the spot welds during the tensile-shear
loading is previously reported (Refs. 35, 48). The high strength
of the martensitic steels impedes the easy rotation of the
welded joint during the tensile-shear test and increases its sus-
ceptibility to fail in interfacial failure. The DSS/MS joint exhib-
ited the lowest DC. Although the hardness ratio of the DSS/MS
joint is similar to the MS/MS joint, its higher rotation during
testing prompted the non-IF failure mode.

Peak Load and Energy Absorption

     To provide a better basis for comparison between me-
chanical properties of similar and dissimilar joints, peak
load and failure energy of spot welds were compared at two
different FZ sizes, 5t0.5 (i.e., 6.1 mm). Welding currents used
to produce spot welds with the target weld size of 5t0.5 and
resultant weld attributes are given in Table 4. To account for
the small differences in FZ size, the values of peak load and
failure energy were normalized by dividing to the FZ size
(D). Figure 13 shows the normalized peak load and energy
absorption of three combinations. The following points can
be drawn from Fig. 13:
     • MS/MS joint exhibited the highest peak load. Despite its
interfacial failure mode, the high peak load of the MS/MS joint
can be attributed to the high hardness of the failure location
(i.e., FZ). The peak load of the DSS/DSS joint, which failed in
the PT-PP mode, was lower than that of the MS/MS joint due
to its lower failure location hardness (i.e., base metal). The
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Fig. 11 — A — A typical load-displacement curve for DSS/MS dissimilar resistance spot weld during the tensile-shear loading,
which failed in the PT-PP mode. The dF/dX curve is superimposed to the figure; B — withdrawing of the nugget from MS1200 steel.
Note that the rotation of the DSS sheet is significantly higher than MS1200.
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pairing of MS and DSS resulted in welds with comparable peak
load to the DSS/DSS joint. The slightly lower peak load of
DSS/MS welds compared to the DSS/DSS can be attributed to
the HAZ softening phenomenon in the MS side.
     • The similar DSS/DSS joint exhibited the highest energy
absorption. This is because of its PF mode as well as the
higher energy absorption capability of the DSS base metal.
The lower energy absorption of the MS/MS joint can be re-
lated to its IF mode and the low ductility of the failure path.
Pairing of MS and DSS steels resulted in a joint with a lower
energy absorption than the DSS/DSS joint.

Conclusions

     In this paper, metallurgical and mechanical properties of
dissimilar resistance spot welds between 2304 duplex stain-
less steel and MS1200 martensitic advanced high-strength
steel are studied and compared to those of similar joints of
the mentioned steels. The following conclusions can be
drawn from this research:
     1) Investigation of equilibrium phase transformation path
of the FZ predicts a full martensitic nugget for the dissimilar
weld. However, a dual-phase microstructure of martensite and
ferrite was observed in the FZ. The formation of the ferrite
phase in the FZ can be attributed to the rapid cooling rate of
RSW, which suppresses the solid-state transformation. The FZ
hardness values of the similar and dissimilar welds increased

in the order of DSS/DSS, MS/MS, and DSS/MS. 
     2) The critical FZ size for avoidance of the interfacial
failure increased in the order of DSS/MS, DSS/DSS, and
MS/MS. The lower susceptibility of the dissimilar joint
compared to the similar welds is due to a combination of
three factors, including high hardness of the FZ, presence
of the heat-affected softening in the MS side, and higher
tendency of the joint to rotate during the tensile-shear
loading compared to the MS/MS joint.
     3) The failure location of dissimilar welds in PT-PP failure
was a function of minimum hardness value in the hardness
profile, ultimate tensile strength, and differences in work
hardening behavior of base metals. It was found the failure
location of DSS/MS is controlled by the work hardening be-
havior of the base metal, and despite its higher ultimate ten-
sile strength, the failure is initiated from the MS side.
     4) The FZ size at sheet/sheet interface is the key
macrostructural feature controlling the load-bearing capaci-
ty and energy-absorption capability of the DSS/MS dissimi-
lar weld as well as the fraction of the pullout failure during
PT-PP mode.
     5) The pairing of MS and DSS resulted in welds with com-
parable peak load to DSS/DSS joint and lower peak load com-
pared to MS/MS joint. The slightly lower peak load of DSS/MS
welds compared to the DSS/DSS can be attributed to the HAZ
softening phenomenon in the MS side. The dissimilar joint ex-
hibited increased the energy absorption capability compared
to similar MS/MS welds.
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Fig. 12 — Effect of the following: A — Welding current; B — FZ size on the peak load and failure energy of DSS/MS dissimilar resist-
ance spot weld during the tensile-shear loading.

Table 4 — Welding Current Used to Produce Spot Welds with FZ Size of 5t0.5  and Resultant Weld Attributes

   Joint Type           FZ Size            Welding Current                     Failure Mode                     Failure Location                     HFZ
(a) (HV)                 HFL

(b)(HV)

    DSS/DSS                6.1                            10                                        PF                                       BM                                   300                        220
     MS/MS                  6                             11                                         IF                                         FZ                                    410                         410
     DSS/MS                6.2                           11                                      PP-PT                        SC HAZ of MS1200                      398                         215

(a) Fusion zone hardness
(b) Failure location hardness
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