
Introduction 
     Due to the  continued rising vehicle
safety and crash requirements and the
need for weight reduction in the auto-
motive industry, the use of ultrahigh-
strength steels in body-in-white appli-
cations is rapidly increasing. The fer-
rite-martensite dual-phase steels,
transformation-induced plasticity
(TRIP) assisted steels, and martensitic
steels are the most common advanced
high-strength steels (AHSSs) that are
implemented in today’s car-body de-
sign (Refs. 1–3). 
     The introduction of advanced high-
strength steels in the automotive in-
dustry is accompanied with the chal-

lenge of their weldability. Automotive
structural assemblies use groups of
spot welds to transfer load through
the structure during a crash. Addition-
ally, spot welds can act as fold initia-
tion sites to manage impact energy
(Ref. 4). Vehicle crashworthiness,
which is defined as the capability of a
car structure to provide adequate pro-
tection to its passengers against in-
juries in the event of a crash, largely
depends on the integrity and the me-
chanical performance of the spot
welds (Ref. 5). Spot weld failure during
a crash is a critical issue for crashwor-
thiness, stiffness and noise, vibration
and harshness performance of the ve-
hicle. Therefore, the quality, perform-

ance, and failure characteristics of re-
sistance spot welds are important for
determining the durability and safety
design of the vehicles (Refs. 6–8).
Through an examination of past re-
search (Refs. 9–20), it is recognized
that resistance spot welding (RSW) of
AHSSs has several challenges, includ-
ing the following:
     1) Complex phase transformation
in the weldment: The strength/
ductility properties of AHSS are gov-
erned by their sophisticated, designed
microstructure. However, the stability
of AHSS base metal microstructure is
significantly affected by weld thermal
cycle (Ref. 21). This produces signifi-
cant property (strength and tough-
ness) mismatch among the fusion
zone (FZ), heat-affected zone (HAZ),
and base metal, which in turn affects
the load-bearing capacity and failure
behavior of the AHSS spot welds. The
two important phase transformations
in AHSS welds are as follows:
     • Martensite formation in both fu-
sion zone and coarse-grain heat affect-
ed zone (Refs. 9–12), which can induce
an adverse effect on the weld failure
characteristics during some loading
conditions (e.g., peel and cross-tension
tests) (Refs. 13–15). 
     • Tempering of the base metal
martensite in the subcritical HAZ,
which creates softening compared to
the base metal. The HAZ softening
phenomenon can take place during
welding of martensite-containing
AHSS (e.g., dual-phase steels and
martensitic steels) (Refs. 16–18). This
phenomenon can reduce the load-
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bearing capacity of spot welds com-
pared to the strength expected from
the initial base metal microstructure
(Refs. 19, 20). 
     2) High susceptibility to interfacial
failure mode: Spot welds can fail in
two distinct modes (Ref. 9): 1) interfa-
cial failure (IF) mode in which the frac-
ture propagates through the fusion
zone. It is believed this failure mode
has a detrimental effect on the crash-
worthiness of the vehicles; 2) pullout
failure (PF) mode in which the failure
occurs via withdrawal of the weld
nugget from one sheet. Despite the
fact that AWS D8.1 (Ref. 21) allows in-
terfacial failures in AHSS, generally
the PF mode exhibits the most satis-
factory mechanical properties due to
its higher associated plastic deforma-
tion and energy absorption. It has
been shown that AHSSs exhibited a
higher tendency to fail in the interfa-
cial mode compared to the low-
strength traditional steels (Refs.
21–24). It has also been shown that
sizing based on 4t0.5 and 5t0.5 rules do
not ensure pull-out failure mode in
AHSS welds (Refs. 23–25). This can af-
fect the energy absorption capability
of AHSS welded joints. Therefore, in

some situations, postweld treatment
(e.g., in-situ tempering) is needed to
modify the as-welded microstructure
of the FZ and HAZ to improve the fail-
ure behavior of the weld (Refs. 26–28).
However, this increases the time re-
quired to produce a weld with opti-
mum mechanical properties. 
     These challenges can lead to the
possibility of using stainless steels as a
new material for structural applica-
tions in the automotive industry
(Refs. 29–33). Duplex stainless steels
(DSS) are excellent candidates due to a
combination of high mechanical prop-
erties and corrosion resistance (Refs.
34, 35). The strain hardening and the
behavior at high strain rates of duplex
stainless steels (DSSs) (Refs. 36, 37)
make them especially suitable in vehi-
cles’ crumple zones for energy absorp-
tion in crashes. Moreover, the DSSs do
not exhibit martensitic transforma-
tion and related problems during
welding. Therefore, the use of DSSs is
a good solution for the welding prob-
lems of martensite-containing AHSSs. 
     Implementation of new materials
in automotive bodies-in-white re-
quires thorough knowledge of their
metallurgical response to the resist-

ance spot welding thermal cycle. The
austenite/ferrite phase balance and
the absence of Cr2N and sigma and chi
() precipitates are two key factors
controlling the mechanical behavior of
DSSs (Refs. 38–42). Both factors are
influenced by the high cooling rates
inherent in resistance spot welding.
Therefore, improving the knowledge
regarding the phase transformation
and failure behavior of DSSs is a prior-
ity for their successful implementation
in vehicle applications.
     There are limited publications on
welding behavior of DSSs during re-
sistance spot welding. Pouranvari et al.
(Refs. 32, 33) investigated microstruc-
ture and mechanical properties of a
high-carbon, Ti-bearing 1Cr21Ni5Ti
duplex stainless steel. It was found
that the presence of Ti as a strong car-
bide former and ferrite promoting ele-
ment can remove carbon from the ma-
trix by TiC formation, reducing the
tendency for austenite formation.
Thulin et al. (Ref. 43) investigated the
weldability of 2205, 2304, and 2101
duplex stainless steels during resist-
ance spot welding. They found that ap-
plying a second pulse current after the
first melting/solidification pulse can
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Fig. 1 — A — Welding schedule: tS , squeeze time; tW , welding time; th , holding time; and IW , welding current; B — the tensileshear speci
men dimensions.

Table 1 — Chemical Composition and Mechanical Properties of the Investigated Duplex Stainless Steel

                       Chemical Composition                                                                                                 Tensile Properties

   Ni                Cr             Mo            Mn            C              N                               YS(a) (MPa)                   UTS(b) (MPa)                            El(c) (%)
  4.7             23.4          0.42            1.6         0.03         0.15                                   720                                 801                                       22

(a) YS = Yield strength 
(b) UTS = Ultimate tensile strength 
(c) EI = Total elongation

A B
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increase the austenite content of the
weld nugget. Moreover, they found
that a shielding gas can be used to sup-
press oxidation on the top surface of
the spot weld improving the aesthetic
appearance. However, the effect of
welding heat input on the phase trans-
formations, failure behavior, and me-
chanical properties of the welds are
not detailed in the previous works.
     This paper details the solidification
and postsolidification solid-state
phase transformations during resist-
ance spot welding of 2304 duplex
stainless steel. The influence of weld-
ing heat input on austenite/ferrite
phase balance and secondary phase
precipitation were analyzed. Finally,
the failure characteristics and mechan-
ical properties of the 2304 DSS resist-
ance spot welds were investigated. 

Experimental Procedure

     A 1.5-mm-thick sheet of 2304 du-
plex stainless steel was used as the
base metal for this research. Table 1
shows the chemical composition and
tensile properties of the base metal. 
     Resistance spot welding was per-
formed using an AC pedestal-type ma-
chine with a programmable logic con-
troller (PLC) working at 50 Hz. Weld-
ing was conducted using a 45-deg
truncated cone RWMA Class 2 elec-
trode with an 8-mm face diameter.
Squeeze time, welding time, electrode
holding time after current off, and
electrode pressure were kept constant
at 0.8 s, 0.2 s, 0.2 s, and 4.5 kN, re-
spectively. Welding current was incre-
mentally increased from 6 to 18 kA

with a step size of 1 kA. The welding
schedule is schematically shown in Fig.
1A. 
     The static tensile-shear test sam-
ples were prepared according to the
ANSI/AWS/SAE/D8.9-97 standard
(Ref. 44). Figure 1B shows the dimen-
sions of the test specimen. The ten-
sile-shear tests were performed at a
cross-head speed of 10 mm/min. Peak
load (measured as the peak point in
the load-displacement curve) and fail-
ure energy (measured as the area un-
der the load-displacement curve up
to the peak load) were extracted
from the load displacement curve.
Failure modes of spot welds were de-
termined by observing the weld frac-
ture surfaces. 
     Metallographic specimens were pre-
pared using standard metallography
procedures. Optical microscopy was
used to examine macro/microstruc-
ture of the weldments. Marble etchant
(50 mL H2O, 50 mL HCl, and 10 g
CuSO4) was used for macrostructural
observations. Braha’s etchant (85 mL
H2O, 15 mL HCl, 1 g K2S2O5) was used
for microstructural observation. Vol-
ume fraction of ferrite and austenite
were determined using a Clemex im-
age analyzer. Kalling’s no. 1 (33 mL
H2O, 1.5 g CuCl2, 33 mL HCl, and 33
mL C2H5OH) was used to reveal very
fine precipitates within the ferrite
grains. Vikers microhardness test was
used to assess the hardness values of
the weldment, using a Bohler micro-
hardness tester. An applied load of 100
g and a time of 10 s were used. 

Results and Discussion
     Mechanical performance and fail-
ure mode of resistance spot welds are
affected by weld physical macrostruc-
tural attributes (i.e., FZ size and elec-
trode indentation depth) and weld
metallurgical attributes (i.e., mi-
crostructure/hardness of the FZ and
HAZ). Figure 2A shows a typical
macrostructure of DSS spot welds in-
dicating a heterogeneous metallurgical
structure. According to Fig. 2B, DSS
base metal exhibited a balanced duplex
microstructure of ferrite and austen-
ite. The ferrite grains are precipitate-
free. It was necessary to investigate
whether resistance spot welding might
lead to precipitation of deleterious
phases. The 2304 resistance spot
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Fig. 2 — AISI2304 duplex stainless steel resistance spot weld: A — Typical macrostructure;
B — base metal microstructure; C — grain structure of the fusion zone; D — HAZ/FZ inter
face; E — FZ microstructure. The lighter phase is austenite and the darker one is ferrite. 
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welds exhibited a very narrow HAZ
(100–200 m depending on the weld-
ing current) due to the high power
density of RSW (Ref. 45) as well as low
thermal conductivity of the base met-
al. The next section emphasizes the
phase transformation in the fusion
zone during RSW. 

Phase Transformations in the
Fusion Zone

     The fusion zone, which experienced
melting and resolidification during the
weld thermal cycle, showed a colum-
nar grain cast structure zone with an
equiaxed grain structure zone in a nar-
row region of the weld metal adjacent
to the fusion boundary — Fig. 2C. To
explain the presence of the equiaxed
grains at the fusion boundary (Fig.
2D), two possibilities need to be con-
sidered. The first is heterogeneous nu-
cleation of the originally present inter-
metallic phase in the base metal, as
has been reported in the case of weld-
ing of Al-Cu-Li alloys (Ref. 46). Be-
cause the 2304 base metal is precipi-
tate-free, this mechanism can be dis-
missed. The second mechanism is
based on the formation of a chilled
zone at the fusion boundary (Refs. 47,
48), where the cooling rate is the high-

est. Consequently, many small grains
were nucleated and grew in random di-
rections at the nugget edge to form an
equiaxed grains region, similar to the
chilled zone that is formed on the sur-
face of the castings and ingots, e.g., in
the vicinity of the metallic molds.
Competitive growth between equiaxed
grains causes those grains with their
easy growth direction antiparallel to
the heat flow direction to grow toward
the center of the nugget, leading to
the formation of the columnar grains
in this region. 
     Figure 2E shows the microstructure
of the FZ center. The FZ consisted of
an unbalanced microstructure of fer-
rite and austenite with extensive pre-
cipitates within the ferrite grains. Re-
garding the solidification and postso-
lidification phase transformation in
the FZ of the DSS resistance spot
welds, the following points should be
considered:
     1) Solidification mode. The solid-
ification mode strongly depends on
the chemical composition of the FZ. It
is shown that welds with a Creq/Nieq ra-
tio (expressed as in the WRC-1992 dia-
gram) higher than 1.85 will solidify in
primary ferrite mode (Ref. 49). Ac-
cording to the chemical composition
of the investigated DSS, the Creq/Nieq

ratio for the FZ is 2.69. Therefore, the

FZ will solidify as 100% ferrite. 
     2) Transformation path. The
transformation path can be explained
with the help of Fig. 3A (Ref. 50). As
can be seen, at the end of solidifica-
tion, the DSS is fully ferritic. When
the temperature falls below the ferrite
solvus temperature, the solid-state
transformation of ferrite to austenite
starts. The subsequent transformation
of austenite to martensite during cool-
ing to room temperature depends on
the austenite stability. The austenite
stability can be assessed based on the
martensite start temperature (Ms).
The following equation can be used to
estimate Ms (in °C) in stainless steels
(Ref. 49):

     Ms = 526 – 12.5Cr – 17.4Ni
– 29.7Mn – 31.7Si – 354C – 20.8Mo
– 1.34(CrNi) + 22.41(Cr+Mo)C (1)

where the chemical symbols indicate
the weight percentage of the elements
present. For the investigated DSS, the
Ms was calculated as -45°C, which is
well below the room temperature
which confirms that the austenite is
stable. After continuous cooling below
approximately 1000°C (Ref. 49), the
precipitation reactions took place over
a temperature range. Therefore, the
transformation path of the FZ in 2304
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Fig. 3 — A — Pseudobinary diagram for duplex stainless steels (Ref. 30); B — calculated cooling rates during RSW of duplex stainless
steels based on Gould's model (Equation 2) for the temperature range of 673–1673 K (400°–1400˚C) for various sheet thicknesses at the
sheet/sheet interface. Typical values for physical properties of the steels are used for the calculation (Tm = 1778 K (1505C), K = 28.7
W/mK, α = 7.99 × 106 K1). The peak temperature of FZ during welding is assumed to be 200C higher than the melting point. The elec
trode face thickness is 15 mm. A value of 318 W/mK is considered for thermal conductivity of class II RWMA copperbased electrodes. The
highlighted temperature zone corresponds to the temperature range for post solidification δferrite to austenite transformation. 
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DSS resistance spot welds can be sum-
marized in four stages, as follows:

     3. The phase balance in the FZ.
One of the most important metallurgi-
cal requirements in DSS is the ferrite-
austenite phase balance (Ref. 49). Ac-
cording to the FZ microstructure of
welds made at a welding current of 8
kA (see Fig. 2E), the average volume
fraction of austenite in the center of
the FZ is about 4%. Therefore, the
welding thermal cycle disrupts the ini-
tial phase balance of the base metal.
The volume fraction of the austenite
in the FZ is controlled during Stage III
of the phase transformations path
(i.e., the solid-state transformation of

ferrite to austenite). This transforma-
tion is a diffusion-controlled reaction;
therefore, this reaction is influenced
by the cooling rate. To provide an esti-
mation of cooling rate during RSW, the
simple model of Gould (Ref. 10) was
used:

where,  is the thermal diffusivity of
the steel sheets, TP is the maximum
temperature experienced in the FZ
during the welding process, ts is the
sheet thickness, tE is the electrode face

thicknesses (i.e., the distance of the
water-cooled hole to the electrode sur-
face), kS and kE are the thermal con-
ductivities of the steel and the elec-
trode, respectively, and x is the posi-
tion through the spot weld in the
sheet thickness direction. 
     Figure 3B shows the calculated
cooling rates for RSW of 2304 DSS
with different thicknesses for the 
temperature range of 400 –1400°C.
The cooling rates in the range of
800–1200C are critical for postsolid-
ification solid-state transformation.
The cooling rates in this critical tem-
perature range for 1.5-mm-thick sheet
are 3000–3700Cs–1. Therefore, the
rapid cooling rate of the RSW process
hinders the nucleation and growth
process of the austenite formation re-
sulting in improper phase balance (i.e.,
low austenite content). 
     It should be noted that the austen-
ite volume fraction at the weld nugget
edge was lower than that in the weld
nugget center. This can be attributed
to the higher cooling rate at the weld
nugget edge due to its closer distance
to the water-cooled Cu-based elec-
trodes as well as more effective heat
dissipation via heat sink into the base
metal sheets. It should be added that
the phase balance was also destroyed
in the HAZ (see Fig. 2D). 
     4. Effect of welding heat input
on the phase balance. According to
the preceding discussion, the cooling
rate can affect the phase balance in the
FZ. Because the cooling rate is influ-
enced by the heat input, the effect of
welding current, as the key parameter
affecting the amount of heat genera-
tion during RSW on the phase balance
was studied. Figure 4 shows the effect
of welding current on the FZ mi-
crostructure. Figure 5A gives the effect
of welding current on the average vol-
ume fraction of austenite in the weld
nugget center, measured using image
analyzer software. Increasing the
welding current from 6.5 to 16 kA in-
creases the austenite volume fraction
from 4 to 18%. This can be attributed
to the decreased cooling rates at high-
er heat input (i.e., higher welding cur-
rent). The higher heat input increases
the available time for the ➞g solid-
state phase transformation to occur.
The improvement of the phase balance
at higher heat input has an upper limit
when intensive expulsion occurs. In-
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Fig. 4 — Effect of welding current on the FZ microstructure: A — 10 kA; B — 12 kA; C —
14 kA; D, E — 16 kA; F — 18 kA. Figure 4D and E are the microstructure at the FZ center
and the FZ edge, respectively. 
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tensive expulsion leaves a deep inden-
tation causing a significant reduction
in sheet thickness. The reduction of
sheet thickness increases the cooling
rate due to more effective heat dissipa-
tion via water-cooled Cu-based elec-
trodes. As can be seen in Fig. 3B, de-
creasing sheet thickness from 1.5
(nominal sheet thickness) to 0.9 mm
(reduced sheet thickness due to inden-
tation) increases the average cooling
rate in 800°–1200˚C temperature
range from 3400° to 8400˚Cs–1. The
unbalanced microstructure of the weld
nugget calls for designing a proper
postweld heat treatment to increase
the amount of austenite as indicated
by Kotecki (Ref. 51) and Thulin et al.
(Ref. 43). 
     5. Effect of welding current on
the austenite morphology. Two dif-

ferent austenite morphologies were
dominant in the FZ including grain
boundary austenite (GBA) and intra-
granular austenite (IGA). According to
Fig. 4, it can be seen that the forma-
tion of austenite at - grain bound-
aries was dominant in all welds made
using various welding currents. In
welds made at a higher welding cur-
rent, the formation of IGA is high-
lighted.
     The transformation of  to g begins
with the formation of a continuous thin
layer of allotriomorphic austenite deco-
rating the boundaries of the columnar
-grains. It is believed this type of
austenite forms by reconstructive trans-
formation. The GBs of  grains, as a
high-energy site, are the preferred sites
for formation of austenite. It is believed
that the formation of IGA is due to par-

titioning of solutes within the -grains
during solidification and postsolidifica-
tion. The -ferrite grain interior is the
least preferred site for formation of
austenite. However, as it is observed in
the microstructure of weldments, the
IGA had the highest contribution to the
austenite volume fraction of the FZ.
This can be related to the large initial -
ferrite grains. It is reported that a larger
-ferrite grain size promoted formation
of IGA since more space is then avail-
able for intragranular nucleation and
growth reactions, which are otherwise
stifled by events originating at the -
ferrite grain boundaries (Refs. 52, 53). 
     6. Prediction of ferrite content
of the FZ using constitution dia-
grams. The ferrite content of the fu-
sion zone of the DSS can be predicted
by the WRC-1992 diagram developed
by Kotecki and Siewert (Ref. 54), the
function fit model proposed by Babu
et al. (Ref. 55) (accessible online at
Ref. 56), and the Oak Ridge Ferrite
Number (ORFN) model proposed by
Vitek et al. (Refs. 57, 58) (accessible
online at Ref. 59). Figure 6 shows the
predicted ferrite fumber (FN) values
using the above-mentioned models.
Because the small scale of the weld
nugget induced some difficulty in
measuring FN using a Magne-Gage or
Feritscope, the volume fraction of fer-
rite was obtained using the metallo-
graphic technique. Thereafter, the
methodology developed by Kotecki in
1997 was used to convert FN to vol-
ume fraction of ferrite (Ref. 60). WRC-
1992 predicts a FN of 90, correspon-
ding to an austenite volume fraction of
0.39. In function fit mode, a FN of 83
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Fig. 5 — Effect of welding current on the following: A — Austenite volume fraction (AVF); B — fusion zone hardness for 2304 DSS spot welds.

Fig. 6 — Prediction of austenite volume fraction (AVF) in the fusion zone microstructure
of 2304 resistance spot welds using WRC1992, function fit (FF) model (Ref. 56) and
ORFN model (Ref. 59). The measured volume fraction of ferrite (Vf) was related to the fer
rite number (FN) using Kotecki’s methodology (Ref. 60) (FN = (Vf)[–0.025813(Fe)2 +
5.408679(Fe) – 102.3902]), in which the Fe is the iron content of the base metal in wt%.
The average cooling rate was assumed as 3400 Ks–1. 
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(corresponding to austenite volume
fraction of 0.43) was predicted. Both
model predictions are well above the
measured austenite volume fraction.
    The WRC-1992 diagram and func-

tion fit model were developed based
on arc welding data. The underestima-
tion of FN using these models can be
attributed to the high cooling rate of
RSW compared with that of arc weld-
ing processes, which suppresses solid-
state ferrite to austenite transforma-
tion resulting in a higher nonequilibri-
um residual ferrite content in the FZ.
The ORFN model was able to predict a
FN in stainless steels welds as a func-
tion of cooling rate and composition.
According to Fig. 3B, the average cool-
ing rate of DSS welds in the range
of 800°–1200˚C, where ferrite-to-
austenite transformation occurs, is ap-
proximately 3400˚Cs–1. According to
the ORFN model, considering the cool-
ing rate effect, the predicted FN is 110

(corresponding to austenite volume
fraction of 25.4), which is much closer
to the measured FN.
     7. Precipitation reaction in the
FZ. Extensive precipitation was evi-
dent within the ferrite phase of the FZ
— Fig. 7A. While accurate analysis of
the precipitates requires transmission
electron microscopy (TEM) study, con-
sidering the low carbon content (0.03
wt-%) and comparatively high nitro-
gen content (0.15 wt-%) and high
chromium content (23.4 wt-%) of the
base metal, it can be concluded that
the observed precipitates are Cr-rich
nitrides. It has been reported that
high nitrogen content tends to shift
carbide precipitation to longer times
(Ref. 42). Moreover, considering the
rapid cooling rate of the RSW, the for-
mation of intermetallic compounds
(e.g., sigma phase, etc.) is hindered.
The precipitation of Cr2N was linked
to the unbalanced microstructure of

the FZ. The solubility of nitrogen in
ferrite was much less than that of the
austenite. Therefore, considering the
high volume fraction of ferrite in the
FZ, provides high content of supersat-
urated nitrogen in the ferrite phase.
This fact coupled with the high affini-
ty of chromium for nitrogen leads to
precipitation of Cr-rich nitrides. 
     8. Precipitation-free zone. As
can be seen in Fig. 7, there is a precipi-
tate-free zone in the ferrite adjacent to
the austenite in the FZ. Due to the
high solubility of austenite for nitro-
gen, it can act as a sink for nitrogen at
elevated temperature. Short-range dif-
fusion of nitrogen from ferrite into
the austenite reduces the local concen-
tration in the ferrite, and upon cooling
through the precipitation range, there
is little or no driving force for precipi-
tation. 
     9. Effect of welding heat input
on the precipitation in the FZ. Ac-
cording to the preceding discussion,
the extent of the Cr2N precipitation in
the FZ was a function of ferrite-
austenite balance. Therefore, the lower
austenite proportion, the higher vol-
ume fraction of Cr-rich nitride precipi-
tates. Because the volume fraction of
austenite is controlled by the cooling
rate, the precipitation of Cr-rich ni-
tride was also affected by the cooling
rate. As can be seen in Fig. 7, increas-
ing welding current decreased the ex-
tent of the Cr2N precipitation due to
increasing the volume fraction of
austenite, the sink for nitrogen, reduc-
ing the available nitrogen for precipi-
tation as Cr2N.
     10. Hardness evolution of the
FZ. Figure 5B shows the effect of the
welding current on the FZ hardness.
The FZ hardness depends on 1) the
proportion of the ferrite-austenite and
their individual hardnesses (the ferrite
is slightly harder than the austenite
phase in duplex stainless steels (Ref.
61)), 2) volume fraction of precipi-
tates, and 3) strengthening due to
grain and phase boundaries. The mini-
mum FZ hardness roughly corre-
sponds to the welds with maximum
volume fraction of austenite and
hence minimum volume fraction of
Cr2N precipitates within the ferrite. 

Failure Mode 

     Generally, failure of resistance spot
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Fig. 8 — A — Interfacial failure mode; B — effect of welding current on the failure mode;
C, D — metallographic cross section of the failed sample in the interfacial mode.

Fig. 7 — Effect of welding current on the Crrich precipitates in the FZ of DSS welds: 
A — 6.5 kA; B — 12 kA.
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welds can be categorized into four dis-
tinct modes, namely (Ref. 9)
     a) Interfacial failure (IF) mode in
which fracture propagates through the
fusion zone (FZ).
     b) Pullout failure (PF) mode in
which failure occurs via withdrawal of
the weld nugget from one sheet. In
this mode, fracture may initiate in the
base metal (BM), heat-affected zone
(HAZ), or HAZ/FZ depending on the
metallurgical and geometrical charac-
teristics of the weld zone and the load-
ing conditions. 
     c) Partial interfacial failure (PIF)
mode in which the fracture first propa-
gates in the fusion zone (FZ) and is
then redirected toward the thickness
direction. 
     d) Partial thickness-partial pullout
(PT-PP) mode in which fracture initi-
ates in a manner similar to PF mode.
However, some part of mating sheet
thickness is removed by a slant crack
through the FZ during final crack
propagation around the circumference
of the weld nugget. 
     Failure mode of spot welds depends
on several factors including FZ size,
relative material properties of FZ,
HAZ and BM, and loading condition as
well as sample size (Refs. 9, 11,
22–24). Examination of the fracture
surface of the failed samples showed
the DSS spot welds failed in two
modes during the tensile-shear test:
interfacial mode and partial thickness-
partial pullout mode. 
     1) Interfacial failure mode. Fig-
ure 8A shows a typical fracture surface
of a spot weld that failed in the inter-
facial failure mode. In this mode, crack
propagates through the weld nugget
centerline and separates the weld
nugget into two sections. As is observ-
able in Fig. 8A, little plastic deforma-
tion was accompanied by this failure
mode, which implies that a low energy
absorption capability is allocated to
this failure mode. The interfacial fail-
ure mode was observed at low welding
current — Fig. 8B. Figure 8C shows
the macrograph of the weld cross sec-
tion loaded just after peak load. The
relative displacement of upper and
lower sheets indicates the failure is
controlled by shear stress. The flow di-
rection of the grains in the FZ also im-
plies that the IF failure was driven by
the shear plastic deformation localiza-
tion of the FZ. 

     2) Partial pullout-partial thick-
ness. Figure 9A shows the fracture
surface of the welds made at a welding
current of 11 kA failed in PP-PT. To de-
termine the failure phenomena during

PP-PT failure, the tensile-shear test
was interrupted immediately after
peak load. The macrograph of the weld
loaded until this stage (Fig. 10A) indi-
cates the necking and subsequent
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Fig. 10 — PPPT failure of 2304 DSS spot welds during tensileshear loading: A — Initial
failure of the welds by necking of the BM; B–D — second throughthickness failure at
three different welding currents. The macrographs shown in Fig. 10B–D correspond to
welding currents of 11, 15, and 18 kA, respectively. 

Fig. 9 — Partial pulloutpartial thickness failure of 2304 DSS welds. The effect of welding
current on the fracture surface of the welds: A — 11 kA; B — 15 kA; C — 18 kA. The
nugget fracture zone and pulledout zone are shown in the figures. At is the area of the
total fracture surface and APF is the area of the pulledout zone. The PF fraction of the
weld is calculated as the ratio of APF to At. 
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cracking at nugget circumference at
the base metal. It was found that after
initial failure initiation, the crack redi-
rected through the FZ as a slant crack,
causing some part of the mating sheet
thickness to be removed upon final
separation — Fig. 10B. 
     According to Fig. 9A, the fracture
surface has two distinct zones: the
nugget fracture zone and pulled-out
zone. Figure 9A–C shows the effect of
welding current on the fracture sur-
face of welds that failed at the PP-PT
mode. Figure 10B–D shows the effect
of the welding current on the weld
macrograph after final fracture. By ex-
amining the fracture surfaces, the frac-
tion of the pulled-out zone is calculat-
ed as the ratio of APF (the area of the
weld that was pulled out during the
tensile-shear test) to At (the total area
of the weld fracture surface). Figure 11
shows the variation of fraction of the
pulled-out zone as a function of the
welding current. As can be seen, in-
creasing welding current from 11 to 18
kA increases the PF fraction of the fail-
ure from 21 to 73%. This is the result
of increased weld nugget size at higher
welding currents, which impedes the
propagation of cracks into the FZ. 
     Considering the higher energy ab-
sorption associated with PF mode, the
IF to PF failure mode transition is an
important issue. According to Fig. 8C,
D, and Fig. 10A, the failure mode of
the welds can be considered as the
competition between shear plastic de-
formation of the FZ (IF mode) and
necking of the base metal (PT-PP

mode). For the given material proper-
ties at the FZ and BM, the fusion zone
size determines the failure mode. En-
larging the FZ above a critical value,
the failure location changes from the
FZ into the BM due to lowering the
shear stress acting on the sheet-sheet
interface and increasing the tensile
stress acting on the BM in the
through-thickness direction. Accord-
ing to Fig. 8B, increasing welding cur-
rent beyond 11 kA, which corresponds
to a weld nugget size larger than 6
mm, changes the failure mode from IF
to PF. While sizing based on the 4t0.5

recommendation (Ref. 62) is not suffi-
cient to obtain PF mode, the 5t0.5 rec-
ommendation (Ref. 62) can produce
welds with PF mode. 

Mechanical Behavior 

     Figure 12 shows the welding cur-
rent has a profound effect on the load-
displacement characteristics of the
welds. The peak load and energy ab-
sorption of the welded samples were
extracted from the load-displacement
curves. The peak load represents the
load-bearing capacity of the joint. The
failure energy is a measure of the joint
energy absorption capability with
higher value that demonstrates an in-
crease in weld performance reliability
against impact loads (e.g., during se-
vere accident). It has been shown that
there is a direct relationship between
the failure energy in the static tensile-
shear test and the impact tensile-shear
test (Ref. 62). Figure 13A shows the

effect of the welding current on the
peak load and energy absorption.
While the peak load improved monot-
onically by increasing welding current,
there is an optimum welding current
to achieve best energy absorption. Fig-
ure 13B shows the effect of FZ size on
the peak load of the welds. As can be
seen, the peak load of the welds is
more sensitive to FZ size in IF mode
than in PF mode. This is due to the
fact the bonding area of the welds that
failed in IF mode is proportional to the
square of the FZ size, while that in PF
mode is linearly proportional to the FZ
size (Ref. 23). The reduction of failure
energy at high welding current (when
heavy expulsion occurred) can be relat-
ed to the large electrode indentation
that lowers the strain energy required
to failure initiation. 
     It is of note that the unbalanced
microstructure of the FZ is not a criti-
cal factor for the mechanical behavior
of the spot welds. In welds that failed
in IF mode (made using welding cur-
rent lower than 11 kA), the strength
was controlled by the FZ size (Fig.
13B) and the FZ hardness. In this
welding current range, the FZ hard-
ness did not change significantly (ca.
10%). Moreover, the maximum hard-
ness in the FZ was 350 HV, which does
not produce brittleness in the FZ. In
welds that failed in PF mode (made us-
ing welding current higher than 10
kA), the strength was controlled by the
FZ size (Fig. 13B) and the strength of
the pullout failure location. Because
the failure initiation site of the DSS
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Fig. 11 — Effect of welding current on the PF fraction of the 2304
DSS spot welds that failed at the PTPP mode. 

Fig. 12 — Effect of welding current on loaddisplacement behavior
of DSS2304 resistance spot welds.
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welds in PF mode was BM, the -fer-
rite volume fraction of the FZ did not
affect the peak load of the welds. 
     To provide a basis for comparison,
mechanical strength of the 2304 DSS
spot welds are compared with those of
some other automotive steel — Fig. 14.
The peak loads of various automotive
AHSSs including dual phase steel
(DP600, DP780, and DP980) (Ref. 5)
and martensitic steels (Ref. 63) are
compared with mechanical properties
of 2304 DSS welds. All data shown in
Fig. 14 are for welds with FZ sizes larg-
er than 5t0.5 made on 1.5-mm-thick
sheets. Peak load data were normalized
according to the following formula:

where Pmax is the peak load of the spot
welds, D is the weld nugget size, t is

the sheet thickness, and sUTS is the ul-
timate tensile strength of the base
metal. According to Fig. 14A, DSS spot
welds exhibited the highest normal-
ized peak load. Figure 14B shows the
effect of the base metal tensile
strength on the normalized peak load
of the spot welds. As can be seen, in-
creasing the martensite content in the
base metal decreases the normalized
peak load of AHSSs due to HAZ soft-
ening caused by martensite tempering.
However, the welding thermal cycle of
RSW does not induce softening or 
significant hardening in the HAZ.
Therefore, the joint efficiency of DSS
spot welds is higher than that of high
volume fraction martensite-containing
AHSS. 

Conclusions

     The understanding of the physi-
cal/mechanical welding metallurgy of

duplex stainless steels is crucial for ap-
plication of these steels in the automo-
tive industry. This paper investigated
the effect of the resistance spot weld-
ing thermal cycle on the metallurgical
phase transformations in the weld-
ment and the mechanical behavior of
2304 duplex stainless steel. The fol-
lowing conclusions can be drawn from
this work: 
     1) Unlike advanced high-strength
steels (e.g., dual-phase, TRIP, and
martensitic steels), duplex stainless
steels experience neither significant
overmatching in the fusion zone nor
softening in the heat-affected zone.
However, the well-balanced ferrite-
austenite microstructure of the base
metal was destroyed in the fusion and
heat-affected zones, which can affect
the corrosion behavior of the joint. 
     2) An unbalanced microstructure
with high ferrite proportion was devel-
oped in the fusion of 2304 duplex
stainless steel resistance spot welds.

Normalized Peak Load

=
P
max

Dt�
UTS

4( )

WELDING RESEARCH

WELDING JOURNAL / SEPTEMBER 2017, VOL. 96316-s

Fig. 13 — Effect of the following on peak load and absorption of 2304 DSS spot welds: A — Welding current; B — FZ size. 

Fig. 14 — A — Normalized peak load of resistance spot welds of different types of automotive advanced highstrength dualphase steels (Ref.
5), martensitic steels (Ref. 63) compared with 2304 duplex stainless steels. The tensile strength of DP600, DP780, DP980, DSS, and MS1400 are
610, 790, 995, 801, and 1395 MPa; B — effect of tensile strength of the base metal on the normalized peak load of the spot welds. 
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This phenomenon was a function of
the inherently rapid cooling rate of the
resistance spot welding process that
suppresses the postsolidification
transformation of ferrite to austenite.
As a consequence of the unbalanced
FZ, extensive precipitation of chromi-
um-rich nitrides was observed within
ferrite grains. 
     3) The volume fraction of austenite
(f) in the fusion zone was varied from
4 to 18 vol.-%, depending on the weld-
ing current. The maximum f in the FZ
corresponded to a critical welding cur-
rent, when the decrease in the cooling
rate attributed to increased Joule
heating at higher welding current
was less than the increase in cooling
rate owing to the decrease in sheet
thickness associated with excessive
expulsion. 
     4) The minimum FZ hardness asso-
ciated with maximum austenite vol-
ume fraction and minimum volume
fraction of nitrides was obtained at a
critical welding current, which corre-
sponded to the lowest cooling rate. 
     5) The failure of 2304 resistance
spot welds was a competition between
shear plastic deformation of the fu-
sion zone (i.e., interfacial failure
mode) and the through-thickness
necking of the base metal (i.e., pullout
failure mode) with the latter preferred
at higher welding current. 
     6) The FZ size was the key factor
controlling peak load of the 2304 DSS
spot welds. It was found that there is an
optimum welding current to obtain the
best energy absorption. Increasing
welding current beyond the critical val-
ue not only does not improve mechani-
cal properties, it reduces the austenite
volume fraction of the FZ, which can
degrade the corrosion resistance of the
DSS weld. It is of note that the -ferrite
volume fraction of the FZ does not play
important role in mechanical perform-
ance of the DSS welds. Due to absence
of HAZ softening in DSS welds com-
pared to the high volume fraction
martensite containing AHSS welds, the
joint efficiency of the former is higher
than that of the latter. 
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