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Abstract In this study, the effect of welding time on
joining capability of austenitic stainless steel (AISI 304)
sheets and ferritic stainless steel (AISI 430) sheets by using
resistance spot welding (RSW) process was investigated.
Therefore, macrostructure, microstructure, microhardness,
tensile shear strength, and failure mode of welded materials
were determined for various welding times. The welding
times values used in the resistance spot welding process
were 0.4, 0.8, 1.2, and 1.6 s. Tensile shear tests carried out
on the welded joints determined their strength and failure
mode. The increase in the welding time resulted in an
increase in the nugget size and the weld strength. Two
distinct failure modes were observed during the tensile
shear test: interfacial, pullout failure modes. Finally, an
optimum welding time was obtained.
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1 Introduction

Several situations arise in industrial practice which calls for
joining of dissimilar materials. The materials employed are
location dependent in the same structure for effective and
economical utilization of the special properties of each
material. Joining of dissimilar metals is generally more
challenging than that of similar metals because of difference
in the physical, mechanical and metallurgical properties of
the parent metals to be joined. In order to take full advantage
of the properties of different metals it is necessary to produce
high quality joints between them. Only in this way can the
designer use most suitable materials for each part of a given
structure. Growing availability of new materials and higher
requirements being placed on materials creates a greater
need for joints of dissimilar metals [1].

During the last ten years, the usage of stainless steel
materials increased continuously in various industrial
applications [2, 3] and medical applications [3, 4]. Stainless
steel sheets are increasingly used for vessels, kitchen,
building, transportation, etc., because of their high corro-
sion resistivity, beautiful appearance [3, 5, 6] and a rea-
sonable weldability [3, 7]. Dissimilar metal combination
between ferritic stainless steels and austenitic stainless
steels is commonly employed in TiCl4 reduction retorts.
This calls for welding of the combination. Such transition
joints are necessary because austenitic stainless steels with
superior creep strength and oxidation resistance are
required in the higher temperature regions, while ferritic
stainless steels are used to avoid the problem of nickel
leaching by molten magnesium. Welding of ferritic to au-
stenitic stainless steels is considered to be a major problem
due to difference in coefficient of thermal expansion, which
may lead to crack formation at the interface, formation of
hard zone close to the weld interface, relatively soft regions
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Table 1 Chemical composition of AISI 304 austenitic stainless steel and AISI 430 ferritic stainless steel (wt%)

Fe Cr Ni Mn C Si Nb S Mo
AISI 430 Bal. 17.5 0.141 0.769 0.12 0.471 - 0.01 -
AISI 304 Bal. 18.4 8.94 1.49 0.072 0.367 0.148 0.03 0.042
Fig. 1 The sizes of tensile 175
shear test samples
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adjacent to the hard zone; large hardness difference
between the hard and soft zones and expected differences
in microstructure may lead to failures in service [1].

Resistance spot welding (RSW) that is one of the oldest
electric welding processes in use by industry today is a
joining technique which is used for almost all known
metals. The weld is made by a combination of heat, pres-
sure and time [8, 9]. Electrical resistance of the material to
be welded causes a localized heating at the interface of the
metals to be joined. Because the processes requires rela-
tively simple equipment; it is easily and normally auto-
mated and once the welding parameters established it
should be possible to produce repeatable welds. Resistance
spot weld is the most widely used joining process for sheet
materials. The process is used in preference to mechanical
fasteners, such as rivets or screws, when disassembly for
maintenance is not required [9, 10].

Several works are available in literature regarding the
welding processes used to join austenitic stainless steel to
ferritic stainless steel, among which are methods such as
laser and friction welding processes [1, 11-13]. However,
there is no information about dissimilar weld between au-
stenitic stainless steel and ferritic stainless steel by resis-
tance spot welding process. Thus, the aim of this research
is to join the austenitic stainless steel to ferritic stainless
steel and to investigate the effect of the different welding
times on microstructure and mechanical properties of the
welded materials.
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2 Experimental Procedure

In the present work, austenitic stainless steel sheet (304
grade) and ferritic stainless steel sheet (430 grade) with a
thickness of 1.5 mm were used. The chemical composition
of austenitic and ferritic stainless steels sheets are shown in
Table 1. A timer and current controlled electrical resistance
spot welding machine having 30 kVA capacity and pneu-
matic application mechanism were used in experiments.
Welding was carried out by using water cooled conical Cu—
Cr electrodes having a contact surface of the same diameter
(7 mm). For joining, different welding times were applied
(0.4, 0.8, 1.2, and 1.6 s), while other welding parameters
such as the weld current (3.75 kA) and electrode pressure
were kept constant. The transverse sections of the weld
passing through the weld nugget as well as the similar section
of the base plates were prepared by standard metallographic
procedure. Samples were electro-etched in a solution con-
taining 50 vol% chloride acid.

The welded parts according to ISO 14273 were prepared
for tensile shear tests (Fig. 1) in a Hounsfield testing
machine in laboratory conditions. The tensile speed was
constant during the test (10 mm/min). Values of the tensile
shear load were obtained from the load-extension graphs.
The microhardness measurements were carried out using a
Leitz Wetzlar type Vickers hardness machine under a
100 g load. Measurements on each sample were taken in
one direction, along the radius of the nugget (Fig. 2).
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Fig. 2 Microhardness profiles of welded sheets

3 Results and Discussion
3.1 Macrostructural Observations

The most important factors that affect weld quality in the
resistance spot welding process are surface appearance,
strength and ductility, weld nugget size, weld penetration,
sheet separation, and internal discontinuities [3, 14, 15].
Surface appearance of the welded dissimilar materials is
shown in Fig. 3. Normally, the surface appearance of a
spot weld should be relatively smooth, round or oval in
the case of contoured work and free from surface fusion,
electrode deposits pits, cracks and deep electrode inden-
tation [3, 14, 15]. In the present work, the smooth weld
surface appearance was obtained in almost all welded
materials except the sample with maximum welding time
(1.6 s). The electrode deposits pits were observed on
some of the welded materials. The electrode indentation
was found acceptable for all welded materials except

Fig. 3 Macrographs of the
resistance spot welded materials
with various welding times

1.6 s. It may be attributed to the proper and uniform
electrode pressure. The electrode force affects the
appearance of the resistance spot weld. For sample with
maximum welding time (1.6 s), the overheating between
the electrodes and the samples caused surface flashing,
picking up metal on the electrode, and poor surface
appearance.

The macrostructures of dissimilar resistance spot weld
between austenitic stainless steel and ferritic stainless steel
at various welding times are shown in Fig. 4. As can be
seen, the joint region consists of three distinct structural
zones, namely [16, 17]:

1. Weld nugget (WN) which is melted during the welding
process and is resolidified showing a cast structure.
Macrostructure of the WN consists of columnar grains.

2. Heat affected zone (HAZ) which is not melted but
undergoes microstructural changes.

3. Base metal (BM).

As is a known fact that the heat input in the resistance
spot welded joints increases with the increase in the
welding time. The amount of heat generated depends on
three factors: (1) the weld current, (2) the resistance of the
materials, and (3) the welding time. In this study, the weld
current was constant (3.75 kA) as well as the resistance of
parent materials. Therefore, welding time is effective on
the heat input and the weld nugget diameter. Figure 4
illustrates that the increase in the welding time results in an
increase in the nugget diameter on both the austenitic and
ferritic stainless steel sides.
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AISI 430

AISI 304

Fig. 4 Macrostructure of dissimilar resistance spot welded between
austenitic and ferritic stainless steels for various welding times: a 0.4,
b08,c12,andd 1.6 s

One of the important features of weld nugget is its
asymmetrical shape such that the weld nugget size (diam-
eter) of austenitic stainless steel (AISI 304) side were lar-
ger than that of ferritic stainless steel (AISI 430) side.
Electrical resistance and thermal conductance control heat
generation and heat dissipation which in turn, affect weld
nugget formation and its growth [15-17]. Differences in
the thermal conductivity and electrical resistivity of two
steel sheets lead to an asymmetrical weld nugget in dis-
similar metal joints. Also, electrical resistance of the AISI
430 is lower than that of the AISI 304. This leads to smaller
WN diameter in the ferritic stainless steel. In fact, the weld
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Fig. 5 Optical microstructure of parent materials: a ferritic stainless
steel (AISI 430) and b austenitic stainless steel (AIST 304)

nugget lost its symmetric form due to the unbalanced heat
resulting from different physical properties of the steel
sheets. However, selection of the suitable time (1.2 s) led
to a symmetrical WN region in the joint.

Weld penetration is the depth to which the nugget
extends into the pieces that are in contact with the elec-
trodes. Minimum depth of penetration is generally accepted
as 20 % of the thickness while the depth of penetration
should not exceed 80 % of the thickness [9, 14, 15]. The
penetration was found between 20 and 80 % of the thick-
ness of the base metals for all welding times. It should be
noted that the HAZ and penetration depth of weld nugget in
the ferritic stainless steel side were larger than those in the
austenitic stainless steel side, which can be related to
higher thermal conductivity of AISI 430 sheet. Also, the
ferritic stainless steel side of welded materials was
observed deeper electrode indentation rather than austenitic
stainless steel side due to low yield strength of AISI 430
sheet.

Internal discontinuities include cracks, porosity or
spongy metal, large cavities and metallic inclusions [3, 9,
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Fig. 6 Schaeffler diagram,

weld nugget microstructure
prediction, when dilution is
50 %
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14, 15, 18]. Cavity was observed in sample with maximum
welding time. A cavity occupied in the centre of the weld
nugget is shown in Fig. 4d. These internal defects in spot
weld are generally caused by high welding time, low
electrode force, high weld current or any other conditions
that produce excessive weld heat [3, 9, 15, 19]. Due to
high thermal expansion, high welding shrinkage strains
can be responsible for these internal defects.

3.2 Microstructural Observations

The parent materials employed in the present work were
AISI 304 austenitic stainless steel and AISI 430 ferritic
stainless steel. As can be seen in Fig. 5, the ferritic stain-
less steel consisted of coarse and elongated grains of fer-
rite, while the austenitic stainless steel contained equiaxed
grains of austenite with occasional twinning.

Microstructure of the weld nugget of dissimilar metal
joint between austenitic stainless steel and ferritic stainless
steel can be predicted using constitution diagrams, e.g.,
Schaeffler diagram [14]. It should be noted that the appli-
cation of Schaeffler diagram might be inaccurate due to
very high cooling rates of resistance spot welding process
[17]. As can be seen in Fig. 6, when dilution is 50 %, the
predicted microstructure of the weld nugget of a dissimilar
metal joint between austenitic and ferritic stainless steels is
martensite + austenite + ferrite (8). In this study, the
values of dilution were 50-70 %. However, it is important
that changing the welding time from 0.4 to 1.6 s which led
to changing the dilution value, had no effect on predicted
microstructure of the weld nugget.

The microstructure of samples that were welded in
various welding times are shown in Figs. 7 and 8. These
figures indicate that the microstructure of welded samples
is in agreement with the predicted weld nugget micro-
structure using the Schaeffler diagram. Martensite forma-
tion in the weld nugget is attributed to high cooling rate of
resistance spot welding process due to the presence of
water cooled copper electrodes and their quenching effect
as well as short welding cycle. From Figs. 7 and 8, the
weld nugget had a columnar structure and the grains of WN
zone were elongated parallel to the electrode compression
direction. It was found that the grain size of weld nugget
and HAZ were increased by increasing the welding time.
The microstructures of these areas were considerably dif-
ferent from that of original base metal. Unlike the base
metal, it is noted that grain growth occurred due to the heat
transfer. The area of HAZ was found wider on ferritic
stainless steel side that have higher thermal coefficient than
austenitic stainless steel. In the austenitic stainless steel, the
austenitic matrix shows relatively low alloying element
diffusion rates, a high thermal expansion coefficient and
high electric resistance. Therefore, when compared with
ferritic stainless steel, grain growth and solid state trans-
formation in the HAZ tend to occur slowly, but welding
shrinkage strains can be very high [15]. The microstructure
of weld nugget is mixture of austenite, ferrite and mar-
tensite and there is solid state transformation. With
increase in welding time, heat input increases and this
results in increase in nugget size; not change in the relative
volume fractions of various phases in the weld nugget
zone. This could be the reason for not observing significant
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Fig. 7 Microstructure of
resistance spot welded sample
with 0.4 s welding time

BM HAZ

change in the microstructure of the nugget zone with
increase in welding time. Further, there is no transforma-
tion during weld thermal cycling in ferritic stainless steel
430 also. This is clear from the coarse ferritic grains of the
HAZ of this steel.

3.3 Mechanical Properties

The microhardness measurement was performed on the
weld nugget, heat affected zone, and base metals of sample
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as seen in Fig. 9. The microhardness distributions for the
four various welding times of the joints were almost same.
Therefore, one of them (1.2 s) showed (Fig. 9). As seen in
Fig. 9, the hardness of WN was found to be higher than
that of the HAZ and BM. It was observed that the maxi-
mum hardness value is in the middle of the weld nugget.
The highest hardness value of the joint was approximately
360 HV.

It was mentioned that the hardness values of joints did
not show any considerable fluctuation for either welding
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Fig. 8 Microstructure of
resistance spot welded sample
with 1.2 s welding time

AISL:430

times. As mentioned before, due to structure of austenitic
and ferritic stainless steel, the microstructure of the joint
does not change so, the hardness of the welded materials
cannot be changed considerably. Therefore, it can be
concluded that the welding time does not have an important
effect on the microhardness distribution of weld joints.

In the present work, all the welded samples were tensile
shear tested in order to evaluate the weld quality. Struc-
tures employing spot weld are usually designed so that the
welds are loaded in shear when the parts are exposed to

tension or compression loading. In some cases, the welds
may be loaded in tension, where the direction of loading is
normal to the plane of the joint, or a combination of tension
and shear [3, 18]. Therefore, the effect of various welding
times on the tensile shear strength of joined materials was
evaluated and results are given graphically in Fig. 10. It
was found that tensile shear load of welded samples
increased with welding time. In fact, increasing the weld-
ing time caused high heat input to weld zone and extending
to weld nugget, so the tensile shear strength of joints
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Fig. 9 Microhardness of sample with 1.2 s welding time
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Fig. 10 Tensile shear load—extension curves of the welded samples
at various times
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Fig. 11 Macrostructural of the fracture surface of spot welded
samples for various welding times
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improved. In other words, the enhancement in tensile shear
load of weldment is primarily attributed to the enlargement
of nugget diameter. These results are consistent with the
results of the macrostructural observations. When welding
time is more than 0.4 s, the tensile shear strength rapidly
increases, then dwindles and finally saturates by further
times. The maximum value of it was obtained in 1.2 and
1.6 s. But, for sample with maximum welding time, the
overheating between the electrodes and the samples caused
surface flashing, pick up of metal on the electrode, and
poor surface appearance. For this reason, the shape of
tensile shear load—extension curve for 1.6 s welding time
wasn’t similar to other samples. Therefore, it can be con-
cluded that the optimum welding time resulting in maxi-
mum joint strength was established at 1.2 s for chosen weld
current.

3.4 Failure Behavior

Figure 11 shows the effect of the welding time on the
failure mode of resistance spot welded samples. As shown
in Fig. 11, two distinct failure modes were observed
during tensile shear testing: interfacial and pullout failure
modes. The sample with minimum welding time showed
a typical fracture surface of a spot welds which had failed
in the interfacial failure mode. During failure, spot wel-
ded joint fails through weld nugget centerline. Other
samples showed a typical fracture surface of a spot welds
which had failed in the pullout failure mode. From
Fig. 11, it is obvious that the failure is initiated from
ferritic stainless steel side. It is generally expected that
failure occurs in the softer region of the spot weld during
the tensile shear test.

4 Conclusions

The investigation of welding between austenitic stainless
steel (AISI 304) and ferritic stainless steel (AISI 430) by
resistance spot welding process reaches the following
conclusions:

1. As the welding time was increased the nugget diameter
increased on both sides. However, the nugget diameter
on the austenitic stainless steel side was greater than
ferritic stainless steel. The reason was that austenitic
stainless steel had a higher electrical resistance.

2. The microstructure of weld metal consisted of austen-
ite, martensite, and ferrite (3). The increase in welding
time caused coarsening of the microstructure of weld
nugget and also of HAZ.

3. Cavity in the centre of the weld nugget joined at
maximum welding time (1.6 s) was observed. These
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internal defects in spot welds are caused by high
welding time.

4. Microhardness values of the welded samples were not
fluctuated.

5. Tensile shear strength of the welded samples was
increased with welding time.

6. The determined fracture types of welded samples were
interfacial failure mode, in low welding time (0.4 s),
and pullout failure mode, in higher welding time (0.8,
1.2, and 1.6 s).

7. The optimum welding time producing maximum joint
strength and acceptable joint was established at 1.2 s.
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