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Abstract
In this study, two twinning induced plasticity (TWIP) steels with different chemical compositions were produced by casting-hot
rolling-cold rolling processes. A total of four groups of samples were formed by obtaining cold-rolled and heat-treated samples
giving optimum mechanical properties. Welding parameters of resistance spot welding (RSW) of all samples were determined,
and weldability at different welding current values was examined. Button shapes, microstructures, microhardness, and tensile
shearing tests of welded joints were investigated. In addition, scanning electron microscopy (SEM) and energy dispersive X-ray
(EDX) analyses of broken samples were examined as a result of tensile testing. It has been concluded that non-heat-treated
samples have higher tensile strength than heat-treated samples. In heat-treated steels; a marked increase in ductility was observed.
It has been observed that RSWs of non-heat-treated steels have higher tensile load bearing capacity (TLBC) value.
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1 Introduction

According to the data of the International Organization of
Motor Vehicle Manufacturers (OICA), the global production
amount is 95,634,593 vehicles in 2018. Number of automo-
biles are 70,498,388 and the remainder are commercial vehi-
cles. Steel is used to construct a car’s chassis and body, in-
cluding the roof, body, door panels, and the beams between
doors. Steel is often used in mufflers and exhaust pipes.
Technological advances over the years have enabled

automakers to utilize different types of steel with varying
levels of rigidity [1].

Using high-strength materials is becoming increasingly
important in the automotive industry. In the last 30 years,
a great variety of high strength steels have been devel-
oped for this purpose. In order to accommodate increasing
safety and environmental requirements, innovative light-
weight designs require the manufacture of complex com-
ponents with greater strength and lower weight [2]. TWIP
steels are a new class of steel grade and a representative
of lightweight materials. Due to their alloy composition,
they are able to combine the conflicting goals of high
strength and high elongation [3–8].

In recent years, particular importance has been attached to
austenitic Fe-Mn steels for applications in automotive vehicle
structures [9].

Automaker has shown preferences on twinning induced
plasticity (TWIP) steels, which have superior strength and
ductility compared to other AHSS [10, 11]. The novel
fully austenitic Fe-Mn steels with a Mn content between
15 and 25% exhibit great potential in terms of their un-
usual combination of high ductility and strength [12].
TWIP steel could lead to an effective reduction of the
specific weight of these steels (6.8–7.3 g/cm3, depending
on Al content), which is particularly significant to the
automobile industry and makes less carbon emission and
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fuel consumption possible. Thus, the industrial focus is
now mainly on TWIP steels of Fe-Mn-C-Al and Fe-Mn-
Si-Al alloy systems [13, 14]. Especially, the resulting
high energy-absorption capacity makes these steels suit-
able for applications such as crash relevant structural
components in automobiles, which are expected to dissi-
pate the kinetic energy during a crash incident by
deforming plastically [15].

Thousands of parts are used in the production of an auto-
mobile and hundreds of different types of processes are per-
formed. Perhaps, the most important of these processes are the
welding processes that affect the vehicle quality by 40% and
the body of the vehicle is revealed. In automobile manufactur-
ing, welding is one of the most important factors affecting the
lifespan, safety, endurance, and quality of a vehicle.
Resistance spot welding (RSW), the primary method used to
join vehicle, automotive structural components, is accom-
plished through a combination of heat, pressure, and time
[16–20]. RSW uses the application of electric current and
mechanical pressure to create a weld between two pieces of
metal. Weld electrodes conduct the electric current to the two
pieces of metal as they are forged together [21–24].
Advantages of the spot welding technique are that it is rela-
tively fast, robust, and economic. It is a known fact that 3000–
5000 resistance spot weld processes are performed in
manufacturing an automobile [25, 26]. In large vehicles, ap-
proximately 20.000 resistance spot welding process is applied.

There are studies in the literature about welded joints
of TWIP steels. Some of them can be given as follows.
Laser welding [27–33], resistance spot welding [34–39],
TIG welding [27, 40], MAG [41], etc. many applica-
tions have been seen in the literature. In this study,
microstructure, SEM, EDX analysis, microhardness,
and tensile test of the spot weld joints of low and me-
dium carbon TWIP steels with medium manganese were
investigated.

2 Experimental procedure

In this study, a special production sheet of two TWIP having
2.5 mm thickness in cold-rolled condition produced was used.
The measured chemical compositions of these steels are
shown in Table 1.

Test specimens were melted by induction melting in a
furnace casted as bar. These bars were homogenized at
1200 °C for 6 h and hot-rolled to a plate at the temperatures
between 1100 and 1000°C. After hot rolling the specimens
were %40 cold rolled. The heat treatment was carried out at
800 oC and air-cooling applied for all specimens. RSW
was applied to the samples prepared in 4 groups. The codes
and abbreviations given to the samples are as follows:
TWIP1: steel in the first chemical composition, TWIP1-
H: heat-treated version of the first alloy, TWIP2: steel in
the second chemical composition, TWIP2-H: heat-treated
version of the second alloy. In the heat treatment results of
cold-rolled samples, temperatures giving the highest me-
chanical properties were chosen. This temperature was de-
termined as 800 oC.

Specimens were cut into 100 × 30 mm pieces. Specimens
were welded by using a pneumatic phase-shift controlled
RSW machine, and an AC spot welding machine, with a ca-
pability of a 0–30 kA effective weld current and a capacity of
120 kVA. Before joining, the surface of the test pieces was
cleaned mechanically and then welded using aconical water-
cooled electrode from a Cu – Cr alloy. The diameter of the
contact surface of the electrode was 8.0 mm. For joining, 30
cycles (1 cycle = 0.02 s.), welding time was applied, while
other welding parameters such as the weld currents 5, 7, 9, 11,
and 13 kA. Electrode pressure (6 × 105 Pa), and the holding
time of the electrode (20 cycles) was kept constant (weld
atmosphere; ambient).

The tensile shear load bearing capacity (TLBC) values of
the welded samples were determined. The test samples con-
form to the specification DIN 40 120. The TLBC of welded
materials was determined by using a microprocessor-
controlled Shimadzu UH type servo hydraulic universal test-
ing machine.

The Vickers micro hardness measurement across the weld
metal and heat-affected zone (HAZ) and of the base metal was
carried out on the metallographic specimens with a load of
200 g. The nugget diameter, nugget height, and immersion
depth of welded joints were measured by using a caliper with
a sensitivity of 1/100 mm.

The transverse sections of the weld passing through the
weld nugget as well as the similar section of the base metal
were prepared. The cross section of the weld joints and base
metal were ground with SiC papers up to 2000 grit followed
by polishing using 3 and 1 μm diamond paste. The polished
samples were etched with 3% Nital (3% HNO3 in ethanol)
solution for metallographic observations. A Zeiss Model op-
tical microscope was used to observe the microstructure.

Thereafter, the welds and fracture pieces were cut in cross-
section and investigations were carried out by SEM. Optical
examination of samples was carried out by using a Zeiss mi-
croscope. The fracture surfaces were analyzed by SEM and
EDX analyses.

Table 1 Chemical composition (mass%)

C Mn Si Cr S Fe

TWIP1 0,10 xxx 1,52 0,18 < 0.005 Balanced

TWIP2 0.30 xxx 0.6 0.05 < 0.005 Balanced
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a) b)

c) d)

400µm 400µm
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Fig. 1 TWIP1 steel welded with
11 kA. a, b Main metal and heat-
affected zone (HAZ). c, d
Dendrite and interdendritic region

a) b)

c) d)

Mn segregation

20µm 50µm

100µm200µm

Fig. 2 TWIP 2 steel welded with
9 kA. a, b Main metal and HAZ.
c, d Weld pool (columnar
dendrites and Mn segregation
images)
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3 Results and discussion

3.1 Microstructure and mechanical properties

The microstructure of sheets in the initial state (annealed
after cold rolling) is very complex. ε martensite colourless
γ (austenite) and α´ martensite. After heat treatment of
TWIP1 and TWIP2 alloys, austenitic structure and twin-
ning have been determined. Kang Singon et al. reported
that in a study of TWIP steels (Fe – 18Mn – 0.6C –
1.5Al) with close Mn values, carbides were formed be-
tween 700 and 800 oC [42]. They stated that these carbide
formations were dissolved at 800 oC and that only the
twinned austenite microstructure was formed. Twinning
mechanisms normally obtained as a result of deformation
reach a more clear and regular orientation as a result of heat
treatment. In the preliminary studies of these alloys, it was
observed that carbides disappear at temperatures of 800 oC
and above, and grains containing a completely austenitic
microstructure twinning mechanism remain.

In addition, as a result of tensile tests, the heat treat-
ment temperatures of the samples to be welded were
determined as 800 oC. The mechanical properties of the
samples to be welded were determined as follows: tensile
strength of TWIP1 steel is 1675 MPa, yield strength is

1300 MPa elongation value is 18%. The tensile strength
of the heat-treated (TWIP1-H) sample is 1220 MPa, the
yield strength is 356 MPa, and the elongation value is
44%. Tensile strength of TWIP2 steel is 1505 MPa, yield
strength is 1495 MPa, and elongation value is 14.5%.
The tensile strength of the heat-treated (TWIP2-H) sam-
ple is 1180 MPa, the yield strength is 345 MPa, and the
elongation value is 55%. Resistance spot welding process
was carried out on these samples.

3.2 Microstructure of welded joints

Microstructure changes of TWIP1 and TWIP2 steels are
shown in Figs. 1 and 2.

TWIP steels are austenitic because of their enough manga-
nese content. In the welded connection, the base metal con-
sists of HAZ and the welding nucleus consists of the austenite
phase. Grain growth was observed in HAZ due to thermal
cycles. Grain size was larger and more complex than basic
metal. The final structure in the weld metal consists of den-
drite morphology directed towards the melting center during
melting from melting temperature to room temperature.

Considering the welding parameters, macro shrinkage
gaps were found in the nucleus of the connections origi-
nating at 13 kA. Due to the shrinkage that occurs during

a) b)
400µm 400µm

Fig. 3 Macro shrinkage pores in
the nucleus regionwelded with 13
kA. a TWIP2, b TWIP2-H

Fig. 4 Insufficient joining region
and weld in 3-kA welding current
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solidification, micro pores-gaps are formed between the
dendrites. With the increasing solidification rate of the
weld metal of TWIP steels, the possibility of micro pore
formation will increase. This is due to the high shrinkage
tendency and high tensile properties of TWIP steels. For
this reason, heating will increase at high welding parame-
ters, while cooling rate will increase and as a result, gap
formation will increase, and the weld metal mass will de-
crease. In addition, high heat input caused by high current
value during welding process will cause excessive melting
and spattering, thus triggering the formation of voids. In
Fig. 3, macro shrinkage gaps caused by high welding cur-
rent are shown.

Macro pores (gap) were not detected in samples with
TWIP1 coding but it was seen in TWIP1-H. These results
showed that the 13-kA welding current was not suitable. In
addition, it was determined that the nucleus did not form due
to insufficient melting of the welded connections made in 3
kA (Fig. 4). For this reason, joints with 3-kA welding current
have not been tested.

3.3 SEM/EDS analysis results of welded joints

HAZ, weld nucleus SEM photographs of TWIP1, and TWIP2
coded welded samples are given in Figs. 5 and 6.

The figures show twinning zones formed on base metal.
Also, melting zone and partial melting zone are shown. Base
metal, HAZ, weld nucleus SEM photographs, and EDS anal-
ysis of TWIP1-H welded samples are given in Fig. 6.

HAZ and weld nucleus SEM photographs of TWIP2 non
heat-treated welded samples are given in Fig. 7.

As seen in Fig. 7, primary dendrites and dendrite arms are
constantly and integratedly joined in the welding nucleus.
There are pores in the welding nucleus. Shrinkage porosities
trigger formation of micro-pores and are thought to occur at
the final stage of solidification. It is believed that the cooling
rate paves the way for the increase of shrinkage pores. The
proportion of pores also increases due to the high heat input
compared to the low heat input.

Base metal, HAZ, and weld nucleus SEM photos of
TWIP2 heat-treated (TWIP2-H) welded samples are given in

TWIP1 HAZ

Transition zone (TZ)

a)

b)

TWIP1 weld 
nucleus

Fusion zone (TZ)

20µm

10µm

Fig. 5 SEM displays of TWIP1
welded samples: a Transition
zone, b weld nucleus
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Fig. 8. EDS analysis was performed to determine the differ-
ence of chemical composition in the melting zone. Primary
dendrites and dendrite arms were examined.

The transformation of the grains (L→γ +M3C) occurs as a
result of the solidification of the melting region of Fe and Mn
carbides ((Fe, Mn)3C) by the eutectic reaction. J. Yoo et al.
[43] reported that Fe and phosphorous formed Fe2P in the
region between the dendrites as a result of solidification of
melting zone of TWIP980 steel in the GTAW and laser
welding process.

Similar results were found in this study.While the P ratio in
dendrite (dendritic) structure is 0% at point 2 of EDS results,
in precipitate number 1, (precipitate) P ratio reached approx-
imately 0.9%. In addition, the Mn ratio was at 14.10% in
region 2 and increased to 24.48% at region 1. There was also
a 4-fold increase in element C. Similarly, TaoWang et al. [31]
in their study reported the dendrites in the weldmetal of TWIP

steel laser welding. In primary dendrites, while C and Mn are
relatively low, this rate increased between the dendrite arms,
and reached the highest level in the interdendritic region. They
reported that the increase in the ratio of Mn and C was higher
towards the boundaries of the dendrite grains. According to
the EDS analysis, the carbon % ratio increased from 0.59 to
0.83% (wt.%). The percentage of Mn increased from 16.6 to
22.86% (wt.%).

3.4 Weld nugget geometry

A difference was observed in the increase of the nugget diam-
eter as a result of the welded joint in the experiments. The
images of the nugget diameters are given in Table 2. Table 3
shows the nugget diameter, nucleus, and indentation depth of
welded samples.

1

2

a)

b)

TWIP1 -H 
weld nucleus

Fig. 6 SEM displays and EDX
analyses of TWIP1-H welded
samples
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According to the results obtained, HAZ widths are close to
each other. Nugget diameters were smaller in heat-treated
samples. In the depth measurement, low values were also
determined in the samples that were heat treated.

3.5 Tensile shear test results

Tensile shear test results of welded samples are given in
Fig. 9.

As illustrated in Fig. 9, the parameter that gives the highest
tensile shear bearing capacity value in TWIP1 steel was 11
kA. It carried an average load of 32.7 ± 5 kN. Although 7 kA
was high in TWIP1-H sample, scattering was found. For this
reason, 11 kAwas chosen. Nine-kiloampere current value was
the most suitable parameter in TWIP2 steel. Its load was 35 ±
5 kN. J. Yu et al. [44] studied the welding time of the 1.4-mm-
thick TWIP980 steel they bought commercially and the tensile
shear strength and the change of heat input.

As a result of tensile shear tests, breakage patterns dif-
fered. The spot weld rupture was characterized by the de-
struction in the spot weld (nugget) or in the sheet. Broken
images of the welded samples are given in Fig. 10.

When the welding nugget is examined, it is observed
as separation with type of rupture that occurs at low
welding current intensities (3 kA and 5 kA), whereas it
is observed as the knob-type rupture occurs at 9–11 kA
welding current intensities. Tearing-type ruptures oc-
curred at high current intensities (13 kA). In addition,
gushes have occurred due to excessive heat input and
melting. The gushes are the outflow of the liquid in the
core. Its content is molten metal. These rupture types and
diving depths are evaluated; it is estimated that the rea-
son for the separation-type rupture at low welding cur-
rent intensities occurs because the heat is not fully
formed in the welding zone, whereas the rupture from
sheet material at high current intensities is caused by

TWIP2,
HAZ

TWIP2, 
weld nucleus

Shrinkage 
porosities

Fig. 7 SEM displays of TWIP2
welded samples
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excessive heat build-up. Again, it was observed that
there were deep electrode traces (indentation depth) and
combustion grooves at the interfaces of the assembled

parts at high current intensities and colorations on the
core surface. This is thought to cause reduction and tears
in tensile-shear strength.

TWIP2-H,
HAZ

TWIP2-H
weld nucleus

TWIP2-H
weld nucleus1

2

Fig. 8 SEM displays and EDX
analyses of TWIP2-H welded
samples

Table 2 Speciment sheets nugget photographs of resistance spot welded specimens

Code Weld current

5kA 7kA 9kA 11kA 13kA

TWIP1

TWIP2
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3.6 Fracture surface SEM/EDS analysis results

SEM examinations of TWIP1 broken parts were made
(Figs. 11 and 14).

In the figure, dendrite structures are clearly seen in the
fracture zone. These fragmented structures reduce their
strength properties. SEM examinations and EDX analyses of
TWIP1 heat-treated broken pieces were performed (Fig. 12).

Dendrite structures and plastering areas were seen as seen
in the photographs. In EDS analysis, it was seen that the C%
values were much higher than the base metal. The C ratio was
measured as 3.18% in the plastering area and 2.22% in the

Table 3 The nugget diameter, nucleus, and indentation depth of welded samples

Parameters TWIP1 TWIP1-H

Nugget diameter Nucleus 1 Nucleus 2 Indention
Depth 1

Indention
Depth 2

Nugget diameter Nucleus 1 Nucleus 2 Indention
Depth 1

Indention
Depth 2

5 kA 12.5 8.55 8.35 0.35 0.3 12.5 8 8.5 0.3 0.2

7 kA 12.6 8.5 8.55 0.55 0.3 12.8 8.3 8.5 0.55 0.25

9 kA 12.6 8.4 8.6 0.6 0.35 12.5 8.25 8.25 0.35 0.2

11 kA 11.8 8.5 8.4 0.55 0.25 12.8 8.2 8.3 0.45 0.2

13 kA 12.5 8.3 8.4 0.55 0.3 12.2 8.3 8.5 0.4 0.3

Parameters TWIP2 TWIP2-H

Nugget diameter Nucleus 1 Nucleus 2 Indention
Depth 1

Indention
Depth 2

Nugget diameter Nucleus 1 Nucleus 2 Indention
Depth 1

Indention
Depth 2

5 kA 12.6 8.2 8.3 0.5 0.25 12.45 8.2 8.2 0.45 0.25

7 kA 12.35 7.8 8.2 0.55 0.25 12.65 8 8 0.5 0.2

9 kA 12.2 8 8.1 0.6 0.27 12.3 7.7 8.2 0.5 0.2

11 kA 12.35 8.3 8.6 0.5 0.3 12.4 8.1 8 0.5 0.25

13 kA 12.4 8.4 8.25 0.45 0.25 12.2 8.7 9 0.45 0.25

15
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25
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5 kA 7 kA 9 kA 11 kA 13 kA

Te
ns

ile
 lo

ad
 b

ea
rin

g 
ca

pa
ci

ty
  (

kN
)

Welding current (kA)

TWIP1 TWIP1-H
TWIP2 TWIP2-H

Fig. 9 Tensile-shear testing results

Fig. 10 The shearing forms of welded samples: a Outburst displays, b partly partially ruptured, and c shearing in nugget form
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Fig. 11 SEM displays of ruptured
surface

1 2

Fig. 12 SEM displays and EDS
analyses of TWIP1 welded
samples
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dendrite area. SEM investigations and EDS/EDX analysis of
TWIP2 broken pieces were performed (Fig. 13).

Dendrite structures separated from each other and
plastering areas are seen in Fig. 13. These photos are
taken from the fracture zone in Fig. 10. Intense dendrite
structures were found. C ratio was found to be high in
EDX analysis. SEM investigations and EDS/EDX

analyses of TWIP2 heat-treated broken pieces were per-
formed (Fig. 14).

In Fig. 14, the% C ratio in EDX results was measured as
1.78% and 2.39. It was noteworthy that the Mn ratio increased
to 37.77% at the point 1. Si ratio increased to 4.26%.

Dulal Chandra Saha et al. [35] examined the roles of the
crack formations and the elements in the weld metal and HAZ

11

Fig. 13 SEM displays and EDS
analyses of TWIP2 welded
samples
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in the resistance spot welding process of 1.4-mm-thick TWIP
steel and he reported that Al and Ti have an active role in
addition to the main elements (Fe, Mn, C). He also stated that
Fe and Mn increase M3C formation. This has been shown to
promote crack formation. Akınay and Hayat [45] reported in
their study that carbide deposits with high manganese and
medium carbon ratios increased due to the increase of anneal-
ing temperature.

3.7 Hardness test results

Microhardness charts, where the highest and lowest welding
parameters of TWIP1 and TWIP2 steels are used, are given in

Fig. 15. Here, it is aimed to investigate the effects of parameter
difference on hardness values.

The main metal hardness varied. Especially, cold-rolled
TWIP1 and TWIP2 steels are at the highest value.
Hardness values decreased in heat-treated samples. The
graphs show that the hardness values decrease as the tran-
sition from the main metal to the HAZ and the weld core.
This is due to the increase in the grain size due to the
temperature effect.

M. H. Razmpoosh et al. [36] examined the mechanical,
hardness, and microstructural properties of the resistance spot
welding of Fe – 31Mn – 3Al – 3Si TWIP steel. It was ob-
served that the hardness values were around 300 HV in the

1

2

Fig. 14 SEM displays and EDS
analyses of TWIP2-H welded
samples
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weld core center and decreased below 250 HV in HAZ. It was
reported to increase to 260 or 270 HV as it gets closer to the
main metal. O. Holovenko et al. [37] stated that the hardness
values in the resistance spot welded joints of 18%Manganese
steel varied between approximately 220 and 260 HV. It was
observed that the main metal hardness value was 230–240
HV. The welding area is the region where the hardness change
is greatest. It has been reported that the values of the same
materials are more stable in the laser welding and the hardness
in the welding center is at the lowest level as approximately
220 HV. It has been reported that the hardness has reached the
highest level and increased to 250 HV in HAZ. Tao Wang
et al. [31] used laser welding in 18.8%Mn steel in their study.
He reported that the lowest hardness was below 240 HV in the
weld metal and the main metal hardness was above 280 HV.
They emphasized that it varied between 245 and 255 HV in
HAZ. P Podany et al. [30] examined the hardness values of
cold-rolled and heat-treated TWIP steels in laser welding of

steels with 15% Mn and two different Al contents. They re-
ported that the hardness of the basemetal was about 500 HV at
the welding of the cold-rolled samples, while the hardness of
the basemetal with heat treatment was less than 300 HV. They
stated that the lowest hardness value in the welded connection
of the cold-rolled sample is in the weld metal, while in HAZ,
an increase in hardness is observed from the area close to the
weld center to the main metal. They stated that the welding
hardness of the heat-treated sample is different. It is reported
that the hardest area reaching 350 HV is in the weld metal. It
has been observed that there is a balanced hardness change in
basic metal and HAZ. Li-li MA et al. [40] compared TIG and
Laser welding of 24% Mn TWIP steel. In the welded joint
made with the TIG method, they reported that the hardness
of the weld metal was measured variably below and above
340 HV and the average was 300 HV. He reported that it
exceeded 420 HV in the laser welding and the average value
was 400 HV.

0
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7 6 5 4 3 2 1 1 2 3 4 5 6 7

Microhardness points

TWIP1-13kA TWIP1-5kA

TWIP1-ısıl-13kA TWIP1-ısıl-5kA
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Microhardness points

TWIP2-13kA TWIP2-5kA
TWIP2-ısıl-13kA TWIP2-ısıl-5kA

Fig. 15 Microhardness graphics for highest and lowest welding current parameters of the four sample groups
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4 Conclusion

In this study, the point resistance welding properties of TWIP
steels in two different chemical compositions were investigat-
ed. As a result of the work done:

(1) The highest tensile strength in the produced steels was
achieved in TWIP1 steel without heat treatment. The
highest elongation value as percentage was seen in the
heat-treated sample of TWIP2-H steel.

(2) In welding processes, shrinkage gaps have occurred with
increasing welding current. These macro-level gaps in-
crease due to increased heat input. In particular, a signif-
icant increase and growth in 13-kA weld current value
was observed in gap formation. Sufficient connections
have not been established in 3 kA.

(3) With the increased welding current, there was an in-
crease in gushes in the melting zone. This increase
causes mass loss in the welding core.

(4) It was determined that dentritic structures were formed in
the nucleus region where melting occurred. It was ob-
served that the grain size increased in HAZ. In addition,
in some samples, gaps and pores were detected between
the dendrites. The reason for this is the high solidification
shrinkage occurring in the regions between the dendrites.

(5) It has been determined that there is a decrease in micro
hardness values in HAZ. The reason for this is the grain
growth from thermal cycle.

(6) In the fracture surface images, it was determined that the
welding nucleus center consists of dense dendrite struc-
tures. In the EDS analysis, it was found that especially
the carbon element increased exponentially and played a
role in breakage.
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