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Twinning induced plasticity (TWIP) steels are a class of high-strength steels that have been developed
for their outstanding ductility and strength properties. TWIP refers to the fact that these steels display an
unusually high degree of deformation before fracture due to the formation of twins during deformation.
TWIP steels could be used in a variety of industries for structural applications or components that need
to withstand high levels of stress and deformation. This article deals with the development of high
strength with fully austenitic microstructure and high chromium content. Microstructure, mechanical
and corrosion properties of this steel were studied.
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1 Introduction

Steel is still the most widely used material for the
production of car bodies and the continuous advances
in the automotive industry have created a demand for
strong and ductile steels that must exhibit high
strength along with high ductility [1]. For components
subjected to front- and rear-end impacts, high energy
absorption is required if occupant injury is to be
avoided. In side impact or in the event of a rollover
onto the roof, intrusion protection is again required
[2]. High manganese TWIP (T'winning Induced Plas-
ticity) steels, which are highly ductile and high
strength, are particularly suitable for deformation
zones in the manufacture of components. They are
austenitic steels characterized by a high degree of
strengthening due to the twinning mechanism, which
retain the ability of high deformation [3], [4]. TWIP
steels derive their exceptional properties from a spe-
cific strengthening mechanism called twinning. The
formation of mechanical twins during deformation
produces high strain hardening, preventing necking
and thus maintaining a very high load capacity. The
high increase in the strengthening coefficient is due to
the formation of a finer grained microstructure by the
fact that the boundaries of the twins formed behave
similarly to the grain boundaries and a strengthening
of the steel occurs [5].

The main alloying element in TWIP steels is man-
ganese (Mn). It is the high manganese content (15-
33%) that ensures the formation of austenitic micro-
structure. In addition, these steels are alloyed with
other elements such as silicon (Si), aluminium (Al),
chromium (Cr) or nitrogen (N) to improve the desired

properties [3]. Small amounts of Mn have a pro-
nounced hardening effect due to the formation of «'-
martensite. Higher concentrations of Mn lead to the
formation of e-martensite. Both types of martensite
are also formed by transformation of austenite under
induced stress or strain. In the Fe-Mn binary system,
a minimum of 27 % wt. Mn is required to obtain a
stable austenite phase. At lower Mn contents, the for-
mation of alpha'-martensite and espsilon-martensite
needs to be suppressed by the addition of catbon. A
carbon addition of about 0.6 % wt.% allows a homo-
geneous austenitic structure without carbide to be ob-
tained, while the formation of e-martensite is sup-
pressed. The presence of hexagonal epsilon martensite
is then often associated with the susceptibility of the
steel to cracking due to hydride. Higher amounts of
carbon can lead to carbide formation[6].

Alloying with Cr decreases the stacking fault en-
ergy (SFE) of Cr-alloyed steel and thus promotes twin-
ning deformation at the expense of slip deformation
[3, 7]. Chromium also increases the solubility of nitro-
gen (with a similar effect on SFE) both in the liquid
state and in austenite [8, 9]. When alloying with chro-
mium up to 15 wt.%, chromium has a positive effect
on the yield strength [10] and also on ductility [11]. In
general, chromium alloying has a positive effect on the
formation of a passivation surface layer and thus an
increase in corrosion resistance [11-13]. However,
higher amounts of chromium can then lead to the pre-
cipitation of carbides during heat treatment, which
have a negative effect on both corrosion resistance
and toughness [11]. Carbides can be dissolved with the
help of solution treatment, but this in turn can have a
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negative effect on grain size.[13]. Yuan et al. also ob-
served that as the Cr content of the matrix increases,
the grain size decreases [14].

There are very few research papers dealing with the
topic of corrosion in TWIP steels. The corrosion re-
sistance of standard TWIP steels is not good and there
is an attempt to improve this property by alloying
other elements such as chromium and aluminium,
which should provide passivation and corrosion re-
sistance. Few studies have been carried out on the al-
loying of TWIP steels with chromium from 2 to 12 wt.
% mostly in combination with aluminium alloying [15-
17]. Mujica et al combined 11.89 wt. % of Cr with
21.09 Mn and no Mo [18]. The alloying concept cho-
sen in the experiment of this paper was focused on
alloying with high manganese (ca 28 wt. %) and in-
creased Cr (above 12.5 wt. %), Mo content of ca 1.3
wt. % and N content of ca 0.7 wt. % for increasing of
corrosion resistance. No aluminium was alloyed in
steel in this study. In addition to increased corrosion
resistance, the aim was to achieve an ideal combina-
tion of high strength and high ductility of over 50%.

2 Materials and methods

The experimental steel was melted and cast in a
vacuum induction furnace into an ingot with a round
cross-section. The chemical composition (see Table 1)
was measured on the sample by means of optical
emision spectrometer BRUKER Q8 Magellan. After
cooling, the ingot was heated in the furnace to a rolling
temperature of 1100 °C. The ingot was then hot rolled

Tab. 1 Chemical composition of experimental steel

on an experimental rolling mill to a sheet thickness of
9 mm. The surface of the sheet was then descaled by
sandblasting and further cold rolled to a sheet thick-
ness of 4 mm. After cold rolling, annealing was carried
out in a vacuum furnace at 950 °C for 2 hours. The
main objective of this annealing was to recrystallize
the microstructure to ensure an increase in the plastic-
ity of the experimental steel. The phase composition
was measured using X-ray diffraction on the cold
rolled and recrystallized annealed sheet samples. The
microstructure of the steel was documented using a
JEOLIT 500 HR scanning electron microscope and a
EBSD camera Hikari super by EDAX. Tensile tests
were carried out according to EN ISO 6892-1 (Metal-
lic materials — Tensile testing — Part 1: Test method at
room temperature) on a Zwick/Roell 250 kN 110
electromechanical testing machine. The deformation
was measured using a strain gauge extensometer. An
experimental steel specimen with a grinded surface
was used to measure the corrosion properties. Gamry
PC4 electrochemical potentiostat was used for corro-
sion tests. The test was carried out at 21°C in model
seawater containing 3.5 wt.% NaCl. The samples were
stabilised at the open circuit potential (Eoc) for 3600 s.
The polarisation resistance (R) was measured within
1+ 0.02 V/ E,c at a scan rate of 0.125 mV/s. The cyclic
polarisation curve was measured in the range of —0.2
V/ Eoc to 1.2 V/ Eqc at a scan rate of 0.5 mV/s. A
pressure cell was used for the measurements. A Pt
counter electrode and a silver chloride reference elec-
trode (ACLE) were used for all measurements.

Element C Mn Cr Si

Mo

N Cu P S Fe

[wt. %] 0.38 27.80 12.70 0.15

1.26

0.73 0.034 0.018 0.001 bal.

3 Results and discussion
3.1 Mechanical properties

The tensile test was carried out on three specimens
of sheet metal after recrystallization annealing. Three
samples (B1 - B3) were tested. The test results (yield
strength - YS, tensile strength - TS, elongation - El and
reduction of atea - RA) are summarised in Table 2.
Figure 1 shows the engineering stress-strain curves.
All samples showed a good combination of high
strength and ductility. Good ductility is also a result of
the 0.73 nitrogen alloying, which is consistent with
research by Yung et al. [9] where they proved that N
is very effective in improving the mechanical
properties. As will be demonstrated below, the high
ductility is also the result of the plasticity of the
material due to the intense twinning of austenitic
grains induced by deformation. Comparing the
mechanical properties of this experimental steel with

dual-phase steels (e.g. DP800 in [19]), which are
nowadays commonly used for car body parts in the
automotive industry for their good combination of
strength and duectility [20, 21], it is evident that in the
values of ultimate tensile strength the experimental
steel is comparable to DP800 (846 MPa in [19] contra
941 MPa here) and in the value of ductility it is more
than three times higher (16.92 % in [19] contra 54.5 %
here). This means that when using a component from
this experimental steel for the deformation zones, the
component absorbs multiple values of impact energy.
Experimental steel also shows better YS and TS in
comparison to the research of Mujica et al in [18] with
TWIP steel with similar chromium content (11.89 wt.
%). They obtained YS - 430 MPa and TS — 840 MPa.
Compared to the research on 24Mn6.3Cr0.2N steel in
the study of Wang et al [22], better yield strength and
ultimate strength values (YS = 423 MPa and TS 906
MPa in [22] but lower ductility (70% in [20]) were
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achieved. The lower ductility of the experimental steel
from this research compared to [22] can be attributed
to the higher hardening due to the alloying with higher
chromium content.

Tab. 2 Mechanical properties of experimental steel

YS [MPa] TS [MPa] El [%] RA [%]
5173+ 44 | 9415+ 25 545+ 2.0 437 +£39
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e VA | T B1
s |
§ 400 ‘ =62
300 : i ‘ | --83
200
100
0 ‘ - ‘ . - ‘
0 10 20 30 40 50 60 70

Strain extensometer (%)
Fig. 1 Engineering stress-strain curves of experimental steel
3.2 Microstructural properties

X-Ray diffraction of the samples in the cold-rolled
and recrystallization annealed states shows the
presence of only the austenitic phase. Thus, it is shown
that only twinning of austenitic grains occurs in the
microstructure during intense plastic deformation. It
is thus shown by diffraction (see Fig. 2) that there is
no strain-induced transformation of austenite to either
alpha” martensite or epsilon martensite (i.e. martensite
with HCP lattice) in this experimental steel. The
absence of this phase is important for prevention of
delayed hydrogen cracking which was studied by Chun
et al [6]. They obsetrved, that that the gamma/epsilon
interfaces are mainly responsible for severe hydrogen
embrittlement where hydrogen cause decreasing of
the bonding force at the interface and this effect has a
negative influence on mechanical properties.
Nevertheless, this phenomenon should not be present
in this experimental steel because, as mentioned
above, epsilon martensite was not observed in both
the annealed state and in the state after intense plastic
deformation during cold rolling,.

Several etching reagents (including various tint
etchants) have been tried to etch the microstructure
for documentation purposes, but none have been
successful in making the grains visible without
unwanted artifacts unrelated to the structural
components. In the end, the technique of
documenting the as-polished microstructure in a row
clectron microscope, at low electron beam

accelerating voltage (5 kV), low viewing distance (6
mm) and in the back-reflected electron (BSE) mode
proved to be the most useful. Figure 3 thus shows the
microstructure of austenitic grains with twins that are
cleatly visible due to the sensitive BSE detector.
EBSD analysis of the microstructure performed on
annealed microstructure is shown in Fig. 4(a). High-
angle grain boundaries (15 - 65°) are highlighted by the
black line, the boundaries between twins by the red
line. The grain size analysis (see Figure 4 b) was
performed in OIM Analysis software (EDAX)
according to ASTM E 112 (Standard Test Methods for
Determining Average Grain Size). The result of the
analysis showed that the average grain size obtained
after recrystallization annealing is G = 12.6, which can
be considered as a very fine grained microstructure.
The fine-grained microstructure is the result of a
suitably  selected  recrystallization  annealing
temperature (950 °C) after cold rolling. Furthermore,
the fine grain microstructure can be attributed to
chromium alloying, which has positive effects on grain
size reduction, as demonstrated by Wang et al [22].
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Fig. 2 X-ray diffraction patterns of annealed and cold rolled
states of experimental steel
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Fig. 3 Microstructure of experimental steel captured in bactk-
Scattered electrons regime
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Fig. 4 Microstructure of experimental steel captured in back-scattered electrons regime

3.3 Corrosion properties

During the corrosion resistance test, the polariza-
tion resistance (Rp), cyclic polarization curve (Cp) and
corrosion potential (EOC) of the supplied samples

were measured.. The corrosion potential (E.), polar-
ization resistance (R,) and corrosion current density
(7o) were calculated from the test (Table 3). The final
values are the average of three measurements.

Tab. 3 Results of electrochemical measurements of experimental steel at 21 °C

Parameter Eeorr [mV]

R; [©2.m?] fcorr [MA.cm?]

Value -374.1 £ 31.6

297 £ 0.33 0.17 £ 0.05

During the corrosion resistance test, the polariza-
tion resistance (Ry), cyclic polarization curve (Cp) and
corrosion potential of the samples were measured.
The corrosion potential (E.,), polatization resistance
(R») and corrosion current density (7.-) were calculated
from the test (Table 3). The resulting values are the
average of the three measurements.
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Fig. 5 Potentiodynamic polarization curves of annealed
experimental steel obtained in model sea water

When comparing the measured value of corrosion
cutrent density of 0.17 * 0.05 pA.cm? with the
authors' previous study of a steel with a slightly
different chemical composition (27.5Mn, 12.9Cr,
1.1Mo, 0.54N, 0.33C), where the measured value of
Zeore was 0.34 pA.cm? [23], the corrosion resistance of
the experimental TWIP steel in this study is higher.
This steel also shows better corrosion properties

compared to other studies [24-26]. Also the
polatization resistance Rp 2.97 Q.m? is almost 6 times
higher in comparison to the results in our previous
paper [23]. A higher polarization resistance indicates
greater resistance to corrosion, while a lower
polarization ~ resistance  indicates increased
susceptibility to corrosion. The higher corrosion
resistance of this steel may be due to the higher
molybdenum content, which generally has a positive
effect on corrosion resistance [27]. Compared to [23],
the steel in this study was also more nitrogen alloyed
(0.73 here contra 0.54 wt % in [21]), which according
to the study of Mujica et al. [18], T'suchiyama et al. [16]
and Yuan et al. [17] have additional effect of
improving the corrosion resistance of the steel.

4 Conclusion

In the presented research, a new steel with TWIP
effect and increased corrosion resistance was devel-
oped and tested. This experimental steel is character-
ized in particular by the following properties:

* The steel is alloyed mainly with 27.78 wt.%
manganese, 12.7 wt.% chromium, 1.26 wt. %
molybdenum and 0.73 wt % nitrogen.

*  Sheets produced from this experimental steel
achieve an excellent combination of high
strength of 941.5 MPa and ductility of 54.5 %.
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The strength and yield strength parameters
are equivalent to high strength dual-phase
steels used for automotive body components.
However, the ductility (and thus the ability to
absorb impact) is more than 3 times higher
compared to DP steels.

The microstructure of the steel is fully austen-
itic both in the as-rolled condition and in the
condition after recrystallization annealing at
950 °C without the presence of transfor-
mation-induced martensite (alpha' or epsi-
lon). The absence of epsilon martensite gives
this steel the ability to resist hydrogen attack
and avoid hydrogen delayed fracture.

The appropriate choice of the recrystalliza-
tion annealing temperature (950 °C) and
chromium alloying results in a very fine-
grained microstructure reaching average aus-
tenitic grain size is G = 12.6 according to
ASTM E112

In terms of corrosion properties, this experi-
mental TWIP steel exhibits good corrosion
current density parameters of 0.17 £ 0.05
uA.cm? and polarization resistance R, 2.97
Q.m2. The values of these parameters are sig-
nificantly better compared to other corrosion
resistance enhancement studies of TWIP
steels and they are the result of alloying with

chromium, molybdenum and nitrogen.
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