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Abstract: The paper describes the development of austenitic steel with the TWIP effect, which is
alloyed with chromium to increase corrosion resistance. The experimental heat of this steel was cast
in an experimental melting furnace and subsequently subjected to hot and cold rolling. After cold
rolling, the appropriate recrystallization annealing temperature was applied to obtain the optimal
austenitic grain size. X-ray diffraction proved that the steel contains a fully austenitic structure. After
recrystallization annealing, the sheets achieved a TS of more than 950 MPa with an elongation of 40%.
The corrosion resistance of this steel is increased with the addition of chromium.

Keywords: TWIP; cold/hot rolling; mechanical properties; corrosion

1. Introduction

Steel is still the most widely used material in the production of car bodies, and the
continuous development of the automotive industry has created a demand for strong and
ductile steels that must exhibit high strength and high ductility [1]. In frontal and rear
impacts, high impact energy absorption is required if injury to occupants is to be avoided.
In the case of a side impact or in the event of a rollover onto the roof, intrusion protection
is also required [2]. Austenitic steels are widely used in many applications because they
have an excellent strength-to-ductility ratio and good wear and corrosion resistance. High-
manganese TWIP (Twinning Induced Plasticity) steels are highly ductile and high-strength
Mn-austenitic steels are characterized by a high degree of strengthening due to the twinning
mechanism, but at the same time retain the formability of deep-drawing steels [3]. They are
very attractive for automotive applications because of their high energy absorption, which
is up to twice that of conventional steels. High strength and high stiffness can improve
safety. In addition, the possibility of using thinner sheets while maintaining sufficient
strength can reduce vehicle weight and, consequently, lower fuel consumption [4].

The main alloying element in TWIP steels is manganese (Mn). The high manganese
content (15 to 33%) ensures an austenitic phase. In addition, these steels tend to be alloyed
with other elements such as silicon (Si), aluminium (Al), chromium (Cr) or nitrogen (N)
to improve desirable properties [3]. As a result, they generally have very high ultimate
strengths (even more than 1000 MPa) and high ductility values (up to 125%) [5,6].

There are very few research papers dealing with the topic of corrosion in TWIP
steels. Generally, the corrosion resistance of standard TWIP steels is not good [7,8], and
various efforts are being made to improve it by alloying with other elements such as
chromium and aluminium, which should provide passivation and corrosion resistance. In
corrosion-resistant TWIP steels, a protective layer is formed in corrosive environments. For
example, in TWIP steel with a composition of Fe-30Mn-8Al-6Cr prepared by Hamada [9],
the aluminium and chromium contribute to forming a passivation layer that protects the
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material from the further development of corrosion attack. As a result, this steel resists
nitric acid solutions very well. However, resistance in chlorine solutions was worse. In
addition, the characterisation of 30Mn-4Al-4Cr steel and four steels with varying amounts
of 25Mn-1-8 Al are found in his work.

In [10], the susceptibility of high manganese TWIP steel to stress corrosion cracking
(SCC) in 3.5% NaCl solution was investigated using slow strain rate tests (SSRT), constant
load (CL) and fractography. The steel composition was 26.34% Mn, 4.84% Al, 0.018% C,
0.065% Cr, 0.035% Ni, 0.284% Pb, 0.04% Nb, 0.013% N, 0.04% S. The strain rates used
for SSRT were in the range of 10−6 to 10−8 s−1. Samples tested in air revealed a ductile
type of failure, while those tested in a corrosive solution showed brittleness attributed to
corrosion cracking.

Three steels of composition 26% Mn, 2.8% Al, 0.33% C, 0.2% Si, 0.012% N with
different Cr contents ranging from 1.1 to 4% Cr were prepared in [11]. The effects of
chromium on the corrosion properties of this TWIP steel were studied. The results showed
that Cr content distinctly affects high manganese TWIP steels’ mechanical properties
and brittleness. The steel sheets’ yield and tensile strength improved with increasing Cr
content, while the ductility decreased. The yield and tensile strength were enhanced by
the increase of Cr content in the matrix, which caused a decrease in the average grain size
and a larger amount of intergranular precipitated Cr23C6 phases. In addition, when the Cr
content increased, the fracture mode changed from ductile fracture with coarse grooves
and crack tip (Cr content ≤ 2.35%) to intergranular fracture (when Cr content is 3.95%).
Furthermore, Cr content greatly affected the corrosion properties of high manganese TWIP
steels. Increasing the Cr content increased the corrosion resistance of the annealed steel
sheets. The proportion of low-angle boundary (LAB) decreased with increasing Cr content,
thus increasing the corrosion resistance.

The corrosion behaviour of Fe-Mn-Al-Si steel subjected to cold forming (0%, 20%, and
35% was investigated in [12]. It was exposed to acidic (0.1 M H2SO4), alkaline (0.1 M NaOH)
and chloride-containing (3.5% NaCl) environments using potentiodynamic polarization
experiments. Interestingly, cold drawing did not change the corrosion sensitivity of TWIP
steel in any of these environments. However, the steel exhibited the highest corrosion
sensitivity in acidic environments and the lowest in alkaline environments. The scanning
electron microscope analysis of samples of the corroded steel revealed a highly localized
attack in the acidic environment and some degree of pitting corrosion in the chloride-
containing solution.

In [13], TWIP steel with the composition Fe-25Mn-12Cr-0.3C-0.4N in was developed
and fabricated. The resulting austenitic structure without δ-ferrite or ε-martensite was
characterised. Tensile tests revealed a yield strength of 460 MPa and a tensile strength of 880
MPa. Electrochemical corrosion tests showed a good degree of passivation in 0.5 M H2SO4
electrolyte. The structure, mechanical properties and corrosion resistance are compared
with conventional TWIP steels such as Fe-25Mn-3Al-3Si and Fe-22Mn-0.6C, which this
alloy outperformed in terms of properties.

The main goal of the presented research was to develop a fully austenitic steel with a
twinning mechanism during plastic deformation. In comparison to the results presented
by the other studies mentioned above, the new steel should reach a higher tensile strength,
above 900 MPa, and yield strength above 600 MPa together with good elongation. A further
goal was to increase its corrosion resistance and achieve results similar to some grades of
martensitic stainless steel.

2. Experiment Description

Chemical composition (see Table 1) was measured using the Bruker Q8 Magellan
optical emission spectrometer (Bruker GmbH, Karlsruhe, Germany). The heats were
melted and cast in a VIP vacuum induction furnace (PZSK, Kladno, Czech Republic) into
a round ingot mould. After cooling, the ingots were further reheated in a furnace to a
rolling temperature of 1100 ◦C. They were then hot-rolled on the experimental Rolling
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Mill (PZSK, Kladno, Czech Republic) to strips with a thickness of 9 mm. The rolled strips
were annealed at 950 ◦C for 2 h. After grinding, the annealed strips were cold rolled
to a thickness of 2.5 mm with interoperation annealing at 950 ◦C. After cold rolling, the
sheets were subjected to recrystallization annealing in a Schmetz vacuum furnace (IVA
SCHMETZ GmbH, Menden, Germany) at 925 ◦C for 2 h with slow cooling. The main goal
of this annealing was to induce recrystallization in the cold-rolled microstructure and thus
increase the plasticity of the experimental steel. The X-ray diffraction (XRD) analysis for the
phase analysis was carried out using a BRUKER D8 DISCOVER (Bruker GmbH, Karlsruhe,
Germany). EBSD (Electron backscattered diffraction) analysis was done on a JEOL IT 500
HR (Jeol Ltd., Akishima, Japan) scanning electron microscope equipped with HIKARI super
EBSD camera by EDAX™ (EDAX, LLC, Warrendale, PA, USA). Data analysis was carried
out in the EDAX OIM Analysis software. Tensile tests were carried out on a Zwick/Roell
250 kN electromechanical testing machine (Zwick GmbH and Co. KG., Ulm, Germany). The
deformation was measured using a strain gauge extensometer. Characteristic dimensions
were measured before and after the test. Corrosion tests were performed on a Gamry PC4
electrochemical potentiostat (Gamry Instruments, Inc., Warminster, PA, USA).

Table 1. Chemical composition of the experimental steel.

Heat No. C Mn Cr Si N Mo Fe

T19-161 0.33 27.5 12.9 0.14 0.54 1.1 Bal.

3. Results and Discussion
3.1. Microstructure

The X-ray diffraction (XRD) analysis for estimating the austenite volume fraction
was carried out using a BRUKER D8 DISCOVER diffractometer with Cu Kα radiation
(wavelength, λ = 0.15406 nm). This analysis proved the presence of a fully austenitic
microstructure in both the cold rolled and annealed states with no presence of deformation
induced α (alpha) or ε (epsilon) martensite (see Figure 1).
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Figure 1. X-ray diffraction patterns of cold rolled and annealed samples of experimental steel. Figure 1. X-ray diffraction patterns of cold rolled and annealed samples of experimental steel.

The microstructure of the sheet after cold rolling and annealing was documented
using a scanning electron microscope. Various etchants were used to try to develop the
microstructure, but none succeeded in highlighting the grain boundaries well, and various
unrelated artefacts were observed in the microstructure instead. In the end, documentation
of as-polished samples using the low accelerating voltage of a scanning electron microscope,
a low working distance and a sensitive backscattered electron detector proved to be the
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best method. Under these conditions, individual austenitic grains are well distinguished.
The fine-grained microstructure of equiaxed austenitic grains can thus be observed in the
experimental steel (Figure 2). Fine globular chromium carbides are evenly distributed in
the microstructure.
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Figure 2. Back-scattered electron image of the microstructure.

The EBSD analysis of the microstructure was performed on two states of the mi-
crostructure. In the state after cold rolling at 50% reduction (from 5 to 2.5 mm)—Figure 3a)
and in the state after annealing at 925 ◦C for two hours—Figure 3b. Recrystallization
annealing after cold rolling promoted a substantial refinement of the microstructure. For
the microstructure after cold rolling, the largest grain area fraction was G 4 (according
to ASTM E112—Standard Test Methods for Determining Average Grain Size), Figure 3c.
Annealing led to grain refinement with an average grain size G = 13.5 according to ASTM
112 (see Figure 3d).

Further EBSD analysis also demonstrated a twinning mechanism during plastic defor-
mation. This is evident in Figure 4, where twin formation within the larger parent grains
near the fracture area of the tensile test sample can be seen. In addition, the twin boundaries
and thus newly formed twins are evident (marked by yellow arrows).
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(925 ◦C/2 h); (c) grain size chart of cold rolled experimental steel; and (d) grain size chart of annealed
experimental steel.
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3.2. Mechanical Properties

Tensile tests were carried out on a Zwick/Roell 250 kN electromechanical testing
machine. Three flat samples were extracted from the annealed sheet (marked as T19-161_1,
T19-161_2 and T19_161_3). The yield strength (YS), tensile strength (TS), elongation (El) and
reduction of area (RA) are summarised in Table 2. Figure 5 shows engineering stress-strain
curves. All the tested samples exhibit excellent combinations of high strength and ductility.
Such results can be attributed mainly to the twinning mechanism introduced by alloying
with a high manganese content and to the fine-grained microstructure resulting from a
combination of cold rolling and recrystallisation annealing.

Table 2. Mechanical properties of experimental steel.

Heat No. YS (0.2%) (MPa) TS (MPa) El (%) RA (%)

T19-161 628.9 ± 5.3 976.7 ± 1.3 40.0 ± 0.5 48.4 ± 2.2
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3.3. Corrosion Behaviour

The corrosion resistance of the experimental steel sample with a metallographically
polished surface was verified in model seawater at 70 ◦C. The model seawater solution
contained 3.5 wt.% NaCl. The Gamry PC4 electrochemical potentiostat measuring system
was used for the measurements. The open circuit potential (Eoc) was stabilized for 3600 s.
The polarization resistance was measured within ±0.02 V/Eoc at a scan rate of 0.125 mV/s.
The cyclic polarization curve was measured in the range of −0.2 V/Eoc to 1.2 V/Eoc at
a scan rate of 0.5 mV/s. A pressure cell was used for the measurements. A Pt counter
electrode and a reference silver chloride electrode (ACLE) were used for all measurements.
The polarization resistance (Rp), cyclic polarization curve (Cp) and corrosion potential
(Ecorr) of the supplied sample were measured. The resulting values are the average value
of three measurements.

During the test, the surface layer barrier effect was well observed in the sample
(Figure 6). The current density in the area of the barrier effect of the surface layer is
approximately ibarrier = 14.8 ± 6.2 µA.cm−2 (Figure 6, Table 3). The breakdown of the
surface layer occurred at Ebarrier = −355 ± 9 (Figure 6, Table 3).
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Figure 6. Potentiodynamic polarization curves of annealed experimental steel obtained in model
seawater solution containing 3.5 wt.% NaCl at 70 ◦C with blue arrow indicating the breakdown of
surface layer.

Table 3. Results of electrochemical tests of annealed experimental steel.

Heat No. Ecorr
(mV/ACLE) Rp (Ω·m2)

icorr
(µA·cm−2)

ibarrier
(µA·cm−2)

Ebarrier
(mV/ACLE)

T19-161 −463.4 ± 5.6 0.51 ± 0.02 0.34 ± 0.11 14.77 ± 6.21 −354.9 ± 8.6

The measured corrosion current density—icorr = 0.34 µA.cm−2 is substantially lower
than the results from potentiodynamic testing of AISI 420 martensitic stainless steel pre-
sented by Ji Sun et. al., where the authors measured icorr = 6.34 µA.Cm−2 [14]. Another
study presents an icorr value of laser cladded AISI 420 at 0.117 µA.cm−2 [15], however the
authors claim that the testing solution was injected with argon before the experiment in
order to get rid of the oxygen dissolved in it, and this could lead to the lower icorr values
than in the other studies.

The measured icorr of the experimental steel (0.34 µA.cm−2) lies between the above
mentioned values (from other studies [14,15]) and therefore its corrosion properties could
be compared to AISI 420 (by means of the icorr parameter). In comparison to other TWIP
steels from other studies the Ecorr and icorr values of the tested experimental steel are
considerably better than the studies of Grajcar et al. [8] and Kannan et al. [12], where their
steels exhibit Ecorr −780 and −786 mV with icorr 2.0 and 22.72 µA.cm−2. The main reason
for the increased corrosion resistance of experimental steel lies in increased content of
chromium and uniform single phase microstructure.

4. Conclusions

An experimental TWIP steel with high manganese and increased chromium content
was cast and hot/cold rolled under experimental conditions. After cold rolling, this steel
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was subjected to recrystallisation annealing. The samples were then laboratory tested with
a focus on microstructural, mechanical and corrosion properties with the following results:

• The metal matrix of samples is single phase, fully austenitic with no presence of alpha
or epsilon martensite in either the annealed or the cold rolled state.

• Microstructure after annealing is very fine-grained with an average grain size of
G = 13.5 according to ASTM E112.

• The plastic deformation of this material consists of deformation twinning.
• Experimental steel reaches high strength of 976.7 ± 1.3 MPa combined with high

elongation of 40.0 ± 0.5%.
• With the icorr parameter, the experimental steel’s corrosion resistance is similar to the

martensitic stainless steel AISI 420.
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