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ABSTRACT

Purpose: The aim of the paper is to determine influence of plastic deformation rate at room
temperature on structure and mechanical properties of high-Mn austenitic Mn-Al-Si 25-3-3
type steel tested at room temperature.

Design/methodology/approach: Mechanical properties of tested steel was determined
using Zwick Z100 static testing machine for testing with the deformation speed equal 0.008 s-1,
and RSO rotary hammer for testing with deformation speeds of 250, 500 and 1000s-1. The
microstructure evolution samples tested in static and dynamic conditions was determined in
metallographic investigations using light microscopy as well as X-ray diffraction.

Findings: Based on X-ray phase analysis results, together with observation
using metallographic microscope, it was concluded, that the investigated high-Mn
X13MnAISiNbTi25-3-3 steel demonstrates austenitic structure with numerous mechanical
twins, what agrees with TWIP effect. It was demonstrated, that raise of plastic deformation
rate produces higher tensile strength UTS and higher conventional yield point YSgy,. The
UTS strength values for deformation rate 250, 500 and 1000 s-' grew by: 35, 24 and
31%, appropriately, whereas in case of YS;, these were: 7, 74 and 130%, accordingly, in
respect to the results for the investigated steel deformed under static conditions, where
UTS and YS;, values are 1050 MPa and 700 MPa. Opposite tendency was observed for
experimentally measured uniform and total relative elongation. Homogeneous austenitic
structure was confirmed by X-ray diffractometer tests.

Research limitations/implications: To fully describe influence of strain rates on
structure and mechanical properties, further investigations specially with using transmission
electron microscope are required.

Practical implications: Knowledge about obtained microstructures and mechanical
properties results of tested X13MnAISiNbTi25-3-3 steel under static and dynamic conditions
can be useful for the appropriate use of this type of engineering material in machines and
equipment susceptible to static or dynamic loads.
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Originality/value: The influence of plastic deformation at room temperature under static
and dynamic conditions of new-developed high-manganese austenitic X13MnAISiNbTi25-3-3

steels were investigated.

Keywords: High-Mn steel, TWIP type, Plastic deformation, Twinning, Dynamic deformation,

Structure, Mechanical properties
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»Steel” is a concept related to iron and carbon alloys.
In general this concept is associated with the resistant, rigid
material, capable of high loads transmission. It is a group
of materials, which practical properties are, however, very
diverse. Diversity of these properties is well reflected by so
called Ashby Maps [1], as well as dependence presented in
Figure 1 [2,3], where changeability of mechanical
properties between elongation and tensile strength for
different steel brands and groups was proved.
Changeability of these properties results from both
diversity in chemical composition and different methods
applied to form the structure and properties of these steels
like thermal treatment, thermal-plastic forming, thermal-
chemical treatment and many others. This way, because of
diversity of chemical composition, there are distinguished
groups and subgroups of these steels. Fundamental steel
groups are nonalloyed (carbon) steels and alloy steels [1].

Subgroup of alloy steels covers the ones with raised
mechanical strength AHSS (Advanced High-Strength
Steels) [4-6]. Within this subgroup one can distinguish

three generations. Characteristic of this steel group is
unusual dependence between elongation and tensile
strength (Fig. 1). This relationship derives from specific
structural mechanism, which is activated by plastic
deformation. First generation of AHSS steel is
represented by low-alloyed steels, like two-phase DP
(Dual Phase), multiphase CP (Complex-Phase), MART
(Martensitic) steels or steels with phase change TRIP
(Transformation Induced Plasticity) [2,5,7-9]. Second
generation of AHSS steels is characterized by high
fraction of the alloy elements, from 15 to 40%. These are
high-Mn steels. This group covers the steels, which
plastic deformation mechanisms are as follows: phase
change of austenite into martensite e- and o’ TRIP [10-
13], plastic deformation induced twinning TWIP
(Twinning Induced Plasticity) [11,14-18], as well as
plastic deformation induced microbands (microstrips)
shearing MBIP (Micro Band Induced Plasticity) [11,19-
21]. Third generation of AHSS III steels, characterized by
alloy additives content below 10%, are moderate-Mn
steels with microstructure composed with many phases,
including metastable austenite [22,23].
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Fig. 1. Comparison of mechanical properties of conventional steels (grey and blue areas on the plot) and advanced high-
strength steels AHSS: AHSS I (yellow and red areas), AHSS II and AHSS III (green areas) [2]
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The AHSS 1I steel subgroup is especially interesting
because of specific dependency of mechanistic properties,
presented in Figure 1. Chemical composition of this
subgroup is relatively diverse. Mass fraction of main
element of austenitic high-Mn steels, which is manganese,
varies from 15 to 35%. Other elements, like aluminium and
silica are added in amounts up to 12% Al and up to 4% Si,
appropriately, in various combinations. Mass fraction of
individual alloy elements, however, determines mechanism
(or mechanisms) of plastic steel deformation during its
plastic deformation at room temperature. It is the
consequence of the fact, that all mentioned alloy additives
influence the energy arrangement error (EBU) of austenite,
which is dependent on width and number of arrangement
errors within crystallographic structure of the steel [24].
Itis worth to draw one’s attention to the fact, that
arrangement errors within crystallographic network result
from plastic deformation of the material.

Energy of austenite arrangement error, as mentioned
above, is dependent on chemical composition of austenitic
high-Mn steels [11,24,25]. Atoms of the alloy additives
occupying some locations within crystallographic network
of iron, generate within it some defects. This is responsible
for the type of induced mechanisms (e.g. slip, twinning)
during plastic deformation, thus on the number of
arrangement errors and their widths. Increase in
concentration of arrangement error network (dislocation
density) influences the arrangement error energy value.
Decrease of EBU in case of austenite is connected with the
growth of arrangement error degree in the crystallographic
network, as well as increasing their width, making, that the
possibility of deformation occurrence through dislocation
climbing or transverse slip is limited [16,24]. This
dependence influences the type of plastic deformation
mechanism, thus indirectly the steel properties like the
ability for energy storage during plastic deformation. This
way knowledge of individual effect of alloy elements on
mechanistic properties of the steel is necessary for rational
selection of chemical composition of the steel and the steel-
based constructional elements design.

Main alloy element that is manganese raises the energy
arrangement error, simultancously making, that steel
deformed at room temperature becomes more fragile
(deteriorates the steel plastic properties). Higher mass
fraction of manganese in iron alloys is responsible for
stabilization of austenitic structure and formation of
mechanical twinnings, especially for Mn exceeding 25 mass
% [14,24,26]. Aluminium has the largest influence on EBU.
Small addition of this element raises its value significantly.
Addition of aluminium in austenitic high-Mn steels improves
also plastic properties at room temperature, compensating, to
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some degree, disadvantageous effect of manganese, which
increases the steel brittleness [14,16,19,20,24,27-30]. Other
elements lowering the EBU and improving mechanical
properties through solution’s hardening (consolidation) of
austenitic high-Mn steels are silica and carbon. Moreover,
carbon lowers necessary mass fraction of manganese,
required for manufacturing of stable austenitic structure
[14,27,31-33]. In the steels containing comparable mass
fraction of aluminium and silica, advantageous influence on
plasticity is observed when Mn content is lower [34].
Microadditives, like Ti or Nb, form in steels carbides,
nitrides, as well as carbidenitrides because of high their
affinity to carbon and nitrogen. These compounds limit
grains growth within the steel, decrease EBU, as well as
improve strength properties of these steels [27,35].

Based on numerous tests and scientific reports for this
group of austenitic high-Mn steels, three characteristic
ranges for the arrangement error energy value were
assumed, as well as the corresponding ranges of appropriate
mechanisms of plastic deformation at room temperature
[9,20,24,27,36,37]. First of them was determined for
austenitic high-Mn steels demonstrating TRIP effect. In
this case the following relation EBU <20 mJ/m’ is valid.
Concentrations of main alloy elements for austenitic high-
Mn steels varies in this range from 15 to 22 mass % of
manganese, up to 3 mass % of aluminium and silica, as
well as from 0.05 to 0.15 mass % of carbon. In the next
range there are austenitic high-Mn steels demonstrating
TWIP effect. This effect is observed for the following
combination of element concentrations: from 20 to 30 mass
% of manganese, from 3 to 5 mass % of aluminium, up to
3 mass % of silica and from 0.02 to 0.65 mass % of carbon.
Energy of arrangement error for this range varies from
20 to 60 mJ/m’. Last type of austenitic high-Mn steel is the
group demonstrating hardening (consolidation) effect in
MBIP. For these steels EBU value is > 60 mJ/m”. Element
concentrations vary: from 18 to 35 mass % of manganese,
from 8 to 12 mass % of aluminium, from 3 to 6 mass % of
silica and from 0.5 to 1.3 mass % of carbon.

Austenitic high-Mn steels of TWIP type demonstrate
intensive mechanical twinning induced by plastic
deformation at room temperature. Intensity of twins
generation in the grains depends on dislocation density and
single dislocation errors. Thus, at room temperature, it
demonstrates unusual properties, like [16,24,38] high tensile
strength at even high total elongation, thus high ability for
impact energy absorbing in result of its ,,consumption” for
crystallographic structure spatial arrangement.

In austenitic high-Mn steels of TWIP type deformation
rate influences the change of yield point value. It grows
with increase in deformation dynamics. A characteristic of
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deformation with high rate is occurrence of wave
phenomenon and inertia forces in deforming material.
In this case the time, in which the material undergoes
loading is so short, that energy is accumulated in its part
only, while other material volume remains free from acting
load. From this reason in deforming material there is
generated some form of a wave of relocating tension and
deformation, with some defined rate. It means, that during
plastic deformation, generated twins are initiated in the
subsequent grains, starting from the place of sample break.
Thus hardening (consolidation) and deformation are local
phenomena, thus intensity of twins generation within whole
volume is different [9,24]. One should take attention, that
parameters of  deformation/tensile  strength, like
deformation rate, demonstrate nonlinear character (these
values, for different deformation rates raise and drop),
simultaneously  maintaining ability for hardening
(consolidation) and absorbing of energy during
deformation, despite increasing plastic deformation rate
[39]. The hardening (consolidation) effect, thus growth of
plasticizing tension value, for austenitic high-Mn steels of
TWIP type is observed only under conditions of dynamic
plastic deformation [27]. Thus these steels find themselves
useful in constructional elements, which must demonstrate
high tensile properties under conditions of dynamic plastic

deformation, where deformation rate exceeds 1 s”'. Good
example may be automotive industry, which is especially
interested in development of this steel subgroup in respect
to the production of elements responsible for transmission
and absorbing of impact energy during e.g. road accident.

Additional hardening (consolidation) effect in austenitic
high-Mn steels of TWIP type is dynamic deformation
ageing, which relies on blocking of wunconstrained
movement of the dislocation through presence of Cottrel’s
atmospheres and interstitial atoms present in the close
neighbourhood of dislocation core. This effect is especially
observable during the dynamic deformation tests. It is
externally observed as yield point growth in the
investigated steel [40,41].

The austenitic high-Mn X13MnAISiNbTi25-3-3 steel,
of chemical composition presented in Table 1, was tested.
Chemical composition of the steel was appropriately
selected, to provide single-phase austenitic structure and
mechanism of intensive twinning during plastic
deformation at room temperature.

Table 1.
Chemical composition of high-manganese X13MnAISiNbTi25-3-3 steel, mass fraction
C Mn Si Al Nb Ti Ce Nd La S P N, O,
ppm  ppm
0.13 25.1 35 33 005 0.018 0.013 0.005 0.003 0.002 <0.002 28 <6

Breaking of the samples, made of austenitic high-Mn
X13MnAISiNbTi25-3-3 steel, were done using rotary
hammer, WPM Leipzig. Deformation speeds were 250, 500
and 1000 s”'. Samples were fixed and stiffened with one
side, inside the measuring bar hole, on the other side in the
hole of lower holder — anvil. In next stage flywheel was
accelerated up to the assumed rotational speed. Then the
hammer’s claw was released, which stroke directly the
anvil resulting in sample breaking. The break force was
determined based on resulting springy wave, which was
measured with resistant strain gauge fixed to measuring
bar. Deformation rate was determined with fixed to end of
the encoder shaft’s pivot. For the tests flat samples were
used, of rectangular cross section, of dimensions presented
in Figure 2.
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Fig. 2. The shape and dimensions of the samples used for
testing in dynamic conditions
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Static tensile tests were carried out on Zwick Z100
static testing machine with the deformation speed of the
tested 0.008 s'. Obtained results were analysed with
testXpert II software. Samples provided for the tests were
flat and were prepared according to PN-EN 10002-1 norm.



Phase X-ray analyses were done with X-ray diffracto-
meter XPert PRO, Panalytical. For the determination of
phase composition of original sample and sample after
breaking, filtered beam of X-ray radiation of wavelength K,
A =1.78897nm was used, emitted by Cu X-ray tube supplied
by electric current of intensity 30 mA and voltage 40 kV.
Measurement range of 26 angle varied from 35 to 130°.
Tests were done with the step method, with step 0.05°. The
diffraction patterns produced were analysed with the use of
International Centre for Diffraction Data (ICDD) library.

Cut fragments of breaked samples were inclused in a
resin, in the manner making further metallographic
microscope observations of fractures and structural changes
possible. Sample fragments were oriented in parallel in
respect to their axes. The images were done using optical
microscope Zeiss AxioObserver. Prepared metallographic
specimens were etched with 10% nitric acid, digested in
ethyl alcohol. Observations with metallographic micro-
scope were done for identification of structural changes
after plastic deformation of the material.

Table 2.
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The resulting measurement data after breaking tests
with rotary hammer were transformed to the form making
determination of mechanical properties of austenitic high-
Mn X13MnAISiNbTi25-3-3 steel possible. Test results in a
form of numerical values obtained under the static and
dynamic deformation conditions are presented in Table 2.
The effect of strain hardening demonstrates as the
significant growth of tensile properties during cold plastic
deformation.

The diagrams illustrating the corresponding plastic
deformation tests at room temperature, in static tensile test,
as well as breaking under dynamic conditions, are presented
in Figure 3. These suggest that with the increase in
deformation rate total elongation decreases, however
significant growth of yield point is also observed. Dynamic
deformation conditions cause increase of tensile properties of
the analysed steel. This may indicate a consolidation of the
material in effect of plastic deformation mechanism (TWIP).

The results of strength tests, static tensile tests and breaking at dynamic conditions (UTS — ultimate tensile strength,
YSy, — yield point, &,, — uniform relative elongation, & — total relative elongation)

Deformation rate

0.008 s 25057 500 s 1000 s
YSo, MPa 700 750 1220 1610
UTS, MPa 1050 1420 1300 1380
Eumy - 0.29 0.25 0.24 0.21
€ - 0.32 0.27 0.26 0.24

Stress o, MPa

T

T T T

T T
0.20 0.25 0.30 0.35

Total elongation g, %

Fig. 3. Representative chart — static and dynamic tests of samples made of high-Mn austenitic steel X13MnAISiNbTi25-3-3
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Fig. 5. X-ray diffraction patterns of high-Mn austenitic steel X13MnAISiNbTi25-3-3: a) initial state of the sample; b) sample
tensile under static conditions; ¢) sample broken under dynamic conditions, with strain rate 250 s'; d) sample broken under
dynamic conditions, with strain rate 500 s™'; ¢) sample broken under dynamic conditions, with strain rate 1000 s™'
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Changes in the considered properties are graphically
presented in Figure 4, which demonstrates dependency
of mechanical properties on plastic deformation rate
at room temperature, starting from static tensile test with
the rate of 0.008 s™, up to dynamic breaking with the rate
of 1000 s”. Phase analysis, made with the use of X-ray
diffractometer, was used for the verification of main
deformation mechanism. High-Mn steels of TWIP

W. Borek, M. Lis, K. Gotombek, P. Sakiewicz, K. Piotrowski

type after plastic deformation at room temperature should
demonstrate presence of austenite phase in the whole
material volume. Based on the obtained diffraction patterns
it was concluded, that investigated high-Mn steel
X13MnAISiNbTi25-3-3 shows homogeneous austenite
structure (Fig. 5a). Varying plastic deformation rate did not
cause changes within phase structure of the analysed steel
(Fig. 5b-e).

Fig. 6. Structure of high-Mn austenitic X13MnAISiNbTi25-3-3 steel, a) initial state of the sample; b) sample tensile under
static conditions; ¢) sample broken under dynamic conditions, with strain rate 250 s™'; d) sample broken under dynamic
conditions, with strain rate 500 s'; e) sample broken under dynamic conditions, with strain rate 1000 s
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Selected regions in structures of austenite high-Mn steel
samples tested, which were subject of observations using
metallographic microscope, are presented in the form of
images in Figure 6. Figure 6a represents structure of
austenite high-Mn steel X13MnAISiNbTi25-3-3 in original
state. This original structure is characterized by occurrence
of numerous twins annealing, which proceed within single
grains structures. Structure of the investigated steel after
plastic deformation at room temperature under static
conditions is presented in Figure 6b. Next images present
structures of analysed steel after plastic deformation under
dynamic conditions of breaking, with rates of: 250 s
(Fig. 6¢), 500 s (Fig. 6d), 1000 s (Fig. 6e). Structure of
tested steel after deformation, both under static and
dynamic conditions, is characterized by presence of slip
bands and mechanical twins. Mechanical twins are
observed as narrow bands crossing entirely or partially
austenite grains. Mechanical twins visible in the images
cross also in two slip systems. The difference in length of
generated mechanical twins, in relation to static tensile
tests and dynamic breaking tests, were identified
experimentally. It was concluded, that increase in plastic
deformation rate influences the length of generated
mechanical twins advantageously.

Based on X-ray phase analysis results, together with
microstructure observation using metallographic micro-
scope, it was concluded, that the investigated high-Mn
X13MnAISiNbTi25-3-3 steel demonstrates austenitic
structure with numerous mechanical twins, what agrees
with TWIP effect. Increase in its tensile properties, like
tensile strength and yield point, results from deformation-
induced mechanical twinning. It was demonstrated, that
raise of plastic deformation rate produces higher tensile
strength UTS and higher conventional yield point YS,
(Table 2). The UTS strength values for deformation rate
250, 500 and 1000 s’ grew by: 35, 24 and 31%,
appropriately, whereas in case of YS,, these were: 7, 74
and 130%, accordingly, in respect to the results for the
investigated steel deformed under static conditions, where
UTS and YS, values are 1050 MPa and 700 MPa.
Opposite tendency was observed for experimentally
measured uniform and total relative elongation. With the
deformation rate increase, plastic properties decrease. The
largest total relative elongation corresponded to the tensile
test under static conditions, which is 0.32. The lowest value
was 0.24 for deformation rate 1000 s'. It was observed,
that the character of total relative elongation decrease is
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nearly linear (Fig. 4). Homogeneous austenitic structure
was confirmed by X-ray diffractometer tests. This way
it may be concluded, that raise of deformation rate, as well
as accompanying deformation hardening (consolidation),
does not influence the change in phase structure of
the investigated austenitic high-Mn steel (Fig. 5). The
observations using metallographic microscope made
evaluation of the effect of plastic deformation on structure
of austenitic high-Mn steel possible where mechanical
twins were observed (Fig. 6). The mechanical twins
generated cross in two deformation systems. Presence of
slip bands was identified. Based on changes in grain
dimensions, the direction of single-axis breaking force
action was noticed. Based on the research done it was
concluded, that the austenite high-Mn X13MnAISiNbTi25-
3-3 steel may be used as constructional element working in
devices, machines, tools, instruments, where raised
mechanical strength under dynamic conditions of
deformation is required, providing safety of use in a given
application.
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