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Abstract

High strength properties and a wide range of deformation hardening, particularly in case of dynamic
deformation, enable application of manganese steels in the structure of highly strained elements constituting
mechanical vehicle framework. This is true primarily for railway, automotive and military industries, where not
only decrease in weight, but also safety improvements are of importance. Favourable combination of strength
and ductility, as well as excellent ability to absorb energy in the deformation process which is a characteristic
of those steels allow the assumption that the possibilities of their usage in the structures of means of transport
will become more and more common, and that the demand for materials of that kind will be growing along with
the sharpening of structure regulations and bump test norms. Mechanical properties together with mass
density higher than in traditional types of steel constitute a new quality of steel structure materials designed
for those industries. Manganese steels are characterized by their ability to activate distinct deformation
mechanisms, such as twinning induced by plastic deformation, that is referred to in technical literature as the
TWIP effect (twinning-induced plasticity), as well as MBIP (microband-induced plasticity), that are responsible
for the combination of high strength and ductility in steels to be examined and consequently, for high energy
absorption, a basic control parameter in crush tests carried out on vehicles. The aim of this research is to
explain of structural phenomena that take place during mechanical twinning induced as well as formation
deformation microbands in austenitic matrix by dynamic plastic deformation in steels with the TWIP effect. This
research focuses on the analysis of structure changes taking place in manganese steels depending on the
stacking-fault energy (SFE) affected by chemical composition, and on the applied variable plastic deformation
rate. The conducted research will generate data for the model description of structure changes under the
influence of varying deformation rate that take place in manganese steels of different SFE value.
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1. INTRODUCTION

Current needs of the most important branches of economy, such as, for instance, automotive and railway
industries, are connected with manufacturing of new materials with significantly more favourable set of
mechanical and plastic properties, and taking the economic aspects under consideration. Pursuit of reduction
in vehicle mass results in application of various material groups such as composites, polymers or light alloy
materials, but the most important elements with the highest degree of responsibility for safety are still
manufactured from steels. However, the approach to designing modern steels with a broad range of strength
and plastic properties is changing fundamentally [1-5]. Among these steels, one may include steels from the
group reinforced in the result of structural effects induced by plastic deformation. Particularly selected groups
of Advanced High Strength Steels (AHSS) with manganese exhibiting characteristic effects during
deformation, i.e. the ones caused by hardening by mechanical twinning of the austenite, the so-called TWIP
effect (twinning induced plasticity), and hardening by formation of shear microbands in the austenite, the so-
called MBIP effect (microbands inducted plasticity) Figure 1, belong to them [1, 7-10]. Both these effects
influence uniquely the combination of mechanical and plastic properties, and their occurrence depends on the
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criterion of selection of chemical composition, and therefore control of stacking fault energy y SFE. The details
of the mechanisms controlling strain-hardening in high manganese steels are still unclear [2,7,8-14].

New Generation Manganese Steels
7

MBIP

Figure 1 New-generation groups of AHSS manganese steels with a schematic presentation of the main
mechanism of their hardening (developed based on [2-5, 9]): a) hardening by mechanical twinning,
b) hardening by formation of shear microbands

SFE value is the measure of tendency to twinning induced deformation. and is in manganese steels in the
range of 20 mJ / m? to 60 mJ / m2. For SFE above 60 mJ / m?stell as tend to develop microbands [17, 19, 22,
23]. The value of stacking fault energy is controlled by contents of alloying elements, so the variable is the
value of AG"* being a difference of molar Gibbs free energy between austenite and martensite phases in
relation to the individual alloying elements. The fundamental alloying component controlling stability of
austenite during deformation of the discussed steels is manganese. Increasing its contents initially leads to a
decrease in SFE to a minimum value below 5mJ/m?, and then increases again. Simultaneously at this Mn
contents, introduction of Al to the steel generates an increase in SFE and effectively limits the deformation-
induced y—e—a transformation, stabilizing high-manganese austenite, what also favours deformational
hardening in a result of TWIP and MBIP effects [5, 6 8 - 14]. The SFE value depends not only on the chemical
composition, but also on the deformation temperature. Correlation of these two factors directly determines the
dominant deformation mechanism, especially in relation to manganese steel [2]. As temperature increases,
thermal activation facilitates slip dislocation, inhibiting the growth of deformation twins [24]. However, it has
been shown that up to about 300 ° C the tested TWIP steels still have an EBU of between 20 mJ / m? and 60
mJ / m2. Therefore, the effect of temperature on changing EBU should only be considered at temperatures
above 300 °C. It is characteristic that manganese steels, especially TWIP, have a strong relationship between
properties and deformation rate [21-27]. They show the ability to be strengthened with the increase in
deformation rate without loss of good plastic properties. Contrary to the increasing number of publications on
the properties of manganese steel deformed under high speed conditions, little is known about the structural
changes that accompany this process. Part of the work also applies only to deformation in cold or hot working
processes [10, 11, 17, 19]. Only in a few works can you find reports on the structure of Mn-Al steels, including
TWIP and its changes analyzed by LM and TEM techniques under deformation at high strain rates. In the
paper several properties of manganese TWIP steel as well as the microstructure analysis after static and
dynamic deformation was performed.

2, EXPERIMENTAL PROCEDURE

A manganese steel Fe - 26 wt.% Mn - 5 wt.% Al - 5 wt.% Si - 0.6 wt.% C, was the material for studies. The
steel was smelted in a vacuum induction furnace with a ceramic melting pot, and cast using gravity casting
technique. The obtained ingots were forged into round bars with a diameter of 20 mm. The forging was carried
out so as to the forging start temperature was in the range of 1150°C +1140°C, and the forging finish
temperature was not lower than 900°C. After the forging, the bars were subjected to hyperquenching from a
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temperature of 1170°C. In this material state, the studied steel had a monophase austenitic structure with
characteristic annealing twins, with a hardness 185 HV2. The static tensile tests were carried out at standard
ZWICK machine with a maximum force of 250 kN. The series of measurements was made according to PN-
EN ISO 6892-1: 2010 [28]. Round specimens with a diameter of 4 mm, ending with threaded M10 heads, were
used. A measuring base of 20 mm length was used for measuring the elongation As. The strength and
geometry of the sample before and after the deformation were determined by the following: tensile strength
TS, yield strength YS, elongation As.The dynamic tensile tests were carried out on a flywheel machine of RSO
type, owned by Institute of Materials Technology of Silesian University of Technology, with an impact linear
velocity in the range of 5+40 m/s, corresponding to deformation rates in the rage of 102+10* s”'. During the
dynamic tensile tests, the sample is connected to the top holder, and it is deformed by an impact of a ram into
the anvil of the bottom holder. The ram linear velocity was determined by a measurement of the rotational
speed of the ram’s flywheel. Smooth cylindrical samples with a diameter of 4 mm and a measurement part
length of 20 mm were used for the tests, bilaterally threaded in the holder part. During the tests, the course of
the tensile force vs. time, and the linear velocity of the ram placed in the flywheel, were recorded. Based on
the force characteristics and sample geometry measurements before and after the deformation, the following
parameters were determined: limiting deformation &g, deformation rate, tensile strength TS. The structural
studies were carried out by optical light microscopy and in the submicroscopic scale, using transmission
scanning electron microscopy. The hardness measurement was carried out by Vickers method under a load
of 2 kg.

3. RESULTS AND ITS DISCUSSION

The results of the static tensile test are shown in Table 1. The YS of the deformation steel at 0.0005 s™'is 680
MPa and decreases to 630 MPa for deformation at a rate of 0.01 s™'. Steel reaches TS, 915 MPa for
deformation at 0.0005 s™' and 820 MPa for deformation at 0.01 s™'. Good plasticity properties were achieved,
elongation of A5 was 40%. For the 0.0005 s™' deformation rate YS / TS yield index reaches 0.74 and the
deformation rate 0.01 s is 0.73.

Table 1 Results obtained in static tensile test of steel.

Strain rate, s TS YS As, % YS/TS
0.0005 915 680 41 0.74
0.01 820 630 40 0.73

Dynamic deformation tests using flywheel machine were carried out with the ram’s linear velocity of 15, and
30 m/s. It corresponds to obtained deformation rates in the range of 100+4000 s™'. The calculated value of the
deformation limit &g increases as the steel deformation rate increases during dynamic tests (Table 2). The
tested steel achieves high values of the deformation limit. For deformation rate 1830 s™, the g is 0.94, while
for the deformation rate 4650 s™' the value of &g is 1.30. Such characteristics indicate that the material is
characterized by very high plasticity at deformation at very high speeds. The studied steel exhibits sensitivity
of the stress to the deformation rate. Values of the TS determined after dynamic tests are gathered together
with the TS value after the static tensile test. The investigations indicate that an increase in the deformation
rate is accompanied by an increase in the tensile strength. In the static tensile test, the average value of TS
amounts to 870 MPa, while after the dynamic tensile test, this values increases almost twice, reaching
averages of 1517 MPa and 1633 MPa, for the ram’s linear velocities of 15 m/s and 30 m/s, respectively. At the
highest ram’s linear velocity used, i.e. 30 m/s, the studied steel exhibits the highest tensile strength. The
studied steel is being strongly hardened, what is confirmed by the results of the hardness test. Measurement
of hardness was done on longitudinal elimination with a 0.35 mm step on a 15 mm? surface. Measurements
were made at a distance of 0.5 mm from the edges of the sample. Hardness measurement values averaged
for each deformation variant (Table 3) indicate an increase in the hardness of the steel under test due to the
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increase in deformation rate, with the highest increase in hardness HV2 occurring at the transition from the
static to the dynamic range.

Table 2 Results obtained in dynamic tensile test of steel.

Strain rate, s Linear velocity, m/s TS &g
1580 15 1545 0.87
1830 15 1490 0.94
4190 30 1650 1.15
4650 30 1615 1.30

Table 3 Results of hardness HV2 after static and dynamic tensile test of steel.

Strain rate, s HV2
initial state 185
0.0005 360
0.01 340
1830 380
4650 401

On the base of dynamic tests results according to formula (1) as the integral represents the field of the tensile
graph between the curve, the abscissa and the end of the graph we obtain the value of deformation work.
Follow then we calculated the energy absorption during the deformation process according to formula (2). [29
- 31]

Al i

L, =[Fd(Al)=[F-dl.J (1)
0 Iy

E . =%, T mn’ )

where : L, - deformation work, J;
Vs - volume of measuring base, mm?

The calculated value of the plastic deformation L, required to break the specimen in the tensile test on the
flynweel machine is 4650 s 106.5 J. The results calculated for the series of samples are shown in Table 4. It
can be seen that the increase in the deformation rate of the test steel affects the increase in the value of
deformatin work required to destroy a sample in dynamic tests. The value of the absorbed energy of the
deformation, ie the Eass, was determined by the plastic deformation measured in relation to the sample volume
[29-31].

Table 4 Results of calulated L, and Eass after dynamic tensile test of steel.

Strain rate, s Ly, J Engs, JImm?3
1830 77 0.30
4650 114 0.47

The results show that the steel exhibits the highest energy absorption capacity at stretching speed of 4650
s "and is 0.47 J / mm?3. The structure of the tested steel after static and dynamic tensile reveals the effects of
cold plastic deformation in the form of austenite grains inside which mechanical twists and deformation bands
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occur (Figure 2). An increase in defected caused by the increase in deformation rate is observed. After
deformation in static conditions (Figure 3a) highly defected areas dominate the structure. On the background
of the cellular dislocation structure there are single mechanical twins and microbands. Twins deformation occur
in one twin system. The cellular structure borders on areas of high defected of austenite. Deformation at
dynamic conditions Figures 3b, c¢) favors the formation of a cellular dislocation structure. Usually dislocation
cells are poorly formed and austenite areas are characterized by very high degradation. There are also
selected areas of well-developed dislocation cells (under the highest strain rate conditions) and occupy most
of the austenitic matrix. The twinning process is activated and predominantly two primary and secondary
systems are active. Twins of deformation are visible in the form of bands of varying widths. The distinctive
deflections of the twins of deformation, resulting from the high activity of the twinning system, are noticeable.
The microbands are visible as the effect of deformation.

Figure 2 Microstructure of steel after a) static tensile, b) dynamic tensile, SEM, visible defected austenite
structure by creation of mechanical twins and microbands

Figure 3 Microstructure of steel after a) static tensile, b, ¢) dynamic tensile, STEM, visible defected
austenite structure by creation of mechanical twins and microbands.

The high deformation rates initiates the processes of intense mechanical twinning. Against the backdrop of the
dislocation structure that undergoes transformation, the twin systems of deformation develop in two systems.

4, CONCLUSION

In literature, there is little work in which the changes of the microstructure of high-manganese steel
strengthened by mechanical twinning occur under different cold deformation rates. The results obtained and
presented here are a new concept. The use of static and dynamic tensile methods has allowed the material
characteristics to be obtained over a wide range of steel deformation rates. The dynamic test confirmed that
the TS of the steel is sensitive to the deformation rate. Under tensile conditions at the maximum strain rate,
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the steel is characterized by high plasticity. It was calculated that the steel is characterized by high Eass value.
It confirms the ability to capacity dynamic loads. Under static tensile conditions, the dislocation slip plays a
dominant role in the deformation of steel. Under the dynamic conditions, the share of the twinning mechanism
in the steel deformation increases. Twins are most often formed in two systems, and the process of generating
mechanical twins is accompanied by the effects of dislocation slip. There is a continuous transformation of the
dislocation structure as a result of increasing deformation.
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