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Study of Dislocation Substructures in High-Mn Steels
after Dynamic Deformation Tests
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The article presents the dynamic mechanical properties of two types of high manganese austenitic TWIP steels.
The investigations were carried out for the wide range of strain rates from 10−2 s−1 up to 4× 103 s−1 using servo-
hydraulic testing machine and split Hopkinson bar for the quasi-static and dynamic loading regime, respectively.
The mechanical properties at different strain rates like yield strength and true stress were calculated out on the
base of the results of impact tests. In the next step, the microstructure of the analyzed steels after different
deformation rates were observed by scanning transmission electron microscopy technique in order to disclose a
dislocation structures and mainly the TWIP effect. In the studies observed that with the strain rate increasing
yield strength as well as true stress for 0.3 true strain increasing in both steels. The microstructure observations
reveal the influence of strain rate on the structure evolution for analyzed steels.
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1. Introduction

Since last year’s research centres are interested to re-
search of high-Mn steels for manufacturing of parts for
automotive, railway, and military. Some of these steels
belong to the group of AHS possessing together with
high strength a great plastic elongation, and an ideal
uniform work hardening behavior. Applying these new
steels with their combination of properties allow for re-
ducing the weight of vehicles by the use of reduced cross-
section components and thus to reduce fuel consump-
tion [1–5]. High-Mn austenitic steel is characterized by
an extremely high formability and substantial strength.
Capability of energy absorption is also much bigger in
this case in comparison with conventional steels. Such a
set of features can be explained by presence of strain
mechanisms, such as creation of mechanical twins —
TWIP effect. For various Mn, Al, and Si contents, these
steels have a stacking fault energy between 20 mJ/m2

and 60 mJ/m2 which leads to mechanical twinning un-
til deformation [6–11]. A very important feature of high
manganese steel is their high energy absorption. The
energy absorption capacity of TWIP steels may reach
0.5 J/mm3 at 20 ◦C, almost twice higher than that of
conventional deep punching steel. Till now, most studies
are focused on static tests, such as the tensile fatigue,
welding, and deformation mechanisms. Structure studies
under conditions of dynamic deformations, described in
few papers play an extremely significant role in the case of
these steels [2, 5, 6, 12–21]. We have investigated the for-
mation of dislocation substructures in high-Mn steels by
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scanning transmission electron microscopy (STEM) after
the deformation tests with the use of the split Hopkinson
bar. The dislocation substructure of high-Mn steels at
intermediate strain levels and low strain rate is charac-
terized by free dislocations with two slip detection. After
the deformation with higher strain rate a significant de-
formation twinning and dislocation activity occurs.

2. Experimental

In this study two high-manganese steels Fe — 25 wt%
Mn — 3 wt% Al — 0.3 wt% Si — 0.55 wt% C (steel 1)
and Fe — 26 wt% Mn — 3 wt% Al — 3 wt% Si —
0.29 wt% C (steel 2) were used. The details of the melt-
ing, casting and rolling process of steels was presented
in [6, 11, 13]. Both steels after the solutioning at 1100 ◦C
during 2 h had a monophase austenitic structure with
growth twins (Fig. 1).

Fig. 1. The light microscopy (LM) microstructure of
steel 1 (left) and steel 2 (right) after heat treatment by
solution of 1100 ◦C/2 h.

In order to obtain stress–strain curves of selected
materials two various methods were applied. At low
strain rate compression tests were conducted using a
servo-hydraulic testing machine at room temperature.
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An electro-mechanical extensometer was applied for the
axial strain measurements. The samples used in all of the
tests performed were machined from round bars using the
machining. Interfaces were lubricated using MoS2 in or-
der to reduce friction effects between the anvil and the
specimen under compression. For high strain rates split
Hopkinson pressure bar methodology was applied. The
test stand, presented in Fig. 2, was equipped with inci-
dent (8) and transmitter (9) bars 20 mm in diameter and
1000 mm in length, which were made of high strength
maraging steel, σy = 2100 MPa. The signals acquired
from the strain gauges (7) were amplified by the wide-
band bridge circuit (3) and digitized by an oscilloscope
(4). The initial velocity of the striker (5), which was ac-
celerated in a pressure gas launcher (1) was measured by
two sets of diodes and photodetectors coupled to a digital
counter (2). Based on the waveforms recorded by a digi-
tal oscilloscope for transmitted εT (t) and reflected εR(t)
waves and the known cross-sectional area of the bars A
and the specimen AS, the speed of the elastic wave prop-
agation in the material of the bars C0 and the test-piece
length L, it is possible to determine stress σ(t), strain ε(t)
and strain rate ε(t) in the specimen using the following
formulae [22]:

σ(t) = E

(
A

AS

)
εT (t), (1)

ε(t) = −2C0

L

∫
εR(t)dt, (2)

ε̇(t) =
dε(t)

dt
=

−2C0

L
εR(t). (3)

The dynamic tensile tests were carried out on a split-
Hopkinson bar tester under various strain rates (1.2×103,
2.6× 103, 4.1× 103) at room temperature. We examined
the cylinder rods with a diameter and height of 5 mm.
Both dimension errors of the cylinder rods were within
0.002 mm. Schematic outline of the split-Hopkinson pres-
sure bar tester was shown in Fig. 2.

Fig. 2. Split Hopkinson tension bar testing system: 1
— pneumatic launcher, 2 — optoelectronic system of
speed mesurement, 3 — strain gauge, 4 — digital os-
ciloscope, 5 — momentum trap bar, 6 — bearing, 7 —
extensometer, 8 — incident bar, 9 — transmitter bar,
10 — damper [22].

As a result of dynamic deformation tests stress–strain
curves were obtained. On the base of the stress–strain
curves mechanical properties of steels were obtained.
The structural studies were carried out by optical LM

and in the submicroscopic scale, using STEM. The hard-
ness measurement was carried out by Vickers method
under a load of 2 kg.

For dislocation microstructure characterization STEM
Hitachi HD-2300A equipped with a cold field emission
gun at an accelerating voltage of 200 kV was used.
Figure 3 shows the change in sample geometry during
deformation and points of microstructure observations.
The Vickers hardness was measured by means of a Zwick
microhardness tester with use of a 2000 g load.

Fig. 3. Illustration of the deformation effect on change
of a geometry of samples and points of STEM observa-
tions and hardness measurement.

3. Results and discussion

As a result of dynamic deformation tests the stress–
strain curves were obtained. On the base of the curves
mechanical properties like yield strength R0.2 and true
stress σ which corresponds with 0.3 strain were calcu-
lated in Table I. With strain rate τ increase R0.2 and σ
increases in both steels. Yield strength for steel 2 has a
small higher value in comparison with steel 1 up to the
2600 s−1 strain rate. For the highest strain rate value the
situation is different. True stress for steel 1 it is higher
over the range of applied strain rate with respect to the
steel 2.

TABLE I

Mechanical properties of analyzed steels after the static
and dynamic deformation.

τ R0.2, steel 1 R0.2, steel 2 σa, steel 1 σb, steel 2s
[s−1] [MPa]
0.01 395 412 1070 959
1600 640 650 1020c 980d

2600 725 735 1200 1160
∼ 4000e 820 795 1250 1190
aε = 0.3, T = 23 ◦C, bε = 0.35, T = 23 ◦C, cε = 0.28,
dε = 0.25, e3700 s−1 for steel 2; 4100 s−1 for steel 1

Figure 4 shows a microstructure of steels after deforma-
tion with strain rate 0.01–410 s−1 deformed up to strain
0.3. In the microstructure with strain rate 0.01 for both
steels (Fig. 4a,e) the dislocation structure with two slip
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systems are visible. A heterogeneous dislocation struc-
ture is formed due to the multiple character of slip. Pla-
nar slip promotes the formation of structures by the inter-
section of high dense dislocation walls (HDDWs) on two
different slip planes. With further strain rate (1600 s−1)
the formation of mechanical twins with primary and sec-
ondary system on the high dense dislocation matrix are
visible (Fig. 4b,f). In steel 1 the twins are formed as
twin bundles more often than in steel 2. The bundles
are nucleated at grain boundaries and do not extend fur-
ther up to the opposite grain boundaries. Higher strain
rate (≈2600 s−1) leads to a further development of the
twin structure. In steel 1 twins with different widths are
visible in two twin systems (Fig. 4c). In steel 2 more of-
ten we observed the lamellar twin structure with similar
twins widths on the deformed matrix structure (Fig. 4g).
After deformation at 3500 s−1 for steel 2 — and 4100 s−1

for steel 1 we could observe the fine twin structure where
there is mutual intersection of twins of similar width.
The intersection are mainly the result of high strain rate
(Fig. 4d,h).

Fig. 4. Microstructure of steel 2 (a–d) and steel 2 (e–h)
deformed at different strain rates.

From the above observations, it can be concluded that
Vickers hardness corresponds well to the structure evo-
lution. The development of dislocation structure during

TABLE II

Hardness data HV2 for steel 1 and steel 2 deformed at
static and dynamic conditions.

τ HV2
[s−1] steel 1 steel 2

ε = 0.3 σ ≈ SHV± ε = 0.3 σ ≈ SHV±
0.01 305 11 280 14
1600 331 12 302 16
2600 390 15 355 18
4100 396a 13 378a 16
aε = 0.41

strain rate increase has generally been shown to be ac-
companied by an increase in hardness in Table II.

Average hardness in initial state of steel 1 was 185 HV2
and for steel 2 was 165 HV2. The largest increase in
hardness is observed for deformation between strain rate
0.01 s−1 and 2600 s−1. In these strain rate range in
the structure we observed general change. The struc-
ture visible for 0.01 s−1 strain rate is rebuilt during the
strain rate increase. For example after deformation with
2600 s−1 strain rate we cannot see already the single slid-
ing dislocations but formation of mechanical twins at two
twinning systems on the high dense dislocation matrix.
They did not observe a single dislocation and the pres-
ence of slip mechanism indicates the HDDW existence.
The highest hardness for both steels is observed for de-
formation with highest strain rate used.

4. Summary

On the base of the results of dynamic deformation
tests we note that if the strain rate increases, the yield
strength as well as true stress increase for both analyzed
steels. For high strain rate steel 1 has higher average
properties i.e. yield strength and true stress in compari-
son with steel 2. Microstructure observations reveal the
influence of strain rate on the structure evolution for ana-
lyzed steels. At static deformation conditions both steels
are deformed by the slip mechanism. At dynamic defor-
mation conditions (high strain rates) the twinning begins
to play a main role in deformation, but evolution in the
matrix is also noticeable. It is evident that applied high
strain rates of the formation of mechanical twins with
primary and secondary system in the whole volume of
sample are visible. In steel 1 we observed twins with dif-
ferent widths in two twin systems rather as a lamellar
structure. In steel 2 more often we observed the lamellar
twins with similar widths. Deformation at highest strain
rate leads to the building of fine twin structure where
there is a mutual intersection twins of similar width. It
can be concluded that both analyzed steels belong to the
group with TWIP effect increasing the strain rate during
the deformation process affecting structure development.
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