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A B S T R A C T

The effects of quasi-static and low-dynamic strain rate (ε ̇ = 10−4 /s to ε ̇ = 102 /s) on tensile properties and
deformation mechanisms were studied in a Fe-25Mn-3Al-3Si (wt%) twinning and transformation-induced
plasticity [TWIP-TRIP] steel. The fully austenitic microstructure deforms primarily by dislocation glide but due
to the room temperature stacking fault energy [SFE] of 21± 3 mJ/m2 for this alloy, secondary deformation
mechanisms such as mechanical twinning (TWIP) and epsilon martensite formation (TRIP) also play an im-
portant role in the deformation behavior. The mechanical twins and epsilon-martensite platelets act as planar
obstacles to subsequent dislocation motion on non-coplanar glide planes and reduce the dislocation mean free
path. A high-speed thermal camera was used to measure the increase in specimen temperature as a function of
strain, which enabled the use of a thermodynamic model to predict the increase in SFE. The influence of strain
rate and strain on microstructural parameters such as the thickness and spacing of mechanical twins and epsilon-
martensite laths was quantified using dark field transmission electron microscopy, electron channeling contrast
imaging, and electron backscattered diffraction. The effect of sheet thickness on mechanical properties was also
investigated. Increasing the tensile specimen thickness increased the product of ultimate tensile strength and
total elongation, but had no significant effect on uniform elongation or yield strength. The yield strength ex-
hibited a significant increase with increasing strain rate, indicating that dislocation glide becomes more difficult
with increasing strain rate due to thermally-activated short-range barriers. A modest increase in ultimate tensile
strength and minimal decrease in uniform elongation were noted at higher strain rates, suggesting adiabatic
heating, slight changes in strain-hardening rate and observed strain localizations as root causes, rather than a
significant change in the underlying TWIP-TRIP mechanisms at low values of strain.

1. Introduction

Within the past decade, advanced high strength steels (AHSS) have
been incorporated into automotive vehicles to reduce their weight and
improve the strength of structural components [1–3]. More stringent
fuel economy standards and crash tests continue to drive the im-
plementation and evolution of AHSS. High-manganese twinning-in-
duced and transformation-induced plasticity (TWIP/TRIP) steels exhibit
promising properties for automotive applications due to their excep-
tional combination of strength and ductility. The product of ultimate
tensile strength (UTS) and total elongation (TE) typically ranges be-
tween 42,000 and 68,000 MPa% [4–6], which is superior to many other
AHSS grades. The superior energy absorption capability of these steels

could also play a critical role in improving crash performance for future
vehicle designs.

Typically, high-Mn (15–30 wt%) TWIP and/or TRIP steels are
composed of metastable or stable austenite and are alloyed with Al, Si,
Cr, C and N [5–12]. The deformation mechanisms and tensile properties
of TWIP and/or TRIP steels can exhibit a strong dependence on tem-
perature and/or stacking-fault energy (SFE) [4,7]. These steels deform
by a combination of dislocation glide and secondary deformation me-
chanisms such as mechanical twinning and/or εhcp-martensite forma-
tion [13,4]. Austenitic high-Mn steels with relatively high SFE (ap-
proximately 50 mJ/m2 and greater) deform primarily by dislocation
glide. As the SFE decreases from ~ 50 to ~ 20 mJ/m2, mechanical
twinning becomes increasingly favorable and the steel deforms by both
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dislocation glide and mechanical twinning. With decreasing SFE below
~ 20 mJ/m2, these steels typically deform by a combination of dis-
location glide and a martensitic phase transformation, where the aus-
tenite phase transforms to hexagonal epsilon martensite
[4,7,10,14–18]. The mechanisms by which mechanical twins and ep-
silon martensite form are closely related to the glide of a/
6< 112>partial dislocations, which both trail and lead a stacking
fault on {111} glide planes [8,19–23]. The martensite platelets and
mechanical twins act as planar obstacles, reduce the mean free path of
non-coplanar dislocation glide and produce back stresses, resulting in a
high strain-hardening rate, delayed necking, and large uniform elon-
gations [5–10,23–26].

A fundamental understanding of the deformation mechanisms of
TWIP-TRIP steels at high strain rates will be beneficial for im-
plementing these steels into automotive vehicles and designing future
TWIP-TRIP steel grades, particularly as it relates to the response of
TWIP-TRIP steels to high strain rates experienced during crashes and
advanced forming processes [27]. Under crash conditions, steel com-
ponents are subjected to a wide range of strain rates, most of which can
be simulated with tensile tests in the strain rate range of ε ̇ = 10−2 /s to
ε ̇ = 103 /s [28]. Implementation of complex geometries and varying
thicknesses of automotive body parts requires a deeper understanding
of TWIP-TRIP steel behavior at high strain rates, since many studies on
sheet steels have shown an influence of specimen thickness on me-
chanical properties [29–33]. Interrupted tests are essential for gaining
an in-depth understanding of how next-generation steels behave at high
strain rates. Interrupted high-rate tests with electromagnetic forming
have been reported as far back as 1982 and allow for characterization of
the microstructure at appropriate levels of strain [34]. Choi et al. [35]
measured the volume fraction of retained austenite in two different
TRIP sheet steels as a function of strain at rates up to ε ̇ = 6 × 102 /s
with the use of an interruption device during high strain rate tensile
testing. The methodology to interrupt high strain rate tensile tests de-
veloped by Choi et al. was used in the present work. As such, the
structure-property information from high strain rate tensile tests is
potentially useful for models to predict the performance of sheet steel
forming behavior and automotive crash response of components in the
vehicle body.

This study is a continuation of extensive work by Pierce on Fe-22/
25/28Mn-3Al-3Si steels [36]. More specifically, the stacking fault en-
ergies of these high-Mn steels were experimentally determined using
weak-beam dark-field transmission electron microscopy (TEM) [14,37]
and incorporated elastic constants measured by a novel combination of
orientation imaging microscopy and nano-indentation [38]. The Fe-
25Mn-3Al-3Si steel deforms by a combination of planar dislocation
glide and secondary deformation mechanisms [4,13]. The SFE value of
21±3 mJ/m2 promotes twinning-induced plasticity as the dominant
mode of secondary deformation with some evidence of transformation-
induced plasticity in the form of hexagonal ε-martensite [4]. When
deformed at room temperature and quasi-static strain rates, these sec-
ondary deformation mechanisms contribute to high strain-hardening
rates. Furthermore, Pierce et al. showed the influence of Mn-content
and SFE on the mechanical properties of high-Mn steels and that an
optimal SFE between 15 and 39 mJ/m2 produces the highest product of
[ultimate tensile] strength and [total] elongation (PSE), due in large
part to combined dislocation glide and secondary deformation, the
latter producing obstacles to subsequent dislocation motion [4]. The
present work focuses on understanding the effects of strain rate on the
mechanical properties and deformation mechanisms in the austenitic
microstructure of an Fe-25Mn-3Al-3Si (wt%) steel.

2. Experimental methods

2.1. Thermo-mechanical processing

The high-Mn alloy, [Fe-24.8Mn-2.99Al-3.03Si-0.019C-

< 0.001O wt%], was induction melted, cast into an ingot in Ar atmo-
sphere and thermo-mechanically processed by hot rolling at 1100 °C to
10 mm thick. This plate was sectioned in half to study different sheet
thicknesses. The halves were further hot-rolled to 3.0 and 2.2 mm, re-
spectively, then a 50% cold-rolled reduction was applied to create 1.5
and 1.1 mm thin sheets. These sheets were recrystallized for 0.5 h in air
atmosphere at 900 °C. Parallel plate grinding was used to remove the
oxide scale and produced final sheet thicknesses of 1.15 and 0.95 mm.
Samples for optical microscopy were prepared by mechanical polishing
through 50 nm silica suspension followed by etching with a 10% nital
solution. Grain size analysis using ASTM E112 [39] yielded a 21 µm
average grain size for both sheet thicknesses (1.15 mm and 0.95 mm).
Thus, the 1.15 mm thick sheet has a slightly higher thickness-to-grain-
size ratio.

2.2. Machining and servo-hydraulic tensile testing

Tensile specimens for elongation to failure and interruption were
wire electro-discharge machined with dimensions as indicated in Fig. 1,
based on specimen designs from Choi et al. and Addessio [35,40]. The
3.05 mm radius of the grip notches on the interruption geometry were
further notched with a slow speed diamond saw blade to ensure in-
terruption after the desired deformation in the gage section. Tensile
testing was performed with a MTS 810 high-rate servo-hydraulic testing
system. The system was comprised of a 500 kN capacity frame with a 50
kN capacity actuator. A 400 kN Kistler piezoelectric load washer was
used to measure load. Data acquisition rates up to 2.5 MHz are attained
through the National Instruments oscilloscope software program Vir-
tualBench Scope™ and a National Instruments 12-bit data acquisition
board with four data channels. A two-valve system and a slack adapter
on the actuator allow the actuator to move at low and high rates. Strain
was measured with a high elongation Vishay EP-08-250BG-120 strain
gage adhered to the specimen with Vishay M-Bond A-12. However, the
strain gage often detached prior to necking of the specimen as the strain
gage is only rated up to a total strain of 0.2. For tests at ε ̇ = 2 × 101 /s
and slower, the engineering strain rate prior to debonding was used to
extrapolate the strain data to fracture. Total strain in every mechanical
test was corroborated with caliper measurements of the gage length
before and after tension testing. Specimens were strained in tension at
various strain rates (from ε ̇ = 2 × 10−4 /s to ε ̇ = 2 × 102 /s) either to
failure or to specific strain levels using the interruption device and
technique developed by Choi et al. [35].

2.3. Sample preparation for microstructural characterization and micro-
hardness measurements

For transmission electron microscopy (TEM) sample preparation
from the gage section of interrupted tensile specimens, 3 mm discs were
wire electro-discharge machined orthogonal to the thickness dimen-
sion. To achieve electron transparency, these discs were mechanically
polished to ~ 100 µm with SiC paper and electro-polished with a
Struers TenuPol-5 twin jet system (−30 °C, 15 V, 80% CH3OH, 20%

Fig. 1. Drawing of fabricated tensile specimens for failure and interruption at high strain
rates, (T is sheet thickness), based on previous studies [35,40].
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HNO3 by volume). For scanning electron microscopy (SEM) sample
preparation, 3 mm discs electro-discharge machined from gage sections
were mounted in conductive bakelite. To achieve the preparation
quality needed for high-resolution measurements in the SEM, (which
are discussed in Section 2.6), the bulk samples were mechanically po-
lished with SiC paper, auto-polished with 1 µm diamond spray solution,
etched for 20 s with 3% nital to chemically remove mechanical pol-
ishing effects and auto-polished through a 50 nm oxide polishing sus-
pension, before final cleaning. Micro-hardness measurements were
made on 3 mm discs of every deformed sample (which were prepared
by the same methods for SEM imaging) with 32 indents per sample and
400 µm spacing between indents, using an 800 g load on a Vickers
micro-hardness machine. Samples for optical microscopy were prepared
in the same manner as described for SEM preparation but also included
an etching step after final polishing, (10% HNO3 in 90% CH3OH by
volume).

2.4. Data acquisition at high strain rates

In the case of tests at ε ̇ = 2 × 102 /s, measurement of load and
strain was performed with multiple methods. The engineering strain
rate was higher than expected based on the actual displacement rate
and resulted in extrapolated total elongation values up to εeng. = 0.25
greater than total elongation measured on the fractured tensile spe-
cimen with calipers. Therefore, for ε ̇ = 2 × 102 /s tests, actuator dis-
placement rate was used instead to estimate strain after debonding of
the strain gage. For tests faster than ε ̇ = 2 × 101 /s, the swift con-
nection of the slack adapter generated mechanical resonance in the
specimen and testing machine, which led to large oscillations in the
load data, as seen in Supplementary Fig. S1. The load-ringing amplitude
could be minimized by reducing the mass between the gage section and
the load measuring device, which is why titanium grips were used
[41,42]. Yang et al. suggest the use of two elastic strain gages to reduce
load oscillations (one on either side of the grip section) during high
strain rate tensile testing on a servo-hydraulic testing machine [43].
The load data from both strain gages is averaged and significantly re-
duces oscillation amplitude, as shown in Supplementary Fig. S2. Al-
though this was not an option for all pull-to-failure tests, this concept
was implemented in one test to check agreement of the hardware-based
method suggested by Yang et al. with the software-based smoothing
methods described below. The data reduction methods implemented in
this work for the tests at ε ̇ = 2 × 102 /s comprise a moving average
using MATLAB® (three iterations of smoothing for each data set), and
spline fitting of the linear-elastic region and necking-fracture regions
using Grapher™ software, as shown in Supplmentary Fig. S3. Both the
hardware and software-based smoothing methods provide satisfactory
solutions to the problematic raw load washer data, as shown in Sup-
plementary Fig. S4.

2.5. High frame rate thermal imaging

Non-contact temperature measurements were collected during all
mechanical tests with an infrared thermal camera (FLIR® A655sc) at a
frame rate of 200 Hz (5 ms between frames), to produce a matrix with
640 × 120-pixel resolution per frame. The calibration range of this
device is −40 to 150 °C, and within this range the overall accuracy of
absolute temperature measurement is± 3 °C. The maximum reading
which could be displayed outside this calibrated range was 160.2 °C. To
ensure consistent temperature measurements, the side of the gage
section without a strain gage was coated with black spray paint
[emissivity approximately equal to 1]. The camera had an unobstructed
view of the specimen during testing. A large sheet of cardboard was
placed behind the specimen during testing to achieve a uniform back-
ground. The absolute values of the non-contact temperature measure-
ments were corroborated by measurements made with a thermocouple
that was resistance-welded to the other side of a tensile specimen

during a practice test.

2.6. Characterization of planar defects

To quantitatively characterize the effects of strain rate on changes in
the distribution of planar defects, (especially twins and epsilon mar-
tensite), both SEM and TEM-based characterization techniques have
been utilized by others [44–49,58,59,61]. Such characterization tech-
niques are used to quantify the thickness and spacing of planar defects,
(see Supplementary Fig. S5 and Supplementary Fig. S6) and include
electron back-scattered diffraction (EBSD), electron channeling contrast
imaging (ECCI), and conventional dark-field transmission electron mi-
croscopy (DF-TEM). To minimize as many variables as possible in
quantifying planar defects, the microscopy work discussed in this sec-
tion is based on tensile specimens of the same sheet thickness
(1.15 mm). Micro-hardness indents were placed in a grid on polished
SEM samples to act as markers during imaging. EBSD on a field emis-
sion SEM (JEOL JSM 6500F) at 25 kV was used to survey grains
with< 101>orientations parallel to the beam direction. For those
properly oriented grains, ECCI on a field emission SEM (Zeiss Merlin) at
30 kV was used to first survey for proper channeling conditions, record
at medium-high magnification a slow scan image revealing the planar
defects. Supplementary Fig. S5 shows example images recorded on the
different microscopes. Suitable DF-TEM diffracting conditions were
achieved with a TEM (FEI Tecnai Osiris) at 200 kV by first surveying
grains with convergent beam electron diffraction (CBED) and orienting
them to a< 101>beam direction, followed by selecting the appro-
priate extra reflections (twinning or ε-martensite) in selected area
electron diffraction (SAED) with a sufficiently small (10 µm) objective
aperture to produce an unambiguous DF image (Supplementary Fig.
S6). An image-processing recipe [FFT filter, adaptive threshold, black-
white inversion, feature rejection and watershed] was used to segment
planar defects from a given image using MIPAR software [50]. Ap-
proximately 100 lines were drawn perpendicular to the segmented
defects and used to count the thickness of and spacing between all
planar defects in a given image.

3. Results

3.1. Optical microscopy

Fig. 2 shows optical micrographs of the deformed microstructure for
interrupted and pulled-to-failure tensile tests at various strain rates. For
Fig. 2a, the tensile test at ε ̇ = 2×102 /s was interrupted at εeng. = 0.07.
Although TEM is required to differentiate between mechanical twins
and/or epsilon martensite laths, Fig. 2a clearly reveals planar defects in
a few grains and in some instances, multiple variants (as indicated by
arrows). After interruption at εeng. = 0.2 at the same strain rate, (ε ̇ = 2
× 102/s), planar defects are apparent in most grains, (as seen in
Fig. 2b), in conjunction with more frequent instances of multiple var-
iants (as indicated by arrows). The micrographs in Fig. 2c-d originate
from areas in the uniformly elongated region of the gage section that
are far from the fracture surfaces of tensile samples pulled-to-failure.
The microstructures in specimens deformed to failure at ε ̇ = 2 × 10−4

/s and ε ̇ = 2 × 102 /s (Fig. 2c-d, respectively) are qualitatively the
same. In general, most grains show evidence of planar defects (me-
chanical twins and/or epsilon martensite laths) distributed throughout
the entire grain in at least one variant. The accommodation of large
amounts of engineering strain by multiple slip systems is highlighted by
substantial curvature of planar features and shearing within each of the
elongated grains.

3.2. Influence of strain rate and specimen thickness on mechanical
properties

An important criterion for AHSS design involves maximizing the
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strain at instability, i.e. the amount of uniform strain. This instability is
derived from the Considère criterion and is defined as the true strain at
which the strain-hardening rate is equal to the true stress [51,52].
Fig. 3a shows the representative engineering stress-strain curves for the
0.95 mm sheet thickness at strain rates in the range of ε ̇ = 2 × 10−2 to
ε ̇ = 2 × 102 /s and Fig. 3b shows the representative engineering stress-
strain curves for the 1.15 mm sheet thickness at strain rates in the range
of ε ̇ = 2 × 10−4 to ε ̇ = 2 × 102 /s. All engineering stress-strain curves
can be found in the supplementary section (see Supplementary Fig. S1).
Representative true stress-strain curves and corresponding strain-
hardening rates were calculated from engineering stress-strain values
up to the point of instability and are shown in Fig. 4a for the 0.95 mm
sheet thickness and in Fig. 4b for the 1.15 mm thick sheet. The true
stress-strain values which satisfy the instability condition are converted
to engineering stress-strain values of ultimate tensile strength (UTS)
and uniform elongation (UE) and summarized in Fig. 5 as a function of
strain rate. Values of the 0.2% offset yield strength (YS) and total
elongation (TE) from the representative engineering stress-strain curves
in Fig. 3 are also summarized in Fig. 5 as a function of strain rate.
Fig. 5a illustrates the behavior of the YS and UTS for the 0.95 mm sheet
thickness as a function of strain rate, while Fig. 5c displays the change
in YS and UTS as a function of strain rate for the 1.15 mm sheet
thickness. Fig. 5b shows the effect of strain rate on UE and TE values for
the 0.95 mm sheet thickness, while Fig. 5d demonstrates the effect of
strain rate on UE and TE for the 1.15 mm sheet thickness.

The 0.2% offset yield strength of the 1.15 mm thick sheet rose
continuously from 306±10 MPa to 503 MPa (a 64% increase) with
increasing strain rate by 6 orders of magnitude from ε ̇ = 2 × 10−4 to ε ̇
= 2 × 102 /s, (see Figs. 3b and 5c). As for the 0.95 mm thick sheet,
increasing strain rate by 4 orders of magnitude from ε ̇ = 2 × 10−2 to ε ̇

= 2 × 102 /s resulted in an increase of the 0.2% offset yield strength
from 394±18 MPa to 502± 10 MPa (a 27% increase), as seen in
Figs. 3a and 5a. For comparison, the 0.2% offset yield strength of the
1.15 mm thick sheet specimen deformed at ε ̇ = 2 × 10−2 /s was
395 MPa, which also yields an increase of 27% from ε ̇ = 2 × 10−2 to ε ̇
= 2 × 102 /s. Therefore, the different sheet thicknesses had no influ-
ence on the magnitude of the 0.2% offset yield strength or the strain
rate sensitivity of the yield strength.

An increase in the instantaneous engineering stress,
(of> 100 MPa), at any given strain occurs with increasing the strain
rate from ε ̇ = 2× 10−2 to ε ̇ = 2× 102 /s, regardless of sheet thickness
(see Fig. 3a-b). Truly quasi-static strain rate tests (ε ̇ = 2 × 10−4 /s in
this case) were only conducted with the 1.15 mm thick sheet, seen in
Fig. 3b, and the results show greater work-hardening, plus a higher UTS
and TE as compared to the ε ̇ = 2 × 10−2 /s test of the same sheet
thickness. The PSE of the 0.95 mm thick sheet increased from
33,000 MPa% to 44,000 MPa% with increasing the strain rate from ε ̇ =
2 × 10−2 to ε ̇ = 2 × 102 /s. The same increase in strain rate for the
1.15 mm thick sheet yielded an increase in PSE from 44,000 MPa% to
58,000 MPa%. As a baseline measurement for PSE comparisons, the
quasi-static PSE of the 1.15 mm thick sheet is 48,000 MPa%. Thus, in-
creasing the strain rate from ε ̇ = 2 × 10−2 to ε ̇ = 2 × 102 /s increases
the PSE and increasing sheet thickness increases the PSE of the Fe-
25Mn-3Al-3Si alloy.

In the case of the 1.15 mm sheet thickness, Fig. 3b shows that the
flow stress of the ε ̇ = 2 × 10−2 /s test, for strain values below ap-
proximately εeng. = 0.2, was greater for the quasi-static test (ε ̇ = 2 ×
10−4 /s). Differences in the strain-hardening rate (shown in Fig. 4b)
lead to a slightly smaller TE and UE, (by approximately εeng. = 0.03),
for the test at ε ̇ = 2 × 10−2 /s and a slightly larger UTS, (by

Fig. 2. Optical micrographs of the Fe-25Mn-3Al-3Si alloy a) tested at ε ̇ = 2 × 102 /s and interrupted at εeng. = 0.07, b) tested at ε ̇ = 2 × 102 /s and interrupted at εeng. = 0.2, c)
deformed to failure (εeng. = 0.62) at ε ̇ = 2× 10−4 /s and d) deformed to failure (εeng. = 0.60) at ε ̇ = 2× 102 /s. In parts a) and b) grains with multiple variants of mechanical twins and/
or hexagonal epsilon martensite laths are indicated by arrows. All samples etched for 20 s with 10% nital. The tensile axis is in the horizontal direction.
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approximately 50 MPa), for the quasi-static tests (ε ̇ = 2 × 10−4 /s).
These observations equate to a slight decrease in PSE between ε ̇ = 2 ×
10−4 /s and ε ̇ = 2 × 10−2 /s. Within the context of the strain-hard-
ening behaviors in Fig. 4, the lowest value of strain-hardening rate
below εtrue. = 0.15 is observed for the tests at ε ̇ = 2 × 10−2 /s, re-
gardless of sheet thickness. The [quasi-static] test at ε ̇ = 2× 10−4 /s of
the 1.15 mm thick sheet has a greater strain-hardening rate than the
test at ε ̇ = 2 × 10−2 /s, but a lower yield strength. As strain rate is
increased from ε ̇ = 2 × 10−2 /s to 2 × 102 /s, the strain-hardening
rate between εtrue. = 0.07 and 0.15 increases slightly by> 200 MPa.
However, given the limited number of tensile tests conducted with the
1.15 mm sheet thickness, strict conclusions should not be drawn from
these observations.

The average TE increases by less than 10% engineering strain across
the entire range of strain rates for the 0.95 mm sheet thickness, as
shown in Fig. 5b. There is little change in UE with increasing strain rate
up to ε ̇ = 2 × 101 /s, and UE decreases between ε ̇ = 2 × 101 /s and ε ̇
= 2 × 102 /s, (see Fig. 5b). The data for the 1.15 mm thick sheet show
that an increase in strain rate from ε ̇ = 2 × 10−4 to ε ̇ = 2 × 102 /s
increases YS significantly and UTS slightly, (see Fig. 5c), whereas UE
decreases, (see Fig. 5d). Between ε ̇ = 2 × 10−4 and ε ̇ = 2 × 10−2 /s,
TE decreases slightly and then increases by nearly 10% strain between ε ̇
= 2 × 10−2 and ε ̇ = 2 × 102 /s for the 1.15 mm sheet thickness. As
seen in Fig. 5b and d, the average uniform elongation and average ul-
timate tensile strength is slightly greater for the 1.15 mm sheet thick-
ness, (for tests deformed at the same strain rate: ε ̇ = 2 × 10−2 /s and ε ̇
= 2 × 102 /s). However, when one standard deviation is taken into
account for the multiple tests with 0.95 mm sheet thickness and com-
pared to the 1.15 mm sheet thickness results, (which are based on only

one tensile test each at ε ̇ = 2 × 10−2 /s and ε ̇ = 2 × 102 /s), it is
concluded that uniform elongation and ultimate tensile strength do not
differ significantly between the studied sheet thicknesses.

Fig. 5b and d also show that an increase in sample thickness (of
approximately 10%) increased total elongation by approximately 10%
(for tests deformed at the same strain rate, ε ̇ = 2 × 10−2 /s and ε ̇ = 2
× 102 /s). Reduction-in-area was also considered and measured at the
smallest region of the neck of the fracture point with calipers. Supple-
mentary Fig. S7 shows reduction-in-area measurements on all tensile
samples for both thicknesses. The 1.15 mm thick sheet specimens had
slightly higher reduction-in-area than the 0.95 mm thick sheet speci-
mens, but reduction-in-area measurements on sheet specimens are more
difficult than on cylindrical samples and can lead to large inaccuracies.
In summary of Supplementary Fig. S7, quasi-static strain rates showed
the highest reduction-in-area, but reduction-in-area values for strain
rates of ε ̇ = 2 × 10−2 /s to ε ̇ = 2 × 102 /s do not show any significant
difference for the same sheet thickness. Therefore, the TE, UE and re-
duction-in-area values suggest that post-uniform elongation and/or
more diffuse necking (longer necks and/or multiple necks) is more
prevalent at higher strain rates.

3.3. Micro-hardness measurements

The micro-hardness was measured for specimens in the as-re-
crystallized state and following both interrupted and pull-to-failure
tests to determine if any significant differences exist in the material
hardness after deformation at different strain rates for the same nom-
inal strain. Any differences in the micro-hardness with respect to a
change in strain and/or strain rate might be attributed to changes in the

Fig. 3. Representative engineering stress (MPa) vs. engineering strain curves for the Fe-
25Mn-3Al-3Si alloy when pulled-to-failure at strain rates from ε ̇ = 2 × 10−4 /s to ε ̇ = 2
× 102 /s, based on: a) specimens from the 0.95 mm thick sheet and b) specimens from the
1.15 mm thick sheet.

Fig. 4. Representative true stress (MPa) and strain-hardening rate (MPa) vs. true strain
for the Fe-25Mn-3Al-3Si alloy when pulled-to-failure at strain rates from ε ̇ = 2× 10−4 /s
to ε ̇ = 2× 102 /s, based on: a) specimens from the 0.95 mm thick sheet and b) specimens
from the 1.15 mm thick sheet. The Considère criterion was used to determine the in-
stability condition, such that these true stress-strain curves end at the point where the
strain-hardening rate curve intersects the true stress-strain curve.
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microstructure, including differences in dislocation density, dislocation
sub-structure, and the type, spacing, and amount of planar secondary
deformations mechanisms. The grain size is 21 µm for both sheet
thicknesses (1.15 mm and 0.95 mm). The hardness of the as-

recrystallized 0.95 mm and 1.15 mm thick sheets were 151±15 HV
and 160±19 HV, respectively. As no statistically significant difference
in micro-hardness for the as-received microstructures existed, the
measurements on both steel sheets are plotted together. Fig. 6 clearly
shows an increase in Vickers micro-hardness with increasing en-
gineering strain, (from approximately 155 HV in the as-received con-
dition to approximately 350 HV after pull-to-failure). However, Vickers
measurements of all interrupted and pull-to-failure samples do not in-
dicate a significant difference in micro-hardness with respect to a dif-
ference in strain rate at nominally the same level of strain. This could
indicate that 1) no significant differences in the microstructure exist at
different strain rates for the same nominal strain, or 2) that any mi-
crostructural differences that exist do not significantly influence the
hardness.

3.4. Non-contact temperature measurements

Fig. 7a-b depicts thermal images recorded using a calibrated
thermal camera at specific time/strain intervals during tensile tests
conducted at engineering strain rates of a) ε ̇ = 2 × 10−2 /s and b) ε ̇ =
2 × 101 /s. At both strain rates the temperature distribution in the gage
section was approximately uniform at 0.21 strain. However, the images

Fig. 5. a) and c) Ultimate tensile strength (UTS) and 0.2% offset yield strength (YS) values, along with b) and d) total elongation (TE) and uniform elongation (UE) values are summarized
as a function of strain rate for a-b) 12 specimens from the 0.95 mm thick sheet and c-d) 4 specimens from the 1.15 mm thick sheet. Error bars represent one standard deviation. Data
points without error bars are based on only one pull-to-failure test for that strain rate and sheet thickness.

Fig. 6. Micro-hardness measurements completed for all interrupted and pull-to-failure
samples and plotted as a function of engineering strain, for all strain rates. Error bars
represent one standard deviation based on an average of all hardness indents made for a
given strain rate and strain.
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Fig. 7. a, b) Thermal images recorded at 200 fps by an infrared
camera as a function of strain, with indicated time stamps cor-
responding to different strain rates: a) ε ̇ = 2 × 10−2 /s and b) ε ̇
= 2 × 101 /s. The arrows in b) indicate localized hot-spots,
(multiple necking initiation points), with the left-most being the
eventual fracture surface. c) Non-contact measurements of the
average surface temperature along the gage length are plotted as
a function of time for the different strain rates for representative
pull-to-failure tests. d) Average surface temperature of uniformly
elongated regions during representative pull-to-failure tensile
tests of the Fe-25Mn-3Al-3Si alloy.
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immediately following fracture show that localized heating on the order
of 110 °C occurred in a single neck location for ε ̇ = 2 × 10−2 /s. In
comparison, the temperature distribution of the ε ̇ = 2 × 101 /s sample
shows several localized areas of significantly higher temperature, which
suggests multiple areas of strain localization. The appearance of mul-
tiple regions of strain localization was observed in several instances for
the ε ̇ = 2 × 101 /s and ε ̇ = 2 × 102 /s tests, (another example is
provided in Fig. S8). The average temperature of the localized heat
patterns registered 26 °C higher as compared to the rest of the uni-
formly deformed gage section. The appearance of multiple strain lo-
calizations at the higher strain rate supports the increase in post-uni-
form necking at higher strain rates, whereas reduction-in-area (at the
smallest region of neck) is constant with an increase in strain rate from ε ̇
= 2 × 10−2 /s to ε ̇ = 2 × 102 /s. The fracture area of a given test was
observed to be significantly hotter than the uniformly elongated gage,
as expected for the large energy release associated with the creation of
the free surfaces. Further, the strain rate in the neck increases because
of the localization of strain. A maximum spot temperature near the
fracture surface was measured to be approximately 160 °C for a tensile
specimen deformed at ε ̇ = 2×101 /s. The temperature of such locations
most likely exceeded this value in some of the tests, but the camera
could not accurately record temperature too far outside the calibration
range of −40 to 150 °C. After fracture, the average sample temperature
continued to rise slightly by approximately 5 °C. This temperature rise
post fracture may be attributed to thermal equilibration of the sample.
More heat is likely generated at the mid-thickness of the sample than at
the free surface during plastic deformation, resulting in conductive heat
transfer to the free surface during the test. Consequently, the data ob-
tained from the thermal camera may slightly underestimate the average
temperature of the specimen at any specific strain/time interval during
the test, especially for higher strain rates tests.

ResearchIR™ software was used to calculate the average surface
temperature across the entire area of the gage length, neglecting the
necked region and fracture surface, for every mechanical test. As
sample thickness did not influence temperatures by more than 2 °C for a
given strain rate, the average temperatures from representative pull-to-
failure tests for the 0.95 mm and 1.15 mm thick sheets are plotted to-
gether in Fig. 7c. Fluctuations in temperature measurement after frac-
ture of samples deformed at ε ̇ = 2 × 101 and ε ̇ = 2 × 102 /s are due to
the sample moving laterally with the load train outside of the defined
area of the stationary thermal camera. The sharp increase in specimen
temperature at 0.005 s for the tests at ε ̇ = 2 × 102 /s is because the
thermal camera could only record up to 200 fps, (a frame captured
every 5 ms), so only one image was recorded before fracture for the ε ̇ =
2 × 102 /s tests as seen in Supplementary Fig. S8. After fracture of the
tensile specimen, the average surface temperature along the gage
length, neglecting the necked region and fracture surface, was ap-
proximately 91± 5 °C for the tests at ε ̇ = 2 × 102 /s, representing an
increase in temperature of approximately 65 °C. The increase in strain
rate from ε ̇ = 2 × 101 to ε ̇ = 2 × 102 /s resulted in an increase in
average temperature of only 6 °C, which should be proportional to the
difference in work put into the sample minus the heat dissipated by the
grips and surrounding air at the two different strain rates [23]. For the ε ̇
= 2 × 100 /s, ε ̇ = 2 × 101 /s, and ε ̇ = 2 × 102 /s tests the average
temperature after fracture was 82, 85, and 91 °C, respectively. Under
adiabatic heating conditions, the amount of heating is proportional to
the amount of plastic work [53,23]. As shown in Table 1, the area under
the engineering stress-strain curve, based on results in Fig. 3, increases
with increasing strain rate, (not including quasi-static strain rates where
heating is negligible). The expected temperature rise under fully adia-
batic conditions was calculated using an accepted formula for esti-
mating temperature rise during measured plastic work including a 90%
efficiency in conversion of mechanical energy to heat energy and a heat
capacity of 0.46 kJ/(kg K) [15,56]. The mass density used in the cal-
culations for the Fe-25Mn-3Al-3Si steel is 7.4 g/cm3 [36]. The trend in
calculated results are consistent with the trend in experimental

observations, (described in more detail with reference to Fig. 7d), such
that the average temperature in the uniformly elongated area increases
with increasing strain rate. Lastly, the ε ̇ = 2 × 102 /s and ε ̇ = 2 × 101

/s tests seemed to exhibit a wider spread in maximum average tem-
perature across the elongated gage section, (neglecting the fracture
surface), as compared to the lower strain rate tests.

The average surface temperature in the area of uniform elongation
is plotted as a function of strain for representative curves in Fig. 7d. The
200/s data is not included in the plot, because only one image was
recorded before fracture. Fig. 7d confirms that as strain accumulates
and strain rate increases, (from ε ̇ = 2 × 10−2 to ε ̇ = 2 × 101 /s), the
average surface temperature of the gage length (where it deforms
uniformly) increases. The calculated results in Table 1, (based on
measured plastic work under the assumption of adiabatic heating
conditions), predicts a temperature of 80 °C for the ε ̇ = 2× 100 /s tests,
which is consistent with the temperature measured right before fracture
during the ε ̇ = 2× 100 /s tests, seen in Fig. 7d. Also seen in Fig. 7d, the
specimen temperature curves at ε ̇ = 2 × 100 and ε ̇ = 2 × 101 /s
exhibit some overlap, suggesting that near-adiabatic heating conditions
are reached for strain rates at or greater than ε ̇ = 2 × 100 /s.

3.5. Thermodynamic modeling of stacking fault energy

A composition- and temperature-dependent thermodynamic model
was previously developed to predict the SFE of Fe-Mn-Al-Si steels [14].
This model was used in the current work to assess the increase in SFE as
a function of strain and temperature and the results are reported in
Tables 2 and 3, respectively. The model calculates the SFE on the basis
of the difference in Gibbs free energy of the face-centered cubic (FCC)
and hexagonal close-packed (HCP) phases, the interfacial energy be-
tween the FCC and HCP phases, as well as the strain energy that arises
due to a contraction in molar volume of the HCP phase [14]. The exact
temperature dependence of the FCC/HCP interfacial energy is unknown
and for the purposes of this calculation, the FCC/HCP interfacial energy
of 8.6 mJ/m2 determined at room temperature (RT) for a Fe-25Mn-3Al-
3Si steel of nearly the same actual composition is assumed. However,
Cotes et al. [54] reported that the FCC/HCP interfacial energy decreases
with increasing temperature in binary Fe-Mn steels. In addition, the

Table 1
Average area under engineering stress strain curves from Fig. 3, (numerically-integrated)
and predicted [15,56] increase in temperature.

Strain
rate (/s)

0.95 mm thick sheets 1.15 mm thick sheets
Average (area under engineering
stress-strain curve) and the
[predicted temperature] under
the assumption of adiabatic
conditions. (mJ/mm3) / [°C]

Average (area under engineering
stress-strain curve) and the
[predicted temperature] under
the assumption of adiabatic
conditions. (mJ/mm3) / [°C]

2 × 102 388 / 94 501 / 122
2 × 101 354 / 86 –
2 × 100 330 / 80 –
2 ×

10−2
283 / 69 358 / 87

Table 2
Predicted stacking fault energy with respect to an increase in temperature due to adia-
batic heating for three interrupted tests & an average temperature of the four pulled-to-
failure tests (average total strain of 0.58) when deformed at the same strain rate.

Total strain
(εeng.)

Average temperature in the uniformly
elongated area when deformed at ε ̇ = 2 ×
101 /s (°C)

Predicted SFE
(mJ/m2)

0.58 91.1 35.3
0.40 59.9 30.1
0.18 41.8 27.2
0.11 37.8 26.6
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strain energy term, calculated to be 2.3 mJ/m2 at room temperature is
also assumed to be independent of temperature in the calculation of the
SFE. However, the dependence of the strain energy term on shear
modulus, which is reported to decrease with increasing temperature in
high Mn steels [55], suggests the strain energy term might also decrease
with increasing temperature. Therefore, the calculated SFEs may
slightly overestimate the actual SFEs of the material at elevated tem-
peratures. Table 2 shows the predicted SFE for samples deformed at ε ̇ =
2 × 101 /s to various amounts of strain based on three interruption
tests and one pull-to-failure test. The model predicts that the SFE in-
creases from a RT value of approximately 21 [14] to 35.3 mJ/m2 at
maximum uniform elongation of a test at ε ̇ = 2 × 101 /s corresponding
to a temperature of 91 °C. Table 3 shows the predicted SFE for samples
interrupted at εeng. = 0.2 in the strain rate range of ε ̇ = 2 × 10−4 to ε ̇
= 2× 102 /s. An increase of 6 orders of magnitude in strain rate from ε ̇
= 2 × 10−4 to ε ̇ = 2 × 102 /s only increases the average specimen
temperature by only 17 °C and the SFE by only 3 mJ/m2 for two sam-
ples interrupted at εeng. = 0.2.

3.6. TEM for characterizing planar defects in interrupted samples

The onset of strain-induced mechanical twinning and/or epsilon
martensite is often manifested by the appearance of a change in shape,
usually between εtrue = 0.1 and 0.2, of the strain-hardening rate versus
true strain curve at quasi-static strain rates [4]. Therefore, changes in
the strain-hardening rate at high strain rates may indicate a difference
in twin volume fraction or a change in the strain at which mechanical
twinning begins [23] relative to quasi-static strain rates. In previous
work on this high-Mn alloy using different tensile geometries [8,15,4],
characterization of the evolution of dislocation structures during de-
formation at quasi-static strain rates indicated a TWIP-dominated be-
havior, with some evidence of TRIP in the form of hexagonal ε-mar-
tensite. As shown in the bright-field TEM micrograph in Fig. 8, a
specimen interrupted at εeng. = 0.1 tested at ε ̇ = 2 × 102 ε/s in the
present work exhibits mechanical twinning. The mechanical twins are
clearly impeding the glide of other partial dislocations on non-coplanar
slip systems. Twins and epsilon martensite have been reported to form
even before εeng. = 0.1 for this alloy at quasi-static strain rates [4], so it
is no surprise that the planar defects present at εeng. = 0.1 are observed
to impede motion of leading partial dislocations [56] on different slip
systems. More importantly, an increase in strain-hardening may also
arise from a decrease in dislocation mean free path by an increase in
forest dislocation density or decrease in the average spacing between
planar defects. After interruption at εeng. = 0.2 for a specimen tested at
ε ̇ = 2 × 102 ε/s, (see Fig. 9), both TWIP and TRIP effects are observed
on parallel {111} slip systems. This observation indicates hexagonal ε-
martensite can still form at high strain rates, despite an increase in the
SFE due to adiabatic heating. Moreover, the overall message gathered
from Figs. 8 and 9 is that there are no significant changes in the un-
derlying TWIP-TRIP mechanisms between ε ̇ = 2 × 10−4 ε/s and ε ̇ = 2
× 102 ε/s because the microstructural evolution is similar, (TWIP-
dominated behavior with some evidence of TRIP in the form of hex-
agonal ε-martensite). These observations will be quantified and

discussed in the proceeding section with the implication that slight
differences in strain-hardening rate for the Fe-25Mn-3Al-3Si (wt%)
alloy are not associated with a transition from TRIP-dominated to
TWIP-dominated behavior, but rather due to slight changes in dis-
location mean free path.

3.7. Quantification of planar defects

SEM and TEM-based characterization techniques were used to
quantify the thickness and spacing of planar defects in tensile speci-
mens interrupted at different strain rates. DF-TEM measurements of
epsilon martensite thickness revealed 94% of the population is grouped
at 10 nm and smaller. Kernel fitting of planar defect thickness dis-
tributions acquired by ECCI and DF-TEM, seen in Fig. S9, shows that
distributions acquired by ECCI measurements tend to miss most of the
planar defects that are less than 10 nm in thickness for this alloy. It
should be noted that ECCI doesn’t differentiate between twins and ep-
silon martensite. Although some surveyed grains contained a higher
number of planar defects and other grains contained fewer planar de-
fects, representative images are shown in Fig. 10. As the distributions
are non-Gaussian, both the average thickness and median thickness for
a given distribution are reported in Figs. 11. Table 4 indicates an ap-
proximately 50% chance of surveying a grain which also contained
planar defects. The percentage of grains for which mechanical twinning
and epsilon martensite reflections were observed in<101> SAED
patterns is also reported in Table 4 and indicates that an increased
strain rate results in a modest increase in the fraction of grains with
twins, but a slight decrease in the fraction of grains containing epsilon
martensite. A slight decrease (265–211 nm) in the spacing between
twins was observed for higher strain rates, as seen in Fig. 12. However,
ECCI and DF-TEM distributions shown in Figs. 11 and 12 do not reveal
significant trends in the effect of strain rate (ε ̇ = 2 × 10−4 to ε ̇ = 2 ×
100 /s) on the thickness and spacing of planar defects in samples in-
terrupted at εeng. = 0.18 and 0.17 engineering strain.

Table 3
Predicted stacking fault energy with respect to an increase in temperature due to adia-
batic heating when interrupted to εeng. = 0.2 at different strain rates.

Strain rate
(/s)

Average temperature in the uniformly
elongated area interrupted to εeng = 0.18
(°C)

Predicted SFE (mJ/
m2)

2 × 102 43.9 27.6
2 × 101 41.8 27.2
2 × 100 39.1 26.8
2 × 10−2 36.3 26.4
2 × 10−4 26.7 25.1

Fig. 8. The inset selected area electron diffraction pattern (SAEDP) was recorded at the
[110] zone axis to identify the edge-on planar defects, (in this case: deformation twin-
ning), in a 0.95 mm sheet specimen interrupted at εeng. = 0.1 and tested at ε ̇ = 2 × 102

/s. By tilting the sample slightly off the zone axis, a two-beam condition using a 1−1 −1
diffracting (g)-vector to provide greater defect contrast was created for the bright field
image, which highlights the ability of some planar defects to impede subsequent partial
dislocation motion along other {111}/< 110> slip systems, as indicated by white ar-
rows.
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4. Discussion

4.1. Techniques for measuring high strain rate tensile properties

As strain rate is increased from quasi-static strain rates (ε ̇ = 10−5 /s
to ε ̇ = 100 /s) to dynamic-low strain rates (ε ̇ = 100 /s to ε ̇ = 103 /s),
dynamic considerations of the mechanical resonance in the test spe-
cimen and tensile testing machine become more important [41]. Con-
sistent with Meyers’ [41] recommendations on common testing
methods, the International Iron and Steel Institute [57] also re-
commends the use of servo-hydraulics to evaluate mechanical proper-
ties of sheet steels, within the strain rate range of ε ̇ = 10−1 /s to ε ̇ =
102 /s. Below ε ̇ = 103 /s, oscillations in the load data are purely due to
mechanical resonance in the testing setup, for materials which do not
exhibit dynamic strain aging effects. Inertial effects of plastic-wave,
shear-wave and shock-wave propagation are only considered at strain
rates of ε ̇ = 103 /s and greater [41]. As detailed in Section 2.4, the load
ringing amplitude can be minimized by reducing the mass between the
gage section and the load measuring device [41,42] or using two elastic
strain gages on each side of the grip section [43]. Avoiding the use of
extensometers for strain measurement and implementing load oscilla-
tion reduction procedures are necessary steps to evaluate the dynamic
tensile properties of next generation advanced high strength steels [57].

The present work uses titanium grips to reduce mass (between the
tensile specimen and load washer) and strain gages to minimize non-
linearity in strain measurement, the limitations of which are outlined in
Section 2.4. Supplementary Fig. S4 compares the use of two different
methods to minimize ringing in stress-strain measurements, but the
techniques are not foolproof. Rather, the software-based method im-
plemented in this work likely underestimates the yield strength and
initial strain-hardening rates during tests at ε ̇ = 2 × 102 /s. Large
amplitudes of load ringing during tests at ε ̇ = 2 × 102 /s and the
maximum frame rate of the thermal camera (5 ms per frame) sig-
nificantly reduces the ability to accurately measure stress, strain and
adiabatic heating. Simply put, mechanical resonance at high strain rates
inherently affects data quality, specifically in the initial values of strain
when the oscillation amplitude from the actuator’s engagement with
the test specimen is greatest [57]. Therefore, interpretation of any
changes in tensile behavior or strain-hardening rate during initial va-
lues of strain should be carefully considered during high strain rate
tests.

4.2. Influence of strain rate and adiabatic heating on deformation
mechanisms

High strain rate testing does not allow sufficient time for heat to

Fig. 9. In a sample interrupted at εeng. = 0.2 at ε ̇ = 2 × 102 /s
with the 0.95 mm sheet, a) non-matrix diffraction spots in the
[110] gamma SAED pattern, (epsilon martensite is “ε”, deforma-
tion twinning is “T” and ddε is double diffraction contributed from
the {0−11-1} and {01−10} hexagonal epsilon martensite re-
flections [4]). A centered objective aperture was used to form b)
respective dark field images and the bright field image for con-
tinuity. Diffraction analysis indicates ε-martensite platelets (left/
blue) and deformation twinning (right/red) are observed after
interruption at high strain rates.

J.T. Benzing et al. Materials Science & Engineering A 711 (2018) 78–92

87



diffuse from the interior of a tensile specimen to the free surfaces and
subsequently be lost to the environment, which leads to adiabatic
heating [41]. As specimen thickness increases, adiabatic heating may
also occur at even lower strain rates [41,58]. The evolution of the
temperature increase during deformation is important since different
temperature-dependent deformation modes may be activated during a
single test. Furthermore, the significant adiabatic heating that may
occur at high strain rates, along with the effect of strain rate on the
thermal component of flow stress, can lead to complicated mechanical
behavior of TWIP steels [73].

In the current work, a high-speed thermal camera was used to
measure the increase in specimen temperature as a function of time and
thus strain for these tests. The rise in specimen temperature from room
temperature (23 °C) to 83 °C (average temperature at maximum uni-
form elongation for all tests at ε ̇ = 2 × 101) was input into a ther-
modynamic model and predicts a rise in SFE from 21 to 35 mJ/m2 for
the Fe-25Mn-3Al-3Si (wt%) alloy. In previous work, the influence of
SFE on the microstructural evolution and mechanical properties of a Fe-
25Mn-3Al-3Si and a Fe-28Mn-3Al-3Si alloy were evaluated during RT
tensile deformation at quasi-static strain rates (where adiabatic heating
was insignificant) [4]. The measured RT SFE of the Fe-25Mn-3Al-3Si
and Fe-28Mn-3Al-3Si alloys are 21 and 39 mJ/m2, respectively [14].
The Fe-25Mn-3Al-3Si alloy exhibited both planar and wavy deforma-
tion characteristics along with the formation of both mechanical twins
and epsilon martensite. In contrast, the Fe-28Mn-3Al-3Si alloy ex-
hibited a greater propensity for cross slip, a more wavy dislocation
structure, and mechanical twinning was the dominant secondary de-
formation mechanism with no significant observations of epsilon mar-
tensite formation. It is also notable that in that work, increasing the SFE
from 21 to 39 mJ/m2 by increasing Mn content only slightly reduced
strength and ductility during RT deformation [4]. In summary, the

largest predicted rise in SFE from adiabatic heating at high strain rates
in the present work is expected to have only a small effect on UTS and
UE, based on studies of similar Fe-Mn-Al-Si steels with different SFE
values.

The combined effects of strain rate on dislocation slip and continued
refinement of the dislocation substructure by planar defects, (referred
to as the dynamic Hall-Petch effect), are important considerations in
this work when considering differences in substructure spacing and
dislocation mean free paths [26,59]. Micro-hardness measurements
were completed on samples interrupted and pulled-to-failure at all
strain rates in the present work, but did not show any statistically
significant difference in micro-hardness at any given strain rate for the
same nominal strain. Rather, the micro-hardness measurements only
showed a statistically significant increase in hardness with increasing
engineering strain. These results may indicate that the microstructure
evolution at different strain rates is similar or that any microstructural
differences that exist do not significantly influence the hardness.

Although deformation twinning has been previously confirmed with
DF-TEM, hexagonal epsilon martensite was not observed as a de-
formation mechanism in the Fe-25Mn-3Al-3Si alloy (using XRD and DF-
TEM) by Grässel et al., regardless of strain rate. However, recent work
by Pierce et al. [14], which was conducted at quasi-static strain rates,
identified epsilon martensite with DF-TEM. The present work reports
the first observation of both deformation twinning and hexagonal ep-
silon martensite in the same grain taken from samples of the Fe-25Mn-
3Al-3Si alloy deformed at high strain rates. These results are a strong
indicator that the microstructure is similar at quasi-static and high
strain rates. As has been reported previously, the critical resolved shear
stress required for a leading partial dislocation to break away from the
trailing dislocation is more sensitive to temperature and SFE than strain
rate in the context of producing a large effect on the twin volume

Fig. 10. Representative images of planar defects characterized in specimens of the same sheet thickness (1.15 mm) tested at (a-c) ε ̇ = 2× 100 /s and interrupted at εeng. = 0.18 and (d-f)
tested at ε ̇ = 2 × 10−4 /s and interrupted at εeng. = 0.17. Characterization techniques shown are (a, d) ECCI, (b,e) twin reflections selected to form a DF-TEM image and (c, f) epsilon
martensite reflections selected to form a DF-TEM image. Twin and martensite reflections were selected from the same SAED pattern and thus the same grain of interest. The differentiation
of twinning from epsilon martensite by DF-TEM is also described in detail in the caption of Fig. 9.
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fraction [15,19]. More importantly the sensitivity of the flow stress to
thermally-activated short-range barriers indicates that any change in
the volume fraction or onset of mechanical twinning caused by high
strain rates may not be the main contributor to observable changes in
work-hardening. The sensitivity of the strain-hardening behavior may
suggest the main contributing factor to the increased flow stress in the
current work at relatively high strain rates is related to the dislocation
mean free path [19,34] and an increase in flow stress for dislocation
glide to overcome short-range barriers with increasing strain rate. This
explanation is more likely than a significant change in the dynamics of
mechanical twinning or epsilon martensite formation within the stu-
died range of strain rates, as both planar defects are still observed at
low and high strain rates for this alloy. The strain-hardening rate for the
tests at ε ̇ = 2 × 10−2 /s possess the lowest value at initial stages of

accumulated strain as compared to all other strain rates, which is
consistent with observations by Grässel et al. [8]. Lee et al. reported a
minimum strain-hardening rate for a strain rate of ε ̇ = 10−3 /s at which
the critical resolved shear stress (CRSS) of the strain-induced martensite
and dislocation slip was lower [and favored] as compared to twinning
[20]. In the present study, the real reason for the low values of strain-
hardening rate of the ε ̇ = 2 × 10−2 /s as compared to those at higher
strain rates is likely quite complex and most likely dependent on mul-
tiple mechanisms related to dislocation mobility and planar defect
generation.

Christian and Mahajan have stated that an increase in strain-rate
generally leads to an increase in twinning activity [60]. Other re-
searchers have observed twinning after shock loading in FCC materials
that do not twin under quasi-static deformation conditions, such as

Fig. 11. Quantitative thickness measurements from SEM & TEM techniques based on tensile specimens from the same sheet thickness (1.15 mm), interrupted at εeng. = 0.18 tested at ε ̇ =
2 × 100 /s and εeng. = 0.17 tested at ε ̇ = 2 × 10−4 /s.

Table 4
Comparison of SEM and TEM-based techniques used to survey grains in samples interrupted to nominally the same level of engineering strain at different strain rates (ε ̇ = 2 × 10−4 /s
and ε ̇ = 2 × 100 /s). Both tensile specimens were machined from the same 1.15 mm thick sheet. *some grains contained both twins and hexagonal epsilon martensite platelets.

Characterization techniques to measure # of grains with planar defects

Engineering strain and strain rate
(/s)

Bulk samples: EBSD + ECCI Thin foil samples: DF-TEM

εeng. = 0.18 at ε ̇ = 2 × 100 /s 51% of 37 surveyed grains, (with<110>orientation and optimal channeling conditions),
contained planar defects

52% of 23 surveyed grains contained
planer defects*
52% of 23 surveyed grains contained
twinning
17% of 23 surveyed grains contained
epsilon martensite

εeng. = 0.17 at ε ̇ = 2 × 10−4 /s 47% of 34 surveyed grains, (with<110>orientation and optimal channeling conditions),
contained planar defects

42% of 24 surveyed grains contained
planar defects*
38% of 24 surveyed grains contained
twinning
33% of 24 surveyed grains contained
epsilon martensite
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aluminum alloys [60]. In another study, microstructural evaluation of
an Fe-18Mn-1.22Al-0.56C alloy showed adiabatic shear banding and
twinning after ballistic testing at ε ̇ = 105 /s [61]. As Steinmetz et al.
[23] pointed out, quantifying twin volume fractions is difficult due to
the heterogeneous nature of grains and the observation that twins may
not completely cross the full diameter in each grain. Therefore, in the
present work careful image processing techniques were used to quantify
all observable features in a given field of view for each imaging tech-
nique. The drawbacks of comparing ECCI and DF-TEM techniques are
evident due to the point-to-point resolution limit of ECCI techniques (~
8–10 nm) [49], the characterization of only one variant of planar de-
fects in the SAED pattern for a given grain and the limited number of
observable grains in electro-polished TEM samples. Further, the slight
decrease in frequency of observed martensite reflections in SAED pat-
terns at higher strain rates (see Table 4) could either be due to the rise
in SFE [14,21,62], (in this case from adiabatic heating) or simply be-
cause the hexagonal platelets are too thin to contribute to the SAED
pattern [56]. A slight decrease in twin spacing with increased strain
rate is observed and is consistent with observations of an increase in
twin volume fraction by other TWIP steel researchers [8,11,54]. In
contrast, Steinmetz et al. also pointed out that an increase in twinning
volume fraction at higher strain rates was observed in simulation and
experiment, but the contribution to strain-hardening was not significant
[23]. An important observation in the current work is that TWIP and
TRIP effects are observed by DF-TEM at all strain rates for the Fe-25Mn-
3Al-3Si alloy, (which has a room temperature SFE of 21 mJ/m2). Thus,
there is most likely not a significant change in the dominant mechanism
within the range of strain rates investigated (from ε ̇ = 10−4 /s to ε ̇ =
102 /s).

4.3. Effects of strain rate and specimen thickness on tensile properties

High strain rate deformation reduces the time for dislocations to

overcome short-range dislocation barriers, which causes an increase in
flow stress [10]. Allain et al. reported that the short-range barriers in
austenitic steels responsible for the thermal and strain rate dependence
of the yield strength are the sum of contributions from solid solution
and thermally-activated contributions from a viscoplastic potential
[64,65]. Similar to the present work on Fe-25Mn-3Al-3Si (wt%), there
is a notable strain rate sensitivity of the yield strength. Surprisingly,
Allain et al. reported that large amounts of Mn [20–30 wt%] and Al
[0–3 wt%] contents do not play significant roles on the activation vo-
lume of thermally-dependent barriers to dislocation mobility. However,
Allain et al. specifically noted that approximately 3 wt% Si has a re-
markable effect on dislocation mobility by significantly reducing the
apparent activation volume and mean free path. The activation volume
of thermally-dependent short-range barriers and dislocation mean free
path respectively influence the yield strength and work-hardening.
Previous research on Si-containing TWIP steels revealed a distinct
sensitivity in yield strength and work-hardening at strain rates lower
than predicted as compared to Fe-Mn-C alloys (steel systems not con-
taining silicon) [8,64]. In summary, the increase in flow stress neces-
sary for partial dislocations to overcome thermally-dependent short-
range barriers during dislocation glide with increasing strain rate ex-
plains the positive strain rate sensitivity of the yield strength in the
present work on the Fe-25Mn-3Al-3Si (wt%) steel and is consistent with
previous work [29,64,66].

A previous study on a Fe-25Mn-3Al-3Si (wt%) steel by Grässel et al.
[8] shows similar trends in mechanical properties as a function of strain
rate, as compared to the present study on a steel alloy with the same
nominal composition. Specifically, the trends show that with increasing
strain rate, YS increases significantly, UTS increases modestly and UE
decreases modestly, as seen in Fig. 5. Curtze and Kuokkala’s work [10]
on a high-Mn TWIP steel also showed a positive strain rate sensitivity
for YS and UTS within the same range of strain rates. Lichtenfeld et al.
[67]also found increases in YS and UTS and a decrease in UE with

Fig. 12. Quantitative spacing measurements from SEM & TEM techniques based on tensile specimens from the same sheet thickness (1.15 mm), interrupted at εeng. = 0.18 tested at ε ̇ = 2
× 100 /s and εeng. = 0.17 tested at ε ̇ = 2 × 10−4 /s.
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increasing strain rate for type 309 stainless steel consisting of stable
austenite. In the present work, an increase in strain rate also increased
the PSE, which is consistent with other TWIP steel research
[8,20,63,66,68–70]. Furthermore, PSE values at strain rates of ε ̇ = 2 ×
10−2 and ε ̇ = 2 × 102 /s are greater for the 1.15 mm sheet thickness
than for the 0.95 mm sheet thickness in the present work. Previous
research corroborates the present work in that the yield strength and
uniform elongation are independent of sheet thickness
[29,30,32,33,71,72]. Post-uniform elongation depends on the stress
distribution of the necked region, which itself is dependent on specimen
thickness for specimens with rectangular cross sections [32]. More
specifically, Yuan et al. reported that increasing the thickness of spe-
cimens with rectangular cross sections resulted in longer regions of the
neck being exposed to stress levels greater than the yield point of the
material (X80 steel), ultimately resulting in more diffuse necking and
greater post uniform elongation [32]. These observations are consistent
with current work as post-uniform elongation is greater for the
1.15 mm thick sheet as compared to the 0.95 mm sheet for samples
deformed at the same strain rate (ε ̇ = 2 × 10−2 and ε ̇ = 2 × 102 /s).

As seen in Fig. 5, the YS and UTS strain rate sensitivities are very
similar between ε ̇ = 2 × 10−2 and ε ̇ = 2 × 102 /s, whereas the UTS
strain rate sensitivity is lower than the YS strain rate sensitivity from ε ̇
= 2 × 10−4 to ε ̇ = 2 × 10−2 /s. Mechanical twins and epsilon
martensite laths develop before εeng. = 0.1. The planar defects act as
obstacles to partial dislocation motion during slip on other glide planes,
which increases the work-hardening capacity by reducing the mean free
path of dislocations and leads to a higher UTS [4]. As strain increases,
the dislocation density increases and eventually planar defects develop,
which are barriers to dislocation motion on non-coplanar slip systems
[21,32]. As no significant differences in micro-hardness were measured
with an increase in strain rate for the same nominal strain and both
twins and epsilon martensite are observed at the lowest and highest
strain rate, the cause of increase in ultimate tensile strength with in-
creasing strain rate is most likely due to a modest decrease of spacing
between twins, an increase in forest dislocation density or simply be-
cause the reduced time for dislocations to overcome short-range dis-
location barriers causes an increase in flow stress [10].

However, as strain rate increases, UE decreases and TE increases,
indicating an increased likelihood of strain localizations at lower strains
at higher strain rates [74]. Early work on the Fe-25Mn-3Al-3Si alloy by
Frommeyer [8,75] also measured a decrease in UE with an increase in
strain rate, which was attributed to specimen softening from adiabatic
heating, but the heating was not experimentally measured. Further, a
significant decrease in YS, UTS, UE and TE with increasing environment
testing temperature has been observed in work on alloys of nominally
the same composition [8,36]. With increasing strain rate from ε ̇ = 2 ×
10−2 /s to ε ̇ = 2 × 102 /s, reduction in area remains approximately
constant but post-uniform elongation increases. In the present work,
these mechanical test results, in combination with thermal imaging that
revealed multiple localized regions of greater temperature at strain
rates of ε ̇ = 2 × 101 /s and ε ̇ = 2 × 102 /s (see Fig. 5 and S8), suggest
that multiple areas of strain localization are occurring at the higher
strain rates and are contributing to the post uniform elongation. The
wider difference in temperature for tests at the same strain rate as well
as the observation of localized heating, which corresponds to strain
localizations [23], is consistent with observations by other TWIP steel
researchers [74,76]. Grässel et al. also observed a large difference in TE
and UE (increased post-uniform elongation) at strain rates above ε ̇ =
10−1 /s for the Fe-25Mn-3Al-3Si alloy [8]. Moreover, multiple strain
localizations at larger levels of strain and increased adiabatic heating is
likely the cause of a decrease in uniform elongation with respect to an
increase in strain rate.

5. Conclusions

• The 0.2% offset yield strength of the Fe-25Mn-3Al-3Si (wt%) alloy

increased by approximately 64% in the strain rate range of ε ̇ = 2 ×
10−4 to ε ̇ = 2 × 102 /s. The positive yield strength strain rate
sensitivity is likely due to an increase in flow stress necessary for
partial dislocations to overcome thermally-dependent short-range
barriers during dislocation glide with increasing strain rate.

• The product of [ultimate tensile] strength and [total] elongation
(PSE) increases with increasing strain rate and sheet thickness. Sheet
thickness did not affect the magnitude of the yield strength, yield
strength strain rate sensitivity, or uniform elongation.

• Increasing strain rate from ε ̇ = 2 × 10−2 /s to ε ̇ = 2 × 102 /s
increased the amount of post-uniform elongation. As reduction-in-
area measurements on the necked regions did not change sig-
nificantly for this range of strain rates, strain localization is the
likely mechanism, which is supported by localized regions of higher
temperatures observed in thermal imaging during tests at ε ̇ = 2 ×
101 and ε ̇ = 2 × 102 /s.

• The average tensile specimen temperature increased with increasing
strain and strain rate at rates from ε ̇ = 10−2 /s to ε ̇ = 102 /s. The
thermodynamic model used to correlate specimen temperature with
SFE predicts an increase from 21 mJ/m2 at room temperature
(23 °C) to ~ 34 mJ/m2 at 83 °C. An increase in SFE of this magni-
tude is expected to have only a small effect on tensile properties.

• Deformation twinning and epsilon martensite are observed in tensile
specimens interrupted from quasi-static (ε ̇ = 2 × 10−4 /s) through
low-dynamic (ε ̇ = 2 × 102 /s) strain rates. ECCI and DF-TEM
measurements do not reveal a statistically significant effect of strain
rate on the thickness and spacing of mechanical twins or epsilon
martensite laths in the Fe-25Mn-3Al-3Si (wt%) steel.
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