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Abstract—We introduce a liquid metallurgy synthesized, non-equiatomic Fe40Mn40Co10Cr10 high entropy alloy that is designed to undergo
mechanically-induced twinning upon deformation at room temperature. Microstructure characterization, carried out using SEM, TEM and APT
shows a homogeneous fcc structured single phase solid solution in the as-cast, hot-rolled and homogenized states. Investigations of the deformation
substructures at specific strain levels with electron channeling contrast imaging (ECCI) combined with EBSD reveal a clear change in the deforma-
tion mechanisms of the designed alloy starting from dislocation slip to twinning as a function of strain. Such twinning induced plasticity has only
been observed under cryogenic conditions in the equiatomic FeMnNiCoCr high entropy alloy. Thus, despite the decreased contribution of solid solu-
tion strengthening, the tensile properties of the introduced lean alloy at room temperature are found to be comparable to that of the well-studied five
component FeMnNiCoCr system.
Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

In the past decade, the high entropy alloy (HEA) con-
cept has attracted extensive research attention owing to
its promising mechanical properties [1–3]. This new alloy
design strategy aims at the maximization of the entropy
of mixing with the purpose of producing massive solid solu-
tion, single phase microstructures. The heavy lattice distor-
tion and the sluggish diffusion introduced as a result of
mixing multiple components in equal proportions are pro-
posed to jointly contribute to high thermal stability and
good mechanical properties (which can be greatly adjusted
by a potential cocktail (multi-phase) effect [4,5]). In order to
achieve that, the initially proposed design criterion was
based on the presence of at least five elements in equiatomic
or near equiatomic concentrations. However, among
various HEAs that have been designed according to these
criteria (e.g. AlCoCrCuFeNi [6], AlCrFeMnNi [7],
FeMnNiCoCr [2,8]), most show multi-phase microstruc-
tures and exhibit varied properties (wear resistance, corro-
sion resistance, high strength, etc). While multiphase HEAs
promote fundamental investigations of phase separation in
massive solid solutions, and enlarge the achievable property
(and hence application) spectrum [9,10], they essentially do
not provide proof-of-principle observations for the original

concept described above. The only alloy system that devel-
ops a single fcc solid solution upon conventional casting is
FeMnNiCoCr system. Hence, this most successful example
of the HEA concept has been extensively investigated
focusing on different aspects such as vacancy motion [11],
optimization of mechanical properties by thermo-
mechanical treatments [12–14], texture evolution [12] and
deformation mechanisms [13].

However, setting the striking stability of the single fcc
solid solution aside, the equiatomic FeMnNiCoCr alloy
shows significant similarities in terms of mechanical behav-
ior to conventional fcc steels with low stacking fault energy
[15,16]. In fact, under quasi-static uniaxial tensile loading,
the room temperature mechanical performance of
FeMnNiCoCr HEA is well-comparable to those of simple
binary Fe–Mn alloys [17]. On the other hand, Gludovatz
et al. recently reported that the equiatomic FeMnNiCoCr
alloy out-performs all conventional alloys under cryogenic
conditions [18]. The fracture toughness values measured by
compact tension test at cryogenic temperatures down to
77 k were found to exceed 200 MPa � m1/2 at crack initia-
tion and 300 MPa � m1/2 for stable crack growth. The
underlying deformation mechanism that determines these
excellent properties is nanotwinning, which was however
not observed at ambient temperatures [13].

Recently, we have shown through non-equiatomic HEA
design [14], that the maximization of configurational
entropy is not a strict criterion that determines massive solid
solution formation, and that it can form over a wide range
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of compositions. The reason for this is that the shape of the
entropy curve as a function of chemical composition is for
most transition metal mixtures very flat so that even larger
compositional deviations from the equi-atomic alloying rule
yield the same entropy as the an equi-atomic mixing. This
thermodynamic relaxation of the originally quite strict high
entropy alloy rule opens a wide alloying window for realiz-
ing true single phase states and corresponding property tun-
ing. Therefore, composition variations can be explored to
optimize the stacking fault energy and to transfer the excel-
lent nanotwinning induced cryogenic mechanical behavior
to room temperature. We demonstrate this approach via
the design of a lean (i.e. in terms of Co, Cr and especially
Ni content with respect to the equiatomic five-component
alloy) twinning-induced plasticity high entropy alloy
(TWIP-HEA), Fe40Mn40Co10Cr10 with excellent room tem-
perature mechanical properties that are comparable to those
of advanced TWIP steels [19–22].

2. Methodology

Our alloy design approach is based on the following
considerations: As reported elsewhere [23], the stacking
fault energy of the equiatomic FeMnNiCoCr alloy was
determined to be 25 mJ/m2 using a combination of density
functional theory (DFT) calculations and X-ray diffraction
(XRD) experiments. Reducing the Ni content would lower
the stacking fault energy and increase the potential applica-
bility of the alloy due to the decreased alloying contents
and costs. However, the four component alloy system
FeMnCoCr in absence of Ni (i.e. Fe25Mn25Co25Cr25) devel-
ops a multi-phase microstructure [17,24] with a sigma phase
rich in Cr. The Cr rich sigma phase has been reported in
several HEA systems such as FeNiCoCr [25]
Co0.5CrFeMn1.5Ni [26], FeNiCoCr2 [26], often when Cr is
present along with Ni and Co [27]. Our recent observations
demonstrate that equi-atomicity is not an essential require-
ment to ensure a single phase microstructure [14]. Thus, to
avoid the sigma phase and achieve a single fcc phase micro-
structure, we introduce the Fe40Mn40Co10Cr10 alloy with
reduced Cr and Co content.

In order to verify the validity of this approach, the
non-equiatomic Fe40Mn40Co10Cr10 alloy was melted in a
vacuum induction furnace from metals with purities above
99.8 wt.% and cast into a water-cooled copper mold and
allowed for furnace-cooling. Then the material was hot
rolled at 900 °C to 50% thickness reduction, followed by
homogenization at 1200 °C for 2 h in Ar atmosphere and
quenched in water.

The crystal structure of the alloy was analyzed using
various techniques. X-ray diffraction measurements
(Huber-2 goniometer) were conducted using Co ja radia-
tion (k = 1.79 Å). Secondary electron (SE) imaging and
electron backscatter diffraction (EBSD) were conducted in
a 6500F JEOL field emission gun-scanning electron micros-
copy (FEG-SEM) equipped with an EDAX software and a
TSL OIM EBSD system.

The chemical homogeneity was studied at the micro-
scopic scale using energy-disperse X-ray spectroscopy
(EDS), and at atomic scale using local electrode atom probe
tomography (APT) (LEAP 3000X HR, Cameca Inc.). To
verify the chemical homogeneity in the vicinity of grain
boundaries, APT tips were site-specifically produced using

focused ion beam (FIB) (FEI Helios Nanolab 600i) from
regions including high angle grain boundaries following
the procedures described elsewhere [28,29].

Flat dog-bone-shaped tensile specimens with gauge geom-
etry of 10 � 2.5 � 1 mm were machined from the homoge-
nized sheet by electric discharge machining (EDM) with
their longitudinal axes perpendicular to the rolling direction
of the sheets. Tensile tests were performed at room tempera-
ture with a strain rate of 1.0� 10ÿ3 sÿ1 using a Kammrath
and Weiss tensile stage. Prior to tests, both surfaces were pol-
ished, a speckle pattern was applied to one of the sides for
DIC analysis (Aramis, GOM GmbH; DIC: Digital Image
Correlation) while the other side was kept clean for
post-mortem trace analysis. During the measurements, the
force applied to the sample, the velocity of the movement
and the conducting time were recorded, and then the strain
and stress were calculated [30–32]. The microstructure after
deformation is characterized at different local strain levels
using electron channeling contrast imaging (ECCI) technique
as well as SE imaging and EBSD. ECCI analysis was con-
ducted using a Zeiss Merlin SEM [33,34].

3. Results

3.1. Microstructure development during processing

Figs. 1 and 2 show the detailed microstructure charac-
terization of the non-equiatomic Fe40Mn40Co10Cr10 alloy
in the as-cast, hot-rolled and homogenized states.

The XRD patterns, shown in Fig. 1, clearly reveal a
single-phase face-centered cubic (fcc) microstructure (lattice
parameter = 3.621 Å) in all three processing states. The sin-
gle phase fcc microstructure was further confirmed by the
high resolution EBSD analysis (except for <� 0:4% unin-
dexed points which is attributed to non-indexed interface
regions). A large fraction of annealing twins was observed
in most of the grains in the homogenized state. The average
grain size, measured using linear intercept method, was
found to be 108.6 lm (excluding twin boundaries).

The compositional homogeneity of the as-homogenized
material was analyzed using EDS and APT as shown in
Fig. 2. EDS maps reveal that all elements are homogenous-
ly distributed, except for some minor inhomogeneity due to
the formation of manganese oxides formed during casting.
Several APT tips were lifted out from the grain boundary
region as shown in Fig. 2b. The APT results of one of the
tips are shown in Fig. 2c. No apparent elemental segrega-
tion of the alloying elements (Fe, Mn, Co, Cr) was found
in the 3D maps, indicating a random solid solution state
in the investigated volume. This is different compared to
related FeMn and FeMnNi based alloys which reveal in
part substantial Mn segregation at the grain boundaries
[35–37]. Furthermore, a binomial frequency distribution
analysis was employed to evaluate statistically the random
elemental distribution. The binomial curves obtained from
the experiments match the curves corresponding to a total
random distribution. The quality of the fit was quantified
using several parameters, as listed in the insert chart. The
normalized homogenization parameter, referred to as l,
ideally ranges from 0 to 1, where 0 refers to total random-
ness while 1 represents complete ordering [38,39]. For all
four alloying elements, the l values are close to 0, confirm-
ing the random distribution of elements in this alloy. The
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concentration of elements across the grain boundary was
analyzed within a cylindrical volume (20 � 20 � 60 nm3).
The one dimensional concentration-depth profile analysis
shows a near uniform distribution for all elements across
the grain boundary [40]. The overall bulk concentration
of the tip as obtained from APT was Fe42.30Mn36.05
Co11.25Cr10.34 (all in at.%).

In summary, Figs. 1 and 2 confirm that the single fcc
phase in the Fe40Mn40Co10Cr10 alloy is stable at different
stages of the processing. EDS and APT analyses show
excellent homogeneity at the crystal and atomistic scale of
the homogenized material. It is thus clear that this lean
alloy can reproduce the phase stability and homogeneity
reported in the FeMnNiCoCr alloy system [3,8,14].

3.2. Tensile properties

Fig. 3 shows the tensile stress–strain behavior (left) and
the hardening curve (right) of the alloy in the homogenized

state. The strain hardening curve is calculated as the first
derivative of the true stress to the true strain using
MATLAB. Despite an expected decrease in solid
solution strengthening, and of the larger grain size, the
tensile properties of this alloy at room temperature (i.e.
yield strength of �240 MPa, ultimate tensile strength
of �489 MPa and �58% of total elongation) are found
to be comparable to that of the five component equiatomic
system Fe20Mn20Ni20Co20Cr20 [13] and the previously
proposed five component non-equiatomic alloy
Fe40Mn26Ni27Co5Cr2 [14].

The corresponding strain hardening exhibits 3 different
regimes, as shown in Fig. 3. Below 4% of the true strain,
a continuously decreasing strain hardening rate was
observed, between 4% and 25% the rate of decrease of the
strain hardening rate decreases and beyond 25% true strain
progressive decrease in strain hardening rate can be
observed. This strain hardening behavior is similar to that
of some TWIP steels [16,20,22].

3.3. Deformation-induced microstructure evolution

Fig. 4 shows the EBSD results obtained for the
Fe40Mn40Co10Cr10 alloy at different tensile strains. Only
fcc phase (green colored area in phase maps) was indexed
in all three regions at different strain levels. The high angle
grain boundaries and (111) twin boundaries are marked in
the image quality underlayed phase maps in terms of red
and blue lines, respectively. At a strain level of 5%, the
marked twin boundaries represent annealing twins, and
none of the grains shows deformation twins. When the
strain level increases to �10%, mechanically-induced twin
boundaries can be indexed (see the blue boundaries inside
the grains). The fraction of twin boundaries increases when
the deformation level further increases to �25%. The IPF
maps show the grain orientation with respect to the tensile
direction. Two major points can be made: (1) No strain
induced phase transformation occurs during tensile testing,
i.e. only fcc phase is observed in the phase maps at different
strain levels. (2) Deformation twinning is activated after
�10% straining and the twin fraction increases with ongo-
ing deformation.

The presence of the deformation twins was further con-
firmed by TEM analysis, as shown in Fig. 5. The dark field
image and the corresponding selected area diffraction
(SAD) pattern are shown in Fig. 5. The diffraction pattern
provided in Fig. 5b, where the activated twin system was
indexed as [ÿ112](1ÿ11), analogous to a compound fcc
twin commonly observed in fcc crystals [41]. Fig. 5c shows
the TEM orientation imaging (ASTAR, NanoMEGAS)
map of the same area.

The development of the deformation substructure from
1% up to �25% was further revealed by ECCI (Fig. 6).
At a strain level of �1%, two sets of piled-up dislocations
can be observed (Fig. 6a1). Upon increasing the strain level
to �5%, the majority of the grains (25 out of 28 analyzed
grains in total) reveal a checkerboard-type dislocation pat-
tern, which was created by the intersection of highly dense
dislocation walls (HDDWs) on two different slip planes
(Fig. 6a2). This observation suggests pronounced planar
slip. Only few grains (3 out of 28 grains) form dislocation
cells (DCs), as revealed in Fig. 6a3, indicating the presence
of dislocation multiple slip and cross slip [42,43]. With
increasing deformation to �10% true strain, the majority

Fig. 1. XRD patterns and EBSD phase maps (using green color for the

fcc phase) for the Fe40Mn40Co10Cr10 alloy at different process states:

(a) as-cast state; (b) hot-rolled state and (c) homogenized state. (For

interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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of the grains show a pattern of more intense interaction of
HDDWs (Fig. 6b1), and deformation twins appear in some
grains (Fig. 6b2 and b3). The twins are arranged in bundles,
and most of them penetrate the entire grain without much

apparent resistance from the dislocation patterns that were
formed before. The highly coordinated slip of partial dislo-
cations is proposed to be the possible reason to this unim-
peded movement of the twin bundles [20]. However, some

Fig. 2. (a) EDX map showing homogeneous distribution for all elements in the Fe40Mn40Co10Cr10 alloy; (b) EBSD phase and IPF maps showing the

area for site-specific APT tip preparation (IPF: Inverse Pole Figure); (c) 3D atom maps of all elements and the corresponding 1D concentration

profile taken along the cylindrical volume shown in inset and the frequency distribution analyses obtained both from observed experiment results and

from binomial simulation.

Fig. 3. Room temperature mechanical properties of the newly designed Fe40Mn40Co10Cr10 alloy demonstrated in terms of the engineering strain–

stress curve (left) and the corresponding strain hardening curve with respect to true strain (right).
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of the single twins are terminated inside the grains which
may be due to two possible reasons: (i) The presence of dis-
location loops or dislocations whose Burgers vector is not
parallel to the twinning shear direction and which cannot
easily cross slip; or (ii) the resolved shear stress in twinning
direction falling below the activation shear stress [44]. A
further increase in strain to �25% results in a larger twin-
ning activity, leading to a well-developed twin substructure
(Fig. 6c). In some grains the activity of double twin systems
was observed, as shown in Fig. 6c3. Similar double twin sys-
tems activation has been observed in brass (15% Zn) after
37% of rolling reduction [45] and in TWIP steels [46].

When analyzing the deformation substructures occur-
ring at higher strains (�25%) using a combination of
ECCI and EBSD, the appearance of the two different
twinning substructures are found to be related to the grain
orientations, as shown in Fig. 7. Two grains with different
orientations are shown in Fig. 7a1 and b1, the respective
orientations relative to the Tensile Direction (TD) are
presented in the inserted IPF triangles. The simulated
diffraction patterns obtained from EBSD analysis are

shown in Figure a2 and b2. For grains oriented along
h112i//TD, a lamellar twin substructure was observed
(Fig. 7a1). By trace analysis, the twinning plane was
found to be (1ÿ11) crystallographic plane. For grains
oriented close to h111i//TD, a second twin system was acti-
vated with twinning planes (1ÿ11) and (11ÿ1), as shown
in Fig. 7b.

The grain orientation dependence of the dislocation and
twin substructures in the corresponding deformation levels
are summarized in Fig. 8. The average orientation of grains
is placed in the TD-IPF figure according to different defor-
mation substructure observed in ECCI. At low deforma-
tion levels of �5% strain, a modest trend is observed
regarding grains orientated close to h001i//TA to build
up DCs structures, while the majority of the grains devel-
oped HDDWs substructures. As the strain increases to
about 10%, the same tendency becomes more obvious,
namely, the grains with DCs substructures are always
orientated near h001i//TD. Besides this observation, the
deformation twins are found in some specific grains with
orientation h111i//TD. At a strain level of �25%, the
appearance of double twin systems in grains with a partic-
ular orientation close to h111i//TD are observed. A single
twin system was observed in grains orientated near
h112i//TD, and the grains orientated near h001i//TD are
mostly found to be free of twins.

4. Discussion

The results presented here demonstrate that a single fcc
phase solid solution can be achieved in the four-component
FeMnCoCr system, provided that Cr and Co concentra-
tions are lower than strictly equi-atomic fractions. This
enables avoiding the Cr-rich r intermetallic phase that
has often been observed in high Cr-containing steels [48]
and in many HEA systems with a high amount of Cr
[25,26,49]. The instability of Cr in the fcc matrix was
described in an ab initio study of the FeNiCoCr alloy
[50], where the vacancy formation energy by the removal

Fig. 4. EBSD phase and IPF maps showing the microstructure at cross section the deformed Fe40Mn40Co10Cr10 sample at different stain levels:

(a) �5% strain; (b) �10% strain; (c) �25% strain.

Fig. 5. Deformation twins at �45% true strain in Fe40Mn40Co10Cr10
revealed by TEM: (a) dark field micrograph with beam direction

[002]T; (b) selected-area diffraction pattern; (c) orientation and phase

mapping of the same area by the ASTAR software.
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of Cr is negative while for Fe, Ni and Co it is positive, indi-
cating the inherent precipitation trend of Cr from the
FeNiCoCr matrix. Avoiding the r phase leads to a single
fcc phase that resembles the binary Fe–Mn c phase both
crystallographically (lattice parameter = 3.62 Å vs. 3.63 Å
[51], respectively) and mechanically [16,17,20,22].

In contrast to most proposed HEA’s that lack tensile
ductility, the single fcc phase FeMnNiCoCr systems
[2,8,13,14] exhibits high ductility and toughness at room
temperature as shown in Fig. 9. Thus, the potential for
room temperature applications of this system depends on
the possibility of enhancing the strength and toughness to

Fig. 6. Deformation microstructure in Fe40Mn40Co10Cr10 revealed by ECCI at different strain levels: (a) <5% strain; (b) �10% strain; (c) �25%

strain.

Fig. 7. Trace analysis of the crystallographic orientation of the High Density Dislocation Walls (HDDWs) by using a combination of EBSD and

ECCI: (a1) grain containing only one twin system; (b1) grain containing double twin systems; simulated diffraction patterns for each grain (a2) and

(b2) using the software TOCA [47].
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levels that justify the extensive amount of alloying (in com-
parison with respect to, e.g. advanced high strength steels
[12,13,16,18]). Based on the results presented here and in
related publications the mechanical properties are summa-
rized in Fig. 9, which can be used to understand the contri-
bution of the various strengthening mechanisms.

An essential novelty of the current finding lies in the fact
that the newly designed Fe40Mn40Co10Cr10 alloy introduced
here shows deformation-induced nanotwinning at room
temperature. On the other hand the equiatomic
Fe20Mn20Ni20Co20Cr20 system exhibited deformation
twinning only at 77 K [18] (see comparison (i) in Fig. 9).
The positive influence of nanotwinning on the tensile
strength can be seen when comparing the mechanical prop-
erties of the Fe40Mn40Co10Cr10 alloy with those of the
Fe32Ni30Mn30Co6Cr2 alloy (see comparison (ii) in Fig. 9)
both of which are single phase fcc solid solution alloys.
Considering that the grain size of the former is almost one
third of the latter, and keeping in mind the strong Hall–
Petch effect in these systems (see comparison (iii) in
Fig. 9), the improvement in the strength mainly by the acti-
vation of nanotwinning is quite significant. It demonstrates
that the strength increase and specifically of the strain hard-
ening capacity of the newly developed alloy can be attrib-
uted to the reduction in the SFE, i.e. to nanotwinning and
the interactions among the partial dislocations. On the other

hand, the frictional stress in HEAs is assumed to be high due
to the massive lattice distortion caused by the different
atomic radii and moduli [54]. The parelastic and dielastic
contributions however are dependent on the alloying con-
tent. This is seen by comparison of data points (iv) in
Fig. 9 for the non-equiatomic Fe32Ni30Mn30Co6Cr2 system
(Sc � 11 J/K mol) introduced by the authors [14], and the
equiatomic Fe20Mn20Ni20Co20Cr20 (Sc � 13 J/K mol).
Hence, the solid solution strengthening effect does also play
a certain role for the measured strength of HEA’s.

When focusing more on the deformation mechanisms, a
clear transition is seen from prevalent dislocation slip at
low strains to slip plus twinning at high strains. At low
strain levels (<10%), deformation proceeds mainly by dislo-
cation planar slip (HDDWs), and DCs appear only in
grains orientated along h001i//TD. At high strain levels,
when the true strain is above 25%, an increased twinning
activity has been observed with a clear orientation depen-
dence of the formation of the twin substructure [46]. The
planar slip in fcc metals is known to be promoted by
increasing frictional stress and the decreasing stacking fault
energy (SFE), where the latter effect promotes formation of
partial dislocations and an increase in the associated con-
striction and cross slip activation barrier.

From the thermodynamic point of view, a reduction in
SFE indicates a reduction of energy difference between
the fcc and hcp phases. Furthermore, the Suzuki mecha-
nism [55] is an additional effect to explain the reduction
of the SFE in conventional single phase alloys due to solute
segregation to stacking faults [56]. However, HEAs lack
interstitial atoms, and thus do not experience any
long-range diffusion [7] to form Suzuki-type segregation
zones. Also, an atomistic relaxation around the SF to
relieve the high energy level of the distorted matrix was pro-
posed to also reduce the SFE further [12]. Here, although
no direct measurements have been conducted to measure
the SFE in the Fe40Mn40Co10Cr10 alloy, the appearance
of deformation twins at RT suggests a lower SFE of the
current alloy compared to the Fe20Mn20Ni20Co20Cr20 refer-
ence material (25 mJ/m2) where no deformation twins were
observed at room temperature [13,14,18]. Note that also in
high Mn steels, the SFE boundary between TRIP and
TWIP effects is proposed to be around 20 mJ/m2 [15].

The formation of DCs is associated with dislocation
cross slip and multiple slip [42,43]. Multiple slip can be cor-
related with the respective Schmid factors. In grains with
orientations near h001i//TD (seen in Table 1), 8 slip systems
are equally stressed, hence they can be activated simulta-
neously [57,58]. Cross slip enables the possibility of switch-
ing to another slip plane. The frequency of screw
dislocations moving from one slip plane to another is mainly
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Fig. 8. Orientation dependence of highly dense dislocation walls (HDDWs), dislocation cells (DCs), and twin substructures of Fe40Mn40Co10Cr10 at
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governed by the activation barrier required for partial dislo-
cation constriction, which in turn depends on the SFE of the
alloy. In the present Fe40Mn40Co10Cr10 alloy with low SFE,
the re-combination of the dissociated partial dislocation is
difficult, hence, cross-slip is impeded. Taken into consider-
ation both multiple slip and reduced cross slip, it is plausible
that this alloy has a lower frequency of the formation of
DCs and the appearance of DCs is concentrated in grains
with crystallographic orientation near h001i//TD.

The influence of the crystallographic grain orientation on
deformation twinning has been investigated previously in
terms of the respective Schmid factors for both slip and
twinning [46]. Whether deformation twins will be nucleated
or not mainly depends on the competition between slip and
twinning, which in turn depends on respective Schmid fac-
tors of the two deformation mechanisms. For grains orien-
tated along h001i//TD, 8 slip systems with higher Schmid
factor than those of the twining systems can be activated,
and hence deformation is mainly carried by dislocation slip
and no deformation twins are observed. For grains with ori-
entations near h112i//TD, only the (1ÿ11)[121] twinning
system has a comparable high Schmid factor so that both
dislocation slip and twinning are activated, as shown in
Fig. 7a. In grains near h111i//TD, two twinning systems
(1ÿ11)[121] and (11ÿ1)[112] can be activated due to their
high Schmid factors, Fig. 7b.

5. Conclusions

A non-equiatomic Fe40Mn40Co10Cr10 high-entropy
alloy was produced by vacuum induction melting, mold
casting, hot rolling and homogenization. The microstruc-
ture at different processing stages revealed a single homoge-
neous fcc phase as shown by XRD, EBSD, TEM and APT.
The mechanical properties at room temperature were inves-
tigated by tensile testing and DIC. To understand the
mechanical properties, the deformed substructure at spe-
cific strain regions was further revealed by ECCI. The main
conclusions are:

(1) In the quaternary FeMnCoCr alloy system, a single
phase homogeneous fcc solid solution can be
achieved as a non-equiatomic Fe40Mn40Co10Cr10
alloy, but not at equiatomic Fe25Mn25Co25Cr25
composition.

(2) The mechanical properties of the novel
Fe40Mn40Co10Cr10 alloy are comparable to those
of the FeMnNiCoCr alloy system (except for the

occurrence of deformation twinning also at room
temperature) and to those of some FeMnC and
FeMnAlC TWIP steels.

(3) In this new alloy, at low strains (<10% true strain),
deformation is mainly carried by planar dislocation
slip; At high strains (>10% true strain), deforma-
tion twinning is activated as an additional mecha-
nism, causing a transition in the strain hardening
rate similar as in some TWIP steels.

(4) The deformation substructure development in this
alloy is strongly grain orientation dependent.
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Kuzmina, D. Ponge, P.P. Choi, Grain boundary segregation
engineering in metallic alloys: a pathway to the design of
interfaces, Curr. Opin. Solid State Mater. Sci. 18 (2014) 253–
261.

[41] J.W. Christian, S. Mahajan, Deformation twinning, Prog.
Mater Sci. 99 (1995) 157.

[42] P. Hähner, A theory of dislocation cell formation based on
stochastic dislocation dynamics, Acta Mater. 44 (1996) 8.

[43] N. Hansen, D.A. Hughus, Analysis of large dislocation
populations in deformed metals, Phys. Stat. Sol. (b) 149
(1995) 18.

[44] S. Mahajan, Evaluation of slip patterns observed in associ-
ated with deformation twins in Mo-35 at% Re alloy, J. Phys.
F: Metal. Phys. 2 (1972) 8.

[45] T. Leffers, J.B. Bilde-Sørensen, Intra-and intergranular het-
erogeneities in the plastic deformation of brass during rolling,
Acta Metall. Mater. 38 (1990) 10.

132 Y. Deng et al. / Acta Materialia 94 (2015) 124–133



[46] I. Gutierrez-Urrutia, S. Zaefferer, D. Raabe, The effect of
grain size and grain orientation on deformation twinning in a
Fe–22wt.% Mn–0.6wt.% C TWIP steel, Mater. Sci. Eng., A
527 (2010) 3552–3560.

[47] S. Zaefferer, New developments of computer-aided crystallo-
graphic analysis in transmission electron microscopy, J. Appl.
Crystallogr. 33 (2000) 10–25.

[48] L.K. Singhal, J.W. Martin, The formation of ferrite and
sigma phase in some austenitic stainless steels, Acta Metall. 16
(1968) 11.

[49] M.H. Tsai, H. Yuan, G. Cheng, W. Xu, W.W. Jian, M.H.
Chuang, C.C. Juan, A.C. Yeh, S.J. Lin, Y. Zhu, Significant
hardening due to the formation of a sigma phase matrix in a
high entropy alloy, Intermetallics 33 (2013) 81–86.

[50] S.C. Middleburgh, D.M. King, G.R. Lumpkin, M. Cortie, L.
Edwards, Segregation and migration of species in the
CrCoFeNi high entropy alloy, J. Alloy. Compd. 599 (2014)
179–182.

[51] M. Ekholm, I.A. Abrikosov, Structural and magnetic ground-
state properties of c-FeMn alloys from ab initio calculations,
Phys. Rev. B 84 (2011).

[52] A. Gali, E.P. George, Tensile properties of high- and medium-
entropy alloys, Intermetallics 39 (2013) 74–78.

[53] S. Rajasekhara, L.P. Karjalainen, A. Kyröläinen, P.J.
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