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Microstructural evolution and mechanical properties of FeMnCoCr high entropy alloy containing C and Si
at various temperatures were investigated. The experimental results demonstrate that the microstruc-
ture of the HEAs alloy is a single-phase face-centered cubic solid solution, and the C and Si are completely
dissolved in the matrix. The stacking fault energy of the alloy is about 33.96 mJ/m2. Therefore, twins will
be easy to form during the deformation process. Benefit from the synergistic effect of solid solution
strengthening and twinning induced plasticity, the alloy shows a trade-off between high strength and
good plasticity. Ultimate tensile strength of 757 MPa and considerable fracture ductility of 60.5% is ob-
tained at room temperature. As the deformation temperature decreased to 227 K, the strength and
plasticity are increased to 907 MPa and 69.6%, respectively. Under the low temperature, primary me-
chanical twins are suppressed, and more geometrically necessary dislocations and secondary nanoscale
twins could be observed. The HEAs show a high work-hardening rate, which is related to dislocation slip
being hindered by primary and secondary nano-twins.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Exploring strong and durable materials is essential for reducing
weight, and, hence, energy consumption [1,2]. However, strength
and plasticity are generally exclusive in metallic structural mate-
rials [3]. The addition of trace alloying elements can improve the
strength of the materials, but leads to the precipitation of inter-
metallic compounds, thus deteriorating mechanical performance.
High-entropy alloys (HEAs) have attracted extensive attention, as
they have opened up a new field of synthesis strategy [4]. HEAs
refer to a new alloy system composed of four or more elements in
equiatomic or near-equiatomic ratios. The formation of interme-
tallic compounds is suppressed and tends to form a simple single-
phase solid solution due to the large mixing entropy. HEAs have
been found to possess a variety of unique properties, such as
biocompatibility [5] and magnetic properties [6]. Apart from that,
benefit from its good plasticity, wear resistance, corrosion
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resistance and high-temperature softening resistance, HEA has a
good application prospect as an engineering material [7,8]. Among
the various types of HEAs, face centered cubic (FCC) HEAs have
been the most widely studied due to their excellent fracture
toughness [9,10]. Meanwhile, a low initial strength hindered their
employment as a candidate for mechanical load-bearing parts.
Severe plastic deformations, such as cold rolling, drawing, and
high-pressure torsion [11], will increase the strength obviously, but
also damage the plasticity, while introducing complex processing.
Therefore, it is of great practical significance to develop a cast-HEA
with high strength and plasticity.

Ritchie et al. [12] revealed the mechanical performance of
CrMnFeCoNi HEA at low and cryogenic temperatures, considering
that higher strain-hardening at 77 K results from the triggering of
mechanical nano-twinning. As one of the main deformation
mechanisms in FCC metals, mechanical twinning plays an impor-
tant role in deformation behaviour [9,13]. It acts as an obstacle to
ersity, Jiangning District, Nanjing, 211189, China.
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Fig. 1. Phase diagram for Fe53Mn29Co9Cr9 HEA calculated by Pandat software.

Fig. 2. (a) XRD patterns, (b) EBSD image, (c) element distribution.
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dislocation slip, reducing the path of movement and increasing the
density of dislocations [14]. Raabe et al. attributed the high strain-
hardening rate of twinning-induced plasticity (TWIP) steel to the
interaction between dislocations and mechanical twins as well
[15,16]. Generally, the incidence of mechanical twins depends on
the stacking-fault energy (SFE), and the nucleation frequency in-
creases with decreasing SFE [17e19]. The deformation mechanism
transforms from dislocation slip (SFE � 40 mJ/m2) to dislocation
slip plus deformation twin (20 mJ/m2 � SFE � 40 mJ/m2) and
dislocation slip plus martensitic transformation (SFE � 20 mJ/m2)
[20]. A similar strengthening mechanism has also been introduced
into HEAs. The Fe80-XMnXCo10Cr10 series of HEAs were originally
proposed for tailoring the SFE by adjustment of the Mn content.
Then, transformation-induced plasticity (TRIP) or TWIP becomes
dominant during the deformation procedure [21,22]. The results
show that FeMnCoCr alloys possess better comprehensive me-
chanical behaviour compared to traditional alloys and previously
reported HEAs. For example, the ultimate tensile strength (UTS) of
Fe50Mn30Co10Cr10 dual-phase HEA was increased from 720 MPa to
870MPawith decreasing average grain size from 45mm to 4.5 mm,
also the total elongation (TE) increases from 52% to 73% due to the
promotion of phase transformation through grain refinement [23].

It has been proved that the strength of FeMnCoCr can be
Fig. 3. (a) Engineering stress-strain curve, (b) Work hardening rate versus true strain
curve.
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improved by the alloying of interstitial elements such as carbon
[24,25]. Li [26] reported an increase in the UTS from 870 MPa to
960MPa after the addition of 0.5% carbon to Fe50Mn30Co10Cr10 with
little sacrifice in plasticity. Jian Chen et al. [27] found that C in HEAs
can easily combine with Cr to form M3C7 carbides [25,28], and that
precipitation strengthening is produced. The interstitial strength-
ening of C can be summarized as follows: increasing stacking fault
energy and improving phase stability [23,29,30], providing higher
lattice distortion and friction stress compared to those of a sub-
stitutional solid solution [31e33]. As one of the common non-
metallic elements, the effect of alloying with Si on mechanical
performance is also worth studying [34]. After adding 1.5% (wt.%) Si
to the Fee18Mn-0.6C (wt.%) TWIP steel [35], the yield strength can
be increased from 387 MPa to 452 MPa due to the Si solid solution
in the FCC austenite. Liu [36] and Kumar [37] et al. observed that
with increased Si content in Al0.5CoCr-CuFeNiSix and AlCoCrCuFe-
NiSix HEAs the structure changed from single-phase FCC to dual-
phase FCC-BCC, and the hardness was greatly improved. The ef-
fect of Si addition on the SFE has been analysed [38], and the SFE for
FeeMn steel was found to decrease by 1.3 mJ/m2 with the addition
of 1% (at%) Si. Considering that the structure and composition of
FeMnCoCr is similar to that of FeeMn steel [22], alloying Si can not
only produce solution strengthening but can also reduce SFE,
making it easier to trigger deformation twins or even secondary
nano-twins. According to the above analysis, if a proper amount of
C and Si elements is added into an FeMnCoCr alloy, one can, on the
one hand, prepare a novel casting material with high strength and
plasticity, benefiting from the interstitial solution, substitutional
solution, and twin-induced plasticity. On the other hand, the
alloying of HEAs mainly focuses on a single element solution (such
as C, Al, B, rare earth elements) [13], while less attention is paid to a
dual-element solution, especially non-metallic elements. This
experiment can make up for the scarcity of related research.

In the present work, Fe53Mn29Co9Cr9 HEAs was selected as the
target material, the corresponding phase diagram calculated by
Pandat is shown in Fig. 1. The casting is a single-phase FCC structure
at room temperature. To avoid the precipitation of intermetallics,
the addition of C was controlled at 1%, and a small amount of Si (1%)
was added on this basis. The SFE was calculated by JMatPro to be
approximately 37.4 mJ/m2, slightly lower than the threshold value
for twinning (40mJ/m2) [19,20]. For convenience, the dual-element
C/Si alloying with FeMnCoCr high-entropy alloys will be defined
later as De-HEAs. The microstructure of the De-HEAs casting was
systematically studied. Tensile tests were carried out at two
different temperatures (223 K and 293 K), and the effect of defor-
mation temperature on the microstructure, mechanical properties
and twinning activity was analysed.

2. Experiment and methods

Firstly, 1% of C and Si elements were added into Fe53Mn29Co9Cr9
high entropy alloys, in the form of a master alloy with Fe. An ingot
with a size of F100 � 20 mm3 was prepared by vacuum induction
melting in an Ar atmosphere. The purity of each raw material is
above 99.9%. The acquired ingots were annealed at 1200 �C for 6 h
in a low vacuum melting furnace (1 � 10�2 Pa) followed by water
quenching for homogenization. The crystal structure of the ingot
was characterized by X-ray diffraction with Cu Ka radiation (XRD,
Bruker D8); the measurement deviation for the instrument was
corrected by using fully annealed silicon powder, the scattering
angle is from 40 to 100�. Flat dog-bone shaped specimens with
gauge dimensions of 15 mm � 2 mm � 1.5 mmwere manufactured
from the ingot by electric discharge machine (EDM). Both sides of
the tensile specimen were sanded to eliminate the oxide layer and
trace produced during annealing and EDM. Strength and plasticity



Fig. 4. Fracture surfaces for HEAs (a) low magnification at 293 K, (b) high magnification at 293 K, (c) low magnification at 223 K, (d) high magnification at 223 K.

Fig. 5. EBSD near a fracture at 223 K.
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are characterized by uniaxial tensile testing machine (MTS CMT
5105)), equippedwith incubator, and stress-strain curve is recorded
by extensometer at room temperature. Since the extensometer
cannot be used at 223 K, the strain must be measured indirectly by
the displacement of the beam. Three specimens for each sample
were tested with a strain rate of 1 � 10�3 at room and low tem-
peratures (293 K and 223 K). The fracture morphology and grain
orientation were examined by field emission scanning electron
microscopy (FE-SEM, FEI Sirion) equipped with electron back-
scatter diffraction (EBSD) and energy dispersive X-ray spectroscopy
(EDS). The microstructures were analysed in detail by transmission
electron microscopy (TEM, FEI Tecnai G2), operating at an acceler-
ation voltage of 200 kV. For the preparation of TEM samples, a thin
slice was first sanded to a thickness of approximately 100 mm, and a
disc with a diameter of 3 mm was punched out of the slice. Then,
the disc was mechanically polished to a thickness of 30 mm, and an
4

ion-beam was used to thin the perforation at 100 K. Nano-
indentation measurements (Agilent Nano indenter, G200) were
conducted to test the hardness of the microstructure near the
tensile fracture; the load-displacement curve was acquired, and a
holding time of 15 swas applied at the peak load above 10mN. Each
sample was tested 5 times at 5 mm intervals to avoid any overlap of
plastic zones created by neighboring indentations. Before the test,
the samples were electropolished to remove the stress layer on the
surface and ensure the accuracy of the measurement.
3. Results and discussion

3.1. Microstructure of homogenized HEAs

The XRD patterns obtained for the homogenized alloy are
shown in Fig. 2a. The single-phase FCC structure was detected, and
no obvious intermetallic compoundswere formed, indicating that C
and Si exist in the matrix as solution atoms. Fig. 2b shows the phase
structure, the resolution of the FCC phase is 99.8%. No second phase
is observed, which is consistent with the discovery reflected by the
XRD. On account of the EBSD result, the measured grain size was
determined to be approximately 200 mm. As shown in Fig. 2c, all
elements are evenly distributed in the matrix without obvious
segregation.

In addition to the preliminary prediction for the SFE through
simulation software, it is also necessary to calculate the true SFE
through detection [35,38,39]:

g¼K111u0G111a0A� 0:37
p

ffiffiffi
3

p ε
2

a
(1)

where K111u0 represents the proportional constant of 6.6, a0 is the
lattice constant and A is related to the anisotropy with a value of
3.43; G is the shear modulus in the (111) plane, which is approxi-
mately 81 GPa; ε is the micro-strain determined from aWillamson-
Hall plot obtained from the XRD profiles [40]; a is the frequency of



Fig. 6. EBSD near a tensile fracture (a) At 293 K, (b) At 223 K.
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the stacking fault, which is measured for strain free (0%) and 5%
strained samples; the relevant formula is expressed as follows [38]:

D2q ¼ ð2q200 � 2q111Þ5% � ð2q200 � 2q111Þ0%

¼ �45
ffiffiffi
3

p

p2

�
tanq200 þ

1
2
q111

�
a

(2)

where qhklrepresents the peak position for the {hkl} plane in the
XRD. According to formula 1 and 2, the SFE for De-HEA is 33.96 mJ/
m2. The actual value is lower than the simulated value of 37.4mJ/m2

calculated by JmatPro, which may be related to the composition
deviation for the solid solution element.
3.2. Mechanical properties of the HEAs

Fig. 3a shows the engineering stress-strain curves obtained for
De-HEAs. Compared with previously reported FeMnCoCr alloys
[15,23,29,41], the micro-alloying of C and Si elements greatly im-
proves the strength and maintains the moderate ductility. At room
temperature, when the true strain is 0.4, the strain hardening rate
reaches a maximum of 1825MPa (Fig. 3b), approximately G/43 (G is
5

the shear modulus), close to the value range for TWIP Steel (G/20-
G/40) and much higher than that for traditional FCC metal (G/200)
[13]. Compared with traditional metal materials, the strength and
elongation of the alloy are greatly improved with decreasing test
temperature. At 223 K, the ultimate tensile strength is increased to
907 MPa and the fracture elongation is 69.6%. The strain hardening
of De-HEAs increases with decreasing temperature, indicating that
dislocation slip is more difficult, and needs to bear more stress to
produce a corresponding deformation. It can be concluded that the
De-HEAs has a low ductile brittle transition temperature (DBT).

3.3. Microstructure evolution of the HEAs

Fig. 4 reveals the fracture morphology of De-HEAs after tensile
deformation. At 293 K, necking occurs accompanied by the for-
mation of secondary cracks (Fig. 4a). Many uniform dimples were
observed at high magnification (Fig. 4b), implies excellent ductility.
At 223 K, more secondary cracks connected with each other,
showing a similar intergranular fracture morphology (Fig. 4c). The
dimples observed at high magnification are shallow and small
(Fig. 4d). To verify the low temperature fracture mechanism, an
EBSD test was carried out near the fracture, as shown in Fig. 5. The



Fig. 7. Tensile structure at 293 K (a) Primary mechanical twins, (b) Secondary nano-
twins.
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black line in the figure represents the grain boundary, no obvious
grain boundary trace is observed at the crack source, illustrating the
Fig. 8. Diagrammatic sketch
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fact that the failure is still dominated by a transgranular fracture.
Fig. 6 shows the EBSD detected at a uniform plastic deformation

area. After tensile deformation, the original equiaxed crystal is
severely stretched. Through statistical analysis of the volume
fraction of twin boundaries (S3), VS3 is determined to be only 3.17%
at 223 K, which is much lower than that of 9.5% at 293 K. It is
generally believed that twinning in the process of deformation will
trigger TWIP, so that the alloy can withstand greater deformation
and obtain better plasticity. According to previous study [12,14,42],
better ductility at cryogenic temperatures is associated with the
formation of a large number of twins. However, the underlying
reason for the high strength and plasticity of De-HEAs at low
temperature cannot be derived from fracture morphology and
EBSD test results alone. Therefore, it is necessary to explore the
relationship between the high strength, elongation and deforma-
tion mechanism through in-depth analysis of the microstructure.

TEM images of the mechanical twins in the De-HEAs after ten-
sile deformation at 293 K are shown in Fig. 7. A large number of
primary mechanical twins are formed in the matrix, and there is a
dense dislocation accumulation between the primary twins. These
results show that the twins can be used as a special grain boundary
to refine the grains and have an important effect on the dislocation
slip. The relevant strengthening effect can be explained by the Hall-
Petch formula [9]. Observed at high magnification, intensive sec-
ondary nano-twins (as indicated by the white arrow) are generated
inside the primary twins (Fig. 7b) that are arranged at an angle of
70� with the primary mechanical twins, which is in good agree-
ment with the calculated angle between the [111] and [111] di-
rections [35,43]. Due to the solution strengthening of C and Si
atoms in De-HEAs, dislocation-dominated plastic slip becomes
more difficult, and the critical stress required to activate a twin can
be more easily obtained in the early stage of deformation. Once the
critical twin stress is reached, the primary twin nucleates at the
grain boundary. With increasing strain, a large number of twins are
formed that begin to cluster, following which the secondary
twinning system begins to activate. Due to the interaction of so-
lution atoms, primary deformation twins and secondary nano-
twins, a combination of high strength and plasticity is obtained
for De-HEAs at room temperature.

Fig. 8 shows a schematic diagram for the evolution of the De-
HEAs structure under different tensile strains. For the conve-
nience of illustration, the grain deformation during the tensile
process is ignored. The deformation under low strain is dominated
by dislocation slip, and the deformation mechanism changes from
dislocation slip to TWIP upon reaching the critical twin stress. At
high strain, the secondary nano-twins start to activate, and the
formation of a large number of nano-twins results in a more
obvious effect on the grain refinement strengthening of the alloy,
of deformation at 293 K.



Fig. 9. Tensile structure at 223 K (a) Primary mechanical twins, (b) and (c) Secondary nano-twins, (d) the corresponding index results.
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which leads to a continuous increase in the work-hardening rate.
After the application at 223 K, the size and volume fraction of

the primary twins are significantly reduced, as shown in Fig. 9a.
Compared with the deformed structure at room temperature,
secondary nano-twins were extensively discovered to not only
exist in the primary twins but were also found to appear in the
high-density dislocation group (Fig. 9b and c), the calibration for
the diffraction pattern is shown in Fig. 9d. The deformation tem-
perature affects the twinning ability in several different ways
[14,43]. On the one hand, similar to a traditional alloy, there is a
critical stress that needs to be overcome in order to activate sec-
ondary nano-twins. At higher temperatures (e.g., 293 K), it becomes
more difficult to achieve this stress due to lower tensile strength or
dynamic recovery. When the deformation temperature decreases
(e.g., to 223 K), the dynamic recovery is restrained and the tensile
strength increases (Fig. 3), making it easier to reach critical stress at
lower strain. On the other hand, He [44,45] reported that the SFE
decreases with decreasing temperature. A lower SFE means that it
is easier to trigger twinning and even phase transformation during
deformation. Jeong [35] reported that the volume fraction of pri-
marymechanical twins is increased almost linearlywith decreasing
SFE (from 30 mJ/m2 to 20 mJ/m2), with a slight increase found at
low SFE (below 20 mJ/m2). However, secondary nano-twins were
found to rapidly increase for an SFE of less than 20 mJ/m2, resulting
in additional strain hardening. From the plane slip dislocation slip
at room temperature to the mechanical nano-twin at low temper-
ature, strain hardening is continuous and stable. Apart from that,
the deformation twins contain a high density of inherent disloca-
tions, which act as a strong barrier for dislocation sliding and
7

further promote strain hardening [46]. It can be seen that the
secondary nano-twinning is one of the important deformation
modes at low temperature. Due to the nanoscale size of the sec-
ondary twins, they are hard to detect through EBSD, which can
explain the statistical deviation observed for the twin boundary
volume fraction.

The strain hardening curve for traditional metal materials de-
creases monotonously with increasing strain. In this work, (Fig. 3b),
a higher strain hardening rate is obtained at low temperature.
When the true strain reaches 5%, the strain hardening begins to
slowly increase, which is related to the transformation of the
deformation mechanism from dislocation slip to deformation twin.
At the same time, twinning can change the orientation of the
crystal from an unfavourable orientation to a new favourable
orientation, following which slip and crystal deformation occurs
again [13], so that the dislocation density is further increased. TEM
analysis shows that more secondary deformation twins are trig-
gered at low temperature deformation, resulting in a higher strain
hardening.

The distribution of dislocations has a great influence on the
mechanical properties of HEAs. In crystallinematerials, dislocations
can be divided into statistical storage dislocations (SSD) and
geometrically necessary dislocations (GND) [47]. Generously, GND
is used to characterize the degree of plastic deformation. The
density of GND in De-HEA after deformation at different temper-
atures was analysed, and the kernel average misorientation (KAM)
was used to expound the intragranular misorientation introduced
by GND [48]. The averaged misorientation between the adjacent
EBSD measurement points can be used as a method to measure the



Fig. 10. KAM map after tensile testing at (a) 293 K, (b) 223 K.

Fig. 11. Nano-indentation of fracture after tensile test.
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approximate density of GND (rGND). A misorientation angle above
3� is attributed to the low (or high) angle grain boundary, hence, it
is excluded from the GND calculation. Fig.10a and b shows the KAM
map corresponding to the deformed microstructure shown in
Fig. 6a and b, respectively.

The rGND is given by the product of the boundary plane area unit
8

volume and the dislocation line length per unit area, as follows
[20,49]:

rGNDz
aq

mb
(3)

In the present work, a was chosen to be 3 for boundaries of
mixed character, m is the unit length as 1 mm and b is the magnitude
of the Burgers vector, 0.255 nm, and q is the average misorientation
angle for the selected area, which can be calculated from the
following formula:

q¼ exp

"
1
N

Xi

1
ln KAMi

#
(4)

where N represents the number of test area points and KAMi is the
local value of KAM at point i. The measured values for GND are
listed in the upper right corner of the picture, the stress in the
material in the process of deformation was evaluated (Fig. 10). The
KAM identified by EBSD is not distributed in each sample evenly.
The misorientation at the grain boundaries and twin boundaries
(correspond to Fig. 6) is significantly higher than that inside the
austenite matrix. Indicating that these two types of boundaries can
not only be regarded as barriers for dislocation slip but also as one
of the main factors giving rise to the emergence of GND. The higher
strain hardening rate at lower temperature is attributed to an in-
crease in the dislocation density and the interaction between dis-
locations and mechanical twins.
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Nano-indentation was utilized to probe the mechanical prop-
erties of a nanoscale structure after tensile testing. The load-
displacement curves obtained are shown in Fig. 11. After homoge-
nization, the nano-indentation hardness of the alloy was deter-
mined to be 5.4 GPa. The hardness of the structure deformed at
223 K was determined to be 9.4 GPa, which is slightly higher than
the value of 8.8 GPa obtained at 293 K. The difference in the
hardness value is closely related to themicrostructure. In this work,
the hardness value is mainly affected by nano-twins and disloca-
tions, and the result is consistent with previous characterization
and analysis [50,51].

It is concluded that primary deformation twins can be sup-
pressed, but a higher density of dislocations and secondary nano-
twins will be produced at low temperature. The propagation of
dislocations results in work hardening, and the nano twinning in-
duces grain refinement and twinning induced plasticity contribute
to the improvement of plasticity. Hence, the strength and plasticity
of the alloy is greatly enhanced simultaneously at low temperature.
Inspired by this, if De-HEAs first suffers from deformation (rolled or
drawn) at low temperature to fully develop the secondary nano-
twin, then, from measurement of the mechanical performance at
room temperature, one can determine whether or not the strength
can be further improved and the high plasticity maintained. The
relevant research deserves further attention in the future.
4. Conclusion

Through reasonable composition design, a single-phase FCC
structure can be maintained by adding one percent of C and Si el-
ements to a Fe53Mn29Co9Cr9 HEAs, and the stacking fault can be
tailored below 33.96 mJ/m2.

1) The synergistic effect of solid solution strengthening and TRIP
makes it easier to obtain excellent mechanical properties at
room temperature, with strength of 757 MPa and elongation of
60.5%.

2) The De-HEAs exhibits a higher tensile yield strength of 907 MPa
and a considerable percent elongation of 69.6% at 223 K. The
tensile properties of the C/Si alloyed HEAs are greatly improved
compared to that at 293 K.

3) Upon deformation at low temperature, primary deformation
twins are suppressed, but a higher density of dislocations and
secondary nano-twins are produced.

4) The strain hardening ability of the alloy is greatly improved due
to the interaction between dislocations and twins. The domi-
nant deformation mechanism changes from dislocation slip and
primary mechanical twins at room temperature to secondary
nano-twins at low temperature.
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