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a b s t r a c t

An investigation of equiatomic and non-equiatomic high-entropy alloys (HEAs) and medium-entropy
alloys (MEAs) was carried out by performing both thermodynamic calculations and experiments. The
design strategy of the alloys was based on a constant valence electron concentration (VEC) of 8 while
varying the content of Fe in a Fex(CoCrMnNi)100�x where x¼ 00, 20, 40, and 60. The X-ray diffraction
results showed that the alloys have a single face-centered cubic structure at 900 �C. The tensile test
results revealed that both the yield strength and ultimate tensile strength decrease as the amount of Fe is
increased but the uniform elongation increases. Additionally, the strain-hardening rate is significantly
enhanced at higher Fe concentrations due to the activation of deformation twinning as an additional
deformation mechanism. Interestingly, the critical twinning stress is significantly reduced as the Fe
content is increased from Fe00 to Fe60. As a result, the deformation twins were easily activated in a
specimen deformed up to a true strain of 20% for Fe60, unlike the other alloys, which exhibited no
deformation twinning at the same true strain. Furthermore, it was revealed that the frequency of
deformation twinning increases proportionally with increase in the Fe content.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

High-entropy alloys (HEAs) constitute a unique class of alloys
that has attracted significant attention from material scientists. It
has been reported that their high-configurational entropy favors
the formation of solid solution phases such as face-centered cubic
(fcc), body-centered cubic (bcc), and hexagonal closed-packed
(hcp) crystal structures against the expected intermetallic phases
according to existing physical metallurgy principles [1e6]
Furthermore, to maximize the mixing entropy, HEAs should
contain five or more principal elements at an equiatomic or near-
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ustry Advancement, Pohang,
equiatomic percentage, with a concentration range of 5e35 at.%
[1]. This distinctive alloy-design strategy is different from the
traditional method of designing alloys wherein one principal
element, such as Fe or Ti, is used with the addition of several other
alloying elements in small amounts to improve the physical prop-
erties [7,8]. Based on this design criterion, HEAs have been reported
to exhibit excellent physical properties under cryogenic, room
temperature, and high-temperature conditions [3,6,9,10].

A HEA which has been the subject of considerable study is the
equiatomic CoCrFeMnNi alloy commonly known as the ‘Cantor
alloy,’ given that it was first reported by Cantor et al. [4]. This alloy
has been reported to have a single fcc phase structure upon solid-
ification and when annealed at temperatures >800 �C, although
recent studies have reported that it develops intermetallic phases,
such as a sigma (s) phase, when annealed at temperatures <800 �C
[4,11e13]. Researchers have reported on the numerous outstanding
properties of a CoCrFeMnNi alloy relative to conventional alloys
[14e16]. Otto et al. [14] observed the impressive work-hardening
rate of CoCrFeMnNi alloy under cryogenic conditions. This
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phenomenonwas attributed to the nanoscale mechanical twinning
that enhances the ductility of this alloy by postponing the onset of
plastic instability. Furthermore, Liu et al. [15] demonstrated that a
CoCrFeMnNi alloy conforms to the classical Hall-Petch relationship,
but its hardening coefficient is higher than that of a conventional
alloy. On the other hand, the high-temperature characterization of
this alloy system showed desirable creep resistance properties over
the testing temperature range of 600e800 �C, providing an alter-
native for high-temperature industrial applications [16]. Further
studies revealed that, even though the CoCrFeMnNi alloy has
numerous excellent properties, as mentioned above, it decomposes
to form an fcc phase and intermetallic phases such as a s-phase
when annealed at temperatures <800 �C [11e13]. These interme-
tallic phases are not desirable given than they have a negative in-
fluence on the ductility of alloys, even though their precipitation
enhances the strength of an alloy [17]. It has been reported that,
when the amount of those elements responsible for s-phase for-
mation, such as Cr and Mn, is high, the probability of its precipi-
tation becomes very high [18]. As a result, these elements have
been reported as being the source of the instability of the single fcc
phase in a CoCrFeMnNi alloy [19]. An investigation into the phase
stability of the non-equiatomic composition of the CoCrFeMnNi
alloy system could be an ingenious way of exploring the possibility
of s-phase-free alloys by reducing the amounts of those elements
responsible for its formation.

To predict the formation of a single-phase solid-solution alloy
using the classic HumeeRothery rules, several criteria have been
proposed, such as the atomic size difference (d), mixing enthalpy
(DHmix), mixing entropy (DSmix), valence electron concentration
(VEC), and electronegativity difference (Dc) [20e23]. Previous
studies have predicted that a random solid solution could be
formed when the mixing enthalpies, mixing entropies, and atomic-
size difference are within a range of -15e5 kJ/mol�1, 12e17.5 J/
K.mol�1, and �4.3, respectively [24,25]. Guo et al. [20] proposed
that the phase boundary between the bcc and fcc phases could be
determined from the VEC; a sole fcc phase exists when VEC> 8, but
the bcc phase exists only when VEC< 6.87. For example, for the
equiatomic CoCrFeMnNi, VEC¼ 8 and DHmix¼�4.2 kJ mol�1 [4,21].
This alloy has a single fcc phase except at temperatures <800 �C
[12], correlating to the prediction of Guo et al. [20].

There have been several studies addressing the phase stability of
a non-equiatomic composition of a CoCrFeMnNi alloy. Recently, Yao
et al. [26] investigated the phase stability of non-equiatomic
Fe40Co5Cr2Mn27Ni26 and found that it contains a single fcc phase
in spite of having a lower mixing entropy than the CoCrFeMnNi
alloy. These results indicate that a careful adjustment of the
equiatomic CoCrFeMnNi elements can lead to the formation of
single-phase solid solutions in a HEA. Prior to the present work,
there had been no studies addressing the effects of increasing the
mole fraction of Fe in a CoCrFeMnNi system while maintaining the
equiatomic composition of the other four elements. In the present
study, a phase diagram for a CoCrMnNi-Fe system was proposed,
which was followed up by an experimental investigation of Fex(-
CoCrMnNi)100-x alloys where x¼ 00, 20, 40, and 60 (atomic percent
concentration). This alloy-design strategy offers the advantage of
combining the desirable properties of a HEA and those of Fe-based
high-alloy steels, such as high-Mn steel [27e30]. Additionally, it
significantly reduces the cost of production by decreasing the
required amounts of costly elements such as Co and Ni.

2. Material and methods

The alloy compositions in Fex(CoCrMnNi)100�x high- and
medium-entropy systemswere chosen by varying the amount of Fe
from 0 to 60, hereafter referred to as Fe00, Fe20, Fe40, and Fe60,
respectively. Cylindrical ingots (Ø15mm� 120mm) of the
Fex(CoCrMnNi)100�x systemwere fabricated by arc melting and tilt-
casting technique under a pure Ar atmosphere. Elements with
purity >99.9% were used as the raw materials. The oxide layer on
the Mnwas removed with an aqueous solution of nitric acid, while
the amount of Mn was adjusted to compensate for its high evap-
oration rate during the melting process. A Cu mold was used to cool
the molten metal rapidly and to avoid Mn segregation during so-
lidification. Phase identificationwas performed by X-ray diffraction
(XRD, D8 Discover, Bruker) using Cu-Ka1 radiation. The TCFE2000
thermodynamic database and its upgraded version [31,32] were
used for the thermodynamic calculations [12,33]. Tensile tests were
carried at room temperature using dog-bone-shaped specimens
with a gauge length of 5mm and a thickness of 1mmwith an initial
strain rate of 8.3� 10�4 s�1. A digital image correlation technique
was applied to preciselymeasure the strain. The specimens used for
microstructure observation were prepared by first subjecting them
to mechanical polishing and then electro-polishing using a solution
of 10% perchloric acid and 90% acetic acid. Microstructure charac-
terization was performed using a scanning electron microscope in
electron-backscattered diffraction mode (SEM-EBSD).

3. Results

Fig.1 shows the criterion used to select the chemical formulae of
Fe00, Fe20, Fe40, Fe60, and Fe80 alloys. As mentioned above, all the
specimensmaintain a VEC of 8 but have different mixing enthalpies
and entropies, as shown in Fig. 1. The mixing entropy of Fe00 is
11.53 J/K.mol�1. The addition of 20 at.% Fe, to form an equiatomic
CoCrFeMnNi alloy, increases the mixing entropy to 13.38 J/K.mol,
which is the highest of any fabricated alloy. Further increasing the
amount of Fe causes the mixing entropy to fall to zero for pure Fe,
while the mixing enthalpy increases proportionally. Fe40 is also
classified as a HEA whereas Fe00 and Fe60 are regarded as being
MEAs, and Fe80 is a LEA [34]. As mentioned above, according to
Zhang et al. [24], the mixing entropy range that warrants solid
solution formation is 12e17.5 J/K.mol�1. In the present work, the
mixing entropies of Fe00, Fe20, and Fe40 fall within this range, but
those of Fe60 (10.21 J/K.mol�1) and Fe80 (6.45 J/K.mol) do not.
However, the mixing enthalpies of all the alloys fall within the
reported range [25]. Fig. 1b shows the change in the mixing
enthalpy and the atomic size difference as a function of Fe. It can be
deduced that increasing the Fe content reduces the atomic size
difference while increasing the mixing entropy. All the alloys are
within the solid solution region except for the Fe00 alloy, which is
near the boundary separating the solid-solution and ordered-solid-
solution regions. It should be noted that the Fe60 and Fe80 crys-
tallize into fcc and bcc (not shown here) solid solutions, respec-
tively, even though their mixing entropies fall slightly outside the
reported range [25]. This indicates that themixing entropy criterion
probably cannot be used to determine the probability of solid so-
lution formation at higher Fe contents. This is in good agreement
with Yeh et al. [1], who stated that the effect of the entropy tends to
be maximized in alloys with an equiatomic or near-equiatomic
composition. Furthermore, the application of the VEC criterion is
also limited to lower amounts of Fe since Fe80 crystallizes as a bcc
phase, instead of the predicted fcc phase.

Fig. 2a shows the phase diagram of a CoCrMnNi-Fe system,
which is somewhat different from that proposed by Bracq et al. [19]
for low-temperature regimes. The diagram shows that a single-
phase fcc structure can be obtained at 900 �C for Fe amounts
much higher than 20%. These results prompted us to study the
effects of Fe on the various physical properties of a non-equiatomic
HEA or MEA system. Three important observations can be made
from Fig. 2. First, the onset temperature of the s phase found in



Fig. 1. Design strategy for the new fcc alloys for which VEC¼ 8. (a) Changes in DHmix and DSmix with different amounts of Fe in Fex(CoCrMnNi)100�x system (x¼ 0, 20, 40, 60, 80, and
100). R is the ideal gas constant (b) change in DHmix and d as a function of Fe.

Fig. 2. (a) Phase diagram of CoCrMnNi-Fe system (b) XRD patterns of Fe00, Fe20, Fe40 and Fe60 annealed at 900 �C for 2 h.
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Fe20 [11,12] decreases with an increase in the amount of Fe. Careful
observation of the phase diagram reveals that the single fcc phase
of Fe20 decomposes to form s and fcc phases at temperatures
<800 �C, which is consistent with the results of experiments re-
ported in the literature [11,12]. Second, the single fcc phase can
exist even at low temperatures of approximately 600 �C in an Fe50
system. Finally, the melting temperature decreases with the Fe
content in both the HEA and MEA regimes. The XRD patterns of the
Fe00, Fe20, Fe40, and Fe60 specimens annealed at 900 �C for 2 h are
presented in Fig. 2b. Note that all the alloys exhibit a single fcc
phase, which is consistent with the thermodynamic calculation
presented in Fig. 2a.

Fig. 3a shows the engineering stress-strain curves of Fe00, Fe20,
Fe40, and Fe60. With an increase in the Fe content, both the yield
strength (YS) and ultimate tensile strength (UTS) decrease, but the
uniform elongation (UE) increases. The change in UTS and UE as the
Fe content is increased from 0 to 100, is presented in Fig. 3b. The
UTS of Fe00 is exceptionally high compared to that of the other
alloys but its UE is reduced to 18%. The decrement of the UTS occurs
in two stages: The first stage is a significant decrease from 810MPa
for Fe00 to 610MPa for Fe20, which indicates that the introduction
of 20 at.% Fe results in a 200MPa decrease in the strength. In the
second stage, there is a gradual decrease in the UTS from 610MPa
for Fe20 to 560MPa for Fe60. The change in the UTS when the
amount of Fe is increased from Fe20 to Fe60 is relatively
insignificant. The difference in the UTS values of Fe20 and Fe40 is
25MPa, while that between Fe40 and Fe60 is 20MPa. On the other
hand, increasing the Fe content in consistent increments of 20 at.%
produces a variable change in the UE. At Fe20, a UE increase of 8% is
observed, which is similar to the 9% increase observed for Fe40. The
greatest change in the UE, of 15%, is observed for Fe60. This
exceptional increase in the UE, especially after increasing the Fe
content to 60 at.%, may be an indication of an additional deforma-
tion mechanism, such as deformation twinning, which is known to
enhance the mechanical properties of metals and alloys [35e37].

Fig. 4 shows the inverse pole figure (IPF) maps of the tensile-
tested specimens, which are interrupted at different true strains.
The IPF maps for (a) Fe00, (d, e) Fe20, (h, i) Fe40, and (l, m) Fe60
were obtained from specimens deformed up to different true strain
levels, which is referred to as εT in the present work. On the other
hand, the IPF maps for (b) Fe00, (f) Fe20, (j) Fe40, and (n) Fe60 were
obtained from the necking area and, therefore, their strain is
referred to as a local strain (denoted as εL). Note that the εL values
presented in Fig. 4 exceed the true strain values due to the localized
deformation in the necking area during tensile testing. As
mentioned above, the DIC technique was used to precisely measure
the local strain. Images showing the localized strain in the necking
area are presented in Fig. 4 (c, g, k, and o).

The IPF maps showing texture evolution during tensile test are
presented in Fig. 4. At lower true strains, i.e., 8%, a random texture



Fig. 3. (a) Engineering stress-strain curve, (b) yield strength, ultimate tensile strength,
and uniform elongation as a function of at.% Fe, and (c) strain hardening behavior of
Fe00, Fe20, Fe40 and Fe60.
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with components <111>//TD, <101>//TD, and <001>//TD (where
TD is the tensile direction) is observed, especially in Fe00, Fe20, and
Fe40 as shown in Fig. 4 (a, d, and h). However, at the same strain,
Fe60 shows strong <111>//TD and <001>//TD texture components,
as shown in Fig. 4m. The IPF maps from the necking area indicate
that the <111>//TD and <001>//TD texture components are
preferred to the <101>//TD texture component, as shown in Fig. 4
(b, f, j, and n). This phenomenon is similar to that of typical fcc
metals and alloys [18]. This tendency remains constant regardless
of the Fe content.

A Fe00 alloy exhibits a inhomogeneous microstructure with a
high area fraction of ultra-fine grains (UFG), even though the
annealing conditions are similar to those of other alloys. The UFG
microstructure in Fe00 has a grain size of approximately 0.6 mm,
while the size of the coarse grains is approximately 6 mm Fe20 to
Fe60 contain an equiaxed microstructure with a mean grain size of
8 mm. The Fe00 contains no deformation twins (DTs) in those
specimens strained up to 8% of the true strain and true stress of
792MPa, but a small number is observed in the necking area
specimenwith a local strain of 28%. They are mostly observed in the
few coarse grains and not in the UFG. The Fe20 specimens that are
interrupted at 8% and 15% true strains with corresponding true
stresses of 517MPa and 654MPa, respectively, show no DT. More-
over, numerous DT are observed in the necking area of the Fe20.
The Fe40 specimens deformed up to 8% and 20% of the true strain
with corresponding true stresses of 450MPa and 657MPa,
respectively, also exhibit no DT. In addition, the Fe40 exhibits large
amounts of DT in the necking-area specimen (Fig. 4j). Nevertheless,
one notable difference between the specimen obtained from the
necking area of Fe40 and that taken from the necking area of Fe20 is
the frequency and the width of the DT. The DT frequency is higher
in Fe40, while the widths are larger than those in Fe20. The ten-
dency of the absence of DTalso extends to the Fe60 specimen that is
deformed up to 8% of the true strain and a corresponding true stress
of 348MPa. Nevertheless, it is interesting to note that DTs are
observed in the specimen that is strained up to 20% of the true
strain with a true stress component of 563MPa, as shown in
Fig. 4m. Furthermore, the DT frequency in the necking area of Fe60,
as shown in Fig. 4n, is higher than those in the necking areas of the
Fe20 and Fe40 specimens. Most grains with DT possess multiple
twinning systems, sometimes up to three per grain. Similar mul-
tiple twinning systems have been reported for twin-induced plas-
ticity (TWIP) steel [28]. The DT for a sample strained up to 20% can
be clearly distinguished from the annealing twins since the latter
occur randomly irrespective of the orientation of the grains. On the
other hand, DTs predominantly form on those grains oriented in the
<111> direction [38].

Fig. 5 shows the evolution of the DT frequency as a function of
at.% Fe. To evaluate the effect of increasing the amount of Fe on the
evolution of DTs, those specimens exhibiting massive twinning, as
shown in Fig. 4 (b, f, j, and n), were used. A simple technique was
adopted to evaluate the frequency of deformation in each alloy. Five
equally spaced lines were drawn on each IPF map, and the number
of DTs (

P
3 boundary) intersecting those lines was summed. The

standard deviation of each data point was also included. It was
found that Fe00 has the lowest DT frequency in its microstructure
while Fe60 has the highest one.
4. Discussion

Fig. 3c shows the strain hardening rate (SHR) curves for Fe00 to
Fe60. Generally, the four SHR curves exhibit two distinct stages. The
first stage is characterized by an almost zero strain hardening,
wherein the SHR decreases constantly. The second stage consists of
a monotonic decrease in the SHR up to the necking point. It was
observed that the strain in the second stage increases as the
amount of Fe is increased. Moreover, Fe20, Fe40, and Fe60 exhibit
post-elongation, while the Fe00 fractures immediately after
exhibiting plastic instability. Additionally, it can be seen that an
increase in the amount of Fe shifts the SHR curve upwards. The
plastic instability, which occurs when q< sT as stated in the Con-
sid�ere criterion [39], is postponed further as the Fe content is



Fig. 4. EBSD inverse pole figure (IPF) maps of tensile-tested specimens at different strains. Fe00 (a¼ 8%), Fe20 (d¼ 8%, e¼ 15%), Fe40 (h¼ 8%, i¼ 20%) and Fe60 (l¼ 8%, m¼ 20%) are
deformed to various true strain values, referred to as εT. Fe00 (b¼ 28%), Fe20 (f¼ 72%), Fe40 (j¼ 148%), and Fe60 (n¼ 131%) are obtained from the necking area and, therefore, their
strains are referred to as local strains (εL). c, g, k, and o are DIC images showing the localized strain in the necking area. DT is the deformation twin and TD is the tensile direction.

I. Ondicho et al. / Journal of Alloys and Compounds 785 (2019) 320e327324
increased (q¼ dsT/dεT where sT and εT are the true stress and true
strain, respectively). The postponement of the plastic instability at
higher Fe contents could be due to the additional deformation
mechanism, such as deformation twinning, wherein the twin
boundaries act as obstacles to the dislocation motion and, there-
fore, increase the UTS of metals and alloys [14,37]. Recent studies
have found that deformation twinning is easily instigated in low
stacking fault energy (SFE) metals and alloys [14,28,40]. Therefore,
an increase in the Fe content in the present study probably results
in a significant decrease in the SFE, which in turn leads to the for-
mation of DTs, leading to an upward shift in the SHR and the
postponement of the plastic instability.

The UFG of the Fe00 is one of the factors responsible for its high
YS and UTS, but minimal UE, relative to other alloys, as shown in
Fig. 3a [41]. As previously mentioned, the probability of s phase
formation is inevitably high, especially when there are large
amounts of elements such as Cr and Mn, which are responsible for
its formation [18]. An Fe00 alloy contains 25 at.% each of these el-
ements and, therefore, increases the probability of s phase for-
mation [18]. The high volume fraction of UFG in Fe00, even after
high-temperature annealing, could be a result of grain growth in-
hibition by second phases such as the s phase. Additionally, the
presence of a small fraction of coarse grains indicates the possibility
of abnormal grain growth, as shown in Fig. 4a. According to Dennis
et al. [42], the pinning effect of the second phases can result in
abnormal grain growth which, to some extent, may lead to poor
mechanical properties. The above phenomena could be an addi-
tional reason for the high strength, but decreased ductility
exhibited by an Fe00 alloy. Moreover, even though the precipitation
of the s phase in the phase diagram shown in Fig. 2a is< 900 �C,
that is, the annealing temperature used in the present work, there
is a possibility of it forming at or above this temperature for Fe00.



Fig. 5. Evolution of deformation twin frequency as a function of at.% Fe measured from
the specimens obtained prior to fracture. The red line (short dashes) is the linear fitting
of the data. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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To the best of our knowledge, there have been no reports
addressing an Fe00 alloy system. Therefore, further microstructural
characterization is required to validate our hypothesis about the
presence of the second phases.

Recent studies have reported that dislocation glide is the
dominant deformation mechanism in HEAs at lower strain regimes
when deformed at room temperature [14,37,43]. On the other hand,
deformation twinning is reported to be an additional deformation
mechanism at higher strains in HEAs [36,44]. Otto et al. [14] studied
the deformation mechanism of CoCrFeMnNi under both cryogenic
and room-temperature conditions. They concluded that deforma-
tion twinning occurs only under cryogenic conditions and not at
room temperature. Nonetheless, Laplanche et al. [43], unlike Otto
et al. [14], proposed that deformation twinning did not occur at
room temperature in the latter work, probably because the speci-
mens were not sufficiently deformed. To validate this hypothesis,
Laplanche et al. [43], conducted a study of the evolution of the
microstructure of a CoCrFeMnNi HEA with a specific emphasis on
the onset of deformation twinning. They found that twinning oc-
curs at true strains >20%. They concluded that the critical twinning
stress is 720 ± 30MPa.

In the present study, a similar approach was employed to
investigate the evolution of the microstructure of each alloy at
various true strains, while monitoring the onset of twinning. DTs
were not observed in Fe00 at a true strain of 8% with a corre-
sponding true stress of ca. 790MPa. Even though this true stress
value is greater than the critical twinning stress mentioned in
Ref. [43], deformation twinning is not easily detected. This could be
due to the high volume fraction of UFG present in this specimen.
Sun et al. [45] studied the effect of grain refinement on the twin-
ning behavior of a CoCrFeMnNi HEA. They observed that defor-
mation twinning occurs easily in a coarse-grain regime; however, it
is significantly suppressed in a UFG regime due to the increased
critical twinning stress. The inability to detect the DTat a true strain
of 8% for Fe00 is probably due to the lowmagnification of the EBSD,
relative to the TEM used in other studies [43,45]. A careful exami-
nation of the specimen taken from the necking area, which corre-
sponds to a true stress of approximately 950MPa, reveals some DT,
especially in those grains with an orientation parallel to the <111>
direction, which is favorable for deformation twinning [38]. This
stress could be sufficiently high to instigate DT, even though they
are not present in sufficient numbers to have a noticeable effect on
the mechanical properties of Fe00. In those Fe20 specimens
deformed to 8% and 15%, DTs are not observed because their true
stress components of 517MPa and 654MPa, respectively, are below
the critical twinning stress [43]. Additionally, the high true stress of
761MPa leads to considerable DT in the necking area specimen of
Fe20. A similar phenomenon is observed in Fe40, for which no DT is
observed in those specimens strained up to 8% and 20% due to their
low true stresses, both of which are below the critical twinning
stress. A high true stress of 820MPa in the necking region (Fig. 4j),
causes considerable DT. Unlike in the other alloys, the DTs are
activated in Fe60 at a lower strain of 20% and a true stress of
563MPa. This value is lower than the 720± 30MPa that was ob-
tained by Laplanche et al. [43] for Fe20. Therefore, it can be
concluded that the addition of Fe lowers the critical twinning
stress. The grain size [46] is a parameter that significantly affects
the critical twinning stress and, therefore, it is imperative that its
effect be considered in the present study. The grain size in the
present work was maintained at a relatively constant value of
approximately 8 mm for all the alloys other than Fe00. Therefore,
this value is less than half the 17 mm reported by Laplanche et al.
[43]. Therefore, the reported critical twinning stress for Fe60
(563MPa) could be reduced even further if a coarser grain sizewere
to be used (for example, 17 mm). Consequently, using a micro-
structure with such a grain size (17 mm) may result in DT being
instigated at a lower true strain in Fe40, which does not have DT,
even for 20% of the true strain deformation.

It can be deduced that the DT frequency increases proportion-
ally due to the increase in the Fe content, as shown in Fig. 5. The
deformation twinning mechanism has been reported as signifi-
cantly enhancing themechanical properties by acting as a barrier to
dislocation motion, hence postponing the plastic instability.
Therefore, it has attracted considerable attention, especially in the
area of TWIP steels [47] and, more recently, of HEAs [48,49]. The
formation of DTs has been reported as being a function of the grain
size [46], temperature [50], strain rate, and SFE [51]. All these fac-
tors, other than SFE, were kept constant at ca. 8 mm, room tem-
perature, and 8.3� 10�4 s�1, respectively, for Fe00 to Fe60.
Therefore, the deformation twinning mechanism observed in the
present study is probably controlled by SFE, given that they possess
compositional variance. It has been reported that, depending on a
particular SFE regime, metals and alloys exhibit different defor-
mation mechanisms. When SFE is >ca. 45mJ/m2, dislocation slip is
the dominant deformation mechanism, between 18 and 45mJ/m2,
metals and alloys deform as a result of a combination of dislocation
glide and deformation twinning. When the SFE is< 18mJ/m2

dislocation glide and martensitic transformation are the dominant
deformation mechanisms [52,53] The present study revealed that
increasing the amount of Fe decreases the critical twinning stress
but the DT frequency increases proportionally. Therefore, it is
reasonable to assume that, for higher Fe amounts, the SFE becomes
lower such that DT is easily instigated. It is possible that increasing
the amount of Fe to >60 at.% would result in a further reduction in
the SFE, which would trigger the transformation-induced plasticity
(TRIP) during the deformation. Stainless steels, such as SS 304 and
SS 316 (which are also classified as MEAs or LEAs), have been re-
ported as exhibiting the TRIP phenomenon [54,55]. Consequently,
the similarity in the deformation mechanisms of HEA and stainless
steel, provides a platform for the design of new metallic alloys that
combine the advantageous properties of HEAs and high-alloyed
steels. Nonetheless, to fully confirm this hypothesis, further
studies are required to elucidate the SFE evolution as a function of
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the Fe content. Also, experimental investigations of alloys with Fe
contents >60 at.% will be necessary to reveal the deformation
mechanism.

5. Conclusions

In the present study, Fe00, Fe20, Fe40, and Fe60 alloys with a
constant VEC of 8 were successfully fabricated, bridging the gap
between HEAs and stainless steels. Based on the experimental re-
sults, the following conclusions can be drawn:

1. A phase diagram of CoCrMnNi-Fe system was presented. Ac-
cording to this phase diagram, increasing the Fe content reduces
the melting temperature and the onset temperature of the un-
desirable s phase, with Fe50 having a single phase fcc, even at
600 �C. The alloys exhibit a single-phase fcc structure after
annealing at 900 �C. Additionally, the probability of the forma-
tion of a bcc phase increases with the increase in the Fe content.
Our experimental results confirmed that Fe20, Fe40, and F60
have a single-phase fcc, which is in good agreement with the
results of the thermodynamic calculations.

2. While YS and UTS decrease, UE increases as the Fe content is
increased. Additionally, the strain-hardening rate is significantly
enhanced at higher Fe contents for which the postponement of
the plastic instability is observed. This is attributed to the
instigation of DT, acting as an additional deformation mecha-
nism in alloys with a higher Fe content, as in the case of Fe60.

3. The critical twinning stress is significantly reduced at higher Fe
contents. The Fe60 specimen, which was deformed up to 20% of
the true strain with a true stress of 563MPa, exhibited the for-
mation of DTs, unlike the other alloys. This value is less than that
of the Fe20 reported in the literature. The DT frequency is also
higher in Fe60, compared to the other alloys, due to the reduced
critical twinning stress.
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