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Abstract

A single-phase FCC structure of the Fe50Mn20Ni20Cr10 high-entropy alloy (HEA) was
fabricated by vacuum arc melting. The mechanical properties and deformation mech-
anisms at both ambient and cryogenic temperatures were systematically investigated.
The results reveal that the Fe50Mn20Ni20Cr10 HEA exhibits an ultimate tensile strength of
763 ± 30 MPa and an elongation of 66 ± 3.2% at 77 K. These values represent 58% and
35% increases, respectively, when compared with the alloy’s tensile properties measured at
ambient temperature. The significantly enhanced yield strength and sustained stable strain-
hardening behavior owing to the deformation-induced twinning and phase-transformation
capabilities at 77 K. The twinning-prone matrix is capable of inducing more pronounced
twinning-induced plasticity (TWIP) effects, thereby contributing to superior ductility of
the alloy. Owing to the significant enhancement in both strength and ductility at 77 K, this
alloy provides a new perspective for the design of chemical composition and mechanical
deformation behavior of high-performance HEAs used in low-temperature environments.

Keywords: high-entropy alloy; microstructure; TWIP; TRIP; deformation mechanism

1. Introduction
Structural materials applied in polar development, aerospace, and liquid nitrogen

transportation impose stringent requirements for superior mechanical properties at cryo-
genic temperatures. However, at low temperatures, ductility significantly decreases in
most conventional alloys and is often accompanied by a distinct ductile-to-brittle transition.
Consequently, developing structural materials with high cryogenic performance contin-
ues to pose a fundamental engineering challenge. In recent years, high-entropy alloys
(HEAs), composed of multiple principal elements, have disrupted traditional alloy design
strategies and opened new avenues for developing advanced low-temperature structural
materials [1–5]. HEAs typically solidify into single-phase solid-solution structures (pri-
marily BCC or FCC) characterized by severe lattice distortion due to atomic size mis-
matches [6,7]. Owing to their compositionally disordered solid solutions and distorted
lattices, HEAs achieve enhanced yield strength and cryogenic fracture toughness as temper-
ature decreases, positioning them as viable alternatives to conventional alloys for cryogenic
environments. For instance, equiatomic HEAs such as FeCoCrNiMn and CoCrNi exhibit
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exceptional strength, ductility, and fracture toughness at cryogenic temperatures [8–10].
This mechanical synergy primarily arises from the dynamic activation of twinning-induced
plasticity (TWIP) and transformation-induced plasticity (TRIP) mechanisms, favorably trig-
gered at cryogenic temperatures in these alloys [11,12]. Despite these advances, equiatomic
HEAs face practical limitations in cryogenic engineering applications due to their relatively
high raw material costs and non-optimized strength-ductility trade-off, creating a pressing
need for the design of non-equiatomic HEAs with tailored compositions, cost efficiency,
and enhanced cryogenic performance.

Recent advances in non-equimatomic HEAs have targeted cryogenic applications,
with Fe-Mn-Ni-Cr systems specifically engineered to exploit synergistic TWIP/TRIP inter-
actions for strength-ductility enhancements [13–15]. For instance, Jiang et al. [16] designed
the Fe40Mn40Ni10Cr10 HEA with an ultimate tensile strength of 272 MPa and an elonga-
tion of 42%. Qiao et al. [17] revealed that reducing Mn content enhanced both ambient
and cryogenic temperature mechanical properties of Fe40Mn20Ni20Cr20 HEA. Similarly,
Li et al. [18] showed increased Fe content, which thereby directly contributes to the mechani-
cal performance of Fe50Mn25Ni15Cr10 HEA. However, current non-equiatomic Fe-Mn-Ni-Cr
HEAs either rely on a single deformation mechanism or an unbalanced TWIP/TRIP syn-
ergy, resulting in suboptimal cryogenic strength-ductility synergy. There remains a lack of
targeted composition design for achieving precise balance of TWIP and TRIP effects and
systematic elucidation of their coupled deformation mechanisms at cryogenic tempera-
tures. This research gap constitutes the core motivation of the present study: to design a
Fe-Mn-Ni-Cr HEA with an optimized Fe/Mn ratio to realize balanced TWIP/TRIP synergy,
and to reveal its temperature-dependent deformation mechanisms, thereby providing a
new composition design paradigm for high-performance cryogenic HEAs.

In this work, we designed an Fe50Mn20Ni20Cr10 HEA by strategically increasing Fe
and reducing Mn content relative to established compositions. This composition design is
intended to achieve a precise balance of TWIP and TRIP effects, addressing the limitation of
unbalanced deformation mechanisms in existing alloys. The mechanical properties of the
Fe50Mn20Ni20Cr10 HEA at ambient and cryogenic temperature were characterized, while
the temperature-dependent deformation pathways were systematically elucidated.

2. Materials and Methods
The Fe50Mn20Ni20Cr10 HEA was synthesized via vacuum arc melting utilizing high-

purity constituent metals (99.9 wt.%) under argon atmosphere. Button ingots with a mass of
100 g, approximately 60 mm in diameter and 20 mm in height, were subjected to five remelt-
ing cycles in a water-cooled copper crucible to obtain uniform elemental distribution. The
chemical composition was determined by inductively coupled plasma mass spectrometry
(ICP-MS) analysis, and the bulk composition was measured to be Fe50.7Mn19.3Ni21.1Cr8.9

(at.%), as seen in Table 1. Then, samples for microstructural characterization and
mechanical testing were prepared from as-cast ingots using wire electrical discharge
machining (WEDM).

Table 1. The chemical composition of the Fe50Mn20Ni20Cr10 HEA.

Element Fe Mn Ni Cr

Content/at. % 50.7 19.3 21.1 8.9

The equilibrium phase diagram and phase volume fraction evolution of the
Fe50Mn20Ni20Cr10 HEA were calculated using JMatPro software (v. 10.0) with the Fe-
based database. The calculation was carried out under equilibrium conditions, with the
temperature range set from 100 ◦C to 1500 ◦C at a step size of 10 ◦C. The molar volume of
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each phase was calculated based on the lattice parameters and atomic packing density, and
the equilibrium volume fractions of liquid, austenite (FCC), ferrite (BCC), sigma, and α-Cr
phases were determined by minimizing the total Gibbs free energy of the system at each
temperature. The resulting phase volume fraction vs. temperature curve was plotted to
visualize the phase stability and transformation behavior of the alloy.

Phase identification was conducted via an X-ray diffraction (XRD, Rigaku, D/MAX-
2250, Tokyo, Japan). The diffractometer was operated at 40 kV/15 mA with a 0.02◦ scanning
step and a 2◦/min scanning speed over the 2θ 30◦~100◦ range. The diffraction patterns
were analyzed via MDI Jade 6.0 to identify the single FCC phase by comparing the mea-
sured diffraction peaks with the standard card data of FCC structure in the ICDD database.
Microstructural characterization was performed using a field-emission scanning electron
microscope (FE-SEM, Thermo Scientific, Helios Nanolab G3 UC, Waltham, MA, USA)
equipped with an electron backscatter diffraction (EBSD) system. Additional microstruc-
tural analysis was conducted via transmission electron microscopy (TEM, Thermo Scientific,
Talos F200X, Waltham, MA, USA). Samples for both EBSD and TEM were electropolished
using a twin-jet system (Struers TenuPol-5, Ballerup, Denmark) at −30 V in an electrolyte
of 5 vol% perchloric acid, 35 vol.% n-butyl alcohol, and 60 vol.% methanol at −25 ◦C. Flat
tensile samples with the size of 15 mm × 6 mm (length × width) were cut using EDM.
Quasi-static uniaxial tensile experiments were conducted at a 1 × 10−3 s−1 strain rate using
an Instron 3369 universal testing machine (Norwood, MA, USA) at ambient (298 K) and
cryogenic (77 K) temperatures. Cryogenic specimens were submerged in liquid nitrogen
during testing. The yield strength of the Fe50Mn20Ni20Cr10 HEA is defined as 0.2% offset
method. To ensure the accuracy of the results, an extensometer was employed, and at least
three samples of each case were tested.

3. Results and Discussion
3.1. Phase Constitution and Microstructure

Figure 1 presents the calculated equilibrium phase diagram of the Fe50Mn20Ni20Cr10

HEA as a function of temperature, showing the volume fraction evolution of different
phases during heating and cooling. The diagram reveals that the alloy exhibits a multi-
phase region at temperatures below 450 ◦C, consisting of FCC, sigma phase, and α-Cr
phase. As the temperature increases, the sigma and α-Cr phases gradually dissolve, and
the microstructure transitions to a single FCC phase above approximately 500 ◦C. This
single FCC phase remains stable over a wide temperature range (500~1280 ◦C) until the
onset of melting at approximately 1280 ◦C, with complete liquefaction occurring at 1350 ◦C.
This suggests that the phase structure under the high cooling rate of suction casting retains
the phase configuration corresponding to the 500~1280 ◦C range, namely, a single-phase
FCC structure.

Figure 2 displays the XRD pattern of the Fe50Mn20Ni20Cr10 HEA. It is evident that
the HEA exhibits a single-phase face-centered cubic (FCC) structure. No secondary phases
were detectable within the instrument resolution, as evidenced by the absence of detectable
diffraction peaks except for the FCC structure.

Figure 3 reveals the crystallographic microstructure of the Fe50Mn20Ni20Cr10 HEA via
EBSD. As seen in Figure 3a, the inverse pole figure (IPF) map, the HEA exhibits a distinct
columnar structure, with a width of 150 µm and a length of 400 µm. Figure 3b presents
the phase distribution map of the Fe50Mn20Ni20Cr10 HEA. It is clearly observed that the
alloy exhibits a single face-centered cubic (FCC) phase across the entire detection area,
with no other secondary phases detected. This microstructure of single FCC phase is in
excellent agreement with the phase identification results obtained from XRD in Figure 2,
thus verifying the single-phase characteristic of the designed HEA. The corresponding
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grain boundary (GB) map in Figure 3c indicates that the Fe50Mn20Ni20Cr10 HEA consists
almost entirely of high-angle grain boundaries (HAGBs). Here, we define grain boundaries
with a misorientation angle higher than 15◦ as HAGBs [18,19]. The total line fraction of
these HAGBs is as high as 95%, which means that few subgrains are present in the as-
cast Fe50Mn20Ni20Cr10 HEA. The Kernel average misorientation (KAM) map presented in
Figure 3d demonstrates that the local misorientation values across the bulk Fe50Mn20Ni20Cr10

HEA matrix remain at an extremely low level, indicative of a generally homogeneous and
defect-sparse microstructure with minimal lattice distortion and internal stress concen-
tration in the majority region. The discrete regions with slightly elevated KAM values
observed in Figure 3d are only sporadically distributed, which are attributed to minor local
lattice strain induced by the rapid non-equilibrium cooling during vacuum arc melting.
These localized heterogeneities are slight and sporadic, rather than pervasive, and do not
alter the overall low-defect characteristic. Generally, lattice distortion and internal strain
introduce excess Gibbs free energy into the crystalline system, which is the main cause of
thermodynamic metastability. In combination with the high fraction of HAGBs observed in
Figure 3c, it can be inferred that the as-cast HEA possesses a relatively thermodynamically
stable grain structure.

 
Figure 1. Solidification paths of the Fe50Mn20Ni20Cr10 HEA.

 
Figure 2. XRD spectra of the Fe50Mn20Ni20Cr10 HEA.
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Figure 3. (a) EBSD IPF map, (b) phase distribution map, (c) image quality (IQ) map superimposed
with HAGBs and LAGBs and (d) KAM statistic image of the Fe50Mn20Ni20Cr10 HEA.

Figure 4 presents the backscattered electron (BSE) scanning electron microscopy micro-
graph as well as the corresponding energy-dispersive X-ray spectroscopy (EDS) elemental
distribution mappings of the Fe50Mn20Ni20Cr10 HEA. It is evident from the BSE image
that the alloy achieves full densification, free of any discernible casting defects, such as
pores, shrinkage cavities or microcracks. Moreover, qualitative analysis of the EDS map-
pings reveals that the primary constituent elements of Fe, Mn, Ni and Cr are distributed
in a predominantly homogeneous fashion throughout the matrix. Despite the overall
uniform elemental distribution, localized segregation of Mn occurs inevitably during the
non-equilibrium solidification process, giving rise to discrete Mn-rich segregated regions
with a typical rod-like morphology of approximately 70 µm in length and 20 µm in width.
In addition to the Mn-rich segregated regions, several isolated Cr-rich segregated regions
with a characteristic size ranging from several micrometers to tens of micrometers are also
detectable in the matrix. In fact, these element-enriched regions can also impede dislocation
motion during alloy deformation [20,21].

 

Figure 4. SEM-BSE image and EDS elemental mappings of the Fe50Mn20Ni20Cr10 HEA.
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3.2. Mechanical Property

Figure 5a depicts the engineering stress–strain curves of the Fe50Mn20Ni20Cr10 HEA
at 298 K and 77 K, demonstrating its remarkable strength–ductility synergy. At 298 K, the
Fe50Mn20Ni20Cr10 HEA demonstrates a well-balanced mechanical performance profile,
exhibiting a high yield strength (YS) of 181 ± 12 MPa, an ultimate tensile strength (UTS) of
483 ± 21 MPa, and a remarkable tensile elongation of 49 ± 1.3%, respectively. In compari-
son, the mechanical properties at 77 K are significantly enhanced, with increases of 98% in
YS, 58% in UTS, and 35% in elongation. It can be clearly seen that the Fe50Mn20Ni20Cr10

HEA possesses an outstanding strength-ductility combination at 77 K. By comparison, the
mechanical properties of the HEA are remarkably boosted when tested at 77 K, with in-
creases of 98% in YS, 58% in UTS, and 35% in elongation relative to the ambient-temperature
values. Unlike many conventional alloys that suffer from ductility loss at low temperatures,
this HEA maintains a synchronous rise in strength and ductility, and it can be clearly
seen that it possesses an outstanding strength-ductility combination at 77 K, thus showing
great promise for cryogenic structural applications in aerospace, liquefied natural gas
storage, and other related fields. Figure 5b depicts the strain-hardening curves of the
Fe50Mn20Ni20Cr10 HEA at 298 K and 77 K. It is evident that the strain-hardening rate
remains relatively high throughout the entire deformation process at both temperatures.
In contrast, typical FCC HEAs such as FeCoCrNiMn and CoCrNi HEAs, which exhibit a
characteristic monotonic decay of strain-hardening rate with increasing strain [22–24]. This
deviation indicates that the Fe50Mn20Ni20Cr10 HEA may activate additional deformation
mechanisms beyond conventional TWIP effects, potentially involving TRIP effects, which
will be discussed in detail later.

 
Figure 5. (a) Tensile engineering stress–strain curves and (b) the corresponding strain-hardening
curves of the Fe50Mn20Ni20Cr10 HEA at ambient (298 K) and cryogenic (77K) temperatures.

Figure 6 presents a detailed characterization of the tensile fracture morphology of
the Fe50Mn20Ni20Cr10 HEA at ambient and cryogenic temperatures. As shown in the
fracture morphology at cryogenic temperature in Figure 6a,b, it is evident that the surface
is dominated by a uniformly distributed equiaxed and fine scaled dimple structure. Such
a morphological feature is widely recognized as a definitive signature of ductile fracture
behavior, demonstrating that the alloy undergoes significant plastic deformation prior
to fracture under the tested cryogenic tensile loading conditions. Figure 6c,d show the
fracture morphology at ambient temperature, where the fracture surface is also dominated
by a uniformly distributed dimple structure. In comparison with that at cryogenic tem-
perature, the dimples here are larger in size, which indicates relatively limited ductility at
ambient temperature.
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Figure 6. Fracture morphology of the Fe50Mn20Ni20Cr10 HEA at (a) low magnification at 77 K;
(b) high magnification at 77 K; (c) low magnification at 298 K; (d) high magnification at 298 K.

3.3. Deformation Mechanism

To fundamentally elucidate the intrinsic origin of the exceptional cryogenic mechan-
ical properties exhibited by the Fe50Mn20Ni20Cr10 HEA, the EBSD and TEM characteri-
zation techniques were systematically applied to analyze and characterize the deformed
microstructures of the alloy specimens subjected to a tensile strain of 45% under both
298 K and 77 K. As displayed in Figure 7(a1–a3), the typical deformation microstructure of
the alloy at 298 K is dominated by two key structural components: deformation-induced
twins and HCP laths. Notably, both types of microstructural features exhibit a distinct
orientation preference, being primarily aligned along a single direction. It can be seen from
Figure 7(a2) that the HCP phase forms subsequent to tensile deformation, a phenomenon
attributed to deformation-induced phase transformation. The content of the HCP phase
is measured to be 7.3%. In contrast, the Fe50Mn20Ni20Cr10 HEA deformed at 77 K dis-
plays a notably elevated density of twins and HCP laths. As illustrated by the IPF map
presented in Figure 7(b1), tensile deformation at 77 K leads to a distinct proliferation of
twin structures, which is evident when making a direct comparison with the microstruc-
tural characteristics in Figure 7(a1). In addition, the phase map in Figure 7(b3) reveals
an HCP phase area fraction of 11.9%, 1.63 times greater than that at 298 K. Notably, it is
particularly noteworthy that deformation-induced twinning and phase transformation
are markedly enhanced at 77 K. This remarkable microstructural difference is attributed
to the activation of multi-directional deformation behaviors at cryogenic temperatures,
which effectively promote the nucleation and growth of large-scale deformation twins and
continuous HCP phase networks throughout the matrix—a key microstructural factor that
is responsible for sustaining the alloy’s exceptional high strain-hardening capacity during
tensile deformation.

Generally, the capabilities of twinning and phase transformation are closely related to
the formation of stacking faults. The critical resolved shear stresses (CRSS) required for the
nucleation of deformation twins and HCP laths can be determined as follows [25–28]:

τtwin =
γSFE
3btwin

+
KH−P

twin√
d
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τtr =
2σγ/ε

3btr
+

3Gbtr

Ltr
+

h∆Gγ→ε

3btr

where γSFE is the stacking fault energy; btwin and btr are the Burgers vectors of the partial
dislocations associated with twinning and athermal phase transition, respectively; KH−P

twin is
the Hall-Petch-type constant for deformation twinning; d is the average grain size; σγ/ε

and ∆Gγ→ε are the interfacial energy and Gibbs free energy difference between the FCC
and HCP phases, respectively; G is the shear modulus; h and Ltr are the height and width
of the HCP nucleus.

 

Figure 7. EBSD results of Fe50Mn20Ni20Cr10 HEA at (a1–a3) 298 K and (b1–b3) 77 K.

Since σγ/ε, ∆Gγ→ε, and γSFE are all temperature-dependent parameters, the critical
stresses required for the formation of twins and HCP laths decrease with decreasing
temperature. The SFE of the Fe50Mn20Ni20Cr10 HEA should be close to that of the reported
Fe40Mn20Cr20Ni20 HEA (~40.06 mJ/m2) with a similar composition [29], and the SFE of
HEA tends to decrease slightly with decreasing temperature [3,23,30,31]. This notable trend
implies that the two core deformation mechanisms, deformation-induced twinning and
FCC-to-HCP martensitic phase transformation, can be readily activated under much lower
applied loads at cryogenic temperatures compared with ambient conditions. Furthermore,
the Fe50Mn20Ni20Cr10 HEA exhibits a significantly higher yield strength at 77 K compared
to that at 298 K, which promotes the initiation twinning and phase transformation at
lower applied strains and sustains these mechanisms over a wider strain range under
cryogenic deformation.

TEM analysis reveals that the Fe50Mn20Ni20Cr10 HEA deforms via a synergistic TWIP-
TRIP mechanism at 298 K. As shown in Figure 8a, sparse planar deformation twins are
observed within the FCC matrix, and the corresponding selected-area electron diffrac-
tion (SAED) pattern confirms the coexistence of the FCC matrix (white reflections) and
deformation twins (red reflections), verifying the activation of twinning-induced plas-
ticity. At higher magnification in Figure 8b, dense lamellar HCP martensite is formed
within the matrix, as evidenced by additional diffraction spots in the SAED pattern, in-
dicating the occurrence of transformation-induced plasticity. However, the density of
deformation twins and the volume fraction of the HCP phase are relatively low at this tem-
perature, which is attributed to the relatively high stacking fault energy of the alloy under
ambient conditions.
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Figure 8. TEM results of the Fe50Mn20Ni20Cr10 HEA after tensile at ambient temperature showing
(a) twins and (b) HCP phase.

Figure 9 shows the TEM images of the Fe50Mn20Ni20Cr10 HEA after tensile defor-
mation at 77 K. It can be seen from Figure 9a that the microstructure shows distinctive
features: extensive intertwined deformation twin networks that crisscross the matrix, to-
gether with densely distributed lamellar HCP phase laths that are embedded within the
twin boundaries and the parent phase grains. This unique microstructural evolution serves
as direct evidence to verify that both the TWIP effect and the TRIP effect play synergistic
and significant roles in mediating the plastic deformation process of the material under such
extreme cryogenic conditions. Specifically, the formation of deformation twin networks
provides additional deformation coordination mechanisms by activating supplementary
slip systems, thereby effectively accommodating the plastic strain and preventing prema-
ture localized fracture [32]. Figure 9b displays the high-resolution transmission electron
microscopy (HR-TEM) image of the nanoscale deformation twin, whose width measures
approximately 1.8 nm. In addition, a high density of twin bands can be detected, as shown
in Figure 9c. Compared with the deformation mechanism of the Fe50Mn20Ni20Cr10 HEA at
298 K, as seen in Figure 8a, the density of twin bands increases significantly at cryogenic
temperature, which is attributed to the relatively low stacking fault energy of the alloy at
low temperatures. Meanwhile, as observed in Figure 9d, the generated HCP paths further
hinder the movement of dislocations and promote the continuous accumulation of plastic
deformation, ultimately leading to the excellent combination of strength and ductility of the
material at cryogenic temperatures. Furthermore, the progressive formation of deformation
twins and HCP laths dynamically refines the grain size, resulting in substantial strength-
ening via the dynamic Hall–Petch effect. Concurrently, these deformation mechanisms
facilitate strain accommodation and mitigate stress localization, thereby improving overall
ductility. Consequently, the Fe50Mn20Ni20Cr10 HEA demonstrates ultrahigh strength and
excellent ductility at 77 K.

Figure 10 illustrates the tensile deformation mechanisms of the Fe50Mn20Ni20Cr10 HEA
at 298 K and 77 K. As depicted in Figure 9a, the as-cast Fe50Mn20Ni20Cr10 HEA exhibits
a homogeneous single-phase FCC microstructure, with negligible secondary phases and
deformation twins observed in the initial state. This observation is further corroborated
by the microstructural characterization results presented in Figure 3, which confirms the
absence of heterogeneous phases or pre-existing twin boundaries in the as-cast alloy. When
subjected to tensile loading at 298 K, the HEA undergoes notable microstructural evolution
driven by the combined effects of deformation-induced twinning and martensitic phase
transformation, as seen in Figure 9. Specifically, the formation of distinct slip bands, isolated
deformation twins, and HCP bands can be clearly identified in the deformed microstructure.
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Quantitative phase analysis reveals that the volume fraction of the deformation-induced
HCP phase is approximately 7.3% at this temperature. Additionally, the deformation
twins formed at ambient temperature are predominantly discrete and non-interlaced. This
sparse twin distribution is closely associated with the relatively high stacking fault energy
of the alloy, which suppresses extensive twin nucleation and growth. In stark contrast,
tensile deformation at 77 K triggers a drastically different microstructural response, as
shown in Figure 9d. The cryogenic temperature significantly reduces the stacking fault
energy of the HEA, which facilitates massive twin nucleation and rapid twin propagation
throughout the matrix. Consequently, the deformed microstructure is dominated by a dense,
highly interlaced twin network that penetrates the original FCC grains, dividing them into
numerous fine twin lamellae. Simultaneously, the low-temperature environment promotes
a much more extensive deformation-induced FCC-to-HCP martensitic transformation,
with the volume fraction of the HCP phase increasing to 11.9% sharply compared to that
at 298 K. The synergistic effect of the dense twin network and the high fraction of HCP
martensite effectively impede the movement of dislocations during tensile deformation,
leading to a remarkable enhancement in the strength and ductility of HEA at cryogenic
temperatures. This distinct temperature-dependent deformation behavior highlights the
critical role of environmental temperature in tailoring the deformation mechanisms and
mechanical performance of the Fe50Mn20Ni20Cr10 HEA.

Figure 9. TEM results of the Fe50Mn20Ni20Cr10 HEA after tensile at cryogenic temperature showing
(a) twin networks with (b) HR-TEM image (c) high-density twin bands and (d) HCP laths.
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Figure 10. Schematic diagram of the plastic deformation process of the Fe50Mn20Ni20Cr10 HEA:
(a) initial microstructural feature, (b) deformed at 298 K and (c) deformed at 298 K.

4. Conclusions
This work systematically investigated the mechanical properties and deformation

behaviors of the vacuum arc-melted metastable Fe50Mn20Ni20Cr10 HEA at ambient and
cryogenic temperatures. This HEA achieves a yield strength of 181 ± 12 MPa, an ultimate
tensile strength of 483 ± 21 MPa and an elongation of 49 ± 1.3% at 298 K, while its
mechanical properties are drastically enhanced at 77 K, with YS, UTS and elongation
increasing by 98%, 58% and 35% to 358 ± 18 MPa, 763 ± 30 MPa and 66 ± 3.2%, respectively.
The remarkable cryogenic strength-ductility synergy of this HEA originates from the
temperature-dependent synergistic activation of TWIP and TRIP effects. The twin network
and lamellar HCP laths realize effective strengthening via the dynamic Hall-Petch effect by
refining the effective grain size, and simultaneously accommodate plastic strain, alleviate
local stress concentration and activate additional slip systems to maintain high ductility,
with the synergistic TWIP-TRIP effects being the core mechanism supporting the alloy’s
excellent cryogenic mechanical performance and stable strain-hardening behavior. The
compositional design of the Fe50Mn20Ni20Cr10 HEA achieves a precise balance between
the TWIP and TRIP effects, which optimizes the cryogenic mechanical properties of Fe-Mn-
Ni-Cr-based HEAs and provides new insights into compositional regulation for cryogenic
structural applications.
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