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The metastable FesoMnzoCripCo1o (at.%) high-entropy alloy (HEA) integrates the principles of HEA and
transformation-induced plasticity (TRIP), resulting in an exceptional combination of tensile strength and duc-
tility. However, the inherently low vyield strength restricts its application as a structural material. In this study,
50% warm rolling at 573 K was employed as a straightforward and cost-effective thermomechanical process-
ing strategy to fabricate metastable FesoMnzoCrioCo1o HEA with enhanced yield strength while retaining large
ductility. The mechanical responses and deformation behaviors of the metastable HEA were examined using
room temperature tensile tests, along with postmortem X-ray diffraction (XRD) and electron backscatter dif-
fraction (EBSD) analyses. Compared to the fully recrystallized counterparts, the warm-rolled specimens
exhibited a threefold increase in yield strength while retaining substantial uniform elongation. The warm
rolling treatment increased the mechanical stability of the austenitic phase against stress-assisted y-€ mar-
tensitic transformation, shifting the yielding mechanism from martensitic transformation to dislocation slip,
thereby enhancing the yield strength. Moreover, warm rolling completely suppressed the athermal y-¢ mar-
tensitic transformation even at 77 K, while the strain-induced y-e martensitic transformation remained pro-
nounced at room temperature, contributing to the alloy’s high strength and large ductility.

KEY WORDS: metastable high-entropy alloy; warm rolling; martensitic transformation; &TRIP effect;

mechanical properties.

1. Introduction

The ever-increasing demand for strong and ductile metal-
lic materials has been driving the development of more
complex alloys and novel processing strategies.'™ Unfor-
tunately, high strength and large ductility are usually mutu-
ally exclusive.®'? Over the past two decades, high-entropy
alloys (HEAs) have drawn tremendous attention as they
open an entirely new realm of compositional opportunities
for designing novel materials with exceptional mechani-
cal properties."*!"'? Recently, the principles of HEA and
transformation-induced plasticity (TRIP) were integrated
by Li et al*" by introducing non-equimolar composi-
tions to reduce the stacking fault energy, and a metastable
FesoMn3oCr9Cojp HEA with exceptional tensile strength
and ductility due to &TRIP effect has been developed. It
should be noted here that the &TRIP effect results from
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the &-martensitic transformation from a face-centered cubic
(FCC) structure to a hexagonal close-packed structure
(HCP), and not from o¢/-martensitic transformation from
an FCC to a body-centered cubic (BCC) structure. This
metastable HEA holds great potential for overcoming the
strength—ductility trade-off by combining the extensive
solid-solution strengthening characteristic of HEAs with
the TRIP effect commonly observed in certain high-strength
steels.'*'® However, the low yield strength (usually ~200—
300 MPa at room temperature®'*!"!®)) restricts its applica-
tion as a structural material. Compared with the high tensile
strength and large ductility, attempts to simultaneously
enhance the yield strength are still lacking.

According to the Hall-Petch relationship, grain
refinement can effectively enhance the yield strength of
polycrystalline materials. However, in the metastable HEA,
Li et al.'¥ demonstrated a distinct behavior: refining grains
from 45 pum to 4.5 um simultaneously improved the ten-
sile strength and ductility but resulted in only a minimal
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increase in yield strength (~250 MPa to ~330 MPa), much
smaller than the nearly twofold increase observed in a
stable CoCrFeMnNi HEA.?" This could be attributed to the
fact that the metastable HEA yields via stress-assisted y-€
martensitic transformation rather than dislocation slip in the
austenite phase. Li et al.*? further attempted to enhance the
yield strength by adding interstitial carbon into the metasta-
ble HEA. Although the addition of carbon slightly improves
the yield strength, it degrades the metastability-driven TRIP
effect by enhancing the phase stability of austenite. Devel-
oping cost-effective and scalable processing strategies using
conventional industrial technologies to achieve exceptional
mechanical performance remains a key challenge.

In general, increasing the yield strength of stable FCC/
BCC alloys (in which dislocation slip governs deformation)
via conventional methods, such as grain refinement and work
hardening, easily leads to a decrease in ductility because of
a lack of work-hardening capability.”*** However, as an
alternative deformation mode, deformation-induced martens-
itic transformation activated during deformation can enhance
and regenerate work hardening, resulting in high strength
and large ductility.*'*!>*> Olson and Cohen”® classified the
deformation-induced martensitic transformation into stress-
assisted and strain-induced transformation, as illustrated in
Fig. 1. At temperatures below My, stress-assisted martensitic
transformation is triggered by applied stresses lower than the
typical yield stress of austenite (as extrapolated from higher
to lower temperatures), leading to transformation-induced
yielding. To achieve a metastable HEA with enhanced yield
strength while retaining large ductility, it is essential to sup-
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Fig. 1. Schematic illustration of critical stress to initiate martens-
itic transformation as a function of temperature, according
to Olson and Cohen.?®

press the stress-assisted y-€ martensitic transformation and
keep the strain-induced y-£ martensitic transformation at the
later stage of deformation. By doing so, it is expected that
yield strength can be enhanced without significantly sacrific-
ing work-hardening capacity and ductility in the metastable
HEA, through the activation of &TRIP effect. However,
how to concurrently apply these two approaches and the
underlying mechanisms that enable such behaviors remain
unexplored. This study utilizes warm rolling above the M,
temperature: the metastable austenite is anticipated to be
work-hardened and mechanically stabilized, switching the
yielding mechanism from stress-assisted y-€ martensitic trans-
formation to dislocation slip and keeping &-TRIP effect after
austenite yielding. This novel approach, achieved through a
conventional rolling process, further expands the design space
for metastable HEAs by exploiting the tunable stability of the
austenite phase. Therefore, the aim of this study is to eluci-
date the influence of warm rolling treatment on the mechani-
cal properties of the metastable HEA and the &-TRIP effect.

2. Experimental Procedure

In this study, an ingot with nominal chemical composition
of FesoMnj3oCr;oCoyo (at.%) was cast by vacuum induction
melting. The detailed chemical composition is listed in
Table 1. The as-cast ingot was hot rolled with a thickness
reduction of 52% at 1 273 K followed by homogenization
at 1473 K for 2 h in an Ar atmosphere and furnace cool-
ing. The homogenized plate was further hot rolled (HR) to
obtain a thickness reduction to 33% (from 60 to 20 mm)
at 1 273 K. The HR plate served as the starting material in
this study and was processed via two distinct processing
routes, as schematically illustrated in Fig. 2. In route (a),
the HR plate with a thickness of 20 mm was annealed at
1273 K for 1 h and then water-quenched to obtain a fully
recrystallized austenite grain structure, hereafter referred to
as ANN. The ANN plate was then warm rolled at 573 K
to achieve a 50% reduction in thickness and subsequently
water-quenched to attain a work-hardened austenite struc-
ture, denoted as ANN+WR. In route (b), the HR plate was
directly warm rolled at 573 K to achieve a 50% reduction in
thickness, followed by water quenching, resulting in another
work-hardened austenite structure referred to as HR+WR.
It should be noted that 573 K exceeds the A, temperature

Table 1. Chemical composition of the metastable HEA (wt.%).

Fe Mn Cr Co Ni C N (0] Al P S
50.37 29.8 9.29 10.46 0.01 0.009 0.0087 0.015 0.028 0.004 0.007

(a) 1273 Kfor1h

As-received
hot-rolled (HR) plate Annealed
20 mm thickness (ANN)

50% warm rolling
W.Q. o573 K (> A)

Warm-rolled specimen | | hot-rolled (HR) plate
(ANN+WR)

(b)
50% warm rolling
at573 K (> A)
w.Q.
As-received Q

Warm-rolled specimen

20 mm thickness (HR+WR)

Fig. 2. Schematic illustrations of the thermomechanical processing routes.
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(Koyama et al.*” reported that the M, 4,, and A4, tempera-
tures were 328 K, 406 K, and 425 K, respectively) and thus
the austenite phase is stable during warm rolling.

The microstructures of the HR, ANN, ANN+WR, and
HR+WR specimens were examined using electron back-
scatter diffraction (EBSD). Two scanning electron micro-
scopes (ZEISS Sigma and JEOL 7000F), equipped with a
Bruker QUANTAX EBSD system and a TSL OIM EBSD
system, respectively, were utilized. The EBSD measure-
ments were conducted at an acceleration voltage of 20 kV
with a beam step size of 0.4 um. Analysis on the obtained
EBSD data was performed using the Bruker QUANTAX
ESPRIT software and the TSL OIM analysis software.

Sheet-type tensile specimens (20 mm X 4 mm X 2 mm,
corresponding to length, width, and thickness, respectively)
were machined from the HR, ANN, ANN+WR, and
HR+WR plates via electrical discharge machining along the
rolling direction (RD). Tensile tests were performed at room
temperature with an initial strain rate of 1 x 10™* s~'. The
tensile elongation was accurately measured using a strain
gauge. To ensure reliability and reproducibility, two tensile
specimens for each condition were tested. The mechanical
responses and deformation behaviors were examined by
combining tensile tests with postmortem X-ray diffraction

RD-IPF

ANN+WR

100 ym
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Fig. 3.

(XRD) and EBSD analyses. XRD measurements were con-
ducted using a Rigaku SmartLab diffractometer with Cu Ko
radiation (A = 0.15418 nm), operating at 45 kV and 200
mA. The measurements were carried out over a 26 range of
5° to 140° with a step size of 0.02°.

Prior to the above EBSD and XRD measurements, the
specimens were mechanically polished using silicon carbide
grinding papers from 1200 to 4 000 grit, followed by pol-
ishing with 3 and 1 um diamond suspensions. Subsequently,
fine polishing with 0.02 pum colloidal silica for more than
20 min was performed to effectively remove the deforma-
tion layer caused by mechanical grinding. Finally, the
specimens were electrolytically polished in an electrolyte
composed of 10% HCIO4 and 90% CH3;CH,OH at 30 V for
60 s to completely remove the surface martensite induced
by mechanical polishing.

3. Results and Discussion

3.1. Initial Microstructures

Figure 3 shows (a;, by, c1, d;) the EBSD inverse pole figure
(IPF) maps, (as, b, ¢z, d2) image quality (IQ) + phase maps,
and (a3, bs, c3, d;) kernel average misorientation (KAM)
maps of the (a;—az) HR, (b;—bs) ANN, (c;—c3) ANN+WR,

IQ + phase

HCP

Initial microstructures of the HR, ANN, ANN+WR, and HR+WR specimens before tensile deformation. (a, by,

¢i, d;) RD-IPF maps, (az, bs, ¢, d2) IQ + phase maps, and (as, bs, ¢3, d3) KAM maps. ND: normal direction; RD:
rolling direction; TD: transverse direction. (Online version in color.)
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and (d;—d3) HR+WR specimens. The colors in the IPF maps
represent the crystallographic orientations parallel to the
RD as indicated by the stereographic triangle. As shown in
Figs. 3(a;)-3(a), the HR specimen shows a heterogeneous
microstructure consisting of a partially recrystallized austenite
grain structure (% FCC) and a small number of martensite
plates (& HCP). The &-martensite plates are detected in the
recrystallized austenite grains, as shown in the inset of Fig.
3(ay), whereas the non-recrystallized regions exhibit a single-
phase austenite structure with relatively higher KAM values
(see Fig. 3(a3)). Figures 3(bi)-3(b,) reveals that the ANN
specimen consists of a fully recrystallized austenite struc-
ture with a grain size of approximately 90 pm (excluding
annealing twin boundaries) and athermal &-martensite plates
with a volume fraction of 10.4%. The ANN+WR specimen
shows a deformed austenite structure, with no presence of
&martensite, as illustrated in Figs. 3(ci)-3(c;). Similarly,
the HR+WR specimen displays a deformed, heterogeneous
single-phase austenite structure, as depicted in Figs. 3(d;)—
3(d). Both the ANN+WR and HR+WR specimens exhibit a
single-phase austenite structure. The enhanced phase stability
is attributed to the high dislocation density induced by warm
rolling treatment. This is evidenced by the higher KAM val-
ues in Figs. 3(c3) and 3(d3), where elevated KAM correlates
with a greater dislocation density.

3.2. Mechanical Properties

Figure 4(a) shows the representative nominal stress—
strain curves of the HR, ANN, ANN+WR, and HR+WR
specimens. The detailed tensile properties are summarized
in Table 2. The ANN specimen exhibits a yield strength
(YS, 0.2% offset) of 154.5£5.5 MPa, an ultimate tensile
strength (UTS) of 678.5+0.5 MPa, a uniform elonga-
tion (UE) of 0.6+0.01, and a total elongation (TE) of
0.655+0.015. Interestingly, the HR specimen demonstrates
better tensile properties (YS: 221+8 MPa, UTS: 683+2
MPa, UE: 0.6+0.01, TE: 0.68+£0.03) compared to the ANN
specimen, although a detailed investigation of this behavior
is beyond the scope of this study. Compared to the ANN
specimen, the YS of the ANN+WR specimen increases by
almost threefold (154.5+5.5 MPa — 600+3 MPa), while
maintaining a substantial UE of 0.34+0.01. Furthermore,
the UTS (8204 MPa) of the ANN+WR specimen is also
significantly higher than that of both the HR and ANN
specimens. An excellent combination of strength and ductil-
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ity is achieved in the ANN+WR specimens. Notably, the
HR+WR specimen exhibits a mechanical response almost
identical to that of the ANN+WR specimen, despite sig-
nificant differences in their initial microstructures. Figure
4(b) presents the corresponding true stress-strain curves
and work-hardening rate curves for the metastable HEA
specimens. While the HR+WR and ANN+WR specimens
show a lower work-hardening rate during the intermediate
and later stages of tensile deformation than the HR and
ANN specimens, their absolute work-hardening capacity
remains high. This exceptional work-hardening ability of the
HR+WR and ANN+WR specimens effectively postpones
the onset of necking instability, thereby enhancing the yield
strength while preserving substantial ductility.

The excellent combination of yield strength and ductility
achieved in the 50% warm-rolled metastable HEA is par-
ticularly noteworthy when compared to pre-deformed stable
Fea0MnyNizgCrapCop (at.%) HEA. Zhao et al™ reported that
a 40% cold rolling treatment significantly improved the yield
strength of the stable FeygMnyoNiyCr0Cozy HEA. However,
the plastic instability occurred immediately after yielding,
resulting in a very limited uniform elongation, which is the
usual case for heavily deformed metallic materials due to a
lack of work-hardening capability. Therefore, the remarkable
enhancement of yield strength coupled with large ductility
achieved in the present metastable HEA is unusual, consid-
ering that it is in as-rolled condition with high initial dislo-
cation density. The differences in the mechanical response
between metastable and stable HEAs raise several important

Table 2. Mechanical properties of the HR, HR+WR, ANN, and

ANN+WR specimens.

Specimen YS (MPa) UTS (MPa) UE TE
HR-1 229 685 0.61 0.71
HR-2 213 681 0.59 0.65

HR+WR-1 621 820 0.35 0.42
HR+WR-2 622 811 0.31 0.38
ANN-1 149 679 0.59 0.64
ANN-2 160 678 0.61 0.67
ANN+WR-1 597 816 0.35 0.43
ANN+WR-2 603 824 0.33 0.39
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(a) Nominal stress—strain curves of the HR, ANN, ANN+WR, and HR+WR specimens at room temperature;

(b) True stress—strain curves and corresponding work-hardening rate curves. (Online version in color.)
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issues that will be addressed in the following sections: (I)
the y-€ martensitic transformation progress in the HR+WR
and ANN+WR specimens, (II) the influence of warm rolling
treatment on &-TRIP effect, and (III) the yielding mechanism
in the HR+WR and ANN+WR specimens.

3.3. Deformed Microstructures

To elucidate the underlying deformation mechanisms
responsible for the high yield strength and large ductility
in the HR+WR and ANN+WR specimens, the deformed
microstructures were analyzed at a tensile strain of 15%
using EBSD. For comparison, the deformed microstructure
of the ANN specimen was also examined at the same strain
level. Figure 5 shows the RD-IPF maps and corresponding
IQ + phase maps depicting the deformation microstructures
in the ANN, ANN+WR, and HR+WR specimens. As shown
in Figs. 5(az)-5(c2), both FCC yand HCP ¢ phases are pres-
ent in all specimens. The &martensite fraction in the ANN
specimen increased from 10.4% to 40% after 15% tensile
strain based on EBSD measurements. It is notable that the
&martensite fractions in the ANN+WR and HR+WR speci-
mens after 15% tensile strain were 25% and 24%, respec-
tively. It has been confirmed that the initial microstructure

ANN ANN+WR

of both the ANN+WR and HR+WR specimens shows a
single-phase austenite structure. Hence, intensive deforma-
tion-induced y-¢€ martensitic transformation also occurred in
both the HR+WR and ANN+WR specimens. This could be
the reason for the excellent work-hardening ability observed
in those specimens. Additionally, the average thickness of
&martensite plates in the HR+WR and ANN+WR specimens
is significantly reduced compared to that in the ANN speci-
men. This reduction in thickness of &-martensite plates can be
attributed to the dislocations introduced by the warm rolling
process, which increases the critical shear stress required
for the movement of transformation dislocations, thereby
hindering the thickening of e-martensite plates. Nevertheless,
deformation-induced y-€ martensitic transformation can still
proceed under high applied stress.

3.4. Contribution of TRIP Effect

To investigate the progression of the y-¢ transformation
during deformation, the ANN, ANN+WR, and HR+WR
specimens were analyzed using XRD at three deforma-
tion stages: before deformation, at 15% strain, and after
fracture (non-necking area). Figure 6 presents the XRD
profiles of the ANN, ANN+WR, and HR+WR specimens

Fig. 5. Deformed microstructures of the (a;, a,) ANN specimen, (b;, b;) ANN+WR specimen, and (ci, ¢;) HR+WR speci-
men at a global strain level of 15%. (aj, b, ¢;) RD-IPF maps; (a,, by, ¢2) IQ + phase maps. (Online version in color.)
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Fig. 6. XRD profiles of the (a) ANN specimen, (b) ANN+WR specimen, and (c) HR+WR specimen at various strain

levels. (Online version in color.)
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acquired at the aforementioned stages. As shown in Fig.
6(a), both athermal &-martensite and FCC austenite were
detected in the undeformed ANN specimen. In contrast, the
XRD profiles for the ANN+WR (Fig. 6(b)) and HR+WR
(Fig. 6(c)) specimens reveal a single-phase FCC structure
before tensile deformation. These results are consistent
with the EBSD analysis presented in Fig. 3. The diffrac-
tion peaks corresponding to &-martensite developed during
deformation, and the peak intensities increased gradually
as the deformation progressed, indicating an increase in the
&martensite volume fractions for all specimens. Further-
more, the lattice parameters of the &-martensite were also
retrieved by Rietveld analysis on XRD profiles. The result
reveals a significantly reduced c/a ratio of 1.619 compared
to the ideal value of 1.633. This modest change in the c/a
ratio promotes the activation of non-basal slip and frequent
cross slip,® which contributes to the high deformability of
&martensite. The e-martensite in the metastable HEAs has
been observed to play a crucial role in plastic accommoda-
tion and work hardening at later deformation stages via
multiple deformation mechanisms—including dislocation
slip, formation of stacking faults, and mechanical twin-
ning*?”—which significantly contributes to the overall
strength and ductility. Consequently, the unexpectedly large
elongation observed in the ANN+WR and HR+WR speci-
mens can be attributed to the e&-TRIP effect and the intrinsic
ductility of e-martensite.

The evolution of the &-martensite fraction in the meta-
stable HEA during the above-mentioned deformation stages
was quantitatively analyzed through EBSD measurements,
as shown in Fig. 7. The blue, cyan, and red symbols
represent the ANN, ANN+WR and HR+WR specimens,
respectively. As strain increases, the 7y-£ martensitic
transformation progresses equally in the ANN+WR and

hardened austenite. However, the transformation rate in the
WR specimens is slightly slower than in the ANN specimen.
After fracture, the volume fractions of &-martensite (non-
necking area) were measured as 74%, 42.2%, and 39.3%
for the ANN, ANN+WR, and HR+WR specimens, respec-
tively. By subtracting the initial athermal &-martensite, the
deformation-induced e-martensite fractions were calculated
as 63.6%, 42.2%, and 39.3%, respectively. These results
indicate that both the transformation kinetics and the overall
extent of deformation-induced martensitic transformation
are reduced by the warm rolling treatment. This brings us
to another issue to consider: the influence of warm rolling
treatment on the austenite phase stability, which remains
insufficiently understood and requires further investigation.

3.5. Stability of y-£ Martensitic Transformation

The stability of metastable austenite is typically assessed
through its thermal and mechanical stability. Figure 8 shows
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Fig. 8. (a)), (b)) and (c;) are XRD profiles for the ANN specimen, ANN+WR specimen, and HR+WR specimen after
subzero cooling to 77 K for 10 min, respectively; (az), (b2) and (c,) are the corresponding IQ + phase maps,

respectively. (Online version in color.)
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the XRD profiles and corresponding IQ + phase maps for
the ANN, ANN+WR, and HR+WR specimens after sub-
zero treatment at 77 K for 10 min. The ANN specimen
exhibited an increased fraction of athermal &-martensite,
as confirmed by both XRD and EBSD analyses (see Figs.
8(a;) and 8(ay)). In contrast, the ANN+WR and HR+WR
specimens maintained a single-phase austenite structure,
indicating superior thermal stability. These findings demon-
strate that the thermal stability of austenite is significantly
enhanced by the warm rolling treatment. This enhancement
is attributed to the high dislocation density introduced by
warm rolling. The complex role of dislocations on the aus-
tenite stability is rationalized based on the amounts of dis-
locations. Kajiwara et al.*” reported that the presence of a
small number of dislocations in austenite grain facilitates the
nucleation of martensite by initiating the plastic accommo-
dation of transformation strain of martensite, whereas a high
dislocation density—forming dislocation cell networks—
suppresses the nucleation due to the increased strength of
austenite. Tsuzaki et al*" also reported that the austenite
was strengthened by prior deformation and extra energy
was required for the transformation dislocations to advance
through forest dislocations in austenite matrix. The marked
stabilization of pre-deformed austenite against the athermal
Y-€ martensitic transformation is primarily attributed to the
fact that the increase in the chemical driving force for trans-
formation with decreasing temperature is less significant
than the energy required to overcome dislocation-induced
barriers. In this study, the athermal y-& martensitic trans-
formation at 77 K was completely suppressed by the warm
rolling treatment, whereas the deformation-induced y-€ mar-
tensitic transformation remained active at room temperature,
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thereby resulting in high strength and large ductility.

To investigate the mechanical stability and yielding mecha-
nism of the HR+WR specimen, an interrupted tensile test
was performed, followed by postmortem XRD and EBSD
analyses. The tensile specimen was loaded to 600 MPa and
then unloaded. Figure 9(a) shows the magnified region taken
from the nominal stress—strain curve of HR+WR specimen
depicted in Fig. 4(a), highlighting the detailed behavior of the
entire yielding stage. The nominal stress-strain curve exhib-
ited a deviation from linearity at 600 MPa before 0.2% offset
yield strength (621.5+0.5 MPa). This deviation indicated the
occurrence of micro-yielding. Figure 9(b) shows the XRD
profile of the HR+WR specimen subjected to the interrupted
tensile test, revealing no distinct diffraction peaks correspond-
ing to the &-martensite. The EBSD mapping also confirmed
that the specimen retained a single-phase austenite structure,
as illustrated in Figs. 9(c) and 9(d). Both the XRD and EBSD
analyses demonstrated that y-£ martensitic transformation had
not yet taken place. Consequently, the onset of plastic defor-
mation in the HR+WR specimen is attributed to dislocation
slip within the parent austenite phase rather than to stress-
assisted martensitic transformation. The warm rolling treat-
ment of the metastable HEA in the austenitic state enhanced
the mechanical stability against stress-assisted y-€ martensitic
transformation, shifting the yielding mechanism from mar-
tensitic transformation to dislocation slip and resulting in
an increase in yield strength. Furthermore, when the work-
hardened austenite is deformed beyond the critical stress for
martensite formation, the amount of martensite increases as
deformation progresses, as shown in Figs. 6 and 7.

With respect to the superior mechanical properties of
the metastable FesoMn3oCr;oCop HEA at room tempera-

° FCC o HCP

No HCP peaks

1500 4

Intensity, a.u.
-
o
o
o
L

500

20 40 60 80 100 120 140
20, degree

| FCC HCP (0%)

Fig. 9.

(a) Enlarged nominal stress—strain curve of the HR+WR specimen showing the detailed behavior of the yielding
stage; (b) XRD profile for the HR+WR specimen after the interrupted tensile test; (c) and (d) are the corresponding
IPF map and IQ + phase map of the HR+WR specimen after the interrupted tensile test. (Online version in color.)
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ture, a comparison of the yield strength versus uniform
elongation with those of other FCC HEAs reported in the
literature”*!'>21249 is summarized in Fig. 10. The present
HR+WR and ANN + WR specimens exhibit an excep-
tional combination of yield strength and uniform elongation
compared to both the fully recrystallized counterparts and
other single-phase FCC HEAs, making it a desirable alloy
for applications where high yield strength and large ductil-
ity are critical design criteria. The outstanding mechanical
performance of the HR+WR and ANN + WR specimens
indicates that the direct warm rolling treatment could be a
straightforward and cost-effective thermomechanical pro-
cessing strategy: the metastable austenite is work-hardened
and mechanically stabilized, which changes the yielding
mechanism from martensitic transformation to disloca-
tion slip while retaining the &TRIP effect after austenite
yielding. Consequently, the warm-rolled metastable HEA
exhibits significant potential for further improvement of
mechanical properties considering the influence of warm
rolling treatment on the work hardening of austenite and the
&TRIP effect. By adjusting the warm rolling parameters, it
may be possible to fine-tune the phase stability of austenite,
thereby tailoring the alloy’s strength—ductility balance to
meet specific design requirements.

3.6. Future Study

The present study demonstrates that a 50% warm roll-
ing treatment significantly enhances the yield strength
of the metastable FesoMn3oCroCojp HEA while preserv-
ing substantial ductility. To explore this phenomenon in
depth, we plan to conduct tensile tests combined with
in-situ neutron diffraction to quantify the kinetics of the
Y-€ martensitic transformation and its relationship with
work hardening, clarifying the mechanisms underlying
the observed strength—ductility synergy. In addition, the
50% warm rolling treatment completely suppresses the
athermal y-& martensitic transformation during cooling
to 77 K, while strain-induced martensitic transformation
remains active at room temperature—resulting in both high

1400
% FegMny,CoyoCryg (this work)
Y FeggMny,Co,,Cryy [3,13]
@ CoCrFeMnNi [21,33]
1200 1@ A CoCrNi[34,35,37]
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Fig. 10. Yield strength versus uniform elongation of the metasta-

ble FesoMn3(CrioCojp HEA in comparison with those of
other FCC HEAs reported in the literature. (Online ver-
sion in color.)
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strength and large ductility. These results also open two
promising avenues for future research: (i) The effects of
low-temperature hot deformation on austenite phase stabili-
zation and &-martensite variant selection. This fundamental
study of the y-& martensitic transformation is critical for
optimizing the microstructural design of metastable HEA
through thermomechanical processing, potentially leading
to further enhancements in mechanical performance. (ii)
The mechanical performance and deformation mechanisms
of warm-rolled metastable HEA at cryogenic temperatures.
The warm-rolled metastable HEA holds considerable
promise for achieving exceptional mechanical properties at
cryogenic temperatures, as the thermally activated disloca-
tion motion becomes increasingly difficult, and the reduced
stacking fault energy promotes the phase transformation.
A systematic investigation of the &-TRIP effect and related
deformation mechanisms is essential for developing high-
performance alloys for cryogenic applications.

4. Conclusions

In this study, we developed a straightforward and cost-
effective thermomechanical processing strategy to fabricate
metastable FesoMn3oCrj9Co;p HEA with enhanced yield
strength while retaining large ductility. The effects of 50%
warm rolling treatment at 573 K (above the A, temperature)
on the mechanical properties of the metastable HEA and
the e-TRIP effect were investigated using room temperature
tensile tests combined with postmortem XRD and EBSD
analyses. The main conclusions are as follows:

(1) Compared to the ANN specimens, the HR+WR
and ANN+WR specimens exhibited a threefold increase
in yield strength (from 154.5+5.5 MPa to 621.5+£0.5 MPa
and 600+3 MPa, respectively) while maintaining substan-
tial uniform elongations of 0.33£0.02 and 0.34%0.01. An
excellent combination of strength and ductility was achieved
in the HR+WR and ANN+WR specimens.

(2) The warm rolling treatment of the metastable HEA
in austenitic state enhanced the mechanical stability against
stress-assisted y-€ martensitic transformation, shifting the
yielding mechanism from martensitic transformation to dis-
location slip and resulting in an increase in yield strength.

(3) The athermal y-¢& martensitic transformation was
completely suppressed at 77 K by the warm rolling treat-
ment, but the strain-induced y-¢€ martensitic transformation
remained significant at room temperature (fucp: 0% —
42.2%), contributing to both high strength and large ductility.

(4) Warm rolling above the A4y temperature could be a
straightforward and cost-effective thermomechanical pro-
cessing strategy to fabricate metastable HEA with enhanced
yield strength while retaining large ductility, enabling
industrial implementation with minimal changes to existing
processes.
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