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A B S T R A C T

High-entropy alloys (HEAs) have gained significant attention due to their exceptional properties, particularly 
dual-phase Fe-Mn-Co-Cr HEAs known for their transformation-induced plasticity (TRIP) and twinning-induced 
plasticity (TWIP) effects. Conventional slow annealing (SA) typically leads to grain coarsening, while flash 
Joule annealing (FJA) has emerged as an effective method for achieving grain refinement in conventional metals 
and alloys. In this work, both SA and FJA methods were employed to manipulate the microstructure and me
chanical properties of dual-phase Fe50Mn30Co10Cr10 HEAs. It was revealed that the FJA-treated samples 
consistently demonstrate higher yield strength and ultimate tensile strength compared to the SA-treated and 
homogenized counterparts. Notably, at 1173 K, strength is enhanced with only a minimal decrease in total 
elongation. The enhanced yield strength can be attributed to grain refinement, variations in the austenitic-to- 
martensitic phase ratio, and heterogeneous grain and phase distributions. Furthermore, the plastic deforma
tion behavior is governed by a combination of dislocation proliferation, TRIP, and TWIP effects, with their 
relative contributions varying under different annealing conditions. Our findings indicate the FJA as a promising 
strategy for achieving grain refinement and tailoring heterostructure in TRIP-type HEAs, thereby enhancing 
overall mechanical performance.

1. Introduction

In recent years, high-entropy alloys (HEAs) have gained considerable 
attention as a novel class of high-performance metallic materials due to 
their unprecedented compositional attributes and exceptional mechan
ical performance [1–6]. Compared to conventional metals and alloys, 
HEAs are characterized by multi-principal element configurations, 
which allows for wide-ranging adjustments in compositional design and 
promotes a paradigm shift in microstructural configuration [1–6]. The 
concept of HEAs also gives rise to several effects, including the 
high-entropy effect, lattice distortion effect, sluggish diffusion effect, 
and cocktail effect, which contributes to superior mechanical properties, 
high-temperature stability, corrosion resistance, and radiation tolerance 

[1–11]. Consequently, HEAs have been regarded as promising candi
dates for next-generation materials so far. However, like conventional 
metals and alloys, HEAs also encounter the challenge of the 
strength-ductility trade-off [6–9,12]. To enhance the strength of these 
materials, various alloy design strategies have been explored [6–9,12]. 
One efficient approach is modulating the stacking fault energy (SFE) of 
alloys [13]. Specifically, reducing the SFE to a critical value tends to 
promote mechanical twinning or martensitic transformation, inducing 
twinning-induced plasticity (TWIP) or transformation-induced plasticity 
(TRIP) effects, respectively [14–16]. Li et al. [16] first developed a 
dual-phase Fe50Mn30Co10Cr10 HEA with an advantageous combination 
of strength and ductility by adjusting the SFE. Subsequently, numerous 
studies have focused on this alloy system and its derivatives to explore 
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their comprehensive performance [16–18]. However, achieving desir
able structural features in these HEAs requires complex and 
time-consuming thermomechanical processing, such as hot forging, cold 
rolling, and annealing [16–19]. Therefore, developing a fast and effec
tive method to enhance their mechanical properties is highly desirable.

To date, flash annealing has emerged as an approach to refine mi
crostructures in various steel types, such as dual-phase steels [20], TRIP 
steels [21], and quenching and partitioning steels [22]. Hence, the flash 
annealing method is expected to be an efficient approach for the rapid 
enhancement of the mechanical properties of HEAs. Unlike conventional 
slow annealing (SA) methods, the flash annealing approach involves 
high heating rates of 100 K/s to 300 K/s, making it a promising approach 
for enhancing alloy performance while minimizing energy consumption 
and optimizing processing efficiency [23,24]. Initial investigations into 
the application the flash annealing processing in cold-rolled ultra-low 
carbon steels have the potential to hinder recrystallization and trigger 
explosive nucleation of austenite grains, resulting in significant grain 
refinement [25]. Although the flash annealing method has been applied 
to conventional metals and alloys, its potential suitability when used 
with HEAs needs further elucidation. Recently, our group has developed 
an innovative ultrafast annealing-deep cryogenic treatment-tempering 
method, which significantly enhances the mechanical properties of the 
as-cast Fe50Mn30Co10Cr10 HEA [15]. To further optimize material per
formance, it is essential to systematically investigate the relationship 
between microstructural modifications and mechanical properties 
induced by flash annealing alone, thereby establishing a foundation for 
maximizing its utility in advanced material design. In this study, we 
performed Flash Joule annealing (FJA), one of the most well-known 
flash annealing techniques, on the cold-rolled Fe50Mn30Co10Cr10 
dual-phase HEA to verify the feasibility of the FJA method. The corre
sponding microstructure evolution and mechanical properties upon 
annealing at different temperatures were investigated in detail.

2. Experimental section

Ten button ingots with a nominal composition of Fe50Mn30Co10Cr10 
were produced through arc melting under an argon atmosphere using 
pure metals with a purity greater than 99.9 wt%. To ensure chemical 
homogeneity, each ingot was remelted at least five times. Subsequently, 
all ingots were remelted in a high-frequency induction furnace under an 
argon protective atmosphere and cast into a plate with a dimension of 
60 × 30 × 30 mm using a tilting casting method. The obtained plate 
underwent wire electric discharge machining to produce multiple plates 
with dimensions of 60 × 10 × 2 mm. The thermomechanical processing 
steps applied to these HEA plates are illustrated in Fig. S1 in the sup
plementary materials. As shown in Fig. S1, these plates were first ho
mogenized at 1473 K for 24 h in an argon atmosphere, followed by water 
quenching. Cold-rolling was then performed on these homogenized 
plates to achieve a thickness reduction of ~45 %. Subsequently, the 
specimens were annealed at temperatures of 973 K and 1173 K for 30 s at 
different heating rates (i.e., 100 K/s and 0.167 K/s, Fig. S1), respec
tively. Among them, specimens heated at a heating rate of 100 K/s were 
processed using a thermomechanical simulator (Gleeble-3500C, DSI) 
and cooled using an Argon inert gas shower, referred to as the FJA 
sample. It is important to note that the thermomechanical simulator 
cannot uniformly heat the entire sample. To address this, flat dog-bone- 
shaped FJA samples (5 × 1.1 × 30 mm) are used during rapid heating. 
Specimens are then extracted from the central region, where tempera
ture uniformity is confirmed via thermocouples, for subsequent micro
structure characterization and mechanical testing. Specimens heated at 
a heating rate of 0.167 K/s were fabricated using a muffle furnace (KSL- 
1400X, Hefei Kejing) and then water quenched, referred to as the SA- 
treated sample. It should be mentioned that the applied cooling rate is 
quite higher for the SA-treated sample compared to the FJA-treated 
sample. To investigate the phenomenon of the reverse martensitic 
transformation during annealing, we subjected cold-rolled samples to 

the same annealing treatments at 673 K. The resulting samples were 
designated as SA673 and FJA673, corresponding to the SA and FJA 
methods, respectively.

To observe microstructural features, a ZEISS Sigma500 scanning 
electron microscope (SEM) equipped with an Oxford Nordlys max3 

electron backscatter diffraction (EBSD) was employed. The data were 
post-processed by Channel 5 and AZtecCrystal software, and GND den
sity was also derived. Tensile testing was conducted using a SUNS 
UTM5015 electronic tensile testing machine at an initial strain rate of 
5 × 10− 4 s− 1. The localized strain distributions during tension were 
observed using an IMETRUM PCA1200 digital image correlation (DIC) 
method. Flat dog-bone-shaped specimens with a dimension of 
2.5 × 1.1 × 6 mm were prepared for tensile tests. To ensure the reli
ability and repeatability, three tests were repeated for each sample.

3. Results and discussion

3.1. Microstructure features of the SA973 and FJA973 samples

The microstructure characteristics of the SA973 and FJA973 samples 
are illustrated in Figs. 1 and 2. As shown in Fig. 1(a), the band contrast 
map (BC) reveals the presence of numerous deformed structures in the 
SA973 sample, indicating partial recrystallization following the SA 
treatment. As evidenced by Fig. 1(a) and (b), the average grain size of 
the SA973 sample is measured to be ~ 4.56 μm (Table S1), with a 
notably heterogeneous grain size distribution (Fig. 1(c)). Coarse grains 
(> 5 μm) account for approximately 13.8 % in number fraction and 
68.6 % in area fraction, while fine grains (≤ 5 μm) constitute about 
86.2 % and 31.4 %, respectively (Fig. 1 and Table S1). As displayed in 
Fig. 1(d), the SA973 sample is composed of face-centered cubic (FCC) 
and hexagonal close-packed (HCP) phases. Both phases exhibit equiaxed 
grains spanning from fine to coarse dimensions (Fig. 1(e) and (f)), with 
average grain sizes of ~4.51 μm for FCC and ~4.63 μm for HCP grains. 
FCC grains constitute approximately 56.3 % in number fraction and 
52.3 % in area fraction, while HCP grains account for roughly 43.7 % 
and 47.7 %, respectively (Table S1). For the FCC phase, coarse grains 
constitute about 13.5 % in number fraction and 76.6 % in area fraction, 
with fine grains making up ~86.2 % and ~23.4 %. For the HCP phase, 
coarse grains represent approximately 25.1 % in number fraction and 
92.2 % in area fraction, while fine grains account for ~74.9 % and 
~7.8 % (Table S1 and Fig. 1(e) and (f)). As depicted in Fig. 1(g) and (h), 
grain boundary characterization distinguishes between high-angle grain 
boundaries (HAGBs, θ ≥ 15◦) and low-angle grain boundaries (LAGBs, 
2◦ ≤ θ ≤ 15◦). HAGBs are marked by red and blue lines for FCC and HCP 
phases, respectively, while LAGBs are indicated by green and purple 
lines. Overall, HAGBs account for about 50.4 % of the grain boundaries, 
and LAGBs for approximately 49.6 % (Fig. 1(i) and Table S1), indicating 
the substantial formation of fine grains during annealing [26,27]. Spe
cifically, HAGBs constitute around 39.6 % of FCC grains and 64.3 % of 
HCP grains, whereas LAGBs make up about 60.4 % of FCC grains and 
~35.7 % of HCP grains (Fig. 1(i) and Table S1).

In contrast, the FJA973 sample, as illustrated in Fig. 2, exhibits a 
finer microstructure compared to the SA973 sample, with an average 
grain size of approximately 3.73 μm (Table S1 and Fig. 2(a) and (d))). 
Coarse grains (> 5 μm) account for approximately 16.3 % in number 
fraction and 63 % in area fraction, while fine grains (≤ 5 μm) constitute 
about 83.7 % and 37 %, respectively (Fig. 2(c) and Table S1). Similar to 
the SA973 sample, the FJA973 sample comprises FCC and HCP phases 
with heterogeneous grain distributions (Fig. 2(d–f)). The average grain 
sizes are approximately 3.43 μm for FCC and 4.06 μm for HCP, both 
smaller than those in the SA973 sample. FCC grains represent approxi
mately 46.9 % in number fraction and 48.8 % in area fraction, while 
HCP grains account for roughly 53.1 % and 51.2 %, respectively. For the 
FCC phase, coarse grains constitute about 19.8 % in number fraction and 
64.7 % in area fraction, with fine grains making up ~80.2 % and 
~35.3 %. In the HCP phase, coarse grains represent approximately 
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19.1 % in number fraction and 65.0 % in area fraction, while fine grains 
account for ~80.8 % and ~35.0 % (Table S1 and Fig. 2(e) and (f)). Grain 
boundary distribution of the FJA973 sample in Fig. 2(g) and (h) reveals 
that HAGBs account for approximately 51.2 % of the boundaries, and 
LAGBs for about 48.8 % (Table S1). Specifically, HAGBs constitute 
around 49.9 % of FCC grains and 50.5 % of HCP grains, whereas LAGBs 
make up approximately 50.1 % of FCC grains and 49.5 % of HCP grains 
(Fig. 2(i) and Table S1). In summary, the SA973 sample exhibits a het
erogeneous distribution of grain sizes and phases, with a substantial 
presence of fine grains and a notable fraction of HAGBs, particularly in 
the HCP phase. In contrast, the FJA973 sample demonstrates a finer 
microstructure, a higher fraction of HCP grains, and a more pronounced 
heterogeneity in the distribution of phases and grain sizes.

3.2. Microstructure features of the SA1173 and FJA1173 samples

The microstructural features of the SA1173 and SA1173 samples are 
depicted in Figs. 3 and 4. The BC map in Fig. 3(a) reveals minimal 
deformation from cold rolling, indicating complete recrystallization in 
the SA973 sample. EBSD analysis shows an average grain size of 
approximately 4.41 μm (Fig. 3(a) and (b)). Fine grains (≤ 5 μm) account 
for about 78.4 % of the number fraction and 37.4 % of the area fraction 
(Table S1 and Fig. 3(c)). The phase map in Fig. 3(d) and the grain size 

distributions in Fig. 3(e) and (f) demonstrate that the SA1173 sample 
consists of FCC and HCP phases. FCC grains represent approximately 
43.3 % in number fraction and 37.6 % in area fraction, while HCP grains 
account for about 56.7 % and 62.4 %, respectively. The average grain 
sizes for the FCC and HCP phases are approximately 4.45 μm and 4.38 
μm, respectively (Table S1). In the FCC phase, fine grains comprise 
roughly 71.8 % of the total grain count but only 30.2 % of the total area, 
whereas coarse grains (>5 μm) account for approximately 28.2 % of the 
grain count and 69.8 % of the area. Similarly, in the HCP phase, fine 
grains make up about 76.9 % of the grain count and 33.6 % of the area, 
while coarse grains represent around 23.1 % of the grain count and 
66.4 % of the area (Table S1 and Fig. 3(e-f)). Grain boundary charac
terization (Fig. 3(g)) shows a predominance of HAGBs, which account 
for about 93.9 % of the boundaries, while LAGBs make up approxi
mately 6.1 % (Fig. 3(h) and Table S1). Specifically, HAGBs represent 
~92.2 % of FCC grains and ~94.9 % of HCP grains, whereas LAGBs 
make up approximately 7.8 % of FCC grains and ~5.1 % of HCP grains 
(Fig. 3(i) and Table S1).

On the other hand, the microstructure of the FJA1173 sample shows 
a finer grain size compared to the SA1173 sample (Fig. 4(a-d)). The 
average grain size of the FJA1173 sample is approximately 3.52 μm, 
with average grain sizes of ~2.95 μm for the FCC phase and ~3.72 μm 
for the HCP phase (Fig. 4(e) and (f)). This refinement is attributed to the 

Fig. 1. Microstructure features of the SA973 sample. (a) BC map, (b) inverse pole figure (IPF), (c) grain size distributions of all grains, (d) phase map, (e) number and 
(f) area fractions of both FCC and HCP grains, (g) grain boundary map, (h) misorientation distributions of all grains, and (i) misorientation distributions of both FCC 
and HCP grains.
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inhibition of grain coarsening by the short annealing time during the 
FJA treatment. The phase map (Fig. 4(d)) reveals that the FJA1173 
sample has a significantly higher volume fraction of the HCP phase 
(~78.5 %) compared to the SA1173 sample (~56.7 %). Similar to the 
SA1173 sample, the grain boundary map and misorientation distribu
tions (Fig. 4(g-i)) demonstrate that the FJA1173 sample is predomi
nantly composed of HAGBs, further confirming the refined 
microstructure and complete recrystallization. All in all, the SA1173 
sample still exhibits a heterogeneous phase distribution with a high 
proportion of HAGBs, indicating complete recrystallization. However, 
significant heterogeneity in grain size is not observed due to annealing 
at relatively higher temperatures. In contrast, the FJA1173 sample 
demonstrates a finer grain size, a higher fraction of the HCP phase, and a 
more refined microstructure due to the short annealing time during the 
FJA treatment. These findings highlight the significant influence of 
different annealing conditions on microstructural evolution.

3.3. Structural origin of the SA- and FJA-treated samples

The present study demonstrates that the FJA treatment can effec
tively induce grain refinement and tailor heterogeneous grain and phase 
distributions [28,29], thereby enhancing the mechanical properties of 
TRIP-type HEAs. The microstructure of the present HEAs is predomi
nantly martensite due to mechanical deformation after homogenization 

and cold rolling. It has been reported that the inverse martensitic 
transformation temperature of these HEAs is approximately 403 K [30]. 
As illustrated in Fig. 5, annealing at 673 K using both the SA and FJA 
methods results in no significant static recrystallization for either sam
ple. Under the SA condition, approximately 95 % FCC austenite is 
observed, while the FJA method achieves about 75 % FCC austenite. 
This indicates that heating induces the inverse martensitic trans
formation, leading to the formation of FCC austenite. Cold rolling in
troduces dislocations and other defects into the martensite structure, 
acting as barriers to phase boundary movement and hindering the 
transformation back to austenite [31,32]. This phenomenon, known as 
the mechanical stabilization of martensite, prevents significant static 
recrystallization upon heating at 673 K, leaving the stored plastic 
deformation or stress unreleased and resulting in retained martensite. 
Upon cooling, the martensitic transformation occurs again, but the 
transformation temperature is significantly lower than the inverse 
martensitic transformation temperature. Additionally, cold 
rolling-induced plastic deformation or stress causes a more gradual 
transformation over a wider temperature range [33,34]. Consequently, 
the martensitic transformation temperature of the cold-rolled sample is 
well below 403 K, nearing room temperature. Therefore, after both SA 
and FJA treatments at 673 K, the microstructure of the present HEAs 
remains predominantly austenite without pronounced martensitic 
transformation, and the retained martensite originates from the cold 

Fig. 2. Microstructure features of the FJA973 sample. (a) BC map, (b) IPF, (c) grain size distributions of all grains, (d) phase map, (e) number and (f) area fractions of 
both FCC and HCP grains, (g) grain boundary map, (h) misorientation distributions of all grains, and (i) misorientation distributions of both FCC and HCP grains.
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rolling process. As a result, more retained martensite is observed in the 
FJA973 and FJA1173 samples because more plastic deformation or 
stress is released under the SA condition than the FJA condition, 
requiring more annealing time. Upon annealing at 973 K and 1173 K, as 
shown in Figs. 1–4, significant static recrystallization occurs. The degree 
of recrystallization increases, leading to a gradual decrease in average 
grain size and noticeable grain refinement of all annealed samples 
compared to the homogenized sample. Incomplete recrystallization 
typically leads to a heterogeneous grain distribution, particularly in 
samples annealed at 973 K, as confirmed by EBSD observations 
(Figs. 1–4). Due to the incomplete recrystallization and the short hold 
time of 30 s, many deformed grains remain in the samples annealed at 
973 K, resulting in a slightly larger average grain size. When the 
annealing temperature increases to 1173 K, recrystallization nearly 
completes, and the growth of recrystallized grains is effectively inhibited 
due to the insufficient time for grain growth [35] by the short holding 
time and rapid cooling rate. Consequently, both samples annealed at 

1173 K using the SA and FJA methods exhibit a finer microstructure 
than the homogenized sample. Furthermore, under the same tempera
ture annealing conditions, the average grain size obtained by the FJA 
method is more heterogeneous in distribution and smaller than that 
achieved by the SA method. This difference can be attributed to the 
shorter duration of the FJA process compared to the SA process at the 
same temperature.

Moreover, as the annealing temperature increases, a higher propor
tion of HCP martensite is observed, accompanied by a significant 
decrease in FCC austenite content (Table S1). Interestingly, the average 
grain sizes of both FCC austenite and HCP martensite show a slight in
crease (Table S1), while the HCP martensite is larger than the FCC 
austenite. During recrystallization, the stored plastic deformation or 
stress is released, and induced defects such as dislocations, slip bands, 
and deformation bands are rearranged and eventually eliminated. This 
process allows for the formation of strain-free grains. The resulting finer 
grains after recrystallization provide numerous grain boundaries, some 

Fig. 3. Microstructure features of the SA1173 sample. (a) BC map, (b) IPF, (c) grain size distributions of all grains, (d) phase map, (e) number and (f) area fractions of 
both FCC and HCP grains, (g) grain boundary map, (h) misorientation distributions of all grains, and (i) misorientation distributions of both FCC and HCP grains.
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Fig. 4. Microstructure features of the FJA1173 sample. (a) BC map, (b) IPF, (c) grain size distributions of all grains, (d) phase map, (e) number and (f) area fractions 
of both FCC and HCP grains, (g) grain boundary map, (h) misorientation distributions of all grains, and (i) misorientation distributions of both FCC and HCP grains.

Fig. 5. BC and phase maps of the (a) SA673 and (b) FJA673 samples.
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of which may serve as preferential nucleation sites for martensite during 
rapid cooling. Furthermore, the increase in annealing temperature leads 
to a higher phase transformation driving force, facilitating the activation 
of martensitic transformation. This results in enhanced nucleation and 
growth of martensite. However, as reported by Li et al. [36], grain 
refinement also can lead to higher resistance for martensite trans
formation, which results in the occurrence of incomplete martensite 
transformation. Consequently, in addition to heterogeneous grain dis
tributions, the material also exhibits heterogeneous distributions of both 
FCC and HCP phases.

3.4. Mechanical properties of the SA1173 and FJA1173 samples

Fig. 6(a) exhibits the engineering stress-strain curve of the FJA- and 
SA-treated samples annealed at 973 K and 1173 K for 30 s, respectively. 
Compared to the SA-treated samples, the FJA-treated samples exhibit 
higher yield strength and ultimate tensile strength. Upon annealing at 
973 K, the FJA973 sample shows the highest yield strength of 556 
± 27.8 MPa, which is ~51 % higher than the SA973 sample (i.e., 367.4 
± 18.4 MPa). The ultimate tensile strength (i.e., 857.2 ± 17.1 MPa) of 
the FJA973 sample is also higher than the SA973 sample (i.e., 802.6 
± 27.8 MPa). Yet, the SA973 sample displays a better elongation of 
~26.7 % than the FJA973 sample (i.e., ~15.4 %). Obviously, annealing 
at 973 K reveals a significant difference in yield strength and ultimate 
tensile strength, confirming that the FJA method effectively strengthens 
the TRIP-type HEAs. Meanwhile, the corresponding true stress-strain 

curves and the strain-hardening rate curves are depicted in Fig. 6(b). 
The strain-hardening rate of the SA973 sample is higher than that of the 
FJA973 sample when beyond ~10 % elongation.

On the other hand, upon annealing at 1173 K, the FJA1173 sample 
also displays a higher yield strength of 267.1 ± 13.4 MPa and ultimate 
tensile strength of 821.7 ± 16.4 MPa compared to the SA1173 sample 
(yield strength: 252.0 ± 12.6 MPa and ultimate tensile strength: 695.4 
± 20.8 MPa), together with almost similar total elongation (Fig. 6(a)). 
As shown in Fig. 6(a), the total elongation (~42.8 %) of the FJA-treated 
sample is only ~2.4 % lower than that of the SA-treated sample 
(~45.2 %). Meanwhile, the strain-hardening rate of the FJA1173 sam
ple is higher than that of the SA1173 sample after ~10 % elongation 
(Fig. 6(b)). Compared to the mechanical properties of previously re
ported dual-phase Fe50Mn30Co10Cr10 HEAs [7,16,18,37–43], the (yield) 
strength of the FJA-treated samples can match or surpass those fabri
cated through intricate and complex thermomechanical processes (Fig. 6
(c) and (d)).

3.5. Deformation mechanisms of the SA1173 and FJA1173 samples

For the dual-phase Fe50Mn30Co10Cr10 HEAs, the grain size and the 
fraction of the thermally-induced HCP grains are the main factors that 
affect the mechanical properties. On the one hand, the finer grain size 
will improve the yield strength of materials, which can be explained by 
the Hall-Petch effect [44,45]. Finer grains lead to an increase in the 
number of grain boundaries that can act as barriers to dislocation 

Fig. 6. (a) Engineering stress-strain curves of the samples annealed at 973 K and 1173 K, (b) true stress-strain curves superimposed with corresponding strain 
hardening curves, (c) total elongation vs. ultimate tensile strength and (d) total elongation vs. yield strength of reported Fe50Mn30Co10Cr10 HEAs by different methods 
(HF, HR, HO, CR, and AN represent hot forging, hot rolling, homogenization, cold rolling, and annealing, respectively) [7,16,18,37–43] as well as our observations.
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movement, thereby increasing the strength. On the other hand, the HCP 
phase is harder than the FCC phase and less deformable [46], so the 
increased fraction of initial HCP grains can improve the yield strength 
and tensile strength but often damage the ductility of materials [47,48]. 
Furthermore, the smaller the grain size, the higher the number of 
nucleation sites, which can enhance the phase transformation kinetics 
and then ensure the strain hardening capability and ductility. Compared 
to the SA-treated samples, the FJA-treated samples exhibit finer micro
structures, but slightly fewer HCP grains. In addition, all samples exhibit 
significant heterogeneity in both grain size and phase distribution, 
which also leads to stress and strain partitioning during deformation. 
This heterogeneous microstructure creates a complex stress state within 
the materials during deformation. Softer regions tend to deform more 
readily, while harder regions resist deformation. This disparity in 
deformation behavior results in the development of long-range internal 
stresses, contributing to the overall back stress in the materials [49]. All 
in all, the interplay of these factors, i.e., finer microstructure, increased 
HCP grain content, and heterogeneous grain and phase distributions, 
collectively contributes to the higher yield strength observed in all 
annealed samples compared to the homogenized sample.

To further illustrate the plastic deformation behaviors of the 

annealed samples under the SA and FJA conditions, we examined the 
microstructural features of the SA973, SA1173, FJA973, and FJA1173 
samples after fracture (Figs. 7 and 8). Fig. 7 reveals severe plastic 
deformation in both SA973 and FJA973 samples (Fig. 7(a) and (b)), 
making some areas unrecognizable by EBSD. The microstructures pre
dominantly consist of martensite phases (Fig. 7(c) and (d)). Specifically, 
the deformed SA973 sample contains approximately 4.3 % FCC phase, 
while the deformed FJA973 sample contains around 0.9 % FCC phase, 
indicating a widespread TRIP effect during plastic deformation. 
Furthermore, KAM maps demonstrate a higher density of dislocations in 
the severely deformed zones compared to the coarse HCP grains (Fig. 7
(e) and (f)), suggesting significant dislocation proliferation during 
plastic deformation. In both cases, dislocations activate in the softer fine 
and coarse FCC grain regions, initiating their transformation into 
martensite during the early stage of the plastic deformation. Meanwhile, 
pre-existing coarse martensite grains remain in an elastic state. As 
deformation progresses and martensite becomes dominant, plastic 
deformation begins in the martensitic phase. The heterogeneous distri
bution of martensite leads to different deformation behaviors. Fine 
martensite grains resist plastic deformation more than their coarse 
counterparts, resulting in dislocation entanglement within the latter. 

Fig. 7. EBSD and SEM observations of the SA973 and FJA973 samples after fracture: (a,d) IPF maps, (c,d) phase maps, (e,f) KAM maps, and (g,h) SEM images.
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These dislocations in coarse grain regions generate long-range back 
stresses, inhibiting further dislocation emission. Consequently, disloca
tion proliferation concentrates at the edges of coarse-grained regions 
near fracture (Fig. 7(e) and (f)). In addition to dislocation motion, 
deformation twins emerge (indicated by red dotted arrows in Fig. 7(g) 
and (h)), contributing to the strength. The SA973 sample, with more pre- 
existing austenite, exhibits larger strain-hardening rates during plastic 
deformation compared to the FJA973 sample. As a result, the FJA973 
sample shows higher yield strength but less tensile plastic strain, with 
plastic deformation primarily driven by dislocation proliferation and the 
TRIP effect. On the other hand, similar structural evolution is observed 
in the SA1173 and FJA1173 samples after fracture (Fig. 8). These 
samples initially contain substantial pre-existing martensite. Post- 
deformation phase mapping reveals predominantly the HCP phase, 
with the FCC phase barely detectable (Fig. 8(a) and (b)). Numerous slip 
bands and dislocations are evident in the deformed grains (Fig. 8(c–f)). 
Notably, both samples display significant deformation twinning (red 
dotted arrows in Fig. 8(e) and (f)), indicating that dislocation prolifer
ation, TRIP, and TWIP effects collectively govern the plastic deformation 
of both samples.

4. Conclusions

The current study investigates the effects of both the SA and FJA 
methods on the microstructure and mechanical properties of 
transformation-induced plasticity (TRIP)-type Fe50Mn30Co10Cr10 HEAs. 
The FJA samples exhibit significantly higher yield and tensile strengths 
than the SA-treated samples, especially notable at 973 K, where the FJA 
samples show a ~51 % increase in yield strength. However, the SA- 
treated samples demonstrate better elongation. At 1173 K, the FJA 
samples still outperform SA in strength while maintaining comparable 
elongation. The cold rolling process significantly influences micro
structural evolution by introducing dislocations that inhibit grain 
growth and increase retained martensite, especially in the FJA-treated 
samples. This is due to greater plastic deformation or stress release 
under the SA conditions, requiring longer annealing times than the FJA. 
Compared to the SA-treated samples, the FJA-treated samples exhibit 
more heterogeneous grain and phase distributions as well as grain 

refinement due to shorter processing times and recrystallization, 
resulting in the enhancement of yield strength. Post-deformation anal
ysis shows significant deformation twinning, with phase mapping indi
cating predominant HCP phases and minimal FCC phases, driven by 
dislocation proliferation, TRIP, and TWIP effects. Thus, the FJA effec
tively induces grain refinement and enhances mechanical properties in 
TRIP-type HEAs, highlighting the critical role of processing conditions in 
advanced HEAs.
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