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a b s t r a c t

Most of the face-centered cubic (FCC) multi-principal element alloys (MPEAs) developed thus far contain 
cobalt. For many applications, it is either required or beneficial to avoid cobalt, since cobalt has long-term 
activation issue (for nuclear applications), is expensive, and is considered a critical material. In addition, FCC 
structured solid-solution MPEAs tend to have relatively low strength. A FCC solid-solution Fe30Ni30Mn30Cr10 

(at %) MPEA was fabricated via arc melting, followed by homogenization at 1100 °C for 12 h. The alloy was 
hot rolled at 1100 °C with a total reduction of up to 97 %. The microstructure was characterized and me
chanical properties were investigated at various stages. Tensile testing showed that yield strength (YS) 
increased by 285–595 MPa and ultimate tensile strength (UTS) increased by 520–710 MPa. This increase in 
YS and UTS occurred with a total elongation (ductility) of 40 %. Meanwhile, hot rolling at high reductions led 
to evident decreases in size and area fraction of Mn-rich inclusions. Overall, after hot rolling, this FCC solid- 
solution MPEA is both strong and ductile.

© 2023 Published by Elsevier B.V. 

1. Introduction

Though a relatively new field with most studies having been 
performed after 2005, MPEAs show a promise in a wide range of 
applications, owing to their high ductility, high strength, good cor
rosion resistance, and a strong resistance to radiation damage [1]. 
While MPEAs were originally designed and developed as single- 
phase equimolar alloys, many MPEAs reported more recently are 
non- equimolar. MPEAs have good properties due to a multitude of 
effects including the high-entropy effect, i.e., increased phase sta
bility due to the high mixing entropy, which competes with the 
enthalpy of formation for secondary phases. Sluggish diffusion and 
lattice distortion also play a large role in stability of MPEAs. Sluggish 
diffusion is a result of the energy needed to break and form bonds as 
an atom diffuses throughout the matrix lattice with lattice distortion 
[2]. The possession of many attractive properties as mentioned 
earlier make investigation into different MPEAs lucrative as mate
rials for applications in extreme environments such as nuclear re
actors.

Nuclear reactors represent extremely harsh environments, owing 
to the presence of high temperature, high stress, intense irradiation, 
and corrosion by the coolant. Such environments pose enormous 
challenges to materials, which constitutes a materials science/en
gineering challenge. MPEAs have potential for improved perfor
mance and robustness in nuclear reactors, owing to improved 
stability and mechanical properties as well as enhanced resistance to 
irradiation [3] and corrosion [4]. For nuclear structural materials and 
fuel cladding, cobalt needs to be avoided, because of the creation of 
Co-60, which is very radioactive and has a long half-life. Most of the 
FCC structured MPEAs developed thus far contain Co, whereas only 
an extremely small number of FCC Co-free MPEAs have been re
ported [4–6]. A Co-free Fe27Ni28Mn27Cr18 MPEA (cold rolled) has 
been reported to possess an ultimate tensile strength (UTS) of 
∼630 MPa [5] with a total elongation (ductility) of ∼37 % at room 
temperature; this alloy also exhibited good irradiation damage re
sistance [6]. Another Co-free Fe40Ni20Mn20Cr20 MPEA (cold rolled 
followed by annealing) exhibited an UTS of 1.34 GPa and total 
elongation of 23 % at cryogenic temperature of 77 K [7]; however, 
this MPEA had an UTS of ∼1.00 GPa and total elongation of only ∼7 % 
at room temperature.

While some HEAs possess both high strength and good ductility, 
many FCC structured MPEAs (especially solid-solution ones) suffer 
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from poor strength [8]. One approach to enhancing the strength of 
these alloys is through grain refinement, which can be achieved 
using thermomechanical processing such as hot rolling. Many stu
dies employ cold rolling as a step during processing of MPEAs, but 
little systematic work has been performed to study the micro
structural and property evolution during hot rolling especially in 
ductile MPEAs. Mechanical rolling has been shown to refine the 
microstructure and increase strength [9,10]. The refined micro
structures have also been linked to improved corrosion re
sistance [11].

In larger scale such as industrial manufacturing of alloys via 
melting and casting, inclusions are almost unavoidable. Laboratory 
production of alloys including MPEAs typically also results in in
clusions in the alloys, although very few studies have addressed 
these inclusions or combated the formation or reduction of these 
inclusion particles. Inclusions have been observed in laboratory- 
produced Fe-Ni-Mn-Cr MPEAs [12]], although they were not speci
fically called out. Inclusions have been known to be the cause of 
failure in produced alloys. Thus, efforts are typically made to remove 
or reduce inclusions during industrial production of alloys. Rolling 
has been shown to change inclusion morphology and even allow the 
particle’s elemental components to dissolve into the matrix [13].

The objectives of this study are to develop a strong and ductile 
FCC structured Co-free solid-solution MPEAs, as well as to provide 
insight into the effect of hot rolling on the microstructural evolution 
(including the grain structure evolution and the changes in inclu
sions) of a Co-free Fe30Ni30Mn30Cr10 MPEA. This particular MPEA 
was designed based on the Cantor alloy system with the removal of 
Co and the reduction of Cr content. The reduction of Cr content was 
motivated by two considerations: 1) to enhance the trend to form an 
FCC structure, which is beneficial to maintain an FCC matrix even 
after adding some precipitate-forming elements (Fe30Ni30Mn30Cr10 

will be used as the matrix for precipitate-hardened MPEAs, which 
will be reported in separate publications); 2) to improve the corro
sion resistance of the MPEA to molten salt, which will be reported in 
the future.

2. Experimental

The Fe30Ni30Mn30Cr10 studied was produced using pure metals 
(purity > 99.9 %) in a vacuum induction furnace, which was pumped 
down and backfilled with high purity argon three times to ensure a 
low oxygen content. The furnace was then held at a slightly positive 
pressure to ensure no air/oxygen could penetrate seals over the 
duration of the melting procedure. The melt procedure slowly 
ramped up the furnace to ensure no damage to coils and casting was 
carried out into a sand mold once all material was liquified. 
Homogenization was carried out on the cast for 12 hrs at 1100 °C in a 
muffle furnace. After the homogenization and subsequent cooling, 
the oxide layer on all sides were removed by machining.

The bulk homogenized sample was heated in a muffle furnace to 
1100 °C. Hot rolling was then performed on the sample, with re- 
heating occurring after the sample temperature dropped below 
∼950 °C identified by the color of the hot metal. Reductions in 
thickness were made in 0.1 mm increments with three reductions 
per heating cycle. The sample was then transferred back to the fur
nace until it reached the temperature of 1100 °C again. Once the 
material had reached a desired thickness corresponding to a specific 
percent reduction, samples were cut off from the bulk material being 
rolled using an angle grinder while remaining within the tempera
ture margin. Cut off sections were promptly quenched in water to 
room temperature while the bulk material was returned to the fur
nace for re-heating. After cut off, no further heat treatment was 
performed.

Tensile samples were cut using electrical discharge machining 
with a brass wire. Due to the limited sizes of sections of rolled 
material, mini-tensile sample dimensions were chosen with a gauge 
length of 3 mm and a gauge section of 1 × 1 mm. Tensile tests were 
performed using a setup optimized for mini-tensile samples and run 
with a strain gauge. Tensile samples from the 97 % rolling reduction 
were not able to be produced due to the samples curling up on 
themselves during cutting by EDM. Initial displacement rate was 
0.005 mm/sec and after the strain gauge was removed increased to 

Fig. 1. SEM image and EDS elemental maps showing the as-cast microstructure: dendritic microstructure can be seen with Fe- and Cr-rich dendrites and Mn- and Ni-rich inter- 
dendritic areas. Mn-rich inclusion particles are small dark spots in the SEM image and can be seen as bright green points on the Mn map.
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0.02 mm/sec. The load frame used was an Instron 6800 tabletop load 
frame with a 5 kN loadcell attached to it. Hardness measurements on 
all samples was performed using a Struers Duramin 5 Vickers 
hardness tester. Electron backscatter diffraction (EBSD) was per
formed at 30 kV with a working distance of 5 mm for the objective 
lens and a working distance of 2.2 mm for the charge-coupled device 
camera. Electron dispersive spectroscopy (EDS) and focused ion 
beam (FIB) were also used. The controller software for EDS and EBSD 
was AZtecHKL from Oxford. For FIB, a gallium beam was used to cut 
into the high Mn particle. This sectioning was performed on a sur
face level particle of a fracture surface from the as-homogenized 
sample. All these techniques were performed using a Helios 
NanoLab 600 FIB scanning electron microscope (SEM).

A strengthening analysis was performed to determine the 
strengthening contributions from grain refinement as well as dis
location buildup. Grain size effect on strength (i.e., grain boundary 
strengthening) was analyzed using the Hall-Petch equation. X-ray 
diffraction (XRD) was carried out to estimate the dislocation density 
using peak broadening through the Williamson-Hall method. XRD 
was performed using a Philips MRD XRD ranging from 20 to 120° for 
30 min.

3. Results

3.1. As-cast and homogenized microstructures

Fig. 1 shows the dendritic microstructure in the as-cast sample. 
Dendrites contain higher contents of Fe and Cr, and Mn and Ni 
segregation to the inter-dendritic regions can be observed. Dendrites 
are approximately 20–35 µm in width. In addition, Mn-rich particles 
are found in the as-cast sample. Work by Chen L. indicated that such 
particles were also present in powder metallurgy samples sug
gesting that they were not un-melted particles [14]. After homo
genization, elements were homogeneously distributed, though some 
segregation to the grain boundaries can be observed in the Mn map, 
as revealed in Fig. 2. The oxygen map was added in this case to show 

the Mn particles that will be discussed later. These particles can also 
be observed in the BSE image in Fig. 2. The locations of the particles 
tend to appear as voids as the particles fall out of the matrix during 
sample preparation. This is most likely due to a significant mismatch 
of coefficient of thermal expansion between the particle and the 
matrix resulting in a loss of adhesion during sample cooling. Gen
erally, these particles are in the range of 10–30 µm.

3.2. Microstructure evolution during hot rolling

The changes in microstructure due to hot rolling can be seen in 
Fig. 3. Fig. 3A–D display EBSD strain maps at 30 %, 60 %, 75 %, and 97 
% reduction, respectively. Grain refinement is evident throughout the 
different rolling reductions. Greater reduction also results in internal 
strain inside grain interiors rather than just strain at the grain 
boundaries. The internal strain also can be linked to future new grain 
formation due to recrystallization during heating cycles. In Fig. 3a 
large unresolved/unindexed areas correspond to voids, which may 
be due to casting defects or owing to the falling of Mn particles 
during sample preparation. Due to the forging happening during hot 
rolling, casting defects between are closed and welded shut between 
Fig. 3a and 3b. At lower reductions, the recrystallization is already 
evident. At 60 % reduction, seen in Fig. 3b, the strain inside the grains 
is very low; at 75 % reduction, grain internal strain begins to build 
up. Grain refinement does not proceed homogenously. Instead, re
finement occurs initially near prior grain boundaries, which exhibit a 
high degree of local deformation and accordingly a higher driving 
force for recrystallization. Even at 60 % reduction, although the grain 
refinement is more extensive, large grains still exist, with only small 
amounts of dislocations inside the grains. At 75 % reduction, the 
grain shape becomes much more equiaxed. At 97 % reduction in 
Fig. 3d a microstructure can be seen which has evident internal 
strain and no large grains can be observed.

Fig. 2. SEM image and EDS elemental maps showing homogenized microstructure after 12 hr at 1100 °C: dendritic microstructure is removed; Some Mn-rich particles are visible 
in the Oxygen map due to Mn oxidizing after polishing.
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3.3. Effects of rolling on mechanical properties

Tensile test results displayed in Fig. 4 show the effect of rolling on 
the tensile properties of the Fe30Ni30Mn30Cr10 MPEA. Strength in
creases of 60 MPa for YS and an increase in UTS of 62 MPa can be 
observed between the 30 % and 60 % hot rolled samples. Ductility 
increased in this time due to the reduction of casting porosity. The 
bimodal grain size distribution also allows the large grains to handle 
more deformation [15]. Typical Hall-Petch relation (effect of grain 
size on strength with smaller grain sizes resulting in higher 
strength) is observed with subsequent samples reducing in ductility 
but increasing strength. The only sample to break this trend is no 
reduction sample to 30 % reduction where casting defects have been 
closed. The 75 % reduction sample exhibits a yield strength of 

595 MPa, a UTS of 710 MPa, a uniform elongation of 25 %, and an 
elongation-to-failure of 40 %. This sample is strong and ductile, for 
FCC structured solid-solution MPEAs.

3.4. Inclusion particle composition

The black spots in the SEM image in Fig. 2, as previously stated, 
correspond to voids left by particles that fell out during the polishing 
process. In Fig. 5a particle can be observed on a fracture surface from 
the homogenized sample. This particle was sectioned using a fo
cused ion beam to determine the particle’s internal chemistry 
without exposure to air. Table 1 shows the composition at different 
positions as measured by EDS. The results indicate that the particle 
is almost pure Mn. In addition, this particle has an attached tail 

Fig. 3. EBSD strain map showing the microstructure evolution during rolling: (a) 30 % reduction, (b) 60 % reduction, and (c) 75% reduction. Grain sizes vary, with extremely large 
grains present at reductions of 30 % and 60 %. Noticeable internal strain buildup is only seen at high reduction percentages. A scale of Blue to yellow was used to show strain 
buildup though this strain is not absolute but relative to surrounding crystal missorienation. Red grain boundaries are twin boundaries with a range of 60 ± 3°. All other grain 
boundaries 15° + are shown in black. Low angle grain boundaries are not denoted in this figure.

Fig. 4. Engineering stress-strain curves from tensile tests at different rolling reductions. Pre-rolling sample has a YS of 265 MPa and a UTS of 507 MPa at a ductility of 54 % while at 
75 % reduction YS is 605 MPa and UTS is 710 MPa at 40 % ductility. While 97 % rolling reduction EBSD data are shown in Fig. 3, due to the small thickness (∼1.2 mm) and internal 
strain in the sample, tensile samples were not able to be produced.
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much like a MnS inclusion in steels, but this is an exception and 
almost all particles have only the round body without a tail. This 
particle was chosen to show that even particles with tails are ef
fectively pure Mn.

3.5. Effect of hot rolling on Mn-rich particles

Rolling was also used as a technique for reducing both the size 
and volume/area fraction of the Mn-rich particles. Fig. 6 demon
strate changes to Mn-rich particles with increased hot rolling re
duction. The particle morphology has also been changed to be 

slightly stretched in the direction of rolling. This phenomoenon of 
particle distortion only occurs at higher rolling percentages.

During rolling the Mn-rich particles were deformed and became 
elongated along the rolling direction. This phenomenon can be seen 
in Fig. 7. Fig. 7a and 7b shows a particle that has been deformed and 
elongated; the EDS map confirms that this is a Mn-rich particle. 
Another particle is displayed in Fig. 7c. The shape of the particle is 
from bottom left to top right, in line with the rolling direction. A 
majority of the particles have fallen out of the matrix during the 
polishing procedure, leaving an empty space on the surface. From 
the EDS maps, this particle seems to be almost pure Mn, and small 
parts of it remain attached to the matrix on the surface. It is likely 
that before polishing the particle had already been broken into 
pieces, and some pieces with weak bonding to the matrix easily fell 
off during polishing, whereas other pieces more strongly adhered to 
the matrix remained attached to the surface after polishing. It is 
surmised that these smaller particle parts may be re-dissolved into 
the matrix or may become too small to be detected by SEM.

Changes in particle diameter and area percentage can be seen in 
Fig. 8, which shows that both the area percentage and particle dia
meter are reduced at higher reductions of hot rolling. The changes in 
diameters though observable at lower reductions are not as evident 
and often are within error ranges of each other until higher percent 
reductions. After 75 % reduction, the average diameter was 3.0 µm, 
and it decreased to 2.2 µm as the reduction increased to 89 %; the 
value further decreased to 1.8 µm after a reduction of 97 %. Mean
while, as rolling reduction increased, inclusion particle diameter 
distribution shifted to the left in Fig. 8, and area percentage of the 
particles decreased, indicating that hot rolling is effective in Mn-rich 
particle reduction.

3.6. Microstructural sources for strengthening

Sources for the strengthening in the hot rolled samples can be 
seen in Table 2. The average grain size initially decreases. Following 
work by Lehto. P, when calculating the average grain size, values 
from the 1st and 99th percentile were excluded, since those grains 
were either too small or too large, which may askew the average 
value significantly [16]. After initial grain size reduction (due to 
dynamic recrystallization), grain size reaches a minimum at 60 % 
reduction, and then starts to grow again (owing to grain growth at 
the rolling temperature). Dislocation density was determined using 
the Williamson Hall plot taken from XRD data of each rolling con
dition. The slope of each line is the microstrain, ε, and the y-intercept 
is equal to K D/ , where K= 0.9 is a constant, λ = 0.15405 nm is the Cu 
Kα wavelength, and D is the crystallite size in nanometers. The 

Fig. 5. SEM image of a Mn-rich particle on a fracture surface of the as homogenized 
tensile sample, which has been cut open using a focused ion beam to perform EDS to 
obtain the internal chemistry without any contamination by the outside atmosphere. 
The particle shown has the addition of a tail, but this is not common, and most 
particles are spherical without tails.

Table 1 
Elemental composition of the Mn-rich particle at different locations of the particle 
(see Fig. 5), measured by EDS point scans. (*) Oxygen has been artificially added here 
to showcase that these particles are not MnO for positions 3 and the shell. These 
results indicate that the particle itself is effectively pure Mn. Shell is used for area 3 
before the surface had been removed. Positions 1 and 2 are part of a Mn sulfide tail 
which while showcased in this figure is not common on most particles. 

Position 1 (wt %) 2 (wt %) 3 (wt %) Shell (wt %)
Elements

O* 35.2 1.3
Mn 29 55.9 97 95.11
S 39.1
Fe 16.1 1.5 1.75
Ni 14.2 1.4 1.1 1.43
Cr 5.5 0.8 1.9 1.71

Fig. 6. SEM images showing distribution of Mn-rich particles in the hot rolled Fe30Ni30Mn30Cr10 MPEA: (a) 75 % rolling reduction the cutout in (a) shows the morphology of the 
particles; (b) 97 % rolling reduction. The particles exhibit white/bright borders. Qualitatively the number of particles is reduced with an increase in the rolling reduction.
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dislocation density is then calculated using the equation 
= 2 3 *

Db
, where ε is the microstrain, D is the crystallite size, and 

b is the Burger’s vector, calculated as 0.256 nm. The dislocation 
density is too low for determination in 30 % and 60 %, resulting in 
non-real values, but the dislocation density clearly increases from 75 
% to 97 % rolling reduction as can be seen in Table 2.

4. Discussion

4.1. Microstructural evolution due to hot rolling of 
Fe30Ni30Mn30Cr10 MPEA

Hot rolling was chosen as a grain refinement technique for this 
relatively ductile single-phase FCC solid-solution Fe30Ni30Mn30Cr10 

MPEA. Initial grain refinement occurred along prior grain boundaries 
(Fig. 3a) where dislocations accumulated, resulting in recrystalliza
tion during deformation. The smaller grains that began to appear at 
higher rolling reductions in the hot rolled microstructure are much 
more equiaxed and little residual strain is left in the grain interior 

Fig. 7. SEM data showing Mn-rich inclusion particles in 99.5 % rolling reduction sample: (a) EBSD orientation map of an inclusion particle that has been deformed by rolling; (b). 
EDS map corresponding to (a) showing the Mn particle; (c) another particle deformed/elongated along the rolling direction, where the first sub-image is an SEM image, followed 
by O and Mn EDS maps.

Fig. 8. Number percentage of particles with different diameters, after various hot rolling reduction. 

Table 2 
Shows the source of strengthening over different rolling reductions. Initial strengthening occurs due to grain size reduction. This changes after 75 % reduction as grain size grows 
slightly but dislocation buildup results in dislocation strengthening. Initial dislocation density numbers are incorrect due to the extremely low dislocation density leading to 
negative strain numbers in the Williamson-Hall plot. 

Roll Reduction 30 % 60 % 75 % 97 %

Williamson-Hall Plot y = −0.0012x + 0.0039 y = −0.0034x + 9E-05 y = 1.91E-04x + 4.40E-04 y = 1.97E-03x + 4.57E-03
Grain Size diameter (um) 2.34E + 01 1.76E + 01 3.26E + 01 3.20E + 01
Dislocation density (m^−2) -4.57E + 14 -2.99E + 13 8.20E + 12 8.79E + 13
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(Fig. 3b), suggesting that the grains experienced recrystallization 
[17]. The samples also underwent annealing due to being reheated to 
1100 °C between rolling passes, and therefore static recrystallization 
was also possible. However, the increase in the strain inside the 
grains at high rolling reductions (evident in Fig. 3d) indicated that 
dynamic recrystallization was dominant since static recrystallization 
would result in reduced grain internal strain. The buildup of strain at 
higher reductions ( 75%)can be explained due to the reduced 
thermal mass of the sample resulting in faster cooling as well as a 
larger reduction in thickness causing more strain per pass.

4.2. Rolling effect on mechanical properties

In the present study, hot rolling has been shown to increase the 
strength of the Fe30Ni30Mn30Cr10 MPEA (Fig. 4). This strength en
hancement is primarily due to the reduced grain size in the micro
structure, which is known as the Hall-Petch relation [18]. 
Quantification of this relationship though is difficult as the bi-modal 
grain size distribution does not allow for a single grain size number 
to be used [19]. Rolling of very ductile materials such as aluminum 
shows similar behavior to that of Fe30Ni30Mn30Cr10 MPEA in
vestigated in this study. Results from [20] showed small grains 
forming along the former grain boundaries as these are sites for 
dislocation accumulation and subsequent recrystallization static. In 
addition to grain refinement, the buildup of strain inside the grains 
(Fig. 3) at higher rolling reductions ( 75%)also improved the 
strength. However, this is considered a secondary contribution, since 
the hot rolling was performed at a high temperature of 1100 °C, and 
the accumulated dislocation density was anticipated to be low at 
such a high temperature.

4.3. Strengthening mechanisms

A strengthening analysis was performed to determine the 
strengthening mechanisms from hot rolling. Both the Hall-Petch 
relationship as well as dislocation strengthening were investigated 
to determine the main strengthening contributors. Grain size re
duction plays a major role in the initial strength increases. The initial 
millimeter sized grains hamper efforts to determine grain size effect 
[16]. Excluding these large grains allows an average grain size to be 
determined reflective of the strength. Grain size reduction stops 
after 60 % rolling reduction due to the dynamic recrystallization 
occurring during hot rolling being balanced out by grain growth. Due 
to the increased pressure during higher rolling reduction and re
duced time to reach rolling temperature again, dislocation buildup 
occurs at higher rolling reductions, making dislocation strength
ening the main strengthening contributor.

4.4. Hot rolling effect on Mn-rich particles

Hot rolling was investigated as a process to reduce Mn-rich 
particles in the Fe30Ni30Mn30Cr10 MPEA. In steels, similar processes 
have shown promise in changing the morphology and count of MnS 
inclusions [21]. In steels, Mn-rich particles are often MnS or MnO. 
However, in this Fe30Ni30Mn30Cr10 MPEA, it is thought that these 
Mn-rich particles are pure Mn and they form during cooling – they 
precipitate out of a solid solution super saturated in Mn [22]. Such 
particles have also been observed in additively manufactured ma
terial as well, further supporting that these particles are precipitated 
out of a super saturated solution. Additionally, additively manu
factured materials also show that these are not un-melted particles, 
rather they form during cooling after melting [14]. It is important to 
try to reduce such inclusion particles, as they have been shown to be 
the site for crack initiations and accordingly lead to failure in steel 
parts [23]. Similarly, it is beneficial to reduce inclusion particles in 
MPEAs, although such a topic has not really been studied previously. 

Results in Figs. 7 and 8 clearly indicated that the diameter and area 
percentage of Mn-rich particles in the Fe30Ni30Mn30Cr10 MPEA were 
reduced. The exact mechanisms for the reduction in particle dia
meter and area percentage are unknown, but it is conjectured that 
multiple factors play roles. Firstly, in order to accommodate the 
plastic deformation as a whole during hot rolling, strain accumulates 
near the particles, leading to large local strain. Secondly, the parti
cles are fractured, especially at high strain (high rolling reductions), 
and thus reduced in size. Finally, locally the particles, especially the 
small parts, are slowly dissolved into the matrix due to the increased 
strain present in the matrix allowing for extended solubility or su
persaturation of Mn in the matrix [24].

5. Summary and conclusions

A Co-free Fe30Ni30Mn30Cr10 MPEA, which is significant for ap
plications requiring avoidance of Co, was developed, and fabricated 
via casting, homogenization, and hot rolling at 1100 °C. Tensile 
testing was performed on the alloy hot rolled to different reductions. 
Microstructure characterization was carried out, via SEM, EDS and 
EBSD. The main findings of this study are: 

1. Hot rolling remarkably improved tensile properties of the alloy. 
The tensile strength increased with the increase of rolling re
duction. When rolling reduction increased from 30 % to 60 %, 
yield strength increased from 390 to 450 MPa, and UTS increased 
from 590 to 650 MPa, while the ductility almost remained at ∼60 
%, which was owing to the bimodal grain size distribution in the 
hot rolled samples up to 60 % rolling reduction. At rolling re
ductions 75%, the grain structure became equiaxed, and the 
grain size distribution was much narrower. The sample with 75 % 
rolling reduction achieved a yield strength of 595 MPa, an UTS of 
710 MPa, and a ductility of 40 %, representing a strong and ductile 
FCC structured solid-solution MPEA.

2. Hot rolling is an effective way to reduce the size and area fraction 
of Mn-rich particles, commonly seen in Mn-containing steels and 
MPEAs (even though largely neglected in previous studies on 
MPEAs). Mn-rich particles were deformed along the rolling di
rection, and fractured into smaller parts, which may be dissolved 
into the matrix at high rolling reductions.
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