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ABSTRACT

This study describes the strengthening mechanisms of an ultrafine-grained (UFG) Fe35Mn27Ni28Co5Cr5 high-entropy 
alloy (HEA) processed by severe cold rolling (SCR) process at room temperature. Microstructural evaluations were 
performed by field emission scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The 
findings demonstrated that the development of deformation microstructures consisted of a single face-centered cubic 
(FCC) phase with stretched grains along the rolling direction and lamellar deformation bands after a 90 % reduction in 
thickness. Using the Nix-Gao model, the dislocation density was determined by measuring the microhardness indentation 
size effect. The results indicated that an increase in rolling deformation leads to an increase in dislocation density. The 
dislocation density increased from 2.28 ×109 cm-2 for as-homogenized specimen to 8.65 ×109 cm-2 after 90 % reduction 
in thickness. The yield strength of the UFG Fe35Mn27Ni28Co5Cr5 HEA was 5.2 times (1155 MPa) higher than that of 
the as-homogenized state (225 MPa). Finally, an assessment was conducted on the relative contributions of individual 
mechanisms, such as dislocation and grain refinement, to the strengthening of the Fe35Mn27Ni28Co5Cr5 HEA.

Keywords: high-entropy alloy, severe plastic deformation, ultrafine lamellar microstructures, strengthening 
mechanisms.
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INTRODUCTION

High-entropy alloys (HEA) are a novel class of 
materials that contain five or more principal elements 
in equiatomic or nearly-equiatomic proportion, in 
contrast to traditional crystalline alloys that are typically 
based on one principal elements [1, 2]. This kind of 
alloy has drawn attention from scientists and engineers 
because of its innovative idea. Numerous elemental 
combinations can be used to effectively design HEAs 
with the necessary mechanical properties (such as high 
specific strength and good ductility, potential low- and/
or high-temperature properties, good wear and fatigue 
resistance, and exceptional fracture toughness) [3 - 5]. It 
is anticipated that in the near future, cost-effective HEAs 

will be produced for use in a variety of industries. Among 
various HEA systems, FeMnNiCoCr HEA with a single 
FCC structure is one of the most widely investigated 
alloys owing to its superior properties [6, 7]. However, the 
relatively low strength (< 500 MPa) in the homogenized 
condition at room temperature limits its applications as 
a practical structural material.

Research efforts have tended to be application-
driven and focused on developing strengthening 
techniques with promising mechanical properties, since 
high strength and ductility are critical for structural 
materials. The strategies of phase-transformation 
strengthening, precipitation hardening, and grain 
refinement strengthening were applied to achieve high 
mechanical performances in HEAs [8 - 11]. Furthermore, 
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another major research direction to elaborate on the 
potential applications of HEAs is using severe plastic 
deformation (SPD) processes such as high-pressure 
torsion (HPT), equal channel angular pressing (ECAP), 
and severe cold rolling (SCR) to tune the microstructure 
and mechanical properties of HEAs [12 - 15]. For 
instance, a bulk CoCrFeMnNi HEA with a grain size 
ranging from coarse to ultrafine grain was processed 
by cold rolling and annealing [16]. This resulted in an 
ultrafine-grained (UFG) HEA, which had a consistent 
uniform elongation of ~21 % and a high yield strength 
of ~888 MPa. Because of the low stacking fault energy, 
this good combination of strength and ductility balance 
was attributed to the excellent ability of CoCrFeMnNi 
for dislocation storage. Other HEAs systems have also 
demonstrated exceptional strength and ductility through 
tuning the grain size [17 - 19].

Although the significant role of cold rolling in 
strengthening HEAs has been determined, little works on 
the systematic investigation of the effect of severe cold 
rolling process on the microstructure and mechanical 
properties of HEAs has been reported till now [20 - 22]. 
It is important to remember that during heavy cold rolling 
without further annealing, considerable strengthening 
happens at the tradeoff of significantly decreased 
ductility. The objective of this study is to investigate 
the effect of heavy cold rolling on the microstructure 
and mechanical properties of Fe35Mn27Ni28Co5Cr5 HEA. 
Additionally, the microstructural evolution provided 
insight into the strengthening mechanisms in this alloy.

EXPERIMENTAL 

High-purity metal powders/pieces (> 99.9 wt %, 
Alfa Acer Company, Germany) were used to fabricate 
Fe35Mn27Ni28Co5Cr5 (in at %) HEA using an induction 
furnace. Following a 10-hour homogenization process 
at 900°C, the HEA was air-cooled. The HEAs were then 
put through rigorous cold rolling procedures using a 
laboratory rolling mill capable of 20 tons without any 
lubrication. The thickness reductions of cold rolling 
were 0 % (as homogenized), 50 %, and 90 %. The roll 
diameter in this experiment was 180 mm, and the roll 
peripheral speed was roughly 3 m/min.

A field emission scanning electron microscope 
(FE-SEM, Jeol JSM7001F, Japan) fitted with an energy 
dispersive X-ray spectroscopy detector (EDS, Oxford 

INCA X-max 80, Oxford Instruments, Great Britain) 
and transmission electron microscopy (TEM, JEM 
1200 JEOL, Japan) were carried out to provide the 
microstructural characterizations. To study the phase 
constituents by X-ray diffraction (XRD), Cu Kα radiation 
was used at 40 kV with a tube current of 20 mA in Rigaku 
Ultima IV X-ray diffractometer (Rigaku, Japan). These 
measurements were performed using a scanning speed 
of 2° min-1 over a range of 2θ from 5° to 90°.

Vickers microhardness was determined in 
compliance with the ASTM E384 standard. Tests for 
Vickers indentation was conducted with loads ranging 
from 0.1 - 3 N. Electro-discharge machining was used to 
cut miniature tensile specimens with gauge dimensions 
of 1.1 mm × 1.0 mm × 0.6 mm according to the rolling 
(RD), transverse (TD), and normal (ND) directions, 
respectively, for tensile testing at room temperature. 
Tensile tests were conducted using a Hounsfield H50KS 
tensile testing machine (Tinius Olsen Ltd., Redhill, UK) 
at a nominal strain rate of 10-3 s-1.

RESULTS AND DISCUSSION

The XRD patterns of the HEAs in their as-
homogenized and cold-rolled states are shown in Fig. 
1(a). For every specimen, only a simple FCC phase 
is found, indicating that the alloys maintain their 
single FCC structure even in the face of severe plastic 
deformation. The values of 3.5839, 3.5875, and 3.5894 
Å of the lattice parameter (a), which are derived from 
the XRD patterns (Fig. 1(b)), show that the interplanar 
distance is gradually decreasing following severe cold 
rolling. The lattice parameter grows linearly with the 
cold rolling reduction ratios, ranging from 0 to 90 %. The 
grains have been refined, as seen by the full width at half 
maximum (FWHM) of the Bragg diffraction peaks. Also, 
there is a noticeable variation in the peak intensity ratio 
I200/I111, which may indicate the formation of texture. 
This ratio is significantly larger in the cold-rolled states 
than it is in the as-homogenized case, suggesting that a 
Brass {011} <211> type texture may occur during the 
heavy cold-rolling [21, 23, 24].

The back scattered electron SEM (BSE-SEM) 
images and the corresponding EDS maps of as-
homogenized Fe35Mn27Ni28Co5Cr5 HEA are shown 
in Fig. 2. The results demonstrate that the initial 
microstructures consist of a single FCC structure, and 
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a nearly homogenous distribution of the constituent 
elements is obtained. It should be noted that there is 
no second phase precipitation in the as-homogenized 
HEA specimen.

Representative TEM micrographs and the 
corresponding EDS maps from the RD-ND section 
of the 50 % and 90 % cold-rolled Fe35Mn27Ni28Co5Cr5 

HEAs are shown in Fig. 3. Regarding Fig. 3(a), grains 
gradually become elongated in the rolling direction as 
the cold rolling reduction increases from 0 % to 50 %. 
On the other hand, dislocations are arranged in various 
geometries, such as dislocation walls that form sub grain 
boundaries, tangling of multiple dislocations, and several 
relatively straight dislocations in one coarse grain [13, 
14, 20]. As shown in Fig. 3b, a significant number of 
pancaked grains and deformation bands are created in the 
FCC matrix after 90 % cold rolling, which is frequently 
observed in the severely deformed FCC alloys as a result 
of localized strain [15, 25].

Metals’ plastic behavior is influenced by two 
main microstructural properties: (i) grain size and (ii) 
dislocation density. Dislocation density variations during 

Fig. 1. XRD patterns (a) and lattice parameter versus 
thickness reduction (b) for Fe35Mn27Ni28Co5Cr5 HEAs.

Fig. 2. BSE-SEM images and EDS maps for the as-
homogenized Fe35Mn27Ni28Co5Cr5 HEA.

Fig. 3. TEM images and EDS maps for the 50 % (a) and 
90 % (b) cold-rolled Fe35Mn27Ni28Co5Cr5 HEA.
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SPD processes are quantitatively investigated using a 
method based on the use of an indentation size effect 
(ISE) model [26]. Graca et al. developed a method that 
uses microhardness values to determine the dislocation 
density of a metal [27]. They derived a simple expression 
that connected hardness to indentation depth:
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where H0 is the hardness in the limitation of infinite 
depth (bulk hardness) and h* is a characteristic length. By 
fitting Eq. (1) to the experimental microhardness values, 
a value of h* could be obtained. Relating this parameter 
to the dislocation density has been made feasible by the 
Nix and Gao model:
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where ρ is the density of dislocations stored in the lattice,  
Θ is the angle between the surface of the sheet and the 
indenter, b is the burgers vector of the dislocation, and 
f is a correction factor for the size of the plastic zone. 
It should be noted that the indentation depth, h, was 
calculated in [28]:

2
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where d is the indentation diameter. In this study  Θ = 2°, 
f=1.9, and b = 0.255 nm. By introducing these values 
in Eq. (2), the dislocation density is obtained. Fig. 4 
shows the variations of h* and dislocation density of 
Fe35Mn27Ni28Co5Cr5 HEA versus thickness reduction, 
respectively. It is apparent that the dislocation density 
increases with increasing cold rolling reduction. The 
dislocation density increased from 2.28 ×109 cm-2 (for 
the as-homogenized specimen) to 7.12 ×109 cm-2 by 50 
% reduction in thickness, registering a 122 % increase. 
The 50 % reduction in thickness has a remarkable effect 
on the dislocation density. The value of dislocation 
density is 8.65 ×109 cm-2 after 90 % reduction in thickness. 
Fig. 4 shows that when rolling deformation increased, 
the dislocation density value first rapidly increased and 
eventually saturated. Saturation occurs as a result of the 
materials reaching their steady-state dislocation density, 

which is determined by the interaction of dislocation 
generation and annihilation [29, 30].

A summary of the yield strength (YS, calculated 
with a 0.2 % offset), ultimate tensile strength (UTS), and 
elongation values of Fe35Mn27Ni28Co5Cr5 HEA is also 
shown in Fig. 5. The as-homogenized Fe35Mn27Ni28Co5Cr5 
HEA shows excellent ductility, with an engineering 
strain at fracture up to 34 %. However, the yield strength 
is only 225 MPa. By increasing rolling deformation, a 
remarkable increase in the yield and fracture strength is 
obtained at the cost of ductility. With a 50 % reduction 
in thickness, a good balance between YS, UTS, and 
fracture strain is achieved at 945 MPa, 1150 MPa and 
17 %, respectively. At a thickness reduction of 90 %, 
the tensile strength is 1360 MPa, i.e., 2.8 times that in 
the as-homogenized state. It can be said that a higher 
dislocation density leads to higher yield strength. 
Dislocation hardening provides an important effect on 

Fig. 4. The h* values (a) calculated by Eq. (1) and 
dislocation densities (b) for cold-rolled Fe35Mn27Ni28Co5Cr5 
HEA calculated by Eq. (2) based on h* values.
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the strength of cold-rolled specimens [7, 8, 20]. The 
cold-rolled Fe35Mn27Ni28Co5Cr5 HEA demonstrates a 
rapidly increased yield and ultimate strength, but that has 
come at the expense of tensile elongation. A significant 
number of single FCC phase HEAs exhibit properties 
comparable to those of austenitic stainless steels or Ni-
based alloys, which typically include similar alloying 
elements, as shown in Fig. 6. Also, in contrast to 2nd 
generation advanced high strength steels (2nd AHSS), 
the majority of single FCC phase HEAs have lower 
ultimate tensile strengths. The results of this study 
indicate that the severe cold rolling process is a useful 
technique for enhancing HEAs’ mechanical properties.

An estimate of the theoretical strength according 
to a structure-based strength model can be used to 
provide important information on the nature of the 
strengthening mechanisms. The following equation 
shows a relationship between the microstructure and 
yield stress for the Fe35Mn27Ni28Co5Cr5 HEA following 
a severe cold rolling process by assuming that the 
yield stress is a simple summation of the strengthening 
contributions from individual factors that are acting as 
obstacles for dislocation slip.

disgb σσσσ ∆+∆+= 0 				    (4)
where σ0 is the lattice friction strength assumed as ~ 
165 MPa, Δσgb and Δσdis are the increases in the yield 

strength caused by grain boundary strengthening and 
dislocation, respectively. The strengthening of grain 
boundaries is characterized by the classic Hall-Petch 
relationship. It is widely recognized that introducing 
a high-volume percentage of grain boundaries will 
increase overall strength by impeding dislocation motion 
caused by grain refinement. Δσgb can be calculated by 
the following equation:

2
1

−
=∆ kdgbσ 	  				    (5)

where k is the strengthening coefficient (226 MPa μm0.5 
for the Fe35Mn27Ni28Co5Cr5 HEA) and d is the average 

Fig. 6. Schematic of mechanical properties of as-homogenized and cold-rolled Fe35Mn27Ni28Co5Cr5 HEAs compared with 
other materials [31].

Fig. 5. Yield strength, tensile strength, and uniform 
elongation plotted of the as-homogenized and cold-rolled 
HEA specimens.
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grain size after 90 % reduction in thickness (185 nm). 
It then becomes apparent that 625 MPa is the grain 
refinement contribution to the improved yield strength 
of UFG Fe35Mn27Ni28Co5Cr5 HEA.

The dislocation strengthening, Δσdis, is described by 
the Bailey-Hirsch relationship through the equation [3]:

2
1

ρασ GbMdis =∆ 				    (6)

where M is the Taylor Factor (3.2), α is a constant (0.33), 
G is the shear modulus of the Fe35Mn27Ni28Co5Cr5 HEA 
(~81 GPa), b is the Burgers vector (0.255 nm), and ρ is 
the dislocation density after 90% reduction in thickness 
(8.65 ×109 cm-2). It then becomes apparent that 375 
MPa is the dislocation strengthening contribution to the 
improved yield strength of UFG Fe35Mn27Ni28Co5Cr5 
HEA. The calculated strength obtained using Eq (4) is 
in good agreement with the experimental value shown 
in Fig. 5. The most significant strengthening mechanism 
for severely cold-rolled HEAs specimens, according 
to an interpretation of the results, is grain boundary 
strengthening.

CONCLUSIONS

In the present work, severe cold rolling (SCR) was 
achieved in succession on Fe35Mn27Ni28Co5Cr5 high-
entropy alloy with a series of thickness reductions up 
to 90 % at ambient temperature. Research was done 
on the current HEAs’ mechanical characteristics and 
microstructure. The homogenized Fe35Mn27Ni28Co5Cr5 

HEA exhibited a single FCC phase. Also, no phase 
transformations occurred during cold rolling of the 
specimens up to a 90 % reduction in thickness. Severe 
cold rolling resulted in pancaked grains and deformation 
bands that improved tensile, yield, and hardness 
properties. 90 % cold-rolled Fe35Mn27Ni28Co5Cr5 HEA 
exhibited excellent tensile strength of 1360 MPa, but 
with a highly decreased elongation of about 12 %. 
After 90 % reduction in thickness, the dislocation density 
increased from 2.28 ×109 cm-2 (for the as-homogenized 
specimen) to 8.65 ×109 cm-2, registering a 280 % 
increase. The cold rolling reduction had a significant 
effect on the dislocation density. The contribution of 
grain refinement and dislocation strengthening to the 
improvement in yield strength was 625 MPa and 375 
MPa, respectively.
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