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ABSTRACT

[FeNi]69Cr15Mn10Nb6 high - entropy alloys (HEAs) were subjected to heavy cold-rolling process at ambient 
temperature through two distinct routes, namely unidirectional cold-rolling (UCR) and multistep cross cold-rolling 
(MSCCR) routes, to investigate the effect of the strain path on the microstructure and mechanical properties of the 
alloys. In the MSCCR route, the specimen rotated 90° around the normal direction axis between each cycle. The 
as-homogenized specimen revealed a two-phase microstructure consisting of FeNiNb - rich dendrites distributed 
in a nearly homogenous face-centered cubic (FCC) HEA matrix. Here, FeNiNb - rich dendrites were elongated, 
broken down, and stretched along the rolling direction during both processing routes. In the MSCCR - processed 
specimen, the dendrites exhibited a smaller average size with a more uniform distribution compared to that of the 
UCR specimen, which could be mainly ascribed to the elongation mechanisms in the normal and transverse directions 
during the MSCCR route. These microstructural features, introduced through MSCCR, appeared to be most prone to 
shear band formation and grain refinement. The MSCCR - processed specimen shows a microhardness of 445 HV, 
a tensile strength of 1245 MPa, and a remarkable elongation of 16 % at ambient temperature, outperforming the 
UCR-processed specimen with a microhardness of 418 HV, a tensile strength of 1180 MPa, and an elongation of 14 %. 
The superior mechanical properties of the MSCCR - processed specimen are attributed to its refined microstructure, 
increased dislocation density, and uniform distribution of FeNiNb - rich dendrites within the microstructure.
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INTRODUCTION

Multicomponent metallic alloys known as high-
entropy alloys (HEAs) have been developed using 
the breakthrough alloy design strategy of mixing the 
alloying elements at equiatomic or nearly equiatomic 
concentrations and have captured the interest of 
materials scientists [1, 2]. Generally, HEAs have 
several substantially higher properties than conventional 
alloys, including excellent wear resistance, outstanding 
corrosion resistance, high strength and hardness at 
elevated temperatures, and exceptional thermal stability. 

Hence, the last few years have seen significant efforts 
to enhance the mechanical properties of HEAs for 
commercial applications [3 - 8].

The mechanical properties of HEAs are determined 
by their microstructure, and their characteristics can be 
further enhanced in comparison to as-cast materials by 
developing appropriate processing routes. Over the past 
decade, researchers have investigated the microstructure 
and mechanical properties of numerous HEAs as a result 
of changes in processing factors, including the starting 
grain size [9, 10], cryorolling [11 - 13], heating rate [11, 
14], and imposed strain [15 - 17]. It should be noted that 
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the strain path is another important processing parameter 
that has a significant effect on the microstructure of 
materials. Traditional single-directional rolling and 
cross-rolling are the two main types of strain paths in 
rolling processes. The specimen is rotated around the 
normal direction (ND) during a typical cross-rolling 
pass, thereby mutually exchanging the transverse 
direction (TD) and rolling direction (RD). The effect 
of the cross-rolling process on the microstructure 
and properties of different metals and metal matrix 
composites (MMCs) has been extensively investigated. 
Previous works demonstrated that strain path has a 
major effect on the microstructure and mechanical 
characteristics of alloys [18 - 23].

Nowadays, it is well known that the focus of 
HEAs research is to tailor the composition to develop 
new materials with superior properties to pave the 
way for their practical applications. Moreover, further 
possibilities for enhancing the mechanical properties 
of HEAs are also provided by post-processes, i.e., 
heat treatment and plastic deformation. For the HEAs, 
cold rolling is a simple and efficient post-fabrication 
technique that induces a textured microstructure for 
the desired characteristics. In this regard, strain path 
is a fascinating rolling parameter that can severely 
influence the microstructure and subsequent mechanical 
characteristics of HEAs [24, 25].

This study is the first of its kind to focus on the effect 
of strain path on the evolution of microstructure and 
mechanical properties in cold-rolled [FeNi]69Cr15Mn10Nb6 

HEA. Due to the importance of HEAs in providing 
desirable engineering properties, it is believed that 
clarifying the effect of cross-rolling in HEAs would 
attract great interest among scientists.

EXPERIMENTAL 

The [FeNi]69Cr15Mn10Nb6 (in at. %) ingot was 
initially prepared through vacuum melting the constituent 
elements with 99.9 wt.% purity at temperatures of 1673 - 
1723°C. Subsequently, the alloy ingot was homogenized 
at 1173 K for 10 hours in a furnace and then air-quenched. 
The as-homogenized specimens were deformed up to 
90 % reduction in thickness (corresponding to a total 
equivalent strain of 2.65) using two cold-rolling routes 
(Fig. 1) unidirectional cold-rolling (UCR) and multistep 
cross cold-rolling (MSCCR). During MSCCR, a change 
in the strain path was implemented by rotating the 
specimens 90° around the ND at the end of each cycle. 
A laboratory rolling machine with a 20 tons loading 
capacity was used to accomplish the cold rolling 
process with no lubrication. In this experiment, the roll 
peripheral speed was approximately 3 m min-1, and the 
roll diameter was 180 mm.

Microstructural evolution during cold rolling 
was studied using a field emission scanning electron 
microscope (FE-SEM, JEOL JSM7001F, Japan) 
equipped with an energy dispersive X - ray spectroscopy 
detector (EDS, Oxford INCA X-max 80, Oxford 
Instruments, Great Britain) for chemical composition 

Fig. 1. Schematic illustration showing the UCR and MSCCR processing routes.
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analysis. Transmission electron microscopy (TEM, JEM 
1200 JEOL, Japan) was utilized to provide information 
about dislocations and substructure features. The phase 
structure of the specimens was explored by X - ray 
diffraction (XRD) using Cu Kα radiation and a scanning 
speed of 2° min-1 over a 2θ range of 5° to 95°. Rigaku 
Ultima IV X-ray diffractometer (Rigaku, Japan) was 
employed, and the measurements were carried out at 
40 kV with a tube current of 20 mA.

The Vickers microhardness (HV) of the specimens 
was determined on the rolling direction-transverse 
direction (RD - TD) plane under a load of 100 g for 15 
s. 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. Tensile 
tests were conducted on a Hounsfield H50KS tensile 
testing machine (Tinius Olsen Ltd., Redhill, UK) at a 
nominal strain rate of 10-3 s-1. 

RESULTS AND DISCUSSION

Fig. 2 shows the back scattered electron SEM 
(BSE4 - SEM) image and the corresponding EDS maps 
of the as - homogenized [FeNi]69Cr15Mn10Nb6 HEA. 
Severe elemental segregation can be seen in various 
parts of the microstructure of the specimen. The results 
of the EDS chemical analysis are shown in Table 1. 
The microstructure of [FeNi]69Cr15Mn10Nb6 HEA is 
composed of FeNiNb - rich bright - gray dendrites 
distributed within a nearly homogenous HEA matrix, 
which is seen as a dark-gray matrix in the BSE - SEM 
image (Fig. 2). The EDS maps indicate a homogenous 
distribution of Fe, Ni, Cr, and Mn in the dark-gray matrix 
region. The bright-gray dendrites are mainly rich in Nb 
and to a lower extent in Fe and Ni (Table 1). 

Fig. 3 shows the BSE-SEM images and the 
corresponding EDS maps of the UCR and MSCCR-
processed [FeNi]69Cr15Mn10Nb6 HEA. After 90 % 

Fig. 2. BSE-SEM images and the corresponding EDS maps for the as - homogenized [FeNi]69Cr15Mn10Nb6 specimen.

Composition, EDS, at. %

[FeNi]69Cr15Mn10Nb6

Fe Ni Cr Mn Nb
Dendrite 19.90 18.99 5.96 4.85 50.30
Matrix 40.64 32.81 17.41 6.68 2.46

Table 1. Chemical composition of the dendrite and matrix regions in the as - homogenized [FeNi]69Cr15Mn10Nb6 
specimen.
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Fig. 3. BSE-SEM images and the corresponding EDS maps for the (a) UCR and (b) MSCCR-processed [FeNi]69Cr15Mn10Nb6 
HEA deformed up to a 90 % reduction in thickness.

reduction in thickness (Fig. 3a, b), the FeNiNb dendrites 
are broken and stretched along the rolling direction in 
both cold-rolling routes. Also, the arm spacing between 
primary dendrites is reduced. As a result, this indicates 
refinement of the as-cast coarse dendritic microstructure 
under heavy cold-rolling. In addition, BSE-SEM images 
indicate the presence of coarse and fine dendrites in 
the microstructures of both specimens. It is obvious 

that the composition of coarse and fine dendrites is 
identical since long-range diffusion is prohibited at 
ambient temperature in the alloy. However, Fig. 3b 
shows that the amount of fine FeNiNb - rich dendrites 
in the MSCCR-processed specimen is higher than that 
of the UCR - processed specimen. Moreover, MSCCR 
results in a more uniform distribution of the dendrites 
within the microstructure of HEA. During MSCCR, 
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FeNiNb - rich dendrites are alternately stretched 
parallel to and perpendicular to the RD in successive 
cycles due to the specimen rotation around the ND. 
As a result, dendritic arms undergo elongation in both 
longitudinal and transverse directions; hence, they can 
be more severely broken and redistributed within the 
microstructure. Hence, the result is a finer and more 
homogenous microstructure in the MSCCR - processed 
specimen than in the UCR - processed one.

XRD patterns of the HEAs in their as - homogenized 
and cold-rolled states are shown in Fig. 4. The XRD 
patterns indicate the presence of FCC solid solution 
as the main phase and a minor amount of FeNiNb - 
based secondary phase. No significant intermetallic or 
oxide phases are observed in the as - homogenized and 
cold-rolled specimens. The full width at half maximum 
(FWHM) of the Bragg diffraction peaks indicates that the 
peak intensities of all lattice planes gradually decrease 
during cold rolling. The trend suggests that heavy cold-
rolling induces the accumulation of structural defects, 
grain and/or crystallite size refinement, and distortion 
in crystal orientation [19, 26 - 28]. In other words, the 
heavy cold-rolling process resulted in peak broadening.

Fig. 5 demonstrates the TEM microstructure of the 

UCR and MSCCR - processed [FeNi]69Cr15Mn10Nb6 
HEA, which deformed up to 90 % reduction in thickness 
in the RD - TD plane. As can be seen, a high density of 
dislocations is present within the grain and at the grain 
boundaries, making the grain boundaries unclear and 
hard to visualize in the TEM images. The matrix grain 
size in MSCCR-processed HEA is smaller than that of 
the UCR specimen. In cold rolling structures, there are 
essentially two kinds of boundaries: lamellar boundaries 
(LBs), which are nearly parallel to the rolling plane, and 
short transverse boundaries that connect LBs. During the 
MSCCR, the specimen rotation around ND causes LBs 
to alternately become parallel and perpendicular to RD 
in subsequent cycles during the MSCCR, as explained in 
the experimental section. Therefore, the interconnecting 
boundary spacing in the MSCCR specimen is less than 
that of the UCR specimen. Consequently, MSCCR leads 
to more effective grain refinement when compared to 
the UCR since it greatly reduces the aspect ratio of 
the interconnecting boundary spacing and the lamellar 
boundary spacing. This result is consistent with the 
previously reported results on the nanostructured 
materials processed by cross accumulative roll bonding 
(CARB) [19 - 21, 29, 30].

Fig. 4. XRD patterns for the as-homogenized, UCR, and MSCCR - processed [FeNi]69Cr15Mn10Nb6 HEAs deformed up 
to a 90 % reduction in thickness.
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In order to quantitatively investigate dislocation 
density during the heavy cold-rolling process, a method 
based on the indentation size effect (ISE) can be used 
[31]. According to this theory, the dislocation density 
(ρ) can be estimated from the microhardness value 
using Eq. 1 [31].
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where HV is the Vickers microhardness, φ is equal 
to 68°, α is considered 0.3 in this work, G is elastic 
shear modulus (~81 GPa for the [FeNi]69Cr15Mn10Nb6 
HEA [32]), b is the Burgers vector (0.255 nm [32]), 
and F is the applied force to the indenter. Table 2 
shows the microhardness and dislocation density for 
the as-homogenized, UCR, and MSCCR processed 
[FeNi]69Cr15Mn10Nb6 HEA with a 90 % reduction 
in thickness. After a 90 % reduction in thickness, a 
significant increase in microhardness is observed. The 
microhardness of [FeNi]69Cr15Mn10Nb6 HEA increased 
from 276 HV to 418 HV for the UCR-processed 
specimen and to 445 HV for the MSCCR specimen, 
which is almost 1.52 and 1.62 times greater than that of 
the as-homogenized specimen. This significant increase 
in microhardness after 90 % reduction in thickness can be 
explained by strain hardening and increase in dislocation 
density [33 - 36], which are followed by the interaction 
and rearrangement of dislocations and the formation of 
dislocation cell walls and sub-grain boundaries (Fig. 5).

Engineering stress-strain curves of the as-
homogenized, UCR, and MSCCR - processed 
[FeNi]69Cr15Mn10Nb6 HEA deformed up to 90 % 
reduction in thickness are shown in Fig. 6. After 
heavy cold-rolling, it is obvious that tensile strength 
improved for both UCR and MSCCR - processed 
[FeNi]69Cr15Mn10Nb6 HEA. As can be observed, the 
specimen subjected to MSCCR exhibits better tensile 

Fig. 5. TEM micrographs from the RD-TD plane for the 
(a) UCR and (b) MSCCR-processed [FeNi]69Cr15Mn10Nb6 
HEA deformed up to a 90 % reduction in thickness.

Vickers microhardness, HV Dislocation density, x105 nm-2

As - homogenized HEA 276 3.24
UCR processed HEA 418 9.63
MSCCR processed HEA 445 10.85

Table 2. Microhardness and dislocation density of as-homogenized, UCR, and MSCCR - processed [FeNi]69Cr15Mn10Nb6 
HEA deformed up to a 90 % reduction in thickness.
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characteristics compared to the UCR - processed 
specimen. The tensile strength of the UCR and MSCCR-
processed [FeNi]69Cr15Mn10Nb6 HEA reaches about 
1180 MPa and 1245 MPa, respectively. This superior 
tensile behaviour realized after MSCCR can be mainly 
ascribed to the change in strain path during MSCCR, 
which allows for a higher dislocation density to be 
achieved. As expressed by Cabibbo et al. , it is possible 
to activate new slip systems and increase dislocation 
density at the grain boundaries during strain path change 
in the equal-channel angular pressing/extrusion (ECAP/
ECAE) process [37]. It is concluded that, compared to 
UCR with a constant strain path, the rate of formation 
of submicron grains during MSCCR is higher.

A comparison of elongation between UCR and 
MSCCR - processed [FeNi]69Cr15Mn10Nb6 HEA indicates 
that the elongation of the MSCCR specimen is higher 
than that of the UCR specimen. Similar observations 
have been previously reported by researchers [25, 27]. 
Two reasons can be responsible for this phenomenon. 
The first is that elongation occurs in normal and 
transverse directions during MSCCR, resulting in a 
more homogeneous distribution of finer FeNiNb - rich 
dendrites in the microstructure (Fig. 3). The second is 

that the average grain size and their aspect ratio become 
smaller during MSCCR (Fig. 5). On the other hand, 
numerous boundaries act as barriers and impede the 
growth of cracks, causing a higher ductility in MSCCR.

CONCLUSIONS

The effect of strain path on the microstructural 
characterization and mechanical properties of 
[FeNi]69Cr15Mn10Nb6 (HEAs) processed by unidirectional 
cold-rolling (UCR) and multistep cross cold-rolling 
(MSCCR) was investigated. A change in strain path was 
imposed MSCCR by rotating the specimen 90° around 
the normal direction after each cycle. The microstructure 
of the as-homogenized [FeNi]69Cr15Mn10Nb6 HEAs 
revealed that FeNiNb-rich dendrites are distributed in a 
nearly homogenous FCC HEA matrix. In both UCR and 
MSCCR processes, FeNiNb-rich dendrites are broken 
down and stretched along the rolling direction. The 
average size of broken dendrites and their distribution 
in the MSCCR specimen is finer and more uniform 
compared to the UCR specimen due to the specimen 
elongation mechanisms in normal and transverse 
directions during MSCCR. While both routes resulted in 

Fig. 6. Stress-strain curves for the as - homogenized, UCR, and MSCCR - processed [FeNi]69Cr15Mn10Nb6 HEAs deformed 
up to a 90 % reduction in thickness.
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a significant improvement in the mechanical properties 
of the specimens at room temperature, the MSCCR-
processed specimen exhibited superior mechanical 
properties (higher microhardness, strength, and 
ductility). This is due to the smaller grain sizes, increased 
dislocation density, and more homogenous distribution 
of finer dendrites in the HEA matrix achieved during 
the MSCCR.
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