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In this research, the in�uence of aluminum (Al) addition on the structural and mechanical properties
of CoCrFeMnNi high-entropy alloys was investigated through the lens of solid-state physics. Utilizing
vacuum arc melting for fabrication, the study examines the phase transformations, lattice distortions,
and their correlation with material hardness. X-ray di�raction analysis reveals a 2.5% peak shift from
44.55◦ (face-centered cubic) to 45.66◦ (body-centered cubic), indicating a phase transition. This struc-
tural evolution is accompanied by a 142.7% increase in microstrain (from 1.44× 10−5 to 3.48× 10−5)
and a 58.6% rise in dislocation density (from 4.06×107 to 6.44×107 cm−2), signifying enhanced lattice
distortions. Consequently, the Vickers hardness improves by 178.3%, from 183.38± 5 to 510.59± 5 HV.
The transition from face-centered phase to body-centered cubic phase, driven by lattice distortions and
microstructural modi�cations, underscores the Al's pivotal role in optimizing HEA properties. These
�ndings provide critical insights into the phase behavior and mechanical property enhancement, con-
tributing to advances in the design and application of high-performance materials.
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1. Introduction

High entropy alloys (HEAs) can be de�ned as
solid solutions of �ve or more metals mixed in nearly
equimolar proportions [1�5]. One of the key charac-
teristics of HEAs is that their con�gurational en-
tropy (∆Sconfig) is typically close to or greater than
1.5R, where R represents the universal gas con-
stant. There are four main e�ects in HEA: ther-
modynamics (high entropy e�ect), kinetics (sluggish
di�usion), structures (severe lattice distortion), and
properties (cocktail e�ects) [6, 7]. Nowadays, re-
searchers frequently investigate the HEAs' unique
structure and physical properties, e.g., alloys with
high wear-resistant, high strength at room temper-
ature or elevated temperatures, and general corro-
sion resistance much better than conventional al-
loys. Among HEAs, the equiatomic CoCrFeMnNi

alloy has attracted signi�cant attention due to its
single-phase face-centered cubic (FCC) structure
and remarkable toughness [8�10].
The addition of aluminium (Al) has shown poten-

tial in altering phase stability and inducing lattice
distortions, leading to structural transformations
and improved mechanical performance [11�13].
Al addition often stabilizes body-centered cubic
(BCC) phases, a�ecting microstrain, dislocation
density, and hardness. Understanding these struc-
tural changes is crucial for tailoring HEAs for ad-
vanced engineering applications.
In this paper, we show the results of microstrain,

dislocation density, and hardness of Al addition in
CoCrFeMnNi HEA, using X-ray di�raction (XRD)
and Vickers hardness testing. Based on them, we
elucidate the role of Al in phase transitions and lat-
tice distortions, bridging the gap between structural
physics and mechanical performance.
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2. Experimental procedure

High entropy CoCrFeMnNi and CoCrFeMnNiAl
alloys were prepared by vacuum arc melting tech-
nique. Equiatomic amount of Co, Cr, Fe, Mn, Ni,
and Al (minimum purity of 99%) was melted and
remelted several times to increase homogeneity. The
molten metal was poured into 250 × 20 × 25 mm3

mould. To facilitate the measurement, the sample
was cut using a band saw.
The crystal structure was examined by a XRD

Shimadzu 6000 di�ractometer. Tests were con-
ducted on polished specimens for di�raction an-
gles ranging from 20◦ to 80◦. The Cu Kα source
(λ = 1.5406 Å) was set. The obtained XRD patterns
were analyzed using the Panaltical HighScore Plus
software. The microstrain (ε) and dislocation (δ)
are derived from the Williamson�Hall method [14],
i.e.,

ε =

(
FWHM [rad]

4 tan
(

πθ
180

) )2

(1)

δ =

(
FWHM [rad]

4 tan
(

πθ
180

) )−1

, (2)

where FWHM is the width of the XRD peak at half
of its maximum intensity [rad], θ is the Bragg's an-
gle [◦].
The hardness measurement was performed by us-

ing a Sinowon WH series Digital Auto-Turret Vick-
ers Hardness Tester with a Vickers indenter with a
load of 0.1 kgf.

3. Results

Figure 1 shows the XRD pattern obtained for
CoCrFeMnNi and CoCrFeMnNiAl HEA.
The analysis of the XRD pattern indicates the

presence of two major phases in which CoCrFeMnNi
crystallizes in a face-centered cubic (FCC) structure
with lattice parameter a = 3.589 Å (space group
Fm−3m). In turn, CoCrFeMnNiAl crystallizes in
a body-centered cubic (BCC) structure with lattice
parameter a = 5.770 Å (space group (Fm−3m).
CoCrFeMnNi alloy exhibits smaller lattice param-
eters due to the compact structure of FCC crys-
tal structure as compared to CoCrFeMnNiAl al-
loy. The increase in lattice parameter is caused by
the larger atomic radius of Al (143 pm) as com-
pared to constituent elements like Cr (128 pm),
Fe (126 pm), Co (125 pm), Mn (127 pm), and
Ni (124 pm) [15�17]. This result is further proven by
the interplanar spacing (d�d spacing), where there
is a slight decrease in d spacing for CoCrFeMnNiAl
HEA from 2.0731 × 10−10 to 2.03874 × 10−10 m,
indicating closer atomic packing due to the addi-
tion of Al. The transition in the alloy's crystalline

Fig. 1. Result of X-ray di�raction patterns of
CoCrFeMnNi and CoCrFeMnNiAl HEA. Black and
red lines represent CoCrFeMnNi and CoCrFeMn-
NiAl HEA, respectively. (a) Overall XRD patterns
and (b) main peaks of patterns.

structure from FCC to BCC structure alters the
d spacing due to the fact that di�erent crystal struc-
tures have distinct interplanar distances. The incor-
poration of Al changes the bonding characteristics
and interactions as the structure stabilizes into a
denser arrangement [18, 19].
The di�raction peaks observed at approximately

44.55◦, 51.59◦, and 75.48◦ on the 2θ axis corre-
spond to the (111), (200), and (220) planes of the
FCC structure. In contrast, a di�raction peak at
around 45.66◦ was attributed to the (110) plane
of the BCC structure. For the CoCrFeMnNi HEA,
all the di�raction peaks were identi�ed as part of
a single FCC phase. However, with the addition
of Al, a new di�raction peak at 45.66◦ emerged,
indicating the formation of the BCC phase. No-
tably, the FCC peaks completely disappeared in the
CoCrFeMnNiAl HEA, leaving only the BCC peaks.
The addition of Al also caused a 2.5% peak shift
to higher 2θ values, from 44.55◦ to 45.66◦. This
shift and transformation from FCC to BCC can
be attributed to the lattice distortion induced by

267



N.I.M. Ali et al.

TABLE I

Microstrain and dislocation of Corene and CoCr-
FeMnNiAl HEAs.

Samples
Microstrain

[µε]

Dislocation

density [cm−2]

CoCrFeMnNi 1.44× 10−5 4.06× 107

CoCrFeMnNiAl 3.48× 10−5 6.44× 107

TABLE II

Hardness Vickers and standard deviation values of
CoCrFeMnNi and CoCrFeMnNiAl HEAs.

Samples Hardness Vickers (HV)
Standard

deviation

CoCrFeMnNi 183.38 12.43

CoCrFeMnNiAl 510.59 23.66

the larger atomic size of Al. The increased atomic
size mismatch generated signi�cant lattice distor-
tion, resulting in peak shifts and structural changes
as the lattice adjusted to accommodate the larger
Al atoms.
Table I presents the dislocation density and mi-

crostrain values for CoCrFeMnNi and CoCrFeMn-
NiAl HEAs. The microstrain of both samples was
calculated using (1). The microstrain in CoCrFeMn-
NiAl is 2.4 times higher than in CoCrFeMnNi � a
signi�cant increase attributed to the addition of Al.
The larger atomic radius of Al induces lattice dis-
tortion, causing strain at the atomic level, which
alters the local atomic environment and results in
increased microstrain within the crystal lattice. The
addition of equimolar Al also leads to a phase transi-
tion from FCC to BCC structure. This transforma-
tion further intensi�es the lattice distortion due to
the di�erence in atomic packing e�ciency between
the two phases [19, 20].
The dislocation density of the samples was cal-

culated using (2). The dislocation density of CoCr-
FeMnNiAl is 1.59 times higher than that of CoCr-
FeMnNi. The increase in lattice distortions also
leads to a higher density of dislocations. The crys-
tal adjusts to accommodate Al atoms due to the
di�erence in atomic radius, which causes lattice
strain and elastic distortions. The transition from
FCC to BCC crystal structure also results in higher
dislocation generation, as the BCC structure has
a lower atomic packing factor (0.68) compared to
FCC (0.74) [21�23]. This result further supports the
idea that the lattice undergoes deformation, pro-
moting the formation of dislocations to relieve in-
ternal stresses.
Table II shows the hardness test results and stan-

dard deviation values of CoCrFeMnNi and CoCr-
FeMnNiAl HEAs. The hardness of CoCrFeMnNiAl
is higher than CoCrFeMnNi HEA. It correlates to

dislocation density � higher dislocation density in-
creases hardness due to dislocation strengthening
mechanisms. The dislocation hinders further dislo-
cation movement. Lattice distortions also a�ect the
increase in hardness as the material resists deforma-
tion under the applied load. Higher microstrain con-
tributes to hardening as the material becomes more
resistant to deformation due to internal stresses cre-
ated by lattice mismatch. This is evident in the
higher hardness of CoCrFeMnNiAl. A higher stan-
dard deviation of CoCrFeMnNiAl suggests more
variability in hardness, which may be due to in-
creased dislocation density and microstrain, which
cause local variations in hardness across the mate-
rial. Schön et al. [7] stated that larger atomic ra-
dius of Al and phase transition from FCC to BCC
contribute to solid solution strengthening of alloys,
making the alloy resistant to dislocation motion.
Combined with the microstrain and dislocation den-
sity, it leads to a signi�cant increase in hardness,
which proves that the Al addition plays a criti-
cal role in enhancing the mechanical properties of
CoCrFeMnNi HEA [23].

4. Conclusions

In this study, the structural and mechanical prop-
erties of CoCrFeMnNi and CoCrFeMnNiAl HEAs
were examined. XRD analysis revealed that the
addition of aluminium (Al) to CoCrFeMnNi high-
entropy alloys (HEAs) induces a phase transi-
tion from a face-centered cubic (FCC) to a body-
centered cubic (BCC) structure. The larger atomic
radius of Al (143 pm) compared to other elements
in the alloy and the transition from FCC to BCC
phase resulted in increased lattice distortion, mi-
crostrain, and dislocation density. These changes
contribute to the signi�cant increase in hardness
for CoCrFeMnNiAl compared to CoCrFeMnNi. Ad-
ditionally, the higher standard deviation in hard-
ness for CoCrFeMnNiAl suggests a larger variabil-
ity, likely due to increased dislocation density and
microstrain. These �ndings highlight the signi�cant
role of Al in altering the microstructure and me-
chanical properties of CoCrFeMnNi HEAs.
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