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COMPARATIVE ANALYSIS OF MICROSTRAIN AND DISLOCATION IN CoCrFeMnNi
AND CoCrFeMnNiTi HIGH ENTROPY ALLOYS

Microstrain and dislocation density are critical determinants affecting crystalline materials’ mechanical and physical proper-
ties. This investigation assesses the changes present in CoCrFeMnNi and CoCrFeMnNiTi high-entropy alloys (HEAs) through the
application of X-ray diffraction (XRD) and the Williamson-Hall method for microstrain and dislocation density. Field Emission
Scanning Electron Microscope (FESEM)is used for microstructure analysis. It is observed that the transition from the face-centered
cubic (FCC) to body-centered cubic (BCC) phase from CoCrFeMnNi to CoCrFeMnNiTi HEA results in a significant shift of the
peak towards a lower 20 angle by 0.62°. A 30% reduction in microstrain and a 17.49% decrease in dislocation density were noted
with the addition of titanium (Ti), which correlated to an increase in hardness measurement of 952 = 5 HV in CoCrFeMnNiTi. The
results indicate the role of Ti in defect dynamics, which is crucial for optimizing material properties.
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1. Introduction

High-entropy alloys (HEAs) represent a significant ad-
vancement in material science, having special compositions
consisting of several elements that which is nearly in equiatomic
ratios [1]. HEAs are unique due to a single phase with more
than five elements, whereas conventional alloy typically can
made up of one or two elements only [2,3]. HEAs are often
found to exhibit rather simple lattices such as body-centered
cubic (BCC), face-centered cubic (FCC), or hexagonal close-
packed (HCP) with a disordered atom across crystallographic
sites [4]. This special arrangement of atoms yields extraordi-
nary properties like high strength, corrosion resistance, and
thermal stability, which makes this HEA highly suitable for
advanced applications [5]. Microstrain and dislocation density
are important parameters of the X-ray diffraction (XRD) peak
broadening analysis. Microstrain can be defined as the changes
in the lattice deformation caused by crystal defects and disloca-
tions, whereas dislocation density measures the amount of line
defects in a crystal structure. Models such as the Williamson-

Hall (W-H), Modified W-H (MW-H), and Halder-Wagner use
XRD data to identify the effects of crystallite size and strain on
line broadening [6-8].

Studies on CoCrFeNi-based HEAs have found significant
enhancements in hardness and strength through structural change
via alloying. Research on aluminum and molybdenum has
demonstrated enhancement of specific properties such as wear
resistance and thermal stability [9,10]. Titanium (Ti)-based alloys
usually have higher strength, low weight, and high corrosion re-
sistance. This allows Ti-based alloys to be used in various appli-
cations such as aerospace, automobile, and chemical plants [11].
Besides, Ti addition has profoundly impacted the microstructure
and mechanical properties. Studying CoCrFeMnNiTi, alloys
synthesized by selective laser melting shows that the addition
of Ti induces the formation of intermetallic phases. This is said
to yield a noticeable increase in hardness and wear resistance,
even if ductility is reduced with an increase in Ti ratios [12].
Similarly, vacuum arc-melted CoCrFeMnNiTi, alloys exhibited
a phase transition from FCC to BCC as the Ti-content increased,
resulting in improved microhardness and tensile strength [13].
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Recent studies show that CrCuFeNi, Ti HEA has BCC structure
with Ni;T; intermetallic compound and Ti, 5 has the highest
mechanical strength which supports the influence of Ti in the
HEA-based alloys [14].

Ti doping in CoCrFeMnNi attracts significant interest due
to its potential to enhance the properties of the HEA. However,
there is a lack of in-depth studies on the microstrain and dis-
location density that occurs upon the addition of Ti. Previous
studies have explored XRD results for the phase transition
and structural properties. This research addresses this gap by
focusing mainly on the microstrain and dislocation density and
their effect on the mechanical property of CoCrFeMnNi after
adding Ti. In this paper, a comprehensive correlation between
the microstrain and dislocation density in CoCrFeMnNi with the
addition of Ti has been studied using the application of XRD and
the W-H method.

2. Experimental procedure

CoCrFeMnNi and CoCrFeMnNiTi ingots with equimolar
composition were produced using vacuum melting. The samples
were remelted three times to ensure a uniform microstructure and
then poured into a mold for casting. The resulting ingots were
then cut into smaller cubes of dimensions: of l cm % 1 cm x 1 cm.
The samples were ground using abrasive papers with grit sizes of
180, 600, 800, 1200, and 2000, and polished with 1-micron alu-
mina powder in preparation for testing. Phase analysis was con-
ducted using an X-ray diffractometer (XRD, Bruker AXS-D8)
with diffraction angles ranging from 20° to 120°, step-size 0.02°,
employing a Cu-Ka source (1= 1.5406 A). The diffraction peak
data was analyzed using HighScore Plus software. The crystal-
lite size (D) was calculated using the equation (1) and Scherrer
constant (0.9) with the X-ray wavelength (1) (0.15406 nm). The
microstrain (¢) and dislocation density (d) were calculated using
equations (2) and (3) derived from the W-H method [15]:
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where: Full-width-half-maximum (FWHM) (f) is the width of the
XRD peak at half of its maximum intensity [radian]; € is the
Bragg angle [°].

Surface morphology was examined using a FEI Nova
Nanosem 450 Field Emission Scanning Electron Microscope
(FESEM). The grain size was calculated using the line intercept
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method (¢) and grain size number calculated using ASTM G,
equations (4) and (5) [16]:

(= L
M xN

“4)

G =-3.288 - 6.643856 % log / )

Where L is the total length of test patterns (um), M is the mag-
nification used, N is the number of interceptions to the grain
boundary. The hardness of the samples was measured at room
temperature using an INNOVATEST model 700AS microhard-
ness tester with a load of 1000 gf and a dwell time of 10 seconds.

3. Results and discussion
3.1. Phase and structural analysis

Fig. 1 shows the XRD patterns of the CoCrFeMnNi and
CoCrFeMnNiTi. In the XRD pattern for both CoCrFeMnNi
and CoCrFeMnNiTi, a crystalline structure is observed. Co-
CrFeMnNi exhibits three distinct diffraction peaks at 43.65°,
50.82°, and 74.73°, corresponding to the (111), (200), and (220)
planes, respectively. These peaks indicate a single FCC crystal
structure, as supported by JCPDS card No. 00-065-0528 belong-
ing to the CoCrFeMnNi crystal structure. Upon the addition
of Ti, new diffraction peaks appear at 41.04°, 43.03°, 45.27°,
and 52.22°, corresponding to the (400), (411), (420), and (431)
crystal orientations, respectively. These newly formed peaks
signify the development of a BCC crystal structure of CrFeNiTi,
as supported by JCPDS card No. 01-081-4958. The main peak
angle shifts from 43.65° to 43.03°, a decrease of approximately
0.62° to a lower angle. This peak is in agreement with previous
studies conducted by [13].

This shift occurs due to a slight increase in the d-spacing
from 2.07 nm in CoCrFeMnNi to 2.08 nm in CoCrFeMnNiTi.
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Fig. 1. XRD graph for CoCrFeMnNi and CoCrFeMnNiTi
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This increase is attributed to the solid solution effect caused by
the addition of larger Ti atoms into the CoCrFeMnNi matrix [17].

The emergence of this BCC phase is due to lattice distortion
caused by the larger atomic size and higher lattice parameter
of Ti compared to the other elements in CoCrFeMnNi [18,19].
Consequently, the addition of Ti alters the crystal structure of
the alloy from a pure FCC phase to a combination of FCC and
BCC phases. This observation aligns with the findings in [13].
In addition, the intensity of the main peak of FCC from CoCr-
FeMnNi has been reduced after adding Ti.

The crystallite size of CoCrFeMnNi was 24.06 nm, whereas
for CoCrFeMnNiTi was 29.88 nm. There is an increase of about
24.19% in the crystallite size after the addition of Ti which cor-
relates with the XRD diffraction of the main peak has a lower
intensity and is much broader.
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Fig. 2. Microstrain and dislocation density values for CoCrFeMnNi
and CoCrFeMnNiTi

This is due to the changes in the phase from FCC to BCC.
BCC structure typically has a less densely packed structure com-
pared to FCC as shown in Fig. 3 which allows more space for
crystal growth [20]. In addition, both microstrain and dislocation
density have been reduced (Fig. 2) after the addition of Ti. There
is a reduction of approximately 30% in microstrain and 17.49%
in dislocation density respectively. Ti has a larger atomic radius
compared to constituent atoms in the CoCrFeMnNi HEA. Thus,
Ti doping will cause lattice expansion leading to a redistribu-
tion of internal stress that reduces lattice distortion and micro-
strain [21]. This reduction correlates with increased crystallite
size and lattice constant [22].

Fig. 3. Body-centered cubic (BCC) and face-centered cubic (FCC)
crystal structure

1793

3.2. Surface morphology

The microstructural analysis of CoCrFeMnNi and CoCr-
FeMnNiTi HEAs, conducted using FESEM, has been shown
in Fig. 4. In the CoCrFeMnNi HEA, contrast variations across
the microstructure indicate distinct elemental concentrations
and phase distributions. Upon adding Ti, the CoCrFeMnNiTi
HEA shows the emergence of a new Ti-rich phase, uniformly
distributed in non-uniform, island-like formations. Additionally,
the microstructure of CoCrFeMnNiTi HEA exhibits a dendritic
structure interspersed with irregular island grains as confirmed
by other scholars [13,23]. The lamella structure is characterized
by alternating dark and light lines. This is caused by the precipi-
tation of Ti that produces lamella structure.

a)

100 pm

Fig. 4. Microstructure of a) CoCrFeMnNi, b) CoCrFeMnNi with Ti
addition HEA

Fig. 5 shows the average grain size for CoCrFeMnNi and
CoCrFeMnNiTi. The darker grains (9.09 10~ um) are smaller
compared to lighter grains (12.13x107> pm) for CoCrFeMnNi.
However, after the addition of Ti darker grains (2.55x107 um)
are bigger compared to lighter grains (2.02x10” pum). A com-
parison of the percentage differences in grain size highlights the
significant effect of Ti doping. The darker grains decrease in size
by 71.43%, while the lighter grains exhibit a striking 83.31%
reduction after adding Ti. The grain size number for CoCrF-
eMnNi darker grains (10.30 um) and lighter grains (9.45 um)
while for CoCrFeMnNiTi darker grains (13.89 pm) and lighter
grains (14.64 um) respectively.
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Fig. 5. The average grain size (%) in CoCrFeMnNi and CoCrFeMnNiTi
for darker and lighter regions

The grain size number is inversely proportional to the aver-
age grain size. The larger the grain size number, the smaller the
average grain size in the microstructure [16]. This substantial
reduction in grain size is due to the larger atomic size of Ti and
its distinct chemical affinity compared to the other elements,
which induces phase segregation during solidification. As Ti
precipitates, it hinders grain growth, leading to the formation
of these smaller grains [24].

3.2. Mechanical properties

The Vickers microhardness values of the CoCrFeMnNi and
CoCrFeMnNiTi HEAs are presented in TABLE 1. The CoCrFe
MnNiTi exhibits a significantly higher hardness of 952+5 HV,
compared to CoCrFeMnNi with a hardness of 157+5 HV. In-
corporating Ti atoms into the CoCrFeMnNi HEA increases the
lattice parameters. It causes lattice distortion within the face-
centered cubic (FCC) structure, which impedes dislocation move-
ment and enhances the resistance of alloy to deformation [13].

TABLE 1
Microhardness values for CoCrFeMnNi and CoCrFeMnNiTi

Samples Reading
CoCrFeMnNi 157+ 5HV
CoCrFeMnNiTi 952 +5HV

The addition of Ti enhances the strength of the CoCrFeMn-
NiTi HEA through multiple mechanisms, including solid solution
strengthening, dislocation strengthening, and precipitation [24].
The modification of FCC structure to BCC due to the addition
of Ti introduced a reduced quantity of slip systems which caused
the hardness to increase [19]. In addition, the reduction in both
microstrain and dislocation density causes a reduction in the
number of mobile dislocations. This can contribute to plastic

deformation and enhance the material’s ability to resist stress
under an applied force [25]. Moreover, a decrease in microstrain
reduces the availability of slip systems and reduces the disloca-
tion movement [26]. Apart from that, the microstructure shows
Ti precipitation, forming a lamellar structure that contributes to
the overall hardness. Furthermore, the dendritic structure imparts
a brittle characteristic to the material, further increasing its hard-
ness. The smaller grain size also causes the hardness to increase in
CoCrFeMnNiTi [27]. Thus, the observed increase in hardness is
primarily attributed to dislocation and precipitation strengthening.

4. Conclusion

This paper reports on a comparative study of microstrain
and dislocation density of CoCrFeMnNi and CoCrFeMnNiTi.
XRD patterns show that the addition of Ti leads to a peak shift to
a low angle and causes changes in structure from FCC to BCC.
With the addition of Ti, microstrain and dislocation density de-
creased, while crystallite size and lattice parameters increased.
Moreover, the microhardness measurement indicated that the
Ti-enhanced CoCrFeMnNi had a value of 952+5 HV, which
was significantly higher. This improvement is due to the phase
evolution of CoCrFeMnNiTi from FCC to BCC. Furthermore,
the decrease in microstrain hinders the movement of dislocations,
which elevates resistance to greater stress. Ti addition also influ-
ences the microstructure by producing a dendritic structure and
smaller grain size. Overall, Ti addition has a beneficial effect on
the CoCrFeMnNi-HEA phase and its structure.
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