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Abstract: The design principle of high-entropy alloys is to mix many chemical elements in equal
or nearly equal proportions to create new alloys with unique and special properties such as high
strength, ductility and corrosion resistance. Some properties of high-entropy alloys can be adjusted
via introducing new doping elements, which are selected according to working conditions. The
high-entropy alloy CoCrFeMoNi was examined to determine the impact of Ti doping on its micro-
structure, microhardness and elastic modulus. Microstructure analysis revealed a core structure
consisting of both face-centered cubic (FCC) and body-centered cubic (BCC) phases, along with the
formation of a Laves phase. The addition of Ti made the alloy grains finer and reduced the Mo
concentration difference between the interdendritic and dendritic regions. As a result of Ti doping,
the microhardness of the alloy increased from 369 HV 0.2 to 451 HV 0.2. Ti doping produced a
doubling of the breaking strength value, although no significant changes were observed in the elastic
modulus of the CoCrFeMoNi alloy.

Keywords: high entropy alloys; Ti-doping; microstructure; microhardness; three-point bending

1. Introduction

Metallic alloys that contain at least five distinct elements in approximately equal
proportions are known as high-entropy alloys (HEAs). HEAs contain numerous principal
elements in high concentrations, unlike traditional alloys, which usually contain one or two
main elements with minor amounts of other elements added to enhance certain properties.
The high-entropy concept was introduced in 2004 by two different groups [1,2] and since
then, a variety of HEAs have been developed and studied, including alloys containing ele-
ments such as nickel [3,4], aluminum [5,6], titanium [7,8] and molybdenum [9]. One of the
defining characteristics of HEAs is their high configurational entropy, which is a measure
of the degree of disorder in the arrangement of atoms within a material. Some potential
applications of HEAs include high-temperature materials for use in jet engines or nuclear
reactors [9,10], lightweight alloys for use in the aerospace or automotive industries [11,12]
and corrosion-resistant coatings for use in harsh environments [13–15]. Recently, high-
entropy alloys have been created for potential use in extremely effective electrochemical
devices that efficiently and sustainably transform fuel energy into electricity [16]. While
HEAs are a relatively new class of materials, research in this area is rapidly expanding, and
there is significant interest in exploring their potential properties and applications.

The field of high-entropy alloys has found that CoCrFeMoNi possesses exceptional
mechanical properties, including impressive strength and flexibility even when exposed to
extremely low temperatures [17,18]. These properties, particularly its high-temperature
strength and ductility, make CoCrFeMoNi a promising material for use in high-temperature
structures such as gas turbines and nuclear reactors [19]. Additionally, adding Nb and
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varying concentrations of Mo [20] has been found to enhance the corrosion resistance of
load-bearing parts used in marine equipment.

Doping of high-entropy alloys (HEAs) refers to the intentional addition of other
chemical elements, in small amounts [21], to the base alloy composition which can influence
the physical and mechanical properties of the alloy. Overall, the effect of doping on HEAs
depends on the specific elements added, their concentration and the intended application
of the alloy. Through carefully adapting the doping strategy, HEAs with properties suitable
for certain operating conditions can be obtained.

Ti doping has been extensively studied in a wide range of materials, including semi-
conductors, ceramics and metals. Ti doping is commonly used to modify the electronic
properties of semiconductors. For example, Ti doping in silicon (Si) can lead to an increase
in the number of free electrons, which can enhance the electrical conductivity and make
Si more suitable for applications such as solar cells and microelectronics [22]. Similarly,
Ti doping in gallium nitride (GaN) can enhance the electrical conductivity and improve
the performance of GaN-based devices (LEDs) and the mobility of electrons in transistors
(HEMTs) [23,24].

Ti doping can also alter the mechanical and chemical properties of ceramics. For in-
stance, Ti doping in alumina (Al2O3) can enhance its hardness, fracture toughness and wear
resistance, making it suitable for applications such as cutting tools, biomedical implants
and armor materials [25]. Ti doping in barium titanate (BaTiO3) can modify its ferroelectric
properties, leading to improved piezoelectricity and a greater dielectric constant, which
can be useful for applications such as sensors and actuators [26].

The mechanical and physical characteristics of metals can also be changed through
titanium doping. For example, Ti doping in copper (Cu) can improve its strength, ductility
and thermal stability, making it suitable for applications such as electrical interconnects and
microelectronic packaging [27]. Similarly, Ti doping in iron (Fe) can enhance its magnetic
properties, making it suitable for magnetic storage and sensing applications [28].

Thus, the aim of this research paper was to study the Ti doping effects on the mi-
crostructure and mechanical properties of the high-entropy alloy CoCrFeMoNi. Ti was
chosen as a doping element due to its grain-refining effect, which allows the improvement
of strength and ductility. For now, there are no data available about this particular doping
method on high-entropy alloys from this alloying system and which are manufactured
using the vacuum arc melting technique.

2. Materials and Methods
2.1. Sample Preparation

The high-entropy CoCrFeMoNi alloy (named HEA) and Ti-doped CoCrFeMoNi al-
loy (named HEATi) were obtained using a MRF ABJ 900 vacuum arc remelting (VAR)
installation from ERAMET Laboratory (UPB, Bucharest, Romania). To design the metallic
charge, potential losses from vaporization were considered, as well as the predicted level
of chemical element incorporation during melting. Energy dispersive X-ray analysis (EDS)
employing a Fei XL30 ESEM (MTM, Leuven, Belgium) scanning electron microscope outfit-
ted with an EDAX Sapphire detector was used to ascertain the elemental composition of
the HEA and doped HEATi samples. The results (in wt% and at%) are presented in Table 1.

Raw materials with high purity levels of at least 99.7% for Co, Cr, Fe, Mo, Ni and Ti
were utilized. The obtained alloys were subjected to 8 rounds of flipping and re-melting in
VAR equipment under an inert Argon atmosphere to achieve adequate homogeneity. The
resultant ingots were rods 10 cm in length and 1 cm in diameter. To carry out assessments of
the structure, composition and mechanical properties, the samples underwent a three-stage
surface processing procedure. First, they were embedded into a phenolic resin cylinder
(see Figure 1) and then polished using SiC abrasive papers with increasing grain sizes
ranging from 240 to 2000 grit. Following this, they underwent final polishing utilizing a
0.1 µm alpha alumina paste and were ultimately cleaned using ultrasonic-deionized water
according to ASTM E3-11(2017) [29].
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Table 1. Chemical composition of as-cast experimental samples HEA and HEATi.

Element
wt% at%

HEA HEATi HEA HEATi

Co 20.67 20.09 21.52 21.09
Cr 19.99 19.04 23.58 22.67
Fe 19.88 19.29 21.84 21.37

Mo 20.20 22.10 12.98 14.26
Ni 19.27 19.20 20.14 20.24
Ti - 0.28 - 0.36
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2.2. Microstructural Characterization

To investigate the microstructure, the prepared cross-sections cut off from the alloy
ingots were subjected to electrochemical etching using a 10% oxalic acid solution, with
a voltage of 5 V and an immersion time ranging from 5 to 25 s. The microstructure
was first examined using an OLYMPUS BX 51 (Olympus Corp., Tokyo, Japan) optical
microscope (OM).

The samples’ X-ray diffraction data were measured using a Bruker D8 ADVANCE
diffractometer (Bruker Corp., Billerica, MA, USA) and used to characterize the phase
analysis. CuKα radiation (λ = 1.5418 Å) in the range of 2θ = 5−80◦ with a step size
of 0.02◦ at a power of 40 kV (LYNXEYE XE high-speed position-sensitive detector) in
Bragg–Brentano geometry was employed for the analysis.

For SEM observations, a Hitachi TM3030 Scanning Electron Microscope with an EDX
spectrometer (Hitachi High-Tech Science Corporation, Tokyo, Japan) was utilized, with
voltage set to 15 kV and the working distance set to 10.7 mm.

2.3. Microhardness

To determine the microhardness of the samples, an indentation test was conducted
using a Shimadzu HMV 2T microhardness tester (Shimadzu, Kyoto, Japan) at 25 ◦C and
45% humidity. The sample, which had previously been polished to a mirror finish, was
examined using an optical microscope before perpendicular microhardness measurements
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were taken. Indentations were made at 0.5 mm intervals along the sample diameter, using
a load of 1.961 N and a dwell time of 10 s. In accordance with ISO 14577-1:2015 [30],
10 indentations were made for each sample and the Vickers hardness (HV) was then
calculated as the average value of each individual sample.

2.4. Three-Point Bending Test

To determine the modulus of elasticity of the material, a three-point bending test was
conducted. The specimens were prepared via cutting samples using a BUEHLER IsoMet®

4000 precision linear saw (Lake Bluff, IL, USA), from which minimal alteration of the
material occurs. The cutting process utilizes a blade speed of 2200 rpm and a feed speed of
13.9 mm/min. A total of ten samples were selected from each alloy to obtain a weighted
average of the test results. The test was performed using a BOSE Corporation Electroforce
3100 machine (Bose Corporation, Eden Prairie, MN, USA), applying a maximum load of
22 N until the material fractured or reached the maximum load capacity according to ISO
7438:2020 [31].

3. Results and Discussions
3.1. Microstructural Characterization

To study the effect of Ti doping on the microstructure, the base CoCrFeMoNi alloy
(Figure 2a,b) and the Ti-doped one (Figure 2c,d) were examined using optical microscopy.
The microstructure of both alloys is dense and free of cracks. From the images, it can easily
be seen that the dimensions of the dendrites in the case of the Ti-doped alloy are much
finer at the same magnification. Over the same surface area, approximately twelve grains
of different diameters (bordered by grain boundaries) are observed in the Ti-doped alloy,
while in the un-doped alloy there are only two coarse grains.
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XRD analysis of the CoCrFeMoNi alloy reveals a microstructure consisting of three
main phases: an FCC (face-centered cubic) solid solution and a BCC (body-centered
cubic) solid solution, in addition to a Laves phase (Figure 3). This result agrees with
the result obtained for the equiatomic CoCrFeNi alloy, reported to be multiphase at room
temperature [32]. The FCC solid solution is the dominant phase and consists of a mixture of
Co, Cr, Fe, Mo and Ni atoms. The BCC solid solution consists mainly of Mo and Fe atoms.
The ternary intermetallic hard phase (Laves phase), consisting of Co, Fe, and Mo atoms, is
distributed in both phases. The uniform distribution and finer dimensions of Laves phases
can contribute to increased mechanical strength properties.
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Sherrer’s equation is used to calculate the size of nanocrystalline materials from the
full width at half maximum (FWHM) of a diffraction peak acquired from X-ray diffraction
(XRD) research. The equation is as follows:

D =
Kλ

(β cos θ)
(1)

where:

D denotes the material’s average crystallite size in nanometers (nm).
K is a dimensionless form factor that is usually taken as 0.9.
λ is the wavelength of the X-ray radiation used for the diffraction measurement, which is
usually measured in angstroms (Å).
β is the diffraction peak’s FWHM in radians.
θ is the Bragg angle, which is the X-ray beam’s angle of incidence on the sample surface.

The equation connects the finite size of crystallites in a material to the widening of
diffraction peaks. The diffraction peak becomes wider as the crystallite size decreases. The
equation assumes that the crystallites in the sample are spherical and randomly orientated.
The results for the HEA and HEATi are presented in Figure 4.



Metals 2023, 13, 854 6 of 13
Metals 2023, 13, 854 6 of 15 
 

 

 

Figure 4. Size of crystallites in HEA and HEATi. 

The SEM images and elemental maps of the samples are presented in Figure 5. 

Figure 4. Size of crystallites in HEA and HEATi.

The SEM images and elemental maps of the samples are presented in Figure 5.

Metals 2023, 13, 854 6 of 14 
 

 

 

Figure 4. Size of crystallites in HEA and HEATi. 

The SEM images and elemental maps of the samples are presented in Figure 5. 

 

Figure 5. SEM image (a) and elemental maps (b) of HEA sample; SEM image (c) and elemental maps 

(d) of HEATi sample. 
Figure 5. SEM image (a) and elemental maps (b) of HEA sample; SEM image (c) and elemental maps
(d) of HEATi sample.



Metals 2023, 13, 854 7 of 13

To uncover the chemical composition of the analyzed samples within different micro-
areas identified as spectra, a semi-quantitative analysis was performed in ten points located
on different phases (see Figures 6 and 7): five in the dendritic zone (D) and five in the inter-
dendritic zone (ID). Then, the mean and standard deviation were calculated. Tables 2 and 3
display the measured concentration values of the elements detected in the respective alloys’
composition. An analysis comparing the microstructure of the two alloys revealed that
upon introducing Ti to the CoCrFeMoNi alloy, there was a noticeable reduction in the
volume fraction of interdendritic zones. It is common to observe the presence of the σ
phase in this type of alloy, in addition to the FCC structure [33]. When Mo was added to
the CoCrFeNi system, a eutectic structure emerged that contained intermetallic phases
(σ and µ) within the FCC phase. This eutectic microstructure had a notable impact on
the mechanical properties of the alloy, leading to increased hardness and yield strength.
The Mo concentration in the interdendritic zone is the primary factor that contributes to
the appearance of the σ phase [34]. The CoCrFeNiMo high-entropy alloy was found to
contain an approximately 14% Cr- and Mo-rich σ phase [35]. In the HEA sample, the Mo
concentration in the interdendritic zones dropped from 34.4 wt% to 15.6 wt%. In contrast,
the Cr concentration remained steady, hovering around 20 wt%. This shift in concentration
ultimately resulted in a decrease in the tendency to form a Laves phase.
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Table 2. The HEA sample’s EDS analysis results in weight percentage.

Spectrum Co Cr Fe Mo Ni

1 17.70 20.52 15.11 34.40 12.27
2 17.43 19.35 16.88 33.12 13.22
3 16.50 21.04 15.29 33.16 14.01
4 16.71 20.46 17.48 33.02 12.33
5 16.39 22.97 16.74 31.24 12.67
6 22.39 19.33 21.58 17.64 19.06
7 23.10 19.68 19.92 15.58 21.72
8 22.68 19.10 19.78 17.37 21.08
9 22.70 19.87 19.45 15.94 22.03
10 22.52 17.52 18.15 20.30 21.51

Mean 19.81 19.98 18.04 25.18 16.99
Standard deviation 0.92 0.43 0.64 2.51 1.32

Table 3. The results in weight percentage of EDS analysis of the alloy HEATi.

Spectrum Co Cr Fe Mo Ni Ti

1 17.05 17.84 14.30 37.87 12.67 0.27
2 15.63 18.17 13.80 39.35 13.04 0.00
3 16.80 19.41 13.30 37.92 12.45 0.12
4 14.54 20.96 15.46 37.92 10.58 0.54
5 16.83 19.94 15.51 33.79 13.55 0.38
6 21.93 16.78 19.47 19.72 21.51 0.60
7 20.36 20.00 23.20 18.26 17.77 0.41
8 20.00 17.37 19.43 25.16 18.04 0.00
9 21.30 14.53 21.13 19.30 23.50 0.24
10 20.7 14.73 21.57 24.62 18.70 0.00

Mean 18.51 17.97 17.72 29.39 16.18 0.26
Standard deviation 0.79 0.66 1.09 2.64 1.30 0.07

The segregation factor is a helpful parameter to evaluate an alloy’s degree of segre-
gation and to compare the segregation behavior of various alloys. When the SR value
is higher, there is more concentration of the element in the alloy’s most segregated area,
indicating a greater level of segregation.

The segregation factor (see Table 4) can be measured experimentally using various
techniques, such as electron microscopy and energy-dispersive X-ray spectroscopy (EDS).
These techniques allow the concentration of elements to be measured at different locations
within the alloy, providing information on the extent of segregation.

SR =
Element concentration in Dendritic area

Element concentration in Interdendritic area
(2)

Table 4. Composition average results in D and ID areas an SR values for HEA and HEATi alloys.

Alloy Parameters Co Cr Fe Mo Ni Ti

HEA
D 22.68 19.10 19.78 17.37 21.08 -
ID 16.95 20.87 16.30 32.99 12.90 -
SR 1.34 0.92 1.21 0.53 1.63 -

HEATi
D 20.86 16.68 20.96 21.41 19.90 0.25
ID 16.17 19.26 14.47 37.37 12.46 0.26
SR 1.29 0.87 1.45 0.57 1.60 0.96

Upon conducting nanoscale analysis of the HEA sample, it was found that the dendritic
region was abundant in Co, Fe and Ni, but had low levels of Mo. On the other hand, the
interdendritic region was rich in Mo but depleted in Co, Fe and Ni. In the HEA alloy, the
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element that exhibited no noticeable difference between the D and ID regions, with slightly
increase of the concentration observed in the D zone, was chromium.

As Ti doping was introduced, the effect of iron became more prominent, and Ti exhib-
ited a noticeable difference in the two regions. Cobalt, iron, and molybdenum exhibited an
increase in their segregation ratios, while nickel showed a decrease in its segregation ratio.
This indicates that these elements formed fewer intermetallic compounds or precipitated
less. The segregation ratio of chromium remained largely unchanged. It can be said that
Ti doping reduced the solubility limit of the solid phase for nickel, cobalt and iron, and
increased it for molybdenum and titanium, while chromium was almost unaffected. In our
alloys, doping with 0.36 at.% Ti changed the distribution of Mo in the dendritic zones (max.
39.35 wt%, min. 33.79 wt%) compared to the interdendritic zones (max. 29.39 wt%, min.
18.26 wt%).

3.2. Mechanical Properties

The analysis of mechanical properties focuses on two specific methods for evaluating
toughness: microhardness and three-point bending. Both methods involve preparing
samples, which can lead to changes in the material structure due to the cutting process.
These changes can create thin layers of altered material that may affect the results of the
elastic modulus. Although efforts were made to minimize this effect and verify the accuracy
of the conclusions about the underlying material, additional work is needed to eliminate
the impact of sample preparation on the results.

3.2.1. Microhardness

Microhardness tests were carried out on the two samples, HEA and HEATi (see
Figure 8).
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Hardness imprints indicate how the surface of the alloy is deformed through slow pro-
gressive pressing with the diamond indenter. Thus, it is possible to observe the deformation
planes that appear at the tips of the imprint as well as the deviation from the ideal rhombic
shape of the imprint if the material is inhomogeneous in the two directions of deformation.
The values of the diagonals of the fingerprints indicate the hardness differences between
the two studied alloys. HEA alloy has a larger diameter, which means decreased hardness
compared to the HEATi alloy.

Table 5 provides information about the microhardness values in HV 0.2 and standard
deviation for the 10 measurements conducted on each sample. The data show that the
inclusion of Ti had a positive effect on the average microhardness of HEA. The addition
of titanium during the doping process impacted several aspects, including the size of the
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grains and their boundaries, distribution of elements and the formation of precipitates.
These changes resulted in variations in microhardness and the strengthening mechanisms of
the metal [33,36]. The four primary mechanisms for strengthening metals are solid solution,
precipitation, dislocation and boundary strengthening. The titanium doping process mainly
employs solid solution, precipitation and dislocation strengthening to achieve its effects.
The characteristics of the microstructure significantly impacted the properties of the sample
that was doped with titanium. As a result, the main strengthening mechanisms were
precipitation and dislocation.

Table 5. Microhardness values HV 0.2 and standard deviation for HEA and HEATi.

Alloy HV 0.2

HEA 369.20 ± 0.56
HEATi 450.90 ± 0.50

The process of doping revealed a discrepancy in the concentration of Mo between the
dendritic and interdendritic zones, leading to the strengthening mechanisms of dissolution
and dislocation. Furthermore, the formation of a Laves phase was beneficial for strength-
ening via precipitation, which plays a crucial role in enhancing the microhardness of the
titanium alloy.

Taking into account that the grain size of the HEA sample is greater than that of HEATi
(see metallographic images from Figure 2), the obtained values of microhardness are in
accordance with the Hall–Petch relationship, which is based on the idea that the smaller the
grains in a metal, the greater the number of grain boundaries per unit volume [37]. These
grain boundaries act as barriers to dislocation motion, which is the primary mechanism of
plastic deformation in metals. Therefore, a high density of grain boundaries can hinder the
movement of dislocations and make it more difficult for the metal to deform plastically,
resulting in an increase in microhardness.

3.2.2. Three-Point Bending Test

Figures 9 and 10 present load-displacement diagrams obtained through the three-point
bending test on two samples. The elastic limit of the alloy was identified as the point at
which the sample returned to its original shape after deformation. Within this limit, the
graph displayed a linear relationship, and the gradient of this line was calculated using the
formula dF/dε = 48EI/L3, where E represents the Young’s modulus of the sample of length
L, supported on two roller supports, and subjected to a concentrated load F at its center with
a central deflection ε. To determine the second moment of area, I, the equation I = (a3·b)/12
was utilized, with a representing the sample’s depth and b representing its width. Using
these calculations, the average modulus of elasticity for each alloy was determined, with
results indicating that the alloy lacking Ti had a slightly lower modulus of elasticity than
the Ti-containing alloy, as shown in Table 6. Ten samples of each alloy underwent testing.

Table 6. Modulus of elasticity values of the two samples, HEA and HEATi.

Alloy E (GPa)

HEA 173.99 ± 4.25
HEATi 177.89 ± 3.70

It was found that the values obtained for HEA and HEATi are almost the same; the
addition of Ti does not modify the modulus of elasticity and, therefore, its stiffness.

Additionally, Figures 9 and 10 display SEM images of the fracture surfaces for both
alloys, revealing a brittle fracture in both cases, with a visible cleavage-like fracture plane.
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4. Conclusions

The CoCrFeMoNi high-entropy alloy was examined to determine the impact of Ti dop-
ing on its microstructure and mechanical properties. The microstructure analysis revealed
a fundamental matrix that consisted of both face-centered cubic (FCC) and body-centered
cubic (BCC) phases, along with the formation of a Laves phase. Upon the addition of Ti
doping, there was a noticeable refinement of the grains within the alloy. Additionally, there
was a reduction in the disparity between the concentration of Mo within the interdendritic
and dendritic regions. The increase in Ti doping also led to a rise in microhardness, which
was measured to be 451 HV 0.2, up from 369 HV 0.2. This aspect can be taken into account
when designing the alloy for conditions where improved hardness or good wear resistance
are required. However, despite the increase in breaking strength and microhardness values,
no significant modifications in the elastic modulus of the HEATi alloy were observed.
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