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Abstract
The effect of mechanical alloying on the development of Ni–Al–Ti–Mn–Co–Fe–Cr high entropy alloys (HEAs) utilizing 
the spark plasma sintering (SPS) method is the main goal of this study. A bulk sample was fabricated using SPS after the 
alloys were mixed for 12 h. Thermodynamic simulation, X-ray diffraction, scanning electron microscopy, nanoindentation, 
and microhardness were used to investigate the microstructure and mechanical properties of the as-mixed powders. 
The master alloy was made of NiAl and was subsequently alloyed with Ti, Mn, Co, Fe, and Cr at different compositions to 
develop HEAs at a sintering temperature of 850 °C, a heating rate of 100 °C/min, a pressure of 50 MPa, and a dwelling time 
of 5 min. A uniform dispersion of the alloying material can be seen in the microstructure of the sintered HEAs with differ-
ent weight elements. The grain size analysis shows that the  Ni25Al25Ti8Mn8Co15Fe14Cr5 alloy exhibited a refined structure 
with a grain size of 2.36 ± 0.27 µm compared to a coarser grain size of 8.26 ± 0.43 μm attained by the NiAl master alloy. 
Similarly, the HEAs with the highest alloying content had a greater microstrain value of 0.0449 ± 0.0036, whereas the 
unalloyed NiAl had 0.00187 ± 0.0005. Maximum microhardness of 139 ± 0.8 HV, nanohardness of 18.8 ± 0.36 GPa, elastic 
modulus of 207.5 ± 1.65 GPa, elastic recovery (We/Wt) of 0.556 ± 0.035, elastic strain to failure (H/Er) of 0.09.06 ± 0.0027, 
yield pressure (H3/E2

r
 ) of 0.154 ± 0.0055 GPa, and the least plasticity index (Wp/Wt) of 0.444 ± 0.039 were attained by 

 Ni25Al25Ti8Mn8Co15Fe14Cr5. A steady movement to the left may be seen in the load–displacement curve. Increased resist-
ance to indentation by the developed HEAs was made possible by the increase in alloying metals, which ultimately led 
to higher nanohardness and elastic modulus.
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Introduction

The reduction in carbon emissions is a major factor in the actualization of  4th industrial revolution. This has necessitated 
an increasing demand in structural lightweight materials. There is a rising need for a material with a high strength-to-
weight ratio and superior resistance to wear, corrosion, and creep. Transportation and chemical processing sectors 
need materials that can sustain stress and are fully dense, high strength, and tough in high-temperature applications. 
To achieve this need, a number of superalloys have been used; however, they have limitations due to their high-density 

 * Emmanuel Olorundaisi, olorundaisiemmanuel@gmail.com | 1Centre for Nanoengineering and Advanced Materials, School of Mining, 
Metallurgy and Chemical Engineering, University of Johannesburg, Johannesburg 2092, South Africa. 2Department of Chemical, 
Metallurgical and Materials Engineering, Institute for Nanoengineering Research, Tshwane University of Technology, Pretoria, 
South Africa. 3Center for Additive Manufacturing, School of Engineering, RMIT University, Melbourne 3000, Australia.

http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-023-03889-3&domain=pdf


Vol:.(1234567890)

Research Discover Nano          (2023) 18:117  | https://doi.org/10.1186/s11671-023-03889-3

1 3

properties, which necessitate significant mechanical loads to function [1, 2]. As a result, fuel use and carbon emissions into 
the atmosphere grow. The advent of nickel aluminide (NiAl) is a prospective material capable of replacing these alloys.

Nickel aluminide melts at a temperature as high as 1638 °C, exhibiting low-density properties and outstanding ther-
mal and mechanical stability at high temperatures. This has placed nickel aluminide at an advantageous position for the 
development of alloys with a lower weight to a higher strength that has the benefit of having a stronger second phase 
for use in applications requiring high temperatures. With the presence of strong bond between nickel and aluminum at 
an elevated temperature, nickel aluminide has produced materials that are strong enough to compete with superalloys 
and ceramics and exhibit exceptional characteristics at high temperatures. Comparing the NiAl-based alloy to the tradi-
tional nickel-based superalloys, the former has demonstrated improved thermomechanical characteristics, outstanding 
corrosion, wear, and creep resistance [1–6]. Recent study has focused on the intermetallic compound nickel aluminide, 
which contains both aluminum and nickel. The two most widely known are  Ni3Al and NiAl. But in this investigation, we’ll 
concentrate on the NiAl.

At high temperatures, NiAl is renowned for its strength and brittleness as well as for having outstanding mechanical 
properties [7–9]. Often time, they show outstanding magnetic, superconducting, and chemical properties because of 
strong internal order and mixed bonding [10]. Given its widespread adoption, numerous experiments have been done 
to enhance its mechanical qualities using microalloying and fabrication techniques [11, 12]. As a result, it is crucial to 
develop a novel strategy for improving NiAl alloy by alloying with additional elements. Consequently, the addition of 
very stable metals to create high entropy alloy (HEA) gave NiAl alloy a tremendous strength at room temperature and 
higher temperatures, enhancing the strength and tribological properties. The HEAs are formed by the mixture of various 
fundamental elements in an equal or nearly equimolar ratios for the production of a multi-component alloys as oppose 
to the traditional alloying of a single-based element or compound to form the matrix [13].

HEA is a novel class of alloys that perform well mechanically at high temperatures [13]. Its distinctive properties thus 
increasing its developmental potential [14]. The interest in HEA from various sectors has increased dramatically during 
the past 16 years. Tsai [15] and Zhang et al. [16] have performed research on the material’s physical attributes, such as 
its magnetic, electrical, or thermal qualities. Researchers have looked into HEAs exceptional mechanical, corrosive, and 
deformation behavior. This has broadened its use at extremely high and extremely low temperatures [17–25].

Developing NiAl-based HEA will be an innovative feat in solving most of the limitations associated with NiAl. However, 
the material’s properties must be carefully taken into account for producing this NiAl-based HEA. The nature or type of 
the constituent elements, the alloys’ weight % composition, the particle size, the cohesiveness of the continuous–dis-
continuous material interface, and the processing method used to alter the microstructural evolution are important [26]. 
HEAs structures are either FCC, BCC, HCP, or a mixture of any of the structures. The structure of HEA can be predicted in so 
many ways; one of the most used is the valence electron concentration (VEC). It is suitable for predicting HEA structural 
stability, which is closely related to the electron concentration (Hume–Rothery rules). From the investigation of Michael 
et al., it was established that the value of VEC determines the HEA structure [27]. FCC is formed when VEC > 8, when it is 
6.87 ≤ VEC ≤ 8, a mixture of BCC and FCC is formed; however, when it is < 8, the material formed is BCC.

To achieve FCC solid solutions, stable elements such as Co, Cu, Mn, Fe, and Ni must be considered, while attaining 
BCC solid solutions, BCC stabilizers elements such as V, W, Cr, Al, and Ti must be given due consideration [28, 29]. It is 
important to develop a dual-phase HEA in order to attain high strength and flexibility [30, 31]. The BCC phase provides 
the strength of the material required while the FCC phase provides material flexibility [32–36]. Selecting the right process 
and materials is crucial for producing NiAl-based HEA. HEAs can be fabricated by melting, gasification, electrochemi-
cal, or solid state [36–42]. The most widely used technique is casting; however, it is limited by structural defects such as 
porosity caused by thermal expansion and contraction [36, 41]. Hence, microstructural homogeneity cannot be achieved. 
Processing rout of casting differs from that of sintering, which influences phase formation [43–45]. Intermetallic phases 
can also be formed in a sintered sample, just as seen in casting. In a sintering operation, plasma generated between the 
surfaces of particles under pressure and heat leads to the formation of bonding between the particles and, consequently, 
the formation of phases in the material. Even though the sintering technique attains consolidation of powders without 
attaining the liquid state (just as in casting), the reactivity between the particles under heat and pressure led to phase 
formation in the alloy. Relatively for the purpose of this research, no study was carried out to compare phase formation 
in casting and that of sintering. There is a parametric approach using physiochemical parameters such as enthalpy of 
mixing, entropy of mixing, melting points, atomic size difference, and valence electron concentration to define phase 
formation rules for HEAs [46, 47].

The work of Malihe Zeraati et al. established the possibility of developing a stable solid solution HEA of either FCC or 
BCC phase, in the amorphous phase and crystalline state using SPS [36]. In both situations, the stability is determined by 
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the mixing entropy [36]. Thus, understanding the enthalpy and entropy of mixing is crucial due to the complexity of the 
alloying elements [47]. With the studies of some researchers, three rules on which the formation of solid solutions was 
established, namely: the enthalpy of mixing (ΔHmix), the entropy of mixing (ΔSmix), and the atomic size (δ) [46, 48–51]. In 
his work, Torralba et al. [47] emphasize the restrictions on these factors that encourage the emergence of basic phases. 
Such that: ΔHmix value should not be too high due to big positive ΔHmix causes phase separation and substantial nega-
tive ΔHmix usually results in intermetallic phases. δ should be insignificantly enough given that a large δ causes unstable 
basic structures and produces unnecessary strain energy. The relationship between structure, VEC, ΔHmix, ΔSmix, δ, as well 
as the electronegativity difference, was critically discussed by Guo et al. [46]. Multi-component alloys were divided into 
amorphous phase, solid solution, and intermetallic compound in his study. Solid solution formation was discovered to 
be − 22 ≤ ΔHmix ≤ 7 kJ/mol, 0 ≤ δ ≤ 8.5%, and 11 ≤ ΔSmix ≤ 19.5 J/(K mol) [48]. Yang et al. [52] proposed an estimated solid 
solution formation parameter Ω, defined as TmΔSmix/||ΔHmix

|
| to be ≥ 1.1, where  Tm is given as the mole averaged melting 

point. By calculating the parameters of δ and Ω for typical multi-component, he also proposed δ ≤ 6.6% as a criterion for 
forming high entropy stabilized solid solution phase [52].

The ideal consolidation technique is spark plasma sintering (SPS), and the mechanical alloy procedure will result in 
fully pre-alloyed NiAl-based HEA powders [30, 32, 36, 40]. Due to the difficulty in producing complicated shapes, the 
SPS procedures have unquestionably been shown to be an excellent powder metallurgy (PM) strategy to generating 
nanostructured ultrafine-grained materials. It produces extremely dense, exceptionally well-bonded solid materials that 
resist grain coarsening [53]. By using this method, solid bulk materials might be better consolidated at low temperatures. 
It made it possible to incorporate a significant amount of particles that are often impossible to manufacture using other 
processing techniques [30, 32, 36, 40].

In the current study, NiAl alloys containing Ti, Mn, Fe, Co, and Cr were produced using the SPS method. It is impossible 
to overstate the impact of these alloying components. These alloying components are used to enhance the fabricated 
HEAs mechanical characteristics [54, 55]. The presence of Cr, Al, and Ti stabilized the BCC phase while Co, Mn, Fe, and Ni 
introduced the FCC phase [28, 29]. It is important to keep in mind that the alloying components have an impact on the 
ultimate properties of the fabricated HEA, including the melting temperature, density, and lattice constant. Hence, these 
alloys usually have better mechanical properties because a solid solution forms during their synthesis. Therefore, this 
research seeks to fabricate Ni–Al–Ti–Mn–Co–Fe–Cr HEA at varying weight constituents using spark plasma sintering (SPS) 
process. Also, the mechanical and microstructural behavior of the sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA will be examined.

Materials and methods

Thermodynamic simulation

The amount of phase and phase formation was determined using THERMOCALC software version 2021b with the TCHEA5 
HEAs database. During the thermodynamic simulation, the solidus and liquidus temperature of the developed HEAs was 
determined. This result served as a guide during the sintering process. The empirical correlations between the physical 
parameters for the designing of HEA are theoretically analyzed below [46, 48, 49, 52]:

The mixing entropy (ΔSmix) is expressed as:

where R = gas constant given as 8.314 J/(K mol), Ci atomic percent of the ith component. n number of alloy components.
The mixing enthalpy (ΔHmix) is estimated as:

where Ωij = 4ΔHAB, ΔHAB is expressed as the mixing enthalpy for binary alloys values from the Takeuchi et al. [56] table, 
based on the Miedema macroscopic model.

VEC is defined as:

(1)ΔSmix = −R

n∑

i

Ci ln Ci

(2)ΔHmix =

n∑

i=1,j≠

ΩijCiCj
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(VEC)i is expressed as the valence electron concentration of the ith alloy element.
The atomic size difference (d) is defined conventionally as:

where r =
n∑

i=1

Ciri , Ci = atomic percentage and ri = atomic radius of the individual alloy component.

Experimental materials

Thermo Fisher Scientific supplied the powders used in this research, with details shown in Table 1.

Fabrication of Ni–Al–Ti–Mn–Co–Fe–Cr high entropy alloy

In this research, NiAl was employed as the master alloy in the development of high entropy alloy (HEA). While Ti, Mn, 
Co, Fe, and Cr serve as the constituent alloying elements. The Ni–Al–Ti–Mn–Co–Fe–Cr powders were mixed at varying 
constituent weight ratio as presented in Table 2. The measured powder was placed in an airtight container and mixed 
at 150 rpm with a tubular mixer over the course of 12 h to further homogenize the alloy. A SPS machine, model SPS FCT 
Systeme GmbH, Germany, was used to consolidate the combined powder. This was carried out under constant sintering 

(3)VEC =

n∑

i

Ci(VEC)i

(4)� = 100

√√√
√

n∑

i=1

Ci

(

1 −
ri

r

)2

Table 1  Details of starting 
powders

Elements % purity Particle 
size 
(μm)

Al 99.8  < 25
Ni 99.8  < 25
Ti 99.6  < 25
Mn 99.6  < 10
Co 99.5  < 37
Fe 99.6  < 15
Cr 99.2  < 10

Table 2  Compositions of the 
elements of the alloys

Elements Al Ni Ti Mn Co Fe Cr

Sample A (at. %) 50 50 – – – – –
Sample A (wt. %) 31.493 68.507 – – – – –
Sample B (at. %) 14.286 14.286 14.286 14.286 14.286 14.286 14.286
Sample B (wt. %) 7.59 16.52 13.48 15.47 16.59 15.72 14.64
Sample C (at. %) 25 25 8 8 14 15 5
Sample C (wt. %) 13.79 30.00 7.83 8.99 18.08 15.99 5.32
Sample D (at. %) 25 25 8 8 15 14 5
Sample D (wt. %) 13.80 30.02 7.84 8.99 17.14 16.88 5.32
Sample E (at. %) 25 25 8 9 14 14 5
Sample E (wt. %) 13.80 30.03 7.84 10.12 16.89 16.00 5.32
Sample F (at. %) 25 25 9 8 14 14 5
Sample F (wt. %) 13.82 30.07 8.83 9.01 16.91 16.03 5.33
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conditions of 850 °C for the temperature (ST), 50 MPa for the pressure (P), 100 °C/min for the heating rate (HR), and 5 min 
for the dwell time (DT). With the proper punches, the measured admixed metal alloys were poured into a 20-mm graphite 
die. A graphite sheet was used to create space between the powder and inside surface of the graphite die before adding 
powder. This was done in order to reduce the temperature differential on the workpiece and to facilitate the removal of 
the solidified powder after sintering. The sintered samples were then removed from the graphite die, cleaned of con-
taminants by sandblasting, grinded with different emery paper grades, and polished with the appropriate lubricants as 
part of the metallographic process.

Characterization and analysis of the sintered samples

Density analysis

The sintered HEAs experimental density was calculated by employing the Archimedes principles using a densitometer 
while the theoretical density was examined using the mixture’s rule as expressed in Eq. 5. The mean value, which indicates 
the mean experimental density, was calculated from five measurements. Equations 6 and 7 were used to calculate the 
% porosity and relative density of the alloys based on experimental density.

Microstructure and crystalline phase characterization

Before using Keller’s etchant, which includes 190 ml of distilled water, 5 ml of nitric acid, 3 ml of hydrochloric acid, and 
2 ml of hydrofluoric acid to expose the grains, the samples were ground and polished. Using a JEOL JSM-7900F scan-
ning electron microscopy, the surface microstructural of the developed HEAs was studied. The degree of the bonding 
structure, the grain patterns along the borders, and the grain size were all examined using SEM images. The Panalytical 
X’Pert Pro diffractometer was also employed to assess the X-ray diffraction (XRD) of the sintered sample. It operates at 
a 1.5406 A wavelength with a 5–90 degree angle range and a 40 kV, 20 mA Cu–K source. We looked into the samples’ 
chemical composition and crystalline phase. Each sample’s crystallite size at the nanoscale was calculated using the 
Scherrer formula, which is presented in Eq. 8. The microstrain was determined using the relationship in Eq. 9. Similarly, 
ImageJ software was used to determine the sintered HEAs grain size.

The parameters are defined thus: D = size of the crystallites, K = 0.9, λ 0.154060 nm, β = FWHM in radians, θ = peak posi-
tion in radians, and � = microstrain.

Microhardness

The microhardness behavior was examined using the diamond indenter equipped INNOVATEST FALCON 500. This was 
done with an applied load of 100 gf for 15-s DT at 0.5-mm intervals. Each sample was indented five times, and the aver-
age was recorded as hardness.

(5)Theoritical density =

(
%Ni

�Ni
+

%Al

�Al
+

%Ti

�Ti
+

%Mn

�Mn
+

%Fe

�Fe
+

%Mn

�Mn
+

%Cr

�Cr

)−1

(6)Relative density =

(
Experimental density

Theoritical density
× 100

)

%

(7)Percentage Porosity = 100% − Relative density

(8)D =
K�

� cos �

(9)� =
�

4 tan �
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Nanoindentation and strength mechanism of the developed Ni–Al–Ti–Mn–Co–Fe–Cr HEA

Nanoindentation analysis was employed to determine the nanohardness and elastic modulus at room temperature using a 
nanoindenter  (NHT3, Switzerland). This was achieved at a range of applied force of 0.1 mN–500 mN, applied load of 100 mN, 
and a loading and unloading rate of 10 mN/min. Each sample underwent the Oliver and Pharr technique analysis after 10 
indentations [57]. Using this technique, the load–displacement curve was used to analyze the nanohardness (HN), reduced 
elastic modulus (Er), and elastic modulus (E):

Fmax = maximum applied force and Ac = contact area.
From Eq. 11, at  Fmax, the  hmax is obtained by adding  hc and  he.

hmax = maximum displacement depth, hc = contact depth, and he = displaced elastic surface.
The relationship between stiffness S, Er, and Ac is presented in Eq. 12.

The Er (Eq. 13) is a derivative of the Poisson’s ratio (Vi) of indenter, nanoalloy specimen (Vs), sample elasticity (Es), and 
indenter elastic modulus (Ei) [57–61].

Based on the loading displacement curve as shown in Eq. 14, an estimate of the total work in terms of elastic and plastic 
energy was made.

We and Wp represent the elastic and plastic energies, respectively, and Wt is the total energy used during the nanoindenta-
tion of the load–displacement curve.

Additionally, the total energy from Eq. 15 was used to calculate the elastic recovery index, which specifies the amount of 
energy released by the developed HEAs under a precise applied load. The elastic recovery established the resistance of the 
sintered alloy to impact load [57–61].

Furthermore, the plasticity index is given in Eq. 16. This depicts the intrinsic plasticity of the fabricated HEA.

The reduced elastic modulus and nanohardness as described in Eqs. 17 and 18 are used to estimate the yield pressure and 
elastic strain, which represent the resistance of the manufactured HEA to plastic deformation and failure, respectively [57–61].

(10)HN =
Fmax

Ac

(11)hmax = he + hc

(12)S = �
2

√
�
Er
√
Ac

(13)1

Er
=

1 − V2
s

Es
+

1 − V2
i

Ei

(14)Wt = We +Wp

(15)Elastic recovery index =
We

Wt

(16)Plasticity index =
Wp

Wt

(17)Yield Pressure =
H3

E2
r

(18)Elastic strain to failure =
H

Er
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Results and discussion

The microstructural characterization of the sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA

Figure 1 shows the homogeneity of the admixed powders before sintering. The SEM analysis reviews evenly dispersion 
of the alloying materials.

The microstructural evolution of the sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA is shown in Fig. 2. The figure revealed 
microstructure obtained under different weight ratios but subjected to the same sintering conditions. The SEM result 
shows a well-refined grains with high necking between the particles, which improves stronger interparticle bonding 
and reduction of pores. The SEM result reveals the presence of four major phases which are dependent on the varying 
weight ratio. The microstructure, particularly at the grain boundaries, exhibited a homogeneous dispersion of alloying 
elements with no noticeable agglomeration. The prevention against the development of grain growth is created by 
the adhesive connection between the alloy’s constituent alloying elements, which also enhances the nucleation of the 
phases [62]. As shown from Fig. 2A, the BCC phase is predominantly presence which is responsible for the brittleness of 
NiAl alloy at room temperature. To improve on this alloy, it necessitates the inclusion of other metallic alloys in different 
weight ratios as shown in Fig. 2B–F.

Interestingly, the inclusion of Ni–Al–Ti–Mn–Co–Fe–Cr in equal atomic (Fig. 2B) introduces the FCC phases which 
improves theductility nature of the developed HEA. However, it was discovered that, as the weight percent was varied, 
the FCC phases disappear, and following the maximal nucleation of the FCC phase, significant grain refining to a smaller 
grain size was accomplished. A new phase is introduced in Fig. 2C–F known as the HEUSLER. The HEUSLER phase is a 
magnetic intermetallics with FCC crystal structure [63–65]. It is paramount to note that the even dispersion of the alloying 
materials has the tendency of enhancing the microstructural and mechanical behavior of the developed HEA, by attaining 
a strong bonding between the constituent elements without noticeable deficiencies such as cracks and pores [62] (Fig. 3).

The degree of grain refinement during the recrystallization process of the developed HEA was further studied by meas-
uring the grain size using ImageJ software (Fig. 4). Table 3 shows the grain size of the fabricated HEA being influenced by 
the variations in alloying elements’ composition. Fundamentally, the observed decrease in grain size was impacted by 
the nano-weight inclusion’s composition and particle size. However, the size for the non-equal atomic (samples C–F) has 

Fig. 1  SEM of mixed Ni–Al–Ti–Mn–Co–Fe–Cr system: A  Ni50Al50, B  Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286, C 
 Ni25Al25Ti8Mn8Co14Fe15Cr5, D  Ni25Al25Ti8Mn8Co15Fe14Cr5, E  Ni25Al25Ti8Mn9Co14Fe14Cr5, and F  Ni25Al25Ti9Mn8Co14Fe14Cr5
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almost the same grain size, this is because the marginal differences in the compositions are close. The effect of mechani-
cal alloying on reducing initial particle size and variation of the alloys’ composition with elements having lower particle 
size contributes to the variations in grain size. The incorporation of alloying materials led to dynamic recrystallization 
and plastic deformation, which is best explained as the source of the refined grain structure and possibly precipitate dis-
solution during the sintering process. Recrystallization also prevents grain growth and guarantees that the refined grains 
are distributed uniformly [62, 66, 67]. The EDS analysis ascertains the chemical constituent of the sintered HEA (Fig. 3).

Phase analysis of the fabricated Ni–Al–Ti–Mn–Co–Fe–Cr HEA

With the use of CALPHAD-based tools and THERMOCALC software, phase formation and identification were predicted. 
Figures 5 and 6, respectively, display the phase diagram and the amount of phase. Figures 5a and 6a represent the 
master alloy (NiAl), while 5b–f and 6b–f depict the developed HEA (Ni–Al–Ti–Mn–Fe–Co–Cr). Only the BCC phase 
is visible in NiAl. This phase is what causes NiAl to be so brittle [11]. FCC, HEUSLER, and SIGMA phases were added 
as a result of alloying of NiAl. The XRD finding in Fig. 7 provides additional experimental support for this conclusion 
and from the calculated VEC result. From the amount of phase diagram, the melting temperature of the developed 
alloy was predicted as shown from Fig. 5. However, the phase diagram successfully predicted the presence of each 
phase in the HEAs developed. The thermodynamic data obtained successfully predicted the solid solution formation. 
From Table 4, ΔSmix and δ of the developed HEAs are in the range of the solid solution formation [68]. Similarly, VEC of 
 Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286,  Ni25Al25Ti8Mn8Co15Fe14Cr5, and  Ni25Al25Ti8Mn9Co14Fe14Cr5 falls into 
the range 6.87 ≤ VEC ≤ 8 which can be a sign of the FCC and BCC formation [68]. However, from the THERMOCALC result, 
only  Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286 has FCC present, this could be as a result of the VEC value of 
 Ni25Al25Ti8Mn8Co15Fe14Cr5, and  Ni25Al25Ti8Mn9Co14Fe14Cr5 being at the boundary; therefore, no or a negligible volume 

Fig. 2  SEM of sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA at varying weight: A  Ni50Al50, B  Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286, C 
 Ni25Al25Ti8Mn8Co14Fe15Cr5, D  Ni25Al25Ti8Mn8Co15Fe14Cr5, E  Ni25Al25Ti8Mn9Co14Fe14Cr5, and F  Ni25Al25Ti9Mn8Co14Fe14Cr5
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fraction of FCC is present. The thermodynamic information in Table 4 predicted the emergence of a solid solution phase 
with FCC and BCC structures.

The phase composition was examined by analyzing the XRD pattern. The strong bonding between the alloys 
is a reflection of the wettability between the NiAl and the alloying metals. The XRD and THERMOCALC results are in 
agreement. The BCC phase was consistently presence in the six samples.  Ni50Al50 shows only the BCC phase, while 
 Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286 which is the equal atomic has three dominant phases BCC, FCC, 
and SIGMA. However, from  Ni25Al25Ti8Mn8Co14Fe15Cr5,  Ni25Al25Ti8Mn8Co15Fe14Cr5,  Ni25Al25Ti8Mn9Co14Fe14Cr5, and 
 Ni25Al25Ti9Mn8Co14Fe14Cr5, BCC, HEUSLER, and SIGMA phases were identified. From the diffractogram in Fig. 7, the BCC 
phase is more pronounced with a noticeable peak intensity and that indicates that precipitation from a solid solution 
has occurred [69–75]. A new peak was observed after the inclusion of equal atomic percent of the constituent alloys. 
The observed peak (FCC) provides proof that the  Ni50Al50 was refined and dissolved through dynamic recrystallization. 
A further intriguing finding is the decrease in crystallite size with changing weight composition, as shown in Table 5. 
The degree of crystallization depends on the chemical compositions and thermal histories of the fabricated HEA [70, 73, 
75]. The particle size of the fabricated HEA has a significant impact on both its physical and mechanical characteristics, 

Fig. 3  EDS analysis of sintered Ni–Al–Ti–Mn–Co–Fe–Cr system: A  Ni50Al50, B  Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286, C 
 Ni25Al25Ti8Mn8Co14Fe15Cr5, D  Ni25Al25Ti8Mn8Co15Fe14Cr5, E  Ni25Al25Ti8Mn9Co14Fe14Cr5, and F  Ni25Al25Ti9Mn8Co14Fe14Cr5



Vol:.(1234567890)

Research Discover Nano          (2023) 18:117  | https://doi.org/10.1186/s11671-023-03889-3

1 3

which get better as size decreases [69]. The modifications in the grain structure that has been noticed are the result of 
these phases. For each of the fabricated HEA, the evaluated crystallinity size and lattice microstrain are shown in Fig. 8 
based on the XRD patterns.

Compared to unalloyed NiAl, which has a crystallite size of 8.21 ± 0.81 nm, the developed HEAs crystallite size was well 
refined, according to the evaluated result. This is an indication of a unique influence of the microsized Ti–Mn–Co–Fe–Cr 
on the refinement of NiAl crystallite size. This improvement is related to the Ti–Mn–Co–Fe–Cr metal alloys’ pinning effect, 
which was made feasible by the tubular mixing procedure with an extreme homogeneity. Thus, the improved disloca-
tion density, reduced dislocation movement, and suppressed grain growth were all achieved by the refined alloys. In 
addition, as shown in Fig. 8, an increase in microstrain distribution was noted as a result of the increasing Ti–Mn–Co–Cr 
weight constituents. Unalloyed NiAl had the lowest microstrain distribution, measuring around 0.00187 ± 0.001, whereas 
 Ni25Al25Ti8Mn8Co15Fe14Cr5 had the highest microstrain, measuring 0.0449 ± 0.003. These changes in microstrain and 
crystallite size can be related to the mixing procedure, the sintering conditions, the impact of the alloying metals, and 
the good plastic deformation [62, 76–78].

Physical properties analysis of Ni–Al–Ti–Mn–Co–Fe–Cr sintered HEA

The density, relative density, and percentage porosity variations of the sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA are depicted 
in Fig. 9 and Table 6, respectively. From the result obtained, it could be noted that the varied weight percentage of the con-
stituent’s alloys Ti–Mn–Co–Fe–Cr in the master allow NiAl influence the relative density. The master alloy,  Ni50Al50, has lower 
sintered density compared to the developed HEA, this could be credited to the primary density of the alloying elements. 
However, from the result of the unequal atomic HEA,  Ni25Al25Ti8Mn8Co15Fe14Cr5 is seen to be denser compared to others, this 
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Table 3  Grain size of the 
manufactured Ni–Al–Ti–Mn–
Co–Fe–Cr HEA

Sample (s) Grain size (µm)

Ni50Al50 8.26 ± 0.43
Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286 3.31 ± 0.34
Ni25Al25Ti8Mn8Co14Fe15Cr5 2.37 ± 0.22
Ni25Al25Ti8Mn8Co15Fe14Cr5 2.36 ± 0.41
Ni25Al25Ti8Mn9Co14Fe14Cr5 2.39 ± 0.36
Ni25Al25Ti9Mn8Co14Fe14Cr5 2.4 ± 0.27
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could be as a result of the percentage weight of cobalt which is higher. Another explanation for the decline in densification 
is that the precipitated BCC B2 eutectic phase did not dissolve completely along the grain boundaries, leading to partial 
wettability and minor clustering or agglomeration [62]. A decrease in relative density and an increase in porosity characterize 
the master alloy. The clustering or agglomeration that happens at the borders of the alloying metals may be the cause [62, 
79, 80]. The presence of high porosity in a material results in material failure such as fractures and cracks. Nevertheless, for 
a material failure to occur, the percentage porosity must be above the critical point of 4% [81]. For the developed HEA, the 
percentage porosity was lower than 1%, which makes the material suitable for use.

Fig. 5  Ni–Al–Ti–Mn–Co–Fe–Cr amount of phase; A  Ni50Al50, B  Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286, C 
 Ni25Al25Ti8Mn8Co14Fe15Cr5, D  Ni25Al25Ti8Mn8Co15Fe14Cr5, E  Ni25Al25Ti8Mn9Co14Fe14Cr5, and F  Ni25Al25Ti9Mn8Co14Fe14Cr5
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Mechanical properties analysis of sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA

Microhardness behavior of sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA

The sintered HEAs behavior with respect to microhardness is depicted in Fig. 10. The outcome showed that, in com-
parison with unalloyed NiAl, which had a hardness of 103.5 ± 1.2 HV, the developed HEA had a maximum hardness of 
139.2 ± 0.8 HV and a percentage enhancement of roughly 17.6% (Table 7).  Ni25Al25Ti8Mn8Co15Fe14Cr5 with the highest 
weight cobalt composition was able to attain this enhanced hardness (18.08 wt.%). The result demonstrates how grain 
size affects the mechanical properties of the developed HEA. Figure 10 shows a close range of the hardness value, 
but from the result from Table 7 clearly distinguishes the hardness value not been constant. However, the results of 
samples C–F are close, which is a reflection of the grain size. The marginal differences in the composition are close, 
too; this may also account for the close hardness observed. According to this result, the continuous matrix alloys’ 
interphase’s particle size and weight constituents have increased the alloy’s ability to support a load and reduced 
its susceptibility to deformation. Strong adhesive bonding at the interface of the alloying element caused by the 

Fig. 6  Ni–Al–Ti–Mn–Co–Fe–Cr phase diagram: A  Ni50Al50, B  Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286, C  Ni25Al25Ti8Mn8Co14Fe15Cr5, 
D  Ni25Al25Ti8Mn8Co15Fe14Cr5, E  Ni25Al25Ti8Mn9Co14Fe14Cr5, and F  Ni25Al25Ti9Mn8Co14Fe14Cr5
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greater surface area of the nano-inclusions was what gave the material its outstanding hardness [62]. The combined 
effect of electromagnetic energy and green compact of powders creates a more dense and uniform material, which 
was made possible by the spark plasma sintering at a crucially shorter sintering time [76, 82]. The precipitation of 
the coarse NiAl eutectic phase along the grain boundaries was caused to dissolve during the sintering process by 
the nucleation of micro-sized Ti–Mn–Co–Fe–Cr particles in the solid solution of Ni–Al–Ti–Mn–Co–Fe–Cr and form 
homogenized, evenly distributed fine particles at the borders. The strengthening of the HEA was made possible by 
this phase of refinement [62, 83, 84]. Thus, the increased grain size brought on by the populated coarse NiAl eutectic 
phase (BCC B2 phase) accounts for the unalloyed NiAl’s reduced hardness.

Fig. 7  The XRD phases of the 
sintered samples

Table 4  Ni–Al–Ti–Mn–Co–
Fe–Cr alloy thermodynamic 
parameters

Sample δ ΔSmix (KJ/mol) VEC

Ni50Al50 1.26 5.76 6.5
Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe

14.286Cr14.286

5.52 16.18 6.94

Ni25Al25Ti8Mn8Co14Fe15Cr5 5.19 15.02 6.71
Ni25Al25Ti8Mn8Co15Fe14Cr5 5.19 15.02 6.89
Ni25Al25Ti8Mn9Co14Fe14Cr5 5.31 15.07 6.88
Ni25Al25Ti9Mn8Co14Fe14Cr5 5.26 15.07 6.85

Table 5  The crystallite size 
of Ni–Al–Ti–Mn–Co–Fe–Cr 
HEA at different weight 
compositions

Sample Crystallite size (nm) Microstrain (Ɛ)

Ni50Al50 8.2183 ± 0.18 0.00187 ± 0.001
Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe

14.286Cr14.286

2.2891 ± 0.31 0.0183 ± 0.001

Ni25Al25Ti8Mn8Co14Fe15Cr5 2.0527 ± 0.15 0.0207 ± 0.001
Ni25Al25Ti8Mn8Co15Fe14Cr5 2.081 ± 0.20 0.0449 ± 0.003
Ni25Al25Ti8Mn9Co14Fe14Cr5 2.0558 ± 0.16 0.0208 ± 0.003
Ni25Al25Ti9Mn8Co14Fe14Cr5 2.0448 ± 0.16 0.0201 ± 0.004
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Fig. 8  The crystallite size and microstrain of the sintered Ni–Al–Ti–Mn–Co–Fe–Cr system: A  Ni50Al50, B 
 Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286, C  Ni25Al25Ti8Mn8Co14Fe15Cr5, D  Ni25Al25Ti8Mn8Co15Fe14Cr5, E  Ni25Al25Ti8Mn9Co14Fe14Cr5, 
and F  Ni25Al25Ti9Mn8Co14Fe14Cr5
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Table 6  Physical properties of 
the sintered Ni–Al–Ti–Mn–Co–
Fe–Cr HEA at different weight 
compositions

Sample Experimental density 
(g/cm3)

Relative density (%) Porosity (%)

Ni50Al50 5.23 ± 0.047 98.799 ± 0.048 1.20 ± 0.011
Ni14.286Al14.286Ti14.286Mn14.286Co

14.286Fe14.286Cr14.286

6.41 ± 0.017 99.614 ± 0.036 0.39 ± 0.028

Ni25Al25Ti8Mn8Co14Fe15Cr5 6.18 ± 0.046 99.114 ± 0.049 0.89 ± 0.014
Ni25Al25Ti8Mn8Co15Fe14Cr5 6.21 ± 0.01 99.478 ± 0.027 0.52 ± 0.1
Ni25Al25Ti8Mn9Co14Fe14Cr5 6.2 ± 0.02 99.097 ± 0.072 0.90 ± 0.1
Ni25Al25Ti9Mn8Co14Fe14Cr5 6.17 ± 0.03 99.035 ± 0.061 0.96 ± 0.1
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Nanoindentation of sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA

The sintered HEAs nanoindentation load–displacement depth curve is shown in Fig. 11 for various weight constitu-
ents. Excellent elastic–plastic characteristics of materials undergoing deformation may be easily seen from the plot. 
There is no physical evidence of a pop-in effect noticed from the load–displacement curve. The presence of pop-in 
translates to material defect or deformation with a consequential effect on the material strength. This frequently hap-
pens when the diamond indenter makes contact with the materials being tested, causing dislocation movement and 
crack propagation [85–88]. The absence of pop-in could be attributed to the shielding of possible dislocation activities 
and crack initiation that was halted as a result of the presence of nanoparticles. In contrast with the unalloyed NiAl 
alloy, the developed HEA strength was thereby improved against high indenter penetration. It is of essence to note 
that the more the penetration depth, the more pop-in effect [62, 87]. Table 7 shows the nanoindentation outcome.

The unalloyed NiAl alloy shows a higher penetration depth of 703.65  nm followed by the equal atomic 
 (Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286) at a depth of 598.24 nm, and the least penetration depth of 
520.54 nm was observed for  Ni25Al25Ti8Mn8Co15Fe14Cr5. The reduction in penetration was achievable by the inclusion 
of Ti–Mn–Co–Fe–Cr materials. The nanohardness varies inversely with the penetration depth. As the nanohardness 
increases, the penetration depth reduces as shown in Fig. 12.

Figures 13 and 14 show an incredible increase in the nanohardness and elastic modulus plots, as a result of reinforc-
ing Ti–Mn–Co–Fe–Cr materials. As observed in Fig. 10, there is a similar trend in Fig. 13, with  Ni25Al25Ti8Mn8Co15Fe14Cr5 
exhibiting a higher value of nanohardness of 18.8 ± 0.36 GPa compared to 10.2 ± 0.4 GPa from the unalloyed NiAl 
alloy. This result is a function of particle size, and weight constituents which significantly enhanced the load bear-
ing capacity, work hardening, and reduces the dislocation movement. As a result, the material’s strength and elastic 
modulus improved while the penetration depth decreased.

Figure 15 displays the materials’ elastic strain to failure and yield pressure, which were estimated using the correla-
tion between hardness and elastic modulus. The plot indicates how much the material can withstand plastic deforma-
tion. The unalloyed NiAl alloy exhibited a low resistance to plastic deformation due to its low yield pressure and least 
elastic strain to failure of 0.0567 ± 0.006 and 0.0328 ± 0.005 GPa, respectively. However, the Ti–Mn–Co–Fe–Cr addition 
improves the resistance to deformation, and the  Ni25Al25Ti8Mn8Co15Fe14Cr5 was able to achieve a higher resistance 
with values of 0.0906 ± 0.003 and 0.1543 ± 0.005 GPa, respectively. This is an indication that the developed HEA does 
not only possess an excellent mechanical property but also an enhanced bonding link structure. Consequently, by 
preventing the dislocation movement, this lessens the likelihood that the materials may fail in service [62, 76, 82].
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The elastic recovery and plasticity index of the fabricated Ni–Al–Ti–Mn–Co–Fe–Cr HEA are shown in Fig. 16. The 
alloyed NiAl shows a higher recovery index compared to the unalloyed NiAl alloy.  Ni25Al25Ti8Mn8Co15Fe14Cr5 has a 
higher recovery index of 0.556 ± 0.04 while NiAl has the least recovery index of 0.41 ± 0.007. The manufactured HEAs 
plasticity index, however, was shown to decrease with changes in the weight percent of its constituents, with the 
unalloyed NiAl alloy exhibiting the highest plasticity index. As a result, it appears that NiAl experiences a severe 
plastic deformation with little stiffness, which may have facilitated the elastic recovery. The elastic recovery index of 
materials indicated their resistance to impact loading by assessing the amount of energy released after being loaded, 
whereas the plasticity index denotes the inherent plasticity of the basic material [89]. As a result, the findings of this 
innovative study with high elastic recovery demonstrated that alloyed NiAl emits little energy while maintaining 
high elastic energy, with  Ni25Al25Ti8Mn8Co15Fe14Cr5 exhibiting the maximum energy.

Fig. 11  Nanoindentation load–displacement curve of sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA: A  Ni50Al50, B 
 Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286, C  Ni25Al25Ti8Mn8Co14Fe15Cr5, D  Ni25Al25Ti8Mn8Co15Fe14Cr5, E  Ni25Al25Ti8Mn9Co14Fe14Cr5, 
and F  Ni25Al25Ti9Mn8Co14Fe14Cr5
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Fig. 12  Nanohardness vs penetration depth curve of the sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA: A  Ni50Al50, B 
 Ni14.286Al14.286Ti14.286Mn14.286Co14.286Fe14.286Cr14.286, C  Ni25Al25Ti8Mn8Co14Fe15Cr5, D  Ni25Al25Ti8Mn8Co15Fe14Cr5, E  Ni25Al25Ti8Mn9Co14Fe14Cr5, 
and F  Ni25Al25Ti9Mn8Co14Fe14Cr5
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Novelty of the study

The novelty of this research is established in the HEA developed via advanced manufacturing route. These material 
combinations have not been investigated before in procuring solutions to identified problems faced by NiAl alloy. 
The development of novel NiAl-based HEA is suitable for multifunctional performance in advanced engineering 
application. Provision of relevant research information on the process–structure–property relationship of NiAl-
based HEAs might be useful for advanced materials engineering research.
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Conclusion

This innovative work successfully incorporated Ti–Mn–Co–Fe–Cr material to NiAl using SPS in order to improve its 
mechanical properties. After the exploratory experiment, the finding can be summarized as follows:

1. The developed NiAl-based HEA was refined to attain a reduced crystallite size, minimal grain size, and maximum 
microstrain by the inclusion of Ti–Mn–Co–Fe–Cr nanomaterial through mechanical alloying. After sintering, 
 Ni25Al25Ti8Mn8Co15Fe14Cr5 had crystallite size, grain size, and microstrain values of 2.081 ± 0.2 nm, 2.36 ± 0.4 μm, 
and 0.0449 ± 0.004 compared to unalloyed  Ni50Al50, which had 8.22 ± 0.18 nm, 8.26 ± 0.4 μm, and 0.00188 ± 0.0005, 
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respectively, which exhibit larger grains and lower microstrain. This intricate structure aids in restricting dislocation 
movement.

2. The load–displacement curve’s penetration depth was observed to be declining, which is consistent with a increase 
in the sintered alloys’ nanohardness trend.

3. The  Ni25Al25Ti8Mn8Co15Fe14Cr5 has the highest microhardness, nanohardness, and elastic modulus of 139.2 ± 0.8 HV, 
18.8 ± 0.36 GPa, and 207.5 ± 1.6 GPa, respectively. While  Ni50Al50 has the least.

4. The unalloyed NiAl is predominantly made up of BCC_B2 phase, the equal atomic HEA has three phases, namely, 
FCC, BCC, and SIGMA while the non-equal atomic HEAs are made up of BCC, SIGMA, and HEUSLER phases.

Acknowledgements The authors appreciate the University of Johannesburg for funding the research that produced this work.

Author contributions EO, BJB, and PAO were responsible for conceptualization, investigation, and visualization. BJB, MLT, and PAO were 
responsible for resources, funding, supervision, editing, and reviewing. EO is responsible for data curation, methodology, data curation, 
writing, and original draft; EO, BJB, JF, and MLT were responsible for alloy development. EO, BJB, JF, USA, and AOO were responsible for data 
analysis and thermodynamic computation.

Funding This research received no external funding; however, it was supported by the University of Johannesburg.

Data availability The datasets generated during and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Declarations 

Competing interests The authors declare no competing interests.

Conflict of interest On behalf of all authors, the corresponding author states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article 
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Ogunbiyi OF, Jamiru T, Sadiku ER, Adesina OT, Salifu SA, Beneke LW. Effect of nickel powder particle size on the microstructure and ther-
mophysical properties of spark plasma sintered NiCrCoAlTiW-Ta superalloy. Conf South Afr Adv Mater Initiat. 2019. https:// doi. org/ 10. 
1088/ 1757- 899X/ 655/1/ 012031.

 2. Kim SH, Shin GH, Kim BK, Kim KT, Yang DY, Aranas C, Choi JP, Yu JH. Thermo-mechanical improvement of Inconel 718 using ex situ boron 
nitride-reinforced composites processed by laser powder bed fusion. Sci Rep. 2017;7:1–14. https:// doi. org/ 10. 1038/ s41598- 017- 14713-1.

 3. Jia Q, Gu D. Selective laser melting additive manufacturing of TiC/Inconel 718 bulk-form nanocomposites: densification, microstructure, 
and performance. J Mater Res. 2014;29:1960–9. https:// doi. org/ 10. 1557/ jmr. 2014. 130.

 4. Trojanová Z, Drozd Z, Lukác P, Minárik P, Nemeth G, Seetharaman S, Džugan J, Gupta M. Magnesium reinforced with inconel 718 particles. 
Prepared ex situ—microstructure and properties. Materials (Basel). 2020. https:// doi. org/ 10. 3390/ ma130 30798.

 5. Wang Y, Shi J, Wang Y. Reinforcing inconel 718 superalloy by nano-TiC particles in selective laser melting, ASME 2015 Int. Manuf Sci Eng 
Conf MSEC. 2015;2015(2):1–8. https:// doi. org/ 10. 1115/ MSEC2 01593 65.

 6. Babalola BJ, Shongwe MB, Jeje SO, Rominiyi AL, Ayodele OO, Olubambi PA. Influence of spark plasma sintering temperature on the 
densification and micro-hardness behaviour of Ni-Cr-Al alloy. IOP Conf Ser Mater Sci Eng. 2019;655:4195–206. https:// doi. org/ 10. 1088/ 
1757- 899X/ 655/1/ 012032.

 7. Ebhota WS, Jen T. Intermetallics formation their effect on mechanical properties of Al-Si-X alloys. IntechOpen. 2018. https:// doi. org/ 10. 
5772/ intec hopen. 73188.

 8. Habanyama A, Comrie CM. Inter-diffusion of nickel and palladium germanium. IntechOpen. 2018. https:// doi. org/ 10. 5772/ intec hopen. 
73190.

 9. Ishaq M, Basariya R, Mukhopadhyay K. Structural and mechanical behaviour of Al-Fe intermetallics. IntechOpen. 2018. https:// doi. org/ 
10. 5772/ intec hopen. 73944.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1757-899X/655/1/012031
https://doi.org/10.1088/1757-899X/655/1/012031
https://doi.org/10.1038/s41598-017-14713-1
https://doi.org/10.1557/jmr.2014.130
https://doi.org/10.3390/ma13030798
https://doi.org/10.1115/MSEC20159365
https://doi.org/10.1088/1757-899X/655/1/012032
https://doi.org/10.1088/1757-899X/655/1/012032
https://doi.org/10.5772/intechopen.73188
https://doi.org/10.5772/intechopen.73188
https://doi.org/10.5772/intechopen.73190
https://doi.org/10.5772/intechopen.73190
https://doi.org/10.5772/intechopen.73944
https://doi.org/10.5772/intechopen.73944


Vol.:(0123456789)

Discover Nano          (2023) 18:117  | https://doi.org/10.1186/s11671-023-03889-3 Research

1 3

 10. Pope D. Mechanical properties of intermetallic compounds, Fourth, Re, Elsevier B.V;1996. https:// doi. org/ 10. 1016/ B978-0- 444- 89875-3. 
50029-6.

 11. Czeppe T, Wierzbinski S. Structure and mechanical properties of NiAl and Ni3 Al-based alloys. Int J Mech Sci. 2000. https:// doi. org/ 
10. 1016/ S0020- 7403(99) 00087-9.

 12. Darolia R. NiAI alloys for high temperature structural applications. J Mater Sci. 2000. https:// doi. org/ 10. 1520/ MPC20 200183.
 13. Rogal Ł, Szklarz Z, Bobrowski P, Kalita D, Garzeł G, Tarasek A, Kot M, Szlezynger M. Microstructure and mechanical properties of Al–

Co–Cr–Fe–Ni base high entropy alloys obtained using powder metallurgy. Met Mater Int. 2019;25:930–45. https:// doi. org/ 10. 1007/ 
s12540- 018- 00236-5.

 14. Yin X, Xu S. Properties and preparation of high entropy alloys. MATEC Web Conf. 2018;142:1–5. https:// doi. org/ 10. 1051/ matec conf/ 
20171 42030 03.

 15. Tsai MH. (Review) physical properties of high entropy alloys. Entropy. 2014;15:5338–45. https:// doi. org/ 10. 3390/ e1512 5338.
 16. Zhang Y, Beijing T, Zuo TT, Beijing T, Liaw P. High-entropy alloys with high saturation magnetization, electrical resistivity, and malle-

ability. Sci Rep. 2013;3:1455. https:// doi. org/ 10. 1038/ srep0 1455.
 17. Rajan RN, Rajendran S, Nagar AA. High entropy alloys and corrosion resistance Section B-review. High entropy alloys and corrosion 

resistance—a bird s eye view. Eur Chem Bull. 2014;3:1031–5.
 18. Qiu Y, Gibson MA, Fraser HL, Birbilis N, Gibson MA, Fraser HL, Corrosion NB, Qiu Y, Gibson MA, Fraser HL, Birbilis N. Corrosion char-

acteristics of high entropy alloys corrosion characteristics of high entropy alloys. Mater Sci Technol. 2016. https:// doi. org/ 10. 1179/ 
17432 84715Y. 00000 00026.

 19. Shi Y, Yang B, Liaw PK. Corrosion-resistant high-entropy alloys : a review. Metals (Basel). 2017;43:1–18. https:// doi. org/ 10. 3390/ met70 
20043.

 20. Miracle DB, Miller JD, Senkov ON, Woodward C, Uchic MD, Tiley J. Exploration and development of high entropy alloys for structural 
applications. Entropy. 2014;16:494–525. https:// doi. org/ 10. 3390/ e1601 0494.

 21. Miracle DB. Critical Assessment 14: high entropy alloys and their development as structural materials. Mater Sci Technol. 2015. https:// 
doi. org/ 10. 1179/ 17432 84714Y. 00000 00749.

 22. Zhang Y, Ting T, Tang Z, Gao MC, Dahmen KA, Liaw PK, Ping Z. Microstructures and properties of high-entropy alloys. Prog Mater Sci. 
2014;61:1–93. https:// doi. org/ 10. 1016/j. pmats ci. 2013. 10. 001.

 23. Gludovatz B, Hohenwarter A, Catoor D, Chang EH, George EP, Ritchie RO. A fracture-resistant high-entropy alloy for cryogenic appli-
cations. J Sci. 2014;345:1153–8. https:// doi. org/ 10. 1126/ scien ce. 12545 81.

 24. Diao HY, Feng R, Dahmen KA, Liaw PK. Fundamental deformation behavior in high-entropy alloys: an overview. Curr Opin Solid State 
Mater Sci. 2017. https:// doi. org/ 10. 1016/j. cossms. 2017. 08. 003.

 25. Li W, Liaw PK, Gao Y. Fracture resistance of high entropy alloys: a review. Intermetallics. 2018;99:69–83. https:// doi. org/ 10. 1016/j. inter 
met. 2018. 05. 013.

 26. Hitchcock D, Livingston R, Liebenberg D. Improved understanding of the spark plasma sintering process. J Appl Phys. 2015;117:6–11. 
https:// doi. org/ 10. 1063/1. 49198 14.

 27. Yeh MCGJ, Liaw PK, Zhang Y. High-entropy alloys, Springer International Publishing. Switzerland. 2016. https:// doi. org/ 10. 1007/ 
978-3- 319- 27013-5.

 28. Rawat R, Singh BK, Tiwari A, Arun N, Pathak AP, Shadangi Y, Mukhopadhyay NK, Nelamarri SR, Rao SV, Tripathi A. Formation of Cu-Ni 
enriched phases during laser processing of non-equiatomic AlSiCrMnFeNiCu high entropy alloy nanoparticles. J Alloys Compd. 
2022;927:16690. https:// doi. org/ 10. 1016/j. jallc om. 2022. 166905.

 29. Singh N, Shadangi Y, Mukhopadhyay NK. Phase evolution and thermal stability of low-density MgAlSiCrFe high-entropy alloy pro-
cessed through mechanical alloying. Trans Indian Inst Met. 2020;73:2377–86. https:// doi. org/ 10. 1007/ s12666- 020- 02039-y.

 30. Fu Z, Chen W, Wen H, Morgan S, Chen F, Zheng B, Zhou Y, Zhang L, Lavernia EJ. Microstructure and mechanical behavior of a novel 
Co 20 Ni 20 Fe 20 Al 20 Ti 20 alloy fabricated by mechanical alloying and spark plasma sintering. Mater Sci Eng A. 2015;644:10–6. 
https:// doi. org/ 10. 1016/j. msea. 2015. 07. 052.

 31. Tian L, Fu M, Xiong W. Microstructural evolution of AlCoCrFeNiSi high-entropy alloy powder during mechanical alloying and its coat-
ing performance. Materials (Basel). 2018;11:320. https:// doi. org/ 10. 3390/ ma110 20320.

 32. Zhang M, Peng Y, Zhang W, Liu Y, Wang L, Hu S, Hu Y. Gradient distribution of microstructures and mechanical properties in a FeCo-
CrNiMo high-entropy alloy during spark plasma sintering Mingyang. Materials (Basel). 2019;9:351. https:// doi. org/ 10. 3390/ met90 
30351.

 33. Wang XF, Zhang Y, Qiao Y, Chen GL. Novel microstructure and properties of multicomponent CoCrCuFeNiTi x alloys. Intermetallics. 
2007;15:357–62. https:// doi. org/ 10. 1016/j. inter met. 2006. 08. 005.

 34. Vaidya M, Armugam S, Kashyap S, Murty BS. Amorphization in equiatomic high entropy alloys. J Non Cryst Solids. 2015;413:8–14. https:// 
doi. org/ 10. 1016/j. jnonc rysol. 2015. 01. 015.

 35. Yurkova AI, Chernyavskii VV, Gorban VF. structure and mechanical properties of high-entropy AlCuNiFeTi and AlCuNiFeCr alloys pro-
duced by mechanical activation followed by pressure sintering. Powder Metall Met Ceram. 2016;55:152–63. https:// doi. org/ 10. 1007/ 
s11106- 016- 9790-3.

 36. Zeraati M, Hossein M, Feizabad K, Khayati GR. An investigation of the magnetic, mechanical, and kinetic characteristics of CuCrFeTiNi 
high entropy alloy by mechanical alloying and spark plasma sintering Malihe. J Alloys Compd. 2023. https:// doi. org/ 10. 1016/j. jallc om. 
2023. 170347.

 37. Yao C, Zhang P, Liu M, Li G, Ye J. Electrochemical preparation and magnetic study of Bi – Fe – Co – Ni – Mn high entropy alloy. Electrochim 
Acta. 2008;53:8359–65. https:// doi. org/ 10. 1016/j. elect acta. 2008. 06. 036.

 38. Suryanarayana C. Mechanical alloying and milling. Prog Mater Sci. 2001;46:1–184.
 39. Chang S, Lin S, Huang Y, Wu C. Surface & coatings technology mechanical properties, deformation behaviors and interface adhesion of 

( AlCrTaTiZr ) N x multi-component coatings. Surf Coat Technol. 2010;204:3307–14. https:// doi. org/ 10. 1016/j. surfc oat. 2010. 03. 041.
 40. Fang S, Chen W, Fu Z. Microstructure and mechanical properties of twinned mechanical alloying and spark plasma sintering. Mater Des. 

2014;54:973–9. https:// doi. org/ 10. 1016/j. matdes. 2013. 08. 099.

https://doi.org/10.1016/B978-0-444-89875-3.50029-6
https://doi.org/10.1016/B978-0-444-89875-3.50029-6
https://doi.org/10.1016/S0020-7403(99)00087-9
https://doi.org/10.1016/S0020-7403(99)00087-9
https://doi.org/10.1520/MPC20200183
https://doi.org/10.1007/s12540-018-00236-5
https://doi.org/10.1007/s12540-018-00236-5
https://doi.org/10.1051/matecconf/201714203003
https://doi.org/10.1051/matecconf/201714203003
https://doi.org/10.3390/e15125338
https://doi.org/10.1038/srep01455
https://doi.org/10.1179/1743284715Y.0000000026
https://doi.org/10.1179/1743284715Y.0000000026
https://doi.org/10.3390/met7020043
https://doi.org/10.3390/met7020043
https://doi.org/10.3390/e16010494
https://doi.org/10.1179/1743284714Y.0000000749
https://doi.org/10.1179/1743284714Y.0000000749
https://doi.org/10.1016/j.pmatsci.2013.10.001
https://doi.org/10.1126/science.1254581
https://doi.org/10.1016/j.cossms.2017.08.003
https://doi.org/10.1016/j.intermet.2018.05.013
https://doi.org/10.1016/j.intermet.2018.05.013
https://doi.org/10.1063/1.4919814
https://doi.org/10.1007/978-3-319-27013-5
https://doi.org/10.1007/978-3-319-27013-5
https://doi.org/10.1016/j.jallcom.2022.166905
https://doi.org/10.1007/s12666-020-02039-y
https://doi.org/10.1016/j.msea.2015.07.052
https://doi.org/10.3390/ma11020320
https://doi.org/10.3390/met9030351
https://doi.org/10.3390/met9030351
https://doi.org/10.1016/j.intermet.2006.08.005
https://doi.org/10.1016/j.jnoncrysol.2015.01.015
https://doi.org/10.1016/j.jnoncrysol.2015.01.015
https://doi.org/10.1007/s11106-016-9790-3
https://doi.org/10.1007/s11106-016-9790-3
https://doi.org/10.1016/j.jallcom.2023.170347
https://doi.org/10.1016/j.jallcom.2023.170347
https://doi.org/10.1016/j.electacta.2008.06.036
https://doi.org/10.1016/j.surfcoat.2010.03.041
https://doi.org/10.1016/j.matdes.2013.08.099


Vol:.(1234567890)

Research Discover Nano          (2023) 18:117  | https://doi.org/10.1186/s11671-023-03889-3

1 3

 41. Qiu X. Microstructure and properties of AlCrFeNiCoCu high entropy alloy prepared by powder metallurgy. J Alloys Compd. 2013;555:246–9. 
https:// doi. org/ 10. 1016/j. jallc om. 2012. 12. 071.

 42. Li A, Zhang X. Thermodynamic analysis of the simple microstructure of AlCrFeNiCu high-entropy alloy with multi-principal elements. 
Acta Metall Sin. 2009;22:219–24. https:// doi. org/ 10. 1016/ S1006- 7191(08) 60092-7.

 43. Raman L, Karthick G, Guruvidyathri K, Fabijanic D, NarayanaMurty SVS, Murty BS, Kottada RS. Influence of processing route on the alloy-
ing behavior, microstructural evolution and thermal stability of CrMoNbTiW refractory high-entropy alloy. J Mater Res. 2020;35:1556–71. 
https:// doi. org/ 10. 1557/ jmr. 2020. 128.

 44. Besler R, Bauer M, Furlan KP, Klein AN, Janssen R. Effect of processing route on the microstructure and mechanical properties of hot work 
tool steel. Mater Res. 2017;20:1518–24. https:// doi. org/ 10. 1590/ 1980- 5373- MR- 2016- 0726.

 45. Zhou M, Zeng Z, Cheng C, Morisada Y, Shi Q, Wang JY, Fujii H. Effect of the processing route on the microstructure and mechanical behavior 
of superlight Mg-9Li-1Zn alloy via friction stir processing. J Magnes Alloy. 2022;10:3064–81. https:// doi. org/ 10. 1016/j. jma. 2021. 12. 002.

 46. Guo S, Hu Q, Ng C, Liu CT. More than entropy in high-entropy alloys: forming solid solutions or amorphous phase. Intermetallics. 
2013;41:96–103. https:// doi. org/ 10. 1016/j. inter met. 2013. 05. 002.

 47. Torralba JM, Alvaredo P, García-Junceda A. High-entropy alloys fabricated via powder metallurgy: a critical review. Powder Metall. 
2019;62:84–114. https:// doi. org/ 10. 1080/ 00325 899. 2019. 15844 54.

 48. Tian F, Varga LK, Chen N, Shen J, Vitos L. Empirical design of single phase high-entropy alloys with high hardness. Intermetallics. 2015;58:1–
6. https:// doi. org/ 10. 1016/j. inter met. 2014. 10. 010.

 49. Guo S, Liu CT. Phase stability in high entropy alloys: formation of solid-solution phase or amorphous phase. Prog Nat Sci Mater Int. 
2011;21:433–46. https:// doi. org/ 10. 1016/ S1002- 0071(12) 60080-X.

 50. Zhang BY, Zhou YJ, Lin JP, Chen GL, Liaw PK. Solid-solution phase formation rules for multi-component alloys. Adv Eng Mater. 2008;10:534–
8. https:// doi. org/ 10. 1002/ adem. 20070 0240.

 51. Zhang Y, Beijing T, Guo S. Phase formation rules, in: high entropy alloy. Springer International, Switzerland, 2016. https:// doi. org/ 10. 1007/ 
978-3- 319- 27013-5.

 52. Yang X, Zhang Y. Prediction of high-entropy stabilized solid-solution in multi-component alloys. Mater Chem Phys. 2012;132:233–8. 
https:// doi. org/ 10. 1016/j. match emphys. 2011. 11. 021.

 53. Fayomi J, Popoola AP, Popoola O, Aigbodon V, Agboola O. The spark plasma sintering of the optimized parametric process for the mag-
nesium alloy reinforced hybrid nano - ceramics. Int J Adv Manuf Technol. 2022. https:// doi. org/ 10. 1007/ s00170- 022- 10617-1.

 54. Liu H, Liu L, Xin C. Effect of alloying elements on the structure and mechanical properties of NbMoTaWX ( X = Cr, V, Ti, Zr, and Hf ) refrac-
tory high- entropy alloys Effect of alloying elements on the structure and mechanical properties of NbMoTaWX ( X = Cr, V, Ti, Zr. J Appl 
Phys. 2021. https:// doi. org/ 10. 1063/5. 00384 05.

 55. Li C, Li JC, Zhao M, Jiang Q. Effect of alloying elements on microstructure and properties of multiprincipal elements high-entropy alloys. 
J Alloys Compd. 2009;475:752–7. https:// doi. org/ 10. 1016/j. jallc om. 2008. 07. 124.

 56. Takeuchi A. Inoue, Classification of bulk metallic glasses by atomic size difference, heat of mixing and period of constituent elements 
and its application to characterization of the main alloying element. Mater Trans. 2005;46:2817–29. https:// doi. org/ 10. 2320/ mater trans. 
46. 2817.

 57. Oliver WC, Pharr GM. An improved technique for determining hardness and elastic madulus using load and displacement. J Mater Res. 
1992;7:1564–83.

 58. Banerjee S, Poria S, Sutradhar G, Sahoo P. Nanoindentation and scratch resistance characteristics of AZ31–WC nanocomposites. J Mol 
Eng Mater. 2019;07:1–13. https:// doi. org/ 10. 1142/ s2251 23731 95000 72.

 59. Hynowska A, Pellicer E, Fornell J, González S, Van Steenberge N, Suriñach S, Gebert A, Calin M, Eckert J, Baró MD, Sort J. Nanostructured 
β-phase Ti-31.0Fe-9.0Sn and sub-μm structured Ti-39.3Nb-13.3Zr-10.7Ta alloys for biomedical applications: microstructure benefits on 
the mechanical and corrosion performances. Mater Sci Eng C 2012;32:2418–2425. https:// doi. org/ 10. 1016/j. msec. 2012. 07. 016.

 60. Okoro AM, Machaka R, Lephuthing SS, Oke SR, Awotunde MA, Olubambi PA. Nanoindentation studies of the mechanical behaviours of 
spark plasma sintered multiwall carbon nanotubes reinforced Ti6Al4V nanocomposites. Mater Sci Eng A. 2019;765:138320. https:// doi. 
org/ 10. 1016/j. msea. 2019. 138320.

 61. Bao YW, Wang W, Zhou YC. Investigation of the relationship between elastic modulus and hardness based on depth-sensing indentation 
measurements. Acta Mater. 2004;52:5397–404. https:// doi. org/ 10. 1016/j. actam at. 2004. 08. 002.

 62. Fayomi J, Popoola API, Popoola OM. The performance of hybridized nano-ceramics on the microstructure and corrosion of Mg alloy in 
an auto-engine cooling system. Ceram Int. 2022. https:// doi. org/ 10. 1016/j. ceram int. 2022. 12. 102.

 63. Lu T, Shi X, Li J, Bai S, Liu H, Luo H. Magnetic properties and possible martensitic transformation in equiatomic quaternary Heusler alloy 
CoMnNiSn. J Magn Magn Mater. 2022;562:169844. https:// doi. org/ 10. 1016/j. jmmm. 2022. 169844.

 64. Yan PL, Zhang JM, Xu KW. The structural, electronic and magnetic properties of quaternary Heusler alloy TiZrCoIn. Solid State Commun. 
2016;231–232:64–7. https:// doi. org/ 10. 1016/j. ssc. 2016. 02. 006.

 65. Yang J, Liang C, Wang C, Huang J, Qiu B, Liang M, Liu W, Xie Y, Zhang K, Zhou S. Improving mechanical properties of 
(Co1.5FeNi)88.5Ti6Al4R1.5 (R = Hf, W, Nb, Ta, Mo, V) multi-component high-entropy alloys via multi-stage strain hardening strengthen-
ing. Mater Des. 2022;222:111061. https:// doi. org/ 10. 1016/j. matdes. 2022. 111061.

 66. Al-maamari AEA, Iqbal AA, Nuruzzaman DM. Mechanical and tribological characterization of self-lubricating Mg-SiC-Gr hybrid metal 
matrix composite (MMC) fabricated via mechanical alloying. J Sci Adv Mater Devices. 2020;5:535–44. https:// doi. org/ 10. 1016/j. jsamd. 
2020. 09. 002.

 67. Abbas A, Huang SJ. Investigation of severe plastic deformation effects on microstructure and mechanical properties of WS2/AZ91 mag-
nesium metal matrix composites. Mater Sci Eng A. 2020;780:139211. https:// doi. org/ 10. 1016/j. msea. 2020. 139211.

 68. Kök M, Durğun SB, Özen E. Thermal analysis, crystal structure and magnetic properties of Cr-doped Ni–Mn–Sn high-temperature magnetic 
shape memory alloys. J Therm Anal Calorim. 2019;136:1147–52. https:// doi. org/ 10. 1007/ s10973- 018- 7823-5.

 69. Muthuraj R, Misra M, Mohanty AK. Studies on mechanical, thermal, and morphological characteristics of biocomposites from biodegrad-
able polymer blends and natural fibers, Fourteenth. Elsevier Ltd. 2015. https:// doi. org/ 10. 1016/ B978-1- 78242- 373-7. 00014-7.

https://doi.org/10.1016/j.jallcom.2012.12.071
https://doi.org/10.1016/S1006-7191(08)60092-7
https://doi.org/10.1557/jmr.2020.128
https://doi.org/10.1590/1980-5373-MR-2016-0726
https://doi.org/10.1016/j.jma.2021.12.002
https://doi.org/10.1016/j.intermet.2013.05.002
https://doi.org/10.1080/00325899.2019.1584454
https://doi.org/10.1016/j.intermet.2014.10.010
https://doi.org/10.1016/S1002-0071(12)60080-X
https://doi.org/10.1002/adem.200700240
https://doi.org/10.1007/978-3-319-27013-5
https://doi.org/10.1007/978-3-319-27013-5
https://doi.org/10.1016/j.matchemphys.2011.11.021
https://doi.org/10.1007/s00170-022-10617-1
https://doi.org/10.1063/5.0038405
https://doi.org/10.1016/j.jallcom.2008.07.124
https://doi.org/10.2320/matertrans.46.2817
https://doi.org/10.2320/matertrans.46.2817
https://doi.org/10.1142/s2251237319500072
https://doi.org/10.1016/j.msec.2012.07.016
https://doi.org/10.1016/j.msea.2019.138320
https://doi.org/10.1016/j.msea.2019.138320
https://doi.org/10.1016/j.actamat.2004.08.002
https://doi.org/10.1016/j.ceramint.2022.12.102
https://doi.org/10.1016/j.jmmm.2022.169844
https://doi.org/10.1016/j.ssc.2016.02.006
https://doi.org/10.1016/j.matdes.2022.111061
https://doi.org/10.1016/j.jsamd.2020.09.002
https://doi.org/10.1016/j.jsamd.2020.09.002
https://doi.org/10.1016/j.msea.2020.139211
https://doi.org/10.1007/s10973-018-7823-5
https://doi.org/10.1016/B978-1-78242-373-7.00014-7


Vol.:(0123456789)

Discover Nano          (2023) 18:117  | https://doi.org/10.1186/s11671-023-03889-3 Research

1 3

 70. Wang M, Cui H, Zhao Y, Wang C, Wei N, Zhao Y, Zhang X, Song Q. A simple strategy for fabrication of an FCC-based complex concentrated 
alloy coating with hierarchical nanoprecipitates and enhanced mechanical properties. Mater Des. 2019;180:107893. https:// doi. org/ 10. 
1016/j. matdes. 2019. 107893.

 71. Aguilar C, Martinez C, Tello K, Palma S, Delonca A, San Martín F, Alfonso I. Thermodynamic analysis of the formation of FCC and BCC solid 
solutions of ti-based ternary alloys by mechanical alloying. Metals (Basel). 2020. https:// doi. org/ 10. 3390/ met10 040510.

 72. William F. Hosford, mechanical behavior of materials, 2nd editio. New York City: Cambridge University Press; 2010.
 73. Meyers M, Engineering A, Diego S, Conferences E, Senior H, Award S, Scientist TMSD, Awards E, Award LH, Chawla K, Science M. Mechani-

cal behavior of materials. 2009. https:// doi. org/ 10. 5860/ choice. 46- 6830.
 74. Ashby MF, Jones DRH. Engineering Materials 2. An Introduction to Microstructures and Processing, Second Edi, Elsevier Inc.;2013. https:// 

doi. org/ 10. 1016/ b978-0- 08- 096668- 7. 00005-x.
 75. Hull D, Bacon DJ. Introduction to dislocations. Second Edi: Elsevier Inc.; 2021.
 76. Bhoi NK, Singh H, Pratap S, Gupta M, Jain PK. Investigation on the combined effect of ZnO nanorods and Y2O3 nanoparticles on the 

microstructural and mechanical response of aluminium. Adv Compos Mater. 2022;31:289–310. https:// doi. org/ 10. 1080/ 09243 046. 2021. 
19935 55.

 77. Ghasemi A, Penther D, Kamrani S. Microstructure and nanoindentation analysis of Mg-SiC nanocomposite powders synthesized by 
mechanical milling. Mater Charact. 2018;142:137–43. https:// doi. org/ 10. 1016/j. match ar. 2018. 05. 023.

 78. Kumar NM, Kumaraswamidhas LA. Characterization and tribological analysis on AA 6061 reinforced with AlN and ZrB 2 in situ composites. 
J Mater Res Technol. 2019;8:969–80. https:// doi. org/ 10. 1016/j. jmrt. 2018. 07. 008.

 79. Mattli MR, Matli PR, Khan A, Abdelatty RH, Yusuf M, Al Ashraf A, Kotalo RG, Shakoor RA. Study of microstructural and mechanical proper-
ties of al/sic/tio2 hybrid nanocomposites developed by microwave sintering. Crystals. 2021. https:// doi. org/ 10. 3390/ cryst 11091 078.

 80. Thomas S, Umasankar V. Influence of MWCNT on precipitation hardenable aluminium alloy matrix on age hardening and solutionizing. 
Adv Sci Lett. 2018;24:5805–11. https:// doi. org/ 10. 1166/ asl. 2018. 12200.

 81. Yadav V, Harimkar SP. Microstructure and properties of spark plasma sintered carbon nanotube reinforced aluminum matrix composites. 
Adv Eng Mater. 2011;13:1128–34. https:// doi. org/ 10. 1002/ adem. 20110 0132.

 82. Matli PR, Ubaid F, Shakoor RA, Parande G, Manakari V, Yusuf M, Amer Mohamed AM, Gupta M. Improved properties of Al-Si3N4 nanocom-
posites fabricated through a microwave sintering and hot extrusion process. RSC Adv. 2017;7:34401–10. https:// doi. org/ 10. 1039/ c7ra0 
4148a.

 83. Sun J, Yang Z, Han J, Yuan T, Song D, Wu Y, Yuan Y, Zhuo X, Liu H, Ma A. Enhanced quasi-isotropic ductility in bi-textured AZ91 Mg alloy 
processed by up-scaled RD-ECAP processing. J Alloys Compd. 2019;780:443–51. https:// doi. org/ 10. 1016/j. jallc om. 2018. 12. 008.

 84. Liao H, Chen J, Peng L, Han J, Yi H, Zheng F, Wu Y, Ding W. Fabrication and characterization of magnesium matrix composite processed by 
combination of friction stir processing and high-energy ball milling. Mater Sci Eng A. 2017;683:207–14. https:// doi. org/ 10. 1016/j. msea. 
2016. 11. 104.

 85. Bočan J, Maňák J, Jäger A. Nanomechanical analysis of AZ31 magnesium alloy and pure magnesium correlated with crystallographic 
orientation. Mater Sci Eng A. 2015;644:121–8. https:// doi. org/ 10. 1016/j. msea. 2015. 07. 055.

 86. Guo T, Siska F, Barnett MR. Distinguishing between slip and twinning events during nanoindentation of magnesium alloy AZ31. Scr Mater. 
2016;110:10–3. https:// doi. org/ 10. 1016/j. scrip tamat. 2015. 07. 034.

 87. Bor B, Giuntini D, Domènech B, Swain MV, Schneider GA. Nanoindentation-based study of the mechanical behavior of bulk supercrystal-
line ceramic-organic nanocomposites. J Eur Ceram Soc. 2019;39:3247–56. https:// doi. org/ 10. 1016/j. jeurc erams oc. 2019. 03. 053.

 88. Pöhl F. Pop-in behavior and elastic-to-plastic transition of polycrystalline pure iron during sharp nanoindentation. Sci Rep. 2019;9:1–12. 
https:// doi. org/ 10. 1038/ s41598- 019- 51644-5.

 89. Ehtemam-Haghighi S, Cao G, Zhang LC. Nanoindentation study of mechanical properties of Ti based alloys with Fe and Ta additions. J 
Alloys Compd. 2017;692:892–7. https:// doi. org/ 10. 1016/j. jallc om. 2016. 09. 123.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.matdes.2019.107893
https://doi.org/10.1016/j.matdes.2019.107893
https://doi.org/10.3390/met10040510
https://doi.org/10.5860/choice.46-6830
https://doi.org/10.1016/b978-0-08-096668-7.00005-x
https://doi.org/10.1016/b978-0-08-096668-7.00005-x
https://doi.org/10.1080/09243046.2021.1993555
https://doi.org/10.1080/09243046.2021.1993555
https://doi.org/10.1016/j.matchar.2018.05.023
https://doi.org/10.1016/j.jmrt.2018.07.008
https://doi.org/10.3390/cryst11091078
https://doi.org/10.1166/asl.2018.12200
https://doi.org/10.1002/adem.201100132
https://doi.org/10.1039/c7ra04148a
https://doi.org/10.1039/c7ra04148a
https://doi.org/10.1016/j.jallcom.2018.12.008
https://doi.org/10.1016/j.msea.2016.11.104
https://doi.org/10.1016/j.msea.2016.11.104
https://doi.org/10.1016/j.msea.2015.07.055
https://doi.org/10.1016/j.scriptamat.2015.07.034
https://doi.org/10.1016/j.jeurceramsoc.2019.03.053
https://doi.org/10.1038/s41598-019-51644-5
https://doi.org/10.1016/j.jallcom.2016.09.123

	Phase prediction, microstructure, and mechanical properties of spark plasma sintered Ni–Al–Ti–Mn–Co–Fe–Cr high entropy alloys
	Abstract
	Introduction
	Materials and methods
	Thermodynamic simulation
	Experimental materials
	Fabrication of Ni–Al–Ti–Mn–Co–Fe–Cr high entropy alloy
	Characterization and analysis of the sintered samples
	Density analysis
	Microstructure and crystalline phase characterization
	Microhardness
	Nanoindentation and strength mechanism of the developed Ni–Al–Ti–Mn–Co–Fe–Cr HEA


	Results and discussion
	The microstructural characterization of the sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA
	Phase analysis of the fabricated Ni–Al–Ti–Mn–Co–Fe–Cr HEA
	Physical properties analysis of Ni–Al–Ti–Mn–Co–Fe–Cr sintered HEA
	Mechanical properties analysis of sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA
	Microhardness behavior of sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA
	Nanoindentation of sintered Ni–Al–Ti–Mn–Co–Fe–Cr HEA


	Novelty of the study
	Conclusion
	Acknowledgements 
	References


