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A B S T R A C T   

This study incorporates the knowledge of empirical calculation and computational concepts using Thermo-Calc 
as a design guide to develop AlCrFeNi high entropy alloy (HEA). Subsequently, a novel AlCrFeNi HEA composite 
consisting of varying weight percentages (wt%) of TiO2 reinforcements is synthesized using mechanical alloying 
(MA) and spark plasma sintering (SPS) techniques. Our work investigated the role of TiO2 reinforcement on the 
densification behavior, phase changes, microstructure, and properties of AlCrFeNi HEA. The phase diagram was 
constructed using Thermo-Calc software. Powder densification during SPS was analyzed using obtained sintering 
data. The samples were characterized using Xray Diffraction (XRD) and Scanning Electron Microscopy (SEM) 
techniques. The density and micro-hardness were evaluated. The result shows that the densification during SPS is 
dependent on kinetic mechanisms such as melt diffusion, surface diffusion, and plastic flow. Phases of the 
disordered BCC phase (rich in FeCr) and ordered B2 phase (rich in NiAl) were found in the AlCrFeNi HEA. The 
phases were consistent with the prediction using thermo-calc software. The BCC phases in the AlCrFeNi are 
retained regardless of the addition of TiO2 particles but with the diffusion of Ti with O atoms fitting into the 
interstitial sites in the BCC and B2 lattice. The microstructure verified the homogeneous distribution of the TiO2- 
rich phase within the BCC and B2 phases of the AlCrFeNi HEAs. The density decreases with the adding TiO2. The 
hardness of reinforced AlCrFeNi is enhanced from 537.24 Hv to 752.74 Hv with an increment of TiO2 rein
forcement from 0 to 8 wt%. TiO2 particles acted as impediments to the mobility of dislocation, thereby increasing 
the resistance to deformation of HEA composites during micro indentation.   

1. Introduction 

Metal matrixes reinforced with micro and nano-sized ceramic par
ticles are promising materials with outstanding properties [1]. Com
posites of High entropy alloys are no exception; they have gained 
attention recently due to their exceptional structural stability and me
chanical properties such as enhanced strength and hardness, 
outstanding fatigue resistance, excellent resistance to corrosion, and 
high thermal stability [2,3]. Though the primary core effects of sluggish 
diffusion, cocktail, high entropy, and lattice distortion have been re
ported to be the underlining mechanisms shaping the properties of HEAs 
[4–6], their practical strength and structure can be enhanced through 
dispersion and precipitation strengthening, solid-solution strength
ening, pre-straining and grain refinement [7,8]. 

Past experimental evidence has revealed enhanced properties with 

dispersion strengthening and grain refinement [9]. So, exploring HEAs 
as a matrix for fabricating composite materials institutes a novel concept 
with possibly enhanced structure and engineering implications. Ceramic 
reinforcements, including TiB2 [10], WC [11], Ti(C, N) [12], and Y203 
[13], have been extensively utilized as reinforcing phases to enhance the 
structure and properties of HEAs. Among these reinforcements, TiO2 
particles have emerged as promising reinforcement to enhance HEAs’ 
structure compactness. In this context, TiO2 is a filler within the HEA 
matrix, effectively improving its strength and hardness [14]. 

Furthermore, due to its favorable friction and wear resistance 
properties, TiO2 finds widespread use as a surface coating material for 
metals [15]. The TiO2 ceramic phase interacts with the HEA, forming a 
dense oxide layer that enhances the alloy’s corrosion resistance [16]. 
Zhu et al. reported that adding TiO2 ceramic phase to CoCrFeMnNi HEA 
improved wear, plastic deformation resistance, and reduced elastic 
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recovery resistance [17]. In a related work by Qi et al., the strength of 
the Al0.4CoCrFe2Ni2 HEA reaches the maximum of 489 MPa when 
reinforced with 2.5 vol% of TiO2 ceramic phase, which is 11.1 % higher 
than the matrix HEA [14]. Chang et al. added varying amounts of TiO2 
particle addition, and their findings demonstrated that adding TiO2 
particles resulted in the prevalence of grain refinement and improved 
strength without significant loss in elasticity [18]. These studies position 
TiO2 as an attractive candidate for fabricating HEA composites. Despite 
the potential benefits, there are still limited reports on HEA/TiO2 
composites, making further investigation necessary. 

Amongst HEAs, Al-Co-Cr-Cu-Fe-Ni systems are among the most 
studied due to their enhanced performance [19]. The deterioration in 
mechanical properties due to Cu segregation shifted the research focus 
towards synthesizing Al-Co-Cr-Fe-Ni systems. The removal of Cu 
element advanced the strength of the HEA [20]. Many investigations 
have also targeted substituting Co with other metals because of its 
magnetic nature and toxicity [21]. Further elimination of Co from the 
Al-Co-Cr-Fe-Ni system created the Al-Cr-Fe-Ni HEAs. The removal of 
elements from HEAs has been reported to influence the microstructure 
and properties of HEAs significantly. For example, Munitz et al. [22] 
investigated the influence of the removal of Co from the microstructure 
of as-cast AlCoCrFeNi alloys. They reported that the as-cast AlCrFeNi 
system had a eutectic-like microstructure that yielded outstanding 
strength and elasticity. Works of literature exist on AlCrFeNi HEAs 
[23–25], but there are few reports on its composites. Thus, this study 
endeavors to disperse TiO2 ceramic particles within the AlCrFeNi alloy, 
aligning with the HEA design concept, and subsequently explores the 
resulting variations in composite microstructure and properties. 

Among various fabrication techniques for Al-Cr-Fe-Ni HEAs, arc 
melting is the conventional method of synthesizing this class of HEAs. 
But this technique is unsuitable for fabricating HEAs reinforced with 
ceramics particles due to substantial elemental segregation that occurs 
due to differences in melting points of metallic elements and ceramics 
[26]. Pores and shrinkage defects in HEAs are also characteristic of arc 
melting. The powder metallurgy (PM) route has been reported to be a 
more efficient method for the fabrication of HEAs composites due to its 
advantages of even compositions, uniform microstructures, and small 
grain sizes [27,28]. For this study, SPS was utilized to fabricate the HEA 
reinforced with different percentages of TiO2. The choice of SPS over 
other PM routes is due to the advantages of low temperature and shorter 
sintering time, grain growth annihilation due to the fast-cooling rate of 
SPS, and the production of fully dense materials [29,30]. Until now, 
many investigations have been tailored toward the properties and mi
crostructures of various PM HEAs. Still, few studies have been reported 
on the densification mechanism during SPS. 

Advancements in HEA production and processing have introduced 
computational tools like CALPHAD-based techniques to aid in 
designing, modeling, and simulating HEAs’ thermodynamic properties 
[31]. This paradigm shift in alloy development has formed an integral 
part of materials research, driven by the fourth industrial revolution 
(4IR). The vast compositional space of HEAs necessitates integrating 
computation-aided materials design, specifically Thermo-Calc software 
(a CALPHAD-based tool), in the materials design and optimization 
process [32]. As opposed to the conventional approach for HEA devel
opment, empirical calculations are complimented by the computational 
design process; the core features of the non-conventional process will 
not only eliminate the trial-by-error menace associated with the tradi
tional experimental approach but will create a framework that will 
minimize materials waste and consequently enhance production time 
and high yield [33]. 

This study, therefore, incorporates the knowledge of empirical 
calculation and computational concepts using Thermo-Calc as a design 
guide to develop solid-solution AlCrFeNi HEA before the synthesis of a 
novel AlCrFeNi HEA-based composite consisting of TiO2 reinforcements 
using mechanical alloying and spark plasma sintering techniques. It 
provides an effective way of uniformly dispersing oxide particles into 
AlCrFeNi HEA. The role of TiO2 addition on the microstructure, phase 
changes, and densification behavior of the HEA throughout the sintering 
process is emphasized. 

2. Experimental procedure 

2.1. Theoretical design of HEA 

Empirical calculations brewed from thermo-physical parameters (as 
captured in Table 1), and Thermo-Calc software version 2021b with the 
Thermo-Calc High Entropy Alloy version 4 (TCHEA4) encrypted ther
modynamic database was used in the phase diagram modeling and 
phase prediction of the quaternary equiatomic (Al-Cr-Fe-Ni) HEA. For 
the seamless design of alloys, especially HEAs, scores of researchers have 
adopted the non-conventional approach involving empirical calcula
tions and computational modeling in computing and predicting the 
thermodynamic properties and structural behavior of material systems. 
Some of the thermophysical design parameters applied in literature in 
the design of solid-solution HEAs are summarized in Table 1. 

2.2. Mechanical alloying and Spark plasma sintering of the AlCrFeNi 
HEA and its composites 

The starting metallic powders utilized are HEA in this study are high 

Table 1 
Thermophysical parameters of HEAs.  

Parameter Formula Condition for solid-solution References 

Mixing Entropy 
(ΔSmix)

− R
∑n

i=1(cilnci) 11 ≤ ΔSmix ≤ 19.5J/k.mol 
[34] 

Electronegativity difference (Δχ) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑n
i=1ci(xi −

∑n
j=1cjxj)

2
√ Δχ < 6% 

[26] 
Mixing enthalpy 
(ΔHmix)

∑n
i=1,i∕=jΩijcicj − 22 ≤ ΔHmix ≤ 7kJ/mol 

[35] 

Atomic size mismatch (δ)
100

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1ci(1 −
ri

ra
)
2

√ δ < 6.5% 
[35] 

Valence electronic configuration (VEC)
∑n

i=1ci(VEC)i VEC≥ 8.6 for FCC 
VEC< 6.87 for BCC [36] 

Interacting parameter (Ω) TmΔSmix

|ΔHmix |

Ω > 1 
[37] 

Melting temperature (Tm) 
∑n

i=1ci(Tm)i   [37] 

The individual items involved are defined as. Ci
(
Cj
)

is the atomic percentage of the i‑th (j‑th) component. ri = atomic radius; (VEC)i = valence electron con
centration; χi = Pauling electronegativity; Tm = calculated melting point through the atomic percentage; ΔGmax = lowest (intermetallic) or highest (segregated) 
possible Gibbs free energy from the formation of binary systems.  
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purity Al (99.95 %; Sigma-Aldrich), Cr (≥99 %, Sigma-Aldrich), Fe (99.5 
%, Merck), and Ni (99.7 %, Merck) in equal atomic proportions (25 at 
%). Titanium IV oxide (TiO2) ceramic powder of 99.9 % purity, supplied 
by Merck Co., is introduced in varied proportions as reinforcements 
(2–8 wt%). The Metallic powders were measured according to calcu
lated amounts and introduced into a milling pot for mechanical alloying. 
The process employed a QM-3SP4 Planetary Ball Mill, utilizing balls 
with a ball-to-powder weight ratio of 10:1. Equiatomic HEA powders 
were achieved after 24 h of vacuum milling at 150 rpm. The TiO2 
powders were later introduced into the mixed HEA powders and suc
cessively subjected to another 8 h of dry milling to obtain a homogenous 
blend of AlCrFeNi(TiO2)x powders. To avert cold welding arising from 
powder overheating, a relaxation time of 10 mins was incorporated after 
every 20 mins of milling. This strategy mitigates interfacial reactions 
among the AlCrFeNi(TiO2)x powders during milling. 

The admixed AlCrFeNi(TiO2)x powders are loaded in a 20 mm 
diameter graphite punch and die assembly and cold compacted at 
10 MPa using the hydraulic press. The AlCrFeNi(TiO2)x compact was 
then consolidated using spark plasma sintering (HHPD– 25 FCT model, 
Germany). The compact was sintered in a vacuum at 1100 ◦C, pressure, 
10 mins holding time, and 100 ◦C/min heating rate. The applied pres
sure of 50 MPa was kept constant throughout the sintering cycle. A 
graphite sheet was used to shield the powders from direct contact with 
the die and punches to ensure enhanced electrical conductivity and easy 
removal of the sinter after sintering. After sintering, AlCrFeNi(TiO2)x 
composite with 20 mm diameter and 10 mm height was attained. The 
sinter was sand blasted to remove dirt and sticky graphite sheets from 

the HEA. The sintering data obtained after SPS was used in the study to 
analyze the densification mechanism throughout the sintering process. 

2.3. Characterization of the sintered AlCrFeNi HEA and its composites 

The sizes and shapes of individual starting powders, the degree of 
dispersion among admixed powders, and the microstructure of the 
fabricated AlCrFeNi(TiO2)x composites were examined using a scanning 
electron microscope (SEM). For the microstructural evaluation, the 
AlCrFeNi(TiO2)x sintered samples were cold mounted to allow easy 
grinding and polishing. Metallographic preparation of the sample’s 
surface was done to achieve a mirror-like consistency. The AlCrFeNi 
(TiO2)x composites’ chemical constituents were analyzed using energy- 
dispersive X-ray spectroscopy (EDS). The SEM utilized in this study was 
equipped with an energy-dispersive detector. The crystal structure and 
analysis of phases of the AlCrFeNi(TiO2)x powder mixture after MA and 
the sintered samples were evaluated using an X-Ray diffractometry 
(XRD, PANalytical EMPYREAN) using Cu Kα radiation. The X-ray dif
fractions were recorded in the range of 5 – 100◦ at 2 θ angles with a scan 
rate of 1.0 deg/min. 

2.4. Density and hardness measurements of the sintered AlCrFeNi HEA 
and its composites 

The sintered HEA composites’ resistance to micro indentation was 
assessed using a Vickers hardness tester (FALCON 500 series). Samples 
underwent surface polishing, and indents were created across various 

Table 2 
Thermophysical properties of designed AlCrFeNi HEAs.  

HEA Nominal 
ρ (gcm− 3) 

Structure VEC ΔHmix (kJmol− 1) ΔSmix (kJmol− 1) Tm (oC) δ (%) Ω Δx 

Al-Cr-Fe-Ni 6.271 BCC 6.75 -21.0173 11.52566 1595 2.84 0.87 0.12  

Fig. 1. T-C phase diagram of quaternary equiatomic (Al-Cr-Fe-Ni) HEA.  
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regions with a 100 gf load for 10 s. The results were obtained by 
recording the indenter tip’s penetration into the sample surface. Data 
reliability was ensured through 10 repeat tests. 

The relative density of the AlCrFeNi(TiO2)x composites was calcu
lated using the theoretical and experimental densities of the sample. The 
AlCrFeNi(TiO2)x samples’ theoretical density was calculated using Eq. 
(1). 

1
Dc

=
Vf HEA

DHEA
+

Vf TiO2

DTiO2
(1)  

where Dc is the theoretical density of AlCrFeNi(TiO2)x, DHEA and DTiO2 
denote the theoretical densities of the AlCrFeNi, and the TiO2 rein
forcement, VfHEA, and VfTiO2 are the volume fractions of the AlCrFeNi 
and the TiO2 reinforcement respectively. Archimedes’ principle was 
used to estimate the experimental densities of the sintered samples in 
compliance with ASTM B962. The relative density of the AlCrFeNi 
(TiO2)x composites was finally calculated using Eq. (2). 

Relative density (%) =
Experimental density
Theoretical density

X100 (2)  

3. Results and discussion 

3.1. Construction of phase diagram and phase prediction for the AlCrFeNi 
HEA 

Adopting the designated formulas highlighted in Table 1 for the alloy 
design, the quaternary equiatomic AlCrFeNi’s thermophysical proper
ties were computed and reported in Table 2. 

Notably, the values obtained for all the computed parameters lie 
within the phenomenological range, as expected in developing a solid- 
solution high entropy alloy. Empirical calculation from the thermo
physical parameters may not be overly depended upon because it 
strongly relies on the availability of experimental data from the 

literature for alloy design. Also, most benchmarked threshold values for 
the various parameters computed empirically are only based on statis
tics and lack scientific backing. Since empirical rules are not conclusive 
in predicting solid solution phases in HEAs, CALPHAD-based tools have 
attracted strong recommendations by alloy developers for their self- 
consistent, reliable, accurate, and easy-to-use capabilities. Thermo- 
Calc, among other CALPHAD-based tools, stands out as software that 
can appropriately be used to model phase diagrams and predict the 
thermodynamic properties of alloys. Fig. 1 depicts the temperature- 
composition (T-C) phase diagram of the quaternary equiatomic (Al-Cr- 
Fe-Ni) HEA calculated using Thermo-Calc software version 2021b. 

Being an equiatomic HEA, each principal element has 25-mole 
percent as the composition, with the isopleth line representing the 
specific composition site indicated with a green dash-dotted line across 
the alloy composition to varied temperatures. Using the software’s 
graphical user interface (GUI) mode, the system condition was set at 
room temperature (Troom) to 1800 ◦C and at a pressure of 1 bar. Across 
the isopleth line, a series of possible reactions to changes in temperature 
upon cooling was identified as summarized below: 

(L)→(L+BCC_B2#4)

(L+BCC_B2#4)→(L+BCC_B2)+ (BCC_B2#4)

(L+BCC_B2)+ (BCC_B2#4)→(BCC_B2)+ (BCC_B2#4)

(BCC_B2)+ (BCC_B2#4)→(Al3Ni2 519)+ (BCC_B2)+ (BCC_B2#3)

Fig. 2 was computed using the One-axis plot to obtain information on 
the phases present and their respective number of phases in the equia
tomic Al-Cr-Fe-Ni HEA across various temperatures. It also provides 
information concerning the liquidus temperature (Tliq) and solidus 
temperature (Tsol). 

The predicted stable phases obtainable in the cooling curve diagram 
for the quaternary equiatomic (Al-Cr-Fe-Ni) HEA are BCC_B2 (blue 

Fig. 2. The phase composition of equiatomic Al-Cr-Fe-Ni HEA across the temperature range.  
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colored line) and BCC_B2⋕2 (red colored line) phases, whereas 
BCC_B2⋕3 (lilac colored line) phase which precipitated at about 710 ◦C 
was identified in the reaction but later dissolves into the BCC_B2⋕2 
stable phase. Further deduction from the cooling curve diagram shows 
that the solidification temperature (Tsol) begins at about 1355 ◦C, where 
BCC_B2 and BCC_B2⋕2 phases co-exist. Table 3 presents a concise 
summary of the predicted stable phases. BCC_B2 phase is rich in both Cr 
and Fe and takes approximately 45 % of the system. This phase is formed 
at around 1375 ◦C and sustains stability below the room temperature 
mark. The BCC_B2⋕2 phases, on the other hand, precipitated at about 
1370 ◦C, and were maintained below room temperature. It occupies 
55 mol percent of the entire phase of the HEA system, with the primary 
constituent elements being Ni and Al and a moderate inclusion of Fe. 
Thermo-Calc software’s thermophysical parameter calculations and 
prediction suggest that the AlCrFeNi HEA is a BCC solid-solution system. 

3.2. Characterization of the starting and mixed powders 

The morphology of the Al, Cr, Fe, Ni, and TiO2 as-received powders is 
depicted in Fig. 3(a-e), respectively. The SEM analysis of the powders 
revealed different particle sizes and shapes of the powders. The Al 
powders with particles size of < 75 µm µm have non-porous, spherical 
shapes. The Cr and Fe powders have average particle sizes of 45 µm and 
325 mesh, respectively, characterized by irregular and flake-shaped 
particles. The Ni particles exhibit flake-like morphology, with average 
particle sizes mostly around 2.7 µm. The reinforcing TiO2 particles are 
round with a hollow doughnut-like morphology with an average particle 
size of 35 µm. Mixing spherical and flake-shaped powders can enhance 
composite properties. Spherical powders boost packing density, while 
flakes offer anisotropic reinforcement and controlled fracture [38]. 

Particle size is crucial for improved microstructure and properties. The 
choice of micron-sized powders for the HEA composites allows for 
efficient milling and good densification during sintering, resulting in 
desirable properties in the final material. Micron-sized powders are 
more cost-effective than submicron-sized powders and are easily 
handled during processing. Macía et al. investigated micron-sized par
ticles’ influence on ferritic ODS steel milling and consolidation with 
(Y–Ti–Al–Zr). They reported even temperature distribution, advancing 
recrystallization, and promoting efficient consolidation [39]. Fig. 1f 
depicts XRD analysis of TiO2, confirming rutile crystal phase presence 
with a tetragonal structure. 

The challenge of fabricating HEA composites with improved prop
erties is to create a uniform dispersion of the metallic and reinforcement 
powders. The degree of dispersion of the powders is assessed, and the 
morphology and elemental compositions (EDX) of the admixed AlCr
FeNi(TiO2)x powders after mixing are presented in Fig. 4. As observed in 
the micrographs, the mechanical alloying parameters employed resulted 
in homogenous dispersion of the Al, Cr, Fe, and Ni metallic powders 
(Fig. 4a) and with TiO2 reinforcements (Fig. 4b). There is no observed 
fragmentation or agglomeration of powders. The effective distribution 
of powders with no deformation could be attributed to the absence of 
milling balls during powder blending. The EDS for Fig. 4a of the unre
inforced AlCrFeNi revealed only peaks corresponding to Al, Cr, Fe, and 
Ni, with no additional element observed. This ascertains no substantial 
contamination of the HEA powders during mixing. The presence of a Ti 
peak was observed for the reinforced AlCrFeNi(TiO2)x (EDS for Fig. 4b). 

The XRD diffraction peaks of the AlCrFeNi HEA powder with varied 
addition of TiO2 after 30 h of milling are presented in Fig. 5. The 
distinctive Bragg’s peaks of single BCC crystal structure were identified 
with Al and Ni pure elements, and this validates the predicted results 
from both the empirical calculation with a VEC value of 6.75, indicating 
a BCC phase structure, and the Thermo-Calc design that also specified a 
BCC material along the isopleth line. Though Shang et al. reported the 
complete dissolution of Al and Ni elemental powders resulting in an 
absolute BCC structure of AlCrFeNi HEA after 30 h of milling, the 
emergence of Al and Ni elements could be linked to the difficulty 
associated with fracturing spherical powders during MA. Diffraction 
peaks corresponding to TiO2 with different 2θ values are also identified 
in AlCrFeNi(TiO2)x composite grades. The disappearance of elemental 

Table 3 
Thermo-Calc predicted calculations for equiatomic Al-Cr-Fe-Ni HEAs upon 
cooling.  

Stable phases Constituent 
elements 

Amount in mole% Temperature range (oC) 

BCC_B2 Cr,Fe:VA 45 ⋍ 1375 - Troom 

BCC_B2⋕2 Ni,Al:VA 55 ⋍ 1370 - Troom  

Fig. 3. SEM micrographs of the elemental powders morphology (a) Al, (b) Cr, (c) Fe, (d) Ni, (e) TiO2, and (f) XRD of TiO2.  
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peaks in the formation of BCC crystal structure in HEAs has been re
ported to be due to crystal size refinement, decreased crystallinity, and 
lattice distortion [40]. 

3.3. Sintering behavior of the sintered AlCrFeNi HEA and its composites 

Fig. 6a depicts the variation in temperature with time, and Fig. 6b 
presents the variation in the relative displacement rate of the punch 
during the deformation of the powders in the SPS machine. The sintering 
profiles for the AlCrFeNi and its composites displayed a similar trend. 
The sintering temperature (Fig. 6a) remained constant at 250 ◦C (due to 
sintering chamber preheating) for approximately 6–8 min and then 
gradually increased to a maximum of 1100 ◦C and held for 7 min. This 
duration represents the adopted holding time for the sintering process of 
the composites. The profile also shows that the sintering process was 
completed in 30 min with the attainment of near-total densification. The 
short time of sintering demonstrates the efficiency of SPS compared to 
conventional sintering techniques [41]. Fig. 6b indicates the regime of 
compression exerted by the upper and lower punch to reduce the pow
der from its initial height (h0) to the final sinter height (hi) during SPS. 
The first 10 mins of sintering recorded a low punch displacement; this 
could result from the resistance to deformation posed by the powders 
due to low temperature (Fig. 6a). From 10–25 mins of sintering, 
displacement gradually increased from 1 to about 3 mm. This indicates 
that the deformation of the AlCrFeNI remarkably occurs between 10 and 
25 mins. No significant increase in displacement was recorded in the last 
5 mins. The displacement is significantly higher in of AlCrFeNi 
compared to the composite powders. This high displacement can be 
attributed to more interconnected pores in the AlCrFeNI samples. 

The variation of the shrinkage rate with time was examined during 
the SPS process, as depicted in Fig. 7. The maximum shrinkage rates for 
all the HEA composite grades were achieved in 10 mins of sintering. It is 
important to note that the maximum sintering temperature (1100 ◦C) 
was not attained in 10 mins of sintering. So, the dominant process 

Fig. 4. SEM and EDS results for mixed AlCrFeNi powders (a) 0 wt% TiO2 and (c) 4 wt% TiO2.  

Fig. 5. XRD results of mixed AlCrFeNi with various TiO2 powders.  
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parameter that influenced the high shrinkage rates of the HEAs is the 
sintering pressure maintained at 50 MPa. This stage is characterized by a 
severe decrease in powder bed height, removal of gas, and spark crea
tion between HEA and TiO2 particles. The shrinkage rate of the HEA 

without TiO2 reinforcement appeared to be higher (0.74) compared to 
other reinforced grades. A drastic reduction in shrinkage rate from 0.74 
to 0.42 was observed by adding 2 wt% TiO2 particles. Further addition 
of TiO2 particles did not significantly affect the shrinkage rate. The high 
shrinkage rate in the HEA without TiO2 suggests a high sinter density 
with low porosity. The remarkable difference in shrinkage rate could be 
linked to the nature of the SPS mode of heating which favors self-heating 
by microscopic discharge between HEA particles. This results in a sig
nificant amount of rapid transfer of heat. The reduced shrinkage rate 
with the addition of TiO2 could be attributed to the difference in thermal 
conductivities of the HEA and the TiO2 particles. The TiO2 tends to slow 
the rate of electron discharge that is liable to initiate local heating of 
particles, so the rate of melting of particle surface is lowered. Densifi
cation during SPS has been reported to depend on kinetic mechanisms 
such as melt diffusion, surface diffusion, and plastic flow [42]. 

3.4. Phase evolution of the sintered AlCrFeNi HEA and its composites 

The peaks corresponding to diffraction patterns of the sintered HEA 
and HEA-TiO2 (2 – 8 wt%) in the 2 θ range of 0 − 100◦ are depicted in  
Fig. 8. The HEA and composites observed diffraction patterns corre
sponding to the disordered BCC phase (rich in Fe, Cr; JCPDS 34-0396) 
and ordered B2 phase (rich in Ni, Al; JCPDS 44-1188). This implies 
that the BCC phase in the AlCrFeNi is retained regardless of the addition 
of TiO2 particles. The occurrence of the BCC and B2 phases is supported 
by the predicted HEA phase diagram reported in Fig. 1. Peng et al. [43] 
used MA and SPS to fabricate AlCrFeNi reinforced Y2O3/Ti; similar Ni-Al 
enriched ordered B2 phase, and Fe-Cr enriched disordered BCC phase 
results were reported. The resulting phases were attributed to spinodal 
decomposition in the matrix during sintering. Fig. 8 clearly shows that 
the lattice parameters, orientation, and crystal structures of BCC disor
dered and B2 ordered phases are alike, resulting in overlapping their 
diffraction peaks. Diffraction peaks relating to the TiO2 phase (JCPDS 
No. 21-1276) are not evident in the HEA reinforced with 2 wt% TiO2. 
The complex phenomena of densification, creep, deformation, and mass 
diffusion associated with SPS could result in the diffusion of Ti with O 
atoms fitting into the interstitial sites in the BCC and B2 lattice [44]. 
With the addition of TiO2 beyond 2 wt%, diffraction peaks corre
sponding to TiO2 were recorded with more Ti and O atoms available for 
incorporation into the BCC and B2 lattice of AlCrFeNi. This suggests that 
the AlCrFeNi matrix becomes supersaturated, reaching a point where it 

Fig. 6. Variation of (a) sintering temperature and (b) punch relative 
displacement as a function of time during deformation of HEA powders dur
ing sintering. 

Fig. 7. Shrinkage/deformation of the mixed AlCrFeNi HEA and TiO2 powers 
with time during SPS. 

Fig. 8. XRD results of sintered AlCrFeNi and its composites reinforced with 
various amounts of TiO2. 
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cannot accommodate any more Ti and O atoms within the BCC and B2 
lattice during the SPS process. As a result, the excess Ti and O elements 
form precipitates in the form of additional TiO2. Table 4 presents the 

results of the EDS analysis, which aimed to determine the elemental 
composition of the pure AlCrFeNi and its composites reinforced with 
varying amounts of TiO2. The analysis revealed that the diffusion of Ti 
atoms into the HEA matrix was more noticeable when higher concen
trations of TiO2 were employed. 

Fig. (9a) presents the diffraction patterns of the sintered AlCrFeNi 
compared with as-milled AlCrFeNi powder. In contrast, Fig. (9b) shows 
diffraction patterns of the sintered AlCrFeNi reinforced with TiO2 
compared with as-milled powder of the same TiO2 volume fraction. The 
Al and Ni in the milled AlCrFeNi dissolved utterly into the BCC/B2 phase 
(Fig. 9a). The dissolution of Al and Ni in the BCC phase during SPS at 
high temperatures occurs due to the compatibility of the BCC lattice 
structure with Al and Ni atoms and increased thermal energy facilitating 

Table 4 
Chemical composition (in weight percent, wt%) of sintered AlCrFeNi and its 
composites reinforced with various amounts of TiO2.  

Elements HEA HEA-2TiO2 HEA-4TiO2 HEA-6TiO2 HEA-8TiO2 

Al 17.35  20.52  18.54  15.37  17.29 
Cr 41.14  31.43  24.77  28.67  25.95 
Fe 20.03  18.70  20.44  19.08  18.34 
Ni 15.48  17.31  15.01  16.90  13.62 
Ti -  5.22  7.56  10.13  11.74  

Fig. 9. Comparison of (a) XRD of HEA admixed powder and Sintered HEA without TiO2 (b) XRD of HEA admixed powder and Sintered HEA with TiO2 addition.  

Fig. 10. Microstructure and elemental distribution of the sintered AlCrFeNi HEA without TiO2.  
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atomic movement and diffusion. This phenomenon leads to solid solu
bility, where Al and Ni atoms become uniformly distributed within the 
BCC lattice. In Fig. (9b), the peaks corresponding to TiO2 (28◦, 37◦, 42◦, 
55◦) in the milled powder were observed to disappear after sintering. 
The TiO2 peak is only evident at 82◦. The non-appearance of the TiO2 
peaks could be linked to two factors. Firstly, it is imperative to state that 
the TiO2 particles will not melt during sintering due to its high melting 
temperature of 2116 K, but the Ti atoms can diffuse into the BCC lattice 
of the AlCrFeNi as substitutional atoms to form AlCrFeNiTi HEA. Sec
ondly, it could be due to the low volume of TiO2, which is below the 
resolution limit of the XRD device. 

3.5. Microstructures of the sintered AlCrFeNi HEA and its composites 

Fig. 10 (a1 and a2) shows the SEM images at low and high magni
fications of sintered AlCrFeNi without reinforcement. The alloy com
prises two regions corresponding to the BCC and B2 phases, as labeled in 
the micrograph. The resulting EDS, which shows the elemental 
composition of the two regions (B2 and BCC), is presented in Fig. 10 (a3) 
and (a4), respectively. The BCC of the AlCrFeNi high-entropy alloy 
(HEA) exhibits a significant abundance of Fe and Cr elements, aligning 
with the composition of the [Fe, Cr] solid solution identified through X- 
ray diffraction (XRD) analysis. Likewise, the B2 phase within the alloy 

Fig. 11. Microstructure of the sintered AlCrFeNi HEA reinforced with 2, 4, 6, and 8 wt% TiO2 represented as (a) – (d) respectively.  

Fig. 12. EDS showing the elemental composition of the sintered AlCrFeNi HEA reinforced with 2, 4, 6, and 8 wt% TiO2 represented as (a) – (d), respectively.  
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demonstrates a notable presence of Al and Ni, following the B2 NiAl 
phase confirmed by XRD. These findings indicate that the phase 
composition of the AlCrFeNi prepared using MA and SPS remains 
consistent with the as-cast AlCrFeNi [23]. Despite a high relative density 
of 99.6 % in the HEA, the presence of porosities in the composite sug
gests that challenges during the sample preparation process, such as 
inadequate compaction, powder contamination, insufficient sintering, 
or inadequate debinding, could have contributed to the formation of 
voids [45]. 

Fig. 11(a-d) illustrates the microstructures of AlCrFeNi reinforced 
with varying weights of TiO2 (2, 4, 6, and 8 wt%). Within these mi
crostructures, magnified images of the composite’s structure are incor
porated. The microstructures consist of two phases: BCC and B2. 
Furthermore, an interstitial dark phase is observed between the BCC and 
B2 phases. SEM analyses have verified the homogeneous distribution of 
the TiO2-rich phase within the BCC and B2 phases of the AlCrFeNi HEAs. 
The presence of TiO2-rich phases is observed to increase proportionally 
with the increment in TiO2 particles, ranging from 2 wt% to 8 wt%. 
Similar studies have reported the formation of metallic oxide (TiO) in 
HEAs when titanium replaces manganese during the sintering process 
[46]. Moravcik et al. also documented the presence of dark oxide-rich 
phases while processing CoCrFeMnNi HEA [47]. In another study, Zhu 
et al. produced a TiC-dispersed FeCoNiCuAl HEA using high-energy 
planetary ball milling followed by SPS. SEM analyses confirmed the 
even distribution of the TiC phase in the FCC and BCC structures of the 
FeCoNiCuAl HEAs [48]. 

An area analysis using SEM-EDS was conducted to gain further in
sights into the microstructure and chemical composition of the phases 
within the HEA composites. The SEM-EDS analysis of the AlCrFeNi 
(TiO2) composite is presented in Fig. 12, revealing a precise distribution 
of elements in the HEA. Fig. 12 demonstrates the composite’s uniform 
Al, Cr, Fe, and Ni distribution. Notably, Cr was found in higher abun
dance compared to the other elements. Furthermore, the EDS analysis 
revealed increased Ti content as the wt% of TiO2 in the composite 
increased. The presence of distinct TiO2 particles in the microstructure 
and the observation of elevated Ti and oxygen (O) content levels 
strongly suggest that the elements did not decompose during the sin
tering process. This finding reinforces the integrity of the composite’s 
chemical composition and the presence of well-dispersed TiO2 particles 
within the HEA matrix. 

3.6. Density and micro-hardness properties of the sintered AlCrFeNi HEA 
and its composites 

The relative densities of the TiO2-reinforced HEAs were calculated 
from the theoretical and experimental densities and presented in  
Table 5. Though the weight of the HEA composites was lighter, their 
densities were close to the theoretical density of the AlCrFeNi HEA 
estimated as 5.33 gcm− 3. The variation of relative density with TiO2 
addition to HEA is shown in Fig. 13. The relative density is found to be 
maximum for the unreinforced HEA but decreased with the addition of 
TiO2 particles. The reduction in relative density could be linked to poor 

sinterability and particle agglomeration of the TiO2 in the HEA com
posite; this tends to endorse the formation of pores and a consequent 
decrease in the relative density. 

The effect of TiO2 particle addition on the Vickers hardness of the 
AlCrFeNi composites is presented in Fig. 14. The addition of TiO2 par
ticles was noted to improve the resistance to micro indentation during 
harness testing significantly, which resulted in an increase in hardness 
value from 537.24 Hv to 752.74 Hv with maximum addition of 8 wt% 
TiO2. The hardness of the HEA composite increased with an increase in 
TiO2 addition. The improved hardness of the HEA composite could be 
linked to the high sinter densities of composites (above 98 %), as 
observed in Fig. 13. The increase in hardness is also attributed to the 

Table 5 
Calculated densities of the AlCrFeNi – TiO2 HEA composites.  

Sample 
Designation 

Theoretical density 
(g/cm3) 

Experimental density 
(g/cm3) 

Relative 
density (%) 

AlCrFeNi  5.3262  5.3055  99.61136 
AlCrFeNi 

(2TiO2)  
5.2988  5.2582  99.23379 

AlCrFeNi 
(4TiO2)  

5.2717  5.2096  98.82201 

AlCrFeNi 
(6TiO2)  

5.2447  5.1679  98.53566 

AlCrFeNi 
(8TiO2)  

5.2181  5.1278  98.26949  

Fig. 13. The variation of relative density of the AlCrFeNi HEA – TiO2 
HEA composites. 

Fig. 14. Graph showing an increase in microhardness of the AlCrFeNi with the 
addition of TiO2 from 0 to 8 wt%. 

Table 6 
Comparison of Vickers hardness of AlCrFeNi and TiO2 reinforced AlCrFeNi al
loys with other studies fabricated by different processing routes.  

HEA Processing Route Hardness Value 
(HV) 

Source 

AlCrFeNi MA, followed by 
SPS 

537 Present 
Study 

AlCrFeNi(8 wt% 
TiO2) 

MA, followed by 
SPS 

753 Present 
Study 

AlCrFeNi Vacuum Arc 
Melting 

472 [51] 

AlCrFeNi Casting 553 [52] 
AlCrFeNi MA, followed by 

SPS 
636 [43] 

Al0.75CrFeNi MA, followed by 
SPS 

552 [53] 

Al0.6CrFeNi MA, followed by 
SPS 

556 [54]  
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harder TiO2 phase within the AlCrFeNi matrix. TiO2 particles could act 
as an impediment to the mobility of dislocation, thereby increasing the 
resistance to deformation of HEA composites during micro indentation. 
Similar studies of increased hardness with ceramic reinforcements in 
HEAs have been reported [49]. For example, Yadav et al. [50] attributed 
the enhancement in hardness of TiB2-HEA composites to the combined 
effect of reduced grain size, sinter density, and dispersion hardening 
effect of TiB2 particles. Table 6 summarizes the hardness values reported 
in the literature for AlCrFeNi HEAs. Comparing the results, it is evident 
that the AlCrFeNi(TiO2) HEA produced in this study through MA and 
SPS exhibits significantly higher hardness than those produced by 
casting and vacuum arc melting (VAC). This notable increase in hard
ness can be attributed to a high concentration of TiO2, which effectively 
hinders dislocation movement. Among the samples investigated, the 
AlCrFeNi alloy reinforced with 8 wt% TiO2 has the highest hardness 
(753 HV), demonstrating that its incorporation is a promising approach 
to enhancing the hardness of AlCrFeNi HEAs. These findings shed light 
on the development of high-performance HEAs. 

4. Conclusions 

Our work used Thermo-Calc as a design guide to developing AlCr
FeNi HEA and investigated the role of varying percentages of TiO2 re
inforcements on the densification behavior, phase changes, 
microstructure, and properties of AlCrFeNi HEA fabricated using MA 
and SPS techniques. Based on the findings, the following conclusions 
were made:  

1. The predicted stable phases for the quaternary equiatomic AlCrFeNi 
HEA are BCC_B2 and BCC_B2⋕2 phases. A BCC_B2⋕3 phase precip
itated at 710 ◦C but later dissolved into the BCC_B2⋕2 stable phase. 
The Ω, ΔH, Δχ, and VEC for AlCrFeNi are 0.87, − 21.02, 0.12, and 
6.75, respectively, which confirms that the HEA meets the reported 
criteria for the formation of solid solutions.  

2. During densification, a drastic reduction in shrinkage rate from 0.74 
to 0.42 was evident with adding 2 wt% TiO2 particles. The TiO2 
slows the rate of electron discharge that is liable to initiate local 
heating of particles, lowering the rate of melting of the particle 
surface.  

3. Based on XRD and SEM results, the AlCrFeNi alloy forms a disordered 
BCC phase rich in Fe, Cr, and an ordered B2 phase rich in Ni, Al. 
Incorporating TiO2 resulted in the diffusion of Ti with O atoms fitting 
into the interstitial sites in the BCC and B2 lattice.  

4. The density decreased from 99.61 % to 98.27 % by adding 8 wt% 
TiO2. The hardness of reinforced AlCrFeNi is enhanced from 537.24 
Hv to 752.74 Hv with an increment of TiO2 from 0 to 8 wt%. The 
AlCrFeNi exhibits significantly higher hardness than those produced 
by casting and vacuum arc melting (VAC). 
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