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This study reports the structural evolution of equiatomic AlCuNiFeTi high-entropy alloy (HEA) from elemental materials to solid solution 
during mechanical alloying (MA), and further, to equilibrium phases during subsequent thermal annealing. It was justified experimentally 
that MA of Al-Cu-Ni-Fe-Ti powder mixture during 15 hours resulted in a single-phase nanocrystalline HEA with a structure of ВCC solid 
solution. During thermal annealing recovery and recrystallization of the BCC solid solution take place at temperatures ranging from 130 to 
650 °C, and phase transformation, and grain growth of equilibrium phases occur at higher temperatures. The phase composition transforms 
to BCC and FCC solid solutions when the MA powder was annealed at 700 °C for 1 h. The BCC and FCC solid solution structure can be 
maintained even after the alloy was annealed at 1000 °C. The alloy powder was consolidated by pressure sintering at 800 °C with 5 GPa 
pressure for half an hour. The sintered sample exhibits 10.7±0.3 GPa in Vickers hardness. 
KEYWORDS: HIGH-ENTROPY ALLOY, MECHANICAL ALLOYING, STRUCTURAL EVOLUTION, PHASE COMPOSITION, 
ANNEALING 

 
1. Introduction 

 
Hіgh entropy alloys (НАЕs) are a new genеration of alloys and are 
quite different from traditional alloys, which are based on one or 
two elements. Almost all conventional alloys have been designed to 
have a major element, such as ferrous, aluminium, copper, titanium, 
and magnesium alloys. As a new focus on materials research and a 
novel alloy design concept, high entropy alloys have been achieved 
successfully by changing or designing the component elements of 
metallic materials and have attracted great attentions of material 
researchers since it was proposed in 2004 by Yeh et al. [1, 2]. HEAs 
are typically defined as alloys whose principal elements are at least 
five, and the concentration of each constituent element is between 5 
and 35 at.% [1- 4]. 
HEAs have been studied extensively in recent years, and they are 
expected to be plentiful in academic research and industrial 
applications. Some core effects in HEAs would be more pronounced 
than those in conventional alloys [5]: high entropy – it enhances the 
formation of simple solid solution phases, such as BCC and/or FCC 
structures, and thus simplifies the microstructures; severe lattice 
distortion – it arіsеs from the atomic size difference among different 
elements in solid solution  phases and might noticeably influence 
mechanical, physical and chemical properties; sluggish diffusion – it 
is due to the inefficient cooperative diffusion of various species and 
thus slow down phase transformations; and cocktail – it comes from 
the ideal mixing and inevitably excess interactions among the multi-
principal elements in solid solution phases, and thus is a composite 
effect on properties.  
HEAs have more excellent properties than conventional alloys and 
exhibit promising potential for engineering applications due to their 
good thermal stability [6], high hardness and high strength [7, 8], 
excellent wear resistance [9], superior oxidization and corrosion 
resistance [10], as well as many other exceptional properties [11]. 
The promising properties of HEAs offer the potential to be used in 
many applications, such as tools, molds, dies, mechanical parts and 
furnace parts which require high strength, thermal stability and wear 
and oxidation resistance. These alloys can be used for various 
applications that demand high temperature strength, oxidation, and 
corrosion and wear resistance. 
Mechanical alloying (MA) is a widely used high-energy solid state 
processing route for the synthesis of advanced materials from 
elemental powders [12, 13]. The extension of solid solubility with 
good homogeneity and room-temperature processing are the main 
advantages of MA over the casting route, especially with 
multicomponent systems with large differences in the melting 
points. MA can easily lead to the formation of nanocrystalline and 

will definitely increase the properties of high entropy alloys [13, 
15]. In this paper, the AlCuNiFeTi high-entropy alloy powder was 
prepared by mechanical alloying and subsequent annealing to 
research the structural evolution. The as-milled powder was 
consolidated by pressure sintering and the structure and mechanical 
properties were investigated too.  

 
2. Experimental procedure 
 
Equiatomic elemental blend of Al, Cu, Ni, Fe, Ti powders with 
purity higher than 99.5 % and particle size of ≤ 45 µm was 
mechanically alloyed to synthesize quinary equiatomic AlCuNiFeTi 
high entropy alloy. Milling of elemental powders was carried out up 
to 15 h in high energy planetary ball mill at 580 rpm with ball to 
powder weight ratio of 10:1. Hardened steel vial and balls were used 
as a grinding media (balls of 10 mm in diameter) and petrol was 
used as a process controlling agent. In order to avoid a significant 
increase in the vial temperature the milling was periodically 
interrupted at 10 min for cooling after each milling cycle interval of 
30 min. The powder samples were extracted at intervals of 1; 2; 5; 
15  h during milling. The 15 h ball milled alloy powder was then 
heat treated 1 h at different temperatures (500; 600; 700; 800; 900; 
1000 ºC) under flowing high purity argon atmosphere. Then, ball 
milled alloy powder was consolidated by pressure sintering at 
800 °C with 5 GPa pressure for half an hour in high purity argon 
atmosphere.The effects of milling duration (1; 2; 5; 15 hours), 
subsequent annealing at temperatures ranging from 500 to 1000 °C 
and consolidation of as-MA alloy on the structure and phase 
transformation were investigated by means of Rigaku Ultima IV X-
ray diffractometer (XRD) with Cu Kα (λ=0,15409 nm) radiation. 
The range of scanning angle (2θ) was from 20° to 120° and the 
scanning rate was 2°/min. The crystallite size in the milled powders 
as well as after annealing and consolidation has been calculated 
from the XRD peak broadening using peak profile analysis after 
eliminating the instrumental and strain contributions. A scanning 
electron microscope with an energy dispersive spectrometer (EDS) 
was used to observe microstructures and measure the chemical 
composition of alloy powders. The thermal analysis in the 
temperature range of 30 – 1430 °C was carried out in a STA 449 F1 
Jupiter (NETZCH Germany) differential scanning calorimeter 
(DSC) at a heating rate of 20 K/min under flowing purified argon 
atmosphere. Vickers hardness measurement of the consolidated 
samples was performed with a Digital Microhardness Tester MHV-
1000 under a loading of 1,5N and a duration time of 15 s. 10-20 
measurements were made on each sample for an average. The value 
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of Young modulus, E, was determined by instrumented indentation 
and calculated according to the Oliver-Pharr theory [14]. 
 
3. Results and discussion 
 
3.1. Phase and structure evolution of elemental powders 
during MA 
 
Fig. 1 shows the XRD patterns of the equiatomic AlCuNiFeTi MA 
powders prepared under different milling times.  
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Fig. 1. XRD patterns of MA AlCuNiFeTi powders with different 
milling times 
 
The pattern of 0 h exhibits peaks of all the pure elements in the 
initial mixture (blend). It can be seen that as milling time increases, 
drastic decrement of diffraction intensity and peak broadening are 
observed. The peak intensity decreases dramatically in the early 
stages of milling after the powder was grinded for 1 h. Obvious peak 
broadening can be observed and a lot of peaks become invisible as 
the alloy powder was milled for 2 h. The disappearance of 
diffraction peaks can be seen as the beginning of the solid solution 
formation. Only the most intense diffraction peaks can be clearly 
seen in the 5 h ball milled powder, which indicates the complete 
formation of the single phase solid solution with BCC structures (β-
phase). As the milling time reaches up to 15 h, the diffraction peaks 
exhibit no change except for a minor broadening.  
The intensity decrement and peak broadening in the diffraction can 
be attributed to the formation of nanocrystalline and high lattice 
strain induced by severe plastic deformation during the MA 
processing [15]. However, the cause of diffraction peak 
disappearance is complicated, which can be introduced by particle 
and crystal refinement together with high lattice strain, different 
atomic diffraction factor proportional to the atomic number, 
crystallinity decrement, formation of solid solution. For the X-ray 
diffraction peak intensity, the distorted atomic planes increase X-ray 
diffuse scattering effect and give smaller peak intensity [15]. Most 
of the diffraction peaks can hardly be seen after be ball milled for 
2 h. Thus, the formation of nanocrystalline and high lattice strain are 
primary factors of the above-mentioned broadening and decrement 
of diffraction intensity of the diffraction peaks. Moreover, size 
mismatch effect between the constituents, increasing grain boundary 
fraction and increasing dislocation density produced by severe 
plastic deformation lead to the increment of lattice strain [16].  
The crystal size of the alloy powders under different milling times 
have been calculated from the X-ray peak broadening using 
Scherrer’s formula after eliminating the instrumental contribution.  
The crystallite size of the alloy powders after 5 h of milling was 
nearly 40 nm. After 15 h of milling the crystallite size reduced 
below 20 nm. The crystal structure of the nanocrystalline 
AlCuNiFeTi HEA is identified as BCC with lattice parameter 
a = 0,2914 nm.  

It is known that most of the binary metallic system in the 
AlCuNiFeTi high-entropy alloy system possesses limited solid 
solubility under equilibrium condition because of their positive 
heats of mixing [17]. However, the five components mechanically 
alloyed powders with milling duration higher than 2 h show simple 
solid solution structure, which can be attributed to the formation of 
supersaturated solid solution. The solid solubility extension is 
introduced by the effect of high mixing entropy and the non-
equilibrium state of the MA process. As the component number 
increases, the random diffusion between different elements will be 
enhanced and thus the solid solubility is extended. In addition, the 
high-entropy of mixing can lower the tendency to order and 
segregate, and therefore makes the solid solution more easily 
formed and more stable than intermetallics and other ordered phases 
[5, 18]. On the other hand, the MA process can also extend the solid 
solubility limits [13]. Alloying occurs when the grain sizes of the 
elemental components decrease down to nanometer scale and then a 
substantial amount of enthalpy can be stored in nanocrystalline 
alloys due to the large grain boundary area. The energy stored in the 
grain boundaries serves as the driving force for the formation of 
solid solution [19]. Interdiffusion among the components occurs and 
the solid solubility is expected to increase with milling time 
increasing until it reaches a supersaturation level, beyond which no 
further extension of solid solubility will be achieved [13]. 
The entropy of fusion of all the elements in the present system is 
less than that of the configurational entropy of the five-component 
system (ΔSmix = 13.38 J·mol-1·K-1), which means the randomness 
due to the number of elements present in the system is higher than 
the randomness in the melting. This high configurational entropy 
(high randomness in the system) and also the large quantity of 
defects induced during MA process may lead to the formation of 
simple crystal structure in this HEA. The formation of amorphous 
phase at the equiatomic composition in the present system is not 
observed, possibly due to the smaller differences in the atomic sizes 
(δ = 4.9 %). 
 
3.2. Microstructure and chemical composition 
characterization 
 
The primitive powder exhibits a granular size of less than 45 µm. 
It’s known that the ball to powder interaction during high-energy 
ball milling involves continuous plastic deformation, fracture, and 
welding of particles finally leading to the nanocrystallization or 
even amorphization [13]. In the early period of MA process the 
particles firstly cold weld together to form even larger particles. The 
cold welded agglomerations are crushed down to smaller particles 
when the milling is prolonged. This circulation leads the powder be 
refined gradually and facilitates the diffusion and alloying among 
different metallic elements. Equilibrium between the crushing and 
fragmentation is achieved at 15 h milling duration. The 15 h ball 
milled alloy powder shows refined morphology with average 
particle size of less than 5µm as shown in Fig. 3.  
 

 
 
Fig. 3. SEM image of AlCuNiFeTi high-entropy alloy powder under 
15 h milling durations 
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The quantitative elemental microanalysis results from the EDX 
spectrum (not listed in this paper) clearly indicates that the 
homogeneity and the equiatomic composition is maintained in each 
particle of the alloy after 15 h of MA. 
 
3.3 Thermal analysis, annealing treatment and powder 
Consolidation 
 
Fig. 3 depicts the differential scanning calorimetry (DSC) curve of 
the 15 h mechanically alloyed AlCuNiFeTi high-entropy powder.  
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Fig. 3. DSC curve of the 15 h mechanically alloyed AlCuNiFeTi 
high-entropy alloy powder.  
 
The 15 h mechanically alloyed powder exhibits 
exothermic/endothermic trends in the temperature range of 30-
1430 ºC. The endothermic peak at 95.6 ºC is associated with energy 
absorption. This energy absorption can be related to the evaporation 
of process controlling agent (PCA) and gas. The long exothermic 
line in the temperature range of 130 to 350 ºC and the broad 
exothermic peak with maximum at 400 ºC in the DSC curve are 
associated with the release of internal stresses, such as structural 
deformation, lattice strain, etc. The exothermic peaks over 600 ºC 
(at approximately 674.4 ºC) is related to the energy release during 
the phase transformation process. The exothermic peak in the 
temperature range of 811 ºC to 1075 ºC can be attributed to the 
recrystallization of the BCC and FCC solid solutions. After heating 
to 1100 ºC, an endothermic curve appears and it can be attributed to 
the gradual collapse of crystalline structure under high temperature. 
An endothermic peak appears at 1220 ºC, indicating the beginning 
of melting. The endothermic peak at 1334.4, °C is designated as the 
alloy melting points.  
The 15 h mechanically alloyed AlCuNiFeTi high-entropy alloy 
powder was annealed 1 h at different temperatures and their XRD 
patterns are shown in Fig. 4. The powder shows thermal stability up 
to 600 ºC. The XRD patterns of the MA AlCuNiFeTi powders after 
thermal annealing at 500 and 600 ºC in Fig. 4 reveals that long 
exothermic curve and the broad exothermic peak at 400 ºC in the 
DSC curve represents the recovery of the β-phase with stress 
releases. This is because the 500 and 600 ºC-annealed XRD patterns 
in Fig. 4 show that the broad peaks (110) and (211) of the β-phase 
become sharper. This represents a BCC solid solution (β-phase) 
with fine grains of about 30-35 nm in diameter. Fig. 4 reveals that 
after annealing at 700 ºC, the XRD pattern exhibits FCC peaks 
along with original BCC peaks. This indicates the phase 
transformation, which corresponds to the sharp exothermic peak at 
674.4 ºC in the DTA curve. The FCC structural phase shows as the 
major phase after the alloy is annealed at 700 ºC for 1 h.  Fig. 4 
indicates that after annealing at 800, 900 and 1000 ºC, the powders 
exhibit both BCC and FCC mixed phases but the intensity of 
diffraction peaks increase significantly. However, the major phase 
transforms to the BCC structure while the FCC phase shows as the 
minor phase when it is annealed at 1000 °C. The increasing of XRD 

peak intensities of the BCC and FCC phases results from the crystal 
coarsening and internal energy release during the annealing process 
and corresponds to the broad exothermic line in the temperature 
range of 800-1000 ºC in the DSC curve.  
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Fig. 4. XRD patterns of MA AlCuNiFeTi high-entropy alloy 
powders after thermal annealing at different temperatures 

 
The phase transformation under annealing temperatures can be 
attributed to the metastable state of the supersaturated BCC solid 
solution. This metastable structure transforms to stable equilibrium 
phases in the final stage of annealing [16]. Both as-milled and as-
annealed AlCuNiFeTi high-entropy alloy powders show simple 
solid solution structure, which indicates the successful synthesis of 
high-entropy solid solution alloy powder by mechanical alloying. 
The solid solution structure exhibits excellent thermal stability and 
will definitely facilitate its wide application in the future. 
The XRD pattern of the 15 h mechanically alloyed AlCuNiFeTi 
high-entropy powder after consolidation by pressure sintering at 
800 °C with 5 GPa pressure for 30 min is shown in Fig. 5,  which 
evidences the phases formed in as-milled and as-consolidated 
conditions. The XRD pattern confirms that the as-consolidated alloy 
is composed of major BCC phase and the small volume fraction of 
FCC phase. Obvious peak broadening, shown in Fig. 5b, confirm 
the nanocrystalline nature of AlCuNiFeTi HEA with BCC and FCC 
structure.  
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Fig. 5. .XRD patterns of equiatomic AlCuNiFeTi HEA after MA (a) 
and consolidated at 800 °C with 5 GPa pressure for 0.5 h (b). 
 
The crystallite size of the main BCC phase of the alloy is 50 nm and 
the lattice parameter of the phases present in the alloy are 0.2885 nm 
(BCC), 0.3573 nm (FCC), respectively. 
SEM micrograph of bulk specimen is shown in Fig. 6, which reveals 
the presence of two phases. The SEM-EDX results are given in 
Table, which gives the compositions of the each phase present in the 
alloy. Grey phase (gray in Fig.6) has all the five elements and is rich 
in in Al and Fe and depleted in Cu and Ni. Dark phase (dark in Fig. 
6) is rich in Cu  and Ni, and depleted in Fe and Ti. From the volume 
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fractions of the phases, it appears that the grey coloured phase is the 
BCC one and the dark one is the FCC phase. 
 

 
 
Fig. 6. SEM image of AlCuNiFeTi high-entropy alloy after sintering 
under pressure 
 
Table 3. SEM–EDX results of nanocrystalline equiatomic 
AlCuNiFeTi sintering HEA 
 

Phase Al Cu Ni Fe Ti 
Bulk 19.85 18.74 20.37 20.43 20.61 
Gray 29.58 11.83 10.62 32.187 15.79 
Dark 13.25 31.33 29.87 15.83 9.71 

 
The Vickers’s hardness of as-consolidated nanostructured 
equiatomic AlCuNiFeTi HEA has been found to be 10.7±0.3 GPa. 
The Young modulus of the HEA is 127 GPa. The high hardness 
could be attributed to the nanocrystalline nature of the alloy, the 
solid solution strengthening equiatomic nature of the phases and the 
presence of two-phase structure [15, 18]. These AlCuNiFeTi HEA 
should also have good wear resistance according to the conclusion, 
that is, the wear resistance of materials is in general proportional to 
their Vickers hardness [20].  
 
4. Conclusions  
 
This study reports the preparation of quinary AlCuNiFeTi alloy by 
mechanical alloying (MA) processes. These alloy was then 
thermally annealed to investigate its structural evolution from 
elemental materials to non-equilibrium solid solution, and then to 
equilibrium phases at different temperatures.  
The equiatomic high-entropy AlCuNiFeTi alloy has been 
successfully synthesised by mechanical alloying. Supersaturated 
single-phase solid solution of BCC crystal structure with crystal size 
less than 20 nm has been formed when the alloy is ball milled 15 h. 
In mechanically alloyed powders, recovery begins at 130 ºC, and 
recrystallization occurs at higher temperatures approximately at 
370 ºC. The powder shows high thermal stability up to 600 ºC. The 
solid solution structure transforms to BCC and FCC phases after 
annealing at 700 ºC for 1 h. The phase transformation under 
annealing temperatures can be attributed to the supersaturated solid 
solution formation during the mechanical alloying process. Simple 
equilibrium phases obtained in the annealed state of mechanically 
alloyed powders confirm that the high-entropy effect enhances the 
formation of simple solid solution phases instead of complex 
compound phases.  
The 800 ºC sintered sample shows high Vickers hardness of 
10.7±0.3 GPa, indicating good sinterability and high strength of the 
mechanically alloyed AlCuNiFeTi high-entropy alloy. 
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