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The present study focused on examining the composition, structure, and mechanical properties of an 

Al4CoCrCuFeNi multicomponent high-entropy alloy. Two states of the alloy, namely as-cast and melt-

quenched, were investigated. The composition of the alloy was determined based on established criteria 

found in literature, which consider factors such as entropy, enthalpy of mixing, valence electron 

concentration, and atomic size difference of the components. To synthesize the alloy films, a splat-

quenching technique was employed, where the films were rapidly cooled from the molten state. The 

estimated cooling rate of the films was approximately 106 K/s, calculated based on the film thickness. X-ray 

diffraction analysis was conducted on both the as-cast and melt-quenched Al4CoCrCuFeNi alloy samples, 

revealing that they exhibited an ordered B2 phase in their structure. The microhardness measurements 

were carried out to evaluate the mechanical properties of the alloy. The as-cast alloy displayed a 

microhardness of 6500 MPa, while the melt-quenched film exhibited a significantly higher microhardness, 

reaching 9400 MPa. 
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1. Introduction 

High-entropy alloys (HEAs) are a new class of metal materials that have multiple 
principal elements in equal or near-equal proportions. They have attracted a lot of attention in 

materials science and engineering because of their unique properties and potential 

applications [1-4]. Unlike conventional alloys, which are based on one or two dominant 

elements with minor additions of other elements, HEAs have a high configurational entropy 
that favors the formation of simple solid solutions with face-centered cubic (FCC), body-

centered cubic (BCC) or hexagonal close-packed (HCP) structures. Some authors have 

suggested that only equimolar alloys with simple solid solutions of BCC and FCC crystal 
lattices should be classified as HEAs. For other alloys with high entropy but with non-

equimolar compositions or more complex phase structures, which may include ordered solid 

solutions and intermetallic compounds, new terms have been proposed, such as complex 
concentrated alloys (CCA) or multi-principal element alloys (MPEA) [4]. 

Among the advantages of high-entropy alloys are high strength, excellent high-

temperature performance, good ductility, and fracture toughness at low temperatures, 

enhanced corrosion and oxidation resistance, shape memory effect [1-6]. HEAs can be 
designed by selecting elements from different groups of the periodic table. The number of 

possible compositions for HEAs is much larger than that for conventional alloys, which 

opens new possibilities for exploring novel materials with tailored properties. 
HEAs can be synthesized by various methods, such as casting, powder metallurgy, 

mechanical alloying, additive manufacturing, and thin film deposition. The synthesis methods 

can affect the microstructure and properties of HEAs. One of the common methods to 
improve the chemical, physical, mechanical, and other properties of metals and alloys is rapid 

solidification. This method involves cooling the melt at rates above 104K/s, which results in a 

wide range of metastable structural states in the alloys, including nanocrystalline and 

amorphous, with unique property combinations [7-9]. Hence, rapid solidification is a 
promising method to obtain HEAs with superior characteristics.  

The AlCoCrCuFeNi alloy is a high-entropy alloy that has been extensively studied in 

the past two decades due to its outstanding thermal and mechanical properties [10-13].  
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Researchers frequently analyze the effect of varying component content on the properties of 

the alloy, obtained by various methods [10-13], including laser alloying [14,15]. However, in 
most of the studied alloys, the molar fraction of aluminum did not exceed 3. At the same 

time, previous research indicates that Al greatly increases the hardness of CoCrCuFeNi base 

HEA. Therefore, it is of interest to study an alloy in which the aluminum content exceeds this 
value, and, simultaneously, the entropy of mixing remains sufficiently high. The 

Al4CoCrCuFeNi HEA was explored in the work [13], however, it was obtained by 

mechanical alloying of elemental powders. This study investigates how the cooling rate 

influences the structure, phase formation, and microhardness (Hµ) of melt-quenched 
Al4CoCrCuFeNi HEA. 

2. Experimental details 

The high-entropy alloy Al44.45Co11.11Cr11.11Cu11.11Fe11.11Ni11.11 (at.%) was synthesized 

from pure (99.9%) elements in the required proportion by casting under an argon atmosphere 

using a Tamman high-temperature electric furnace.  
To achieve compositional homogeneity, the alloy was remelted five times and then cast 

into a copper mold to obtain a cylindrical ingot with a diameter of 10 mm. The cooling rate of 

the as-cast ingot was ~102 K/s. The ingot was then cut into slices, which were used to study 
the microstructure and phase composition of the alloy. After that the ingot was remelted and 

quenched into films using a splat-quenching technique, which involved the collision of 

molten droplets onto the inner surface of a hollow copper cylinder with a radius R=135 mm 

rotating at ~8000 rpm. The cooling rate of the films was calculated from the film thickness 
[6]. The following equation was used: 

  0V T T
c


 


,                                                   (1) 

where V is the cooling rate, α is the heat transfer coefficient, ρ is the film density, c is the heat 

capacity of the film, T is the film temperature, T0 is the ambient temperature, and δ is the film 

thickness. Considering that the melt-quenched (MQ) films had a thickness of ~40 μm, the 
cooling rate was estimated to be ~106 K/s. The crystal structures of the as-cast and melt-

quenched (MQ) samples were characterized by X-ray diffraction (XRD) using a DRON-2.0 

diffractometer with monochromatized Cu Kα radiation. The XRD patterns were analyzed 
using the QualX2 software for qualitative phase identification [16]. The microhardness was 

measured using a PMT-3 microhardness tester at a load of 100 g. The microstructures of the 

as-cast and MQ samples were revealed by etching with a solution of hydrochloric (10ml) and 
nitric (30ml) acids for 3-10 sec and observed using a NEOPHOT-21 optical microscope. 

3. Results and discussion 

The phase formation in high-entropy alloys is usually characterized by two main 

criteria: the entropy of mixing ( mixS ) and the enthalpy of mixing ( mixH ). However, some 

additional parameters have been proposed to predict the phase composition of HEAs [1-4]. 
These parameters include the valence electron concentration (VEC), the thermodynamic 

parameter Ω, which considers the melting temperature, the entropy of mixing and the 

enthalpy of mixing, and the atomic size difference (δ) among the alloy components.  

We calculated mixS , mixH , δ, VEC, and Ω for the Al4CoCrCuFeNi HEA using the 

data from [17] (Tab. 1). 
Table 1 

Electronic, thermodynamic, and atomic-size parameters of the Al4CoCrCuFeNi HEA 

Alloy ∆Smix [J/(mol·K)] ∆Hmix [kJ/mol] Ω VEC δ [%] 

Al4CoCrCuFeNi 13.13 -11.46 1.59 6.22 6.15 
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Based on the value of valence electron concentration given in Tab.1, it can be expected 

that a solid solution with a BCC lattice will form in the alloy under study. At the same time, 
the value of the atomic size difference δ is quite large, which indicates the possibility of the 

formation of an ordered solid solution. 

The XRD patterns (Fig. 1) revealed the phase composition and the crystal lattice 
parameters (Tab. 2) of the alloy under investigation. 

 
 

Fig. 1. XRD patterns of the Al4CoCrCuFeNi high-entropy alloy. 

 
Table 2 

The phase composition of the Al4CoCrCuFeNi HEA 

Alloy Phase composition 

As-cast Al4CoCrCuFeNi Ordered BCC (B2) +BCC (а=0.2919 nm)  

MQ film Al4CoCrCuFeNi Ordered BCC (B2) (а=0.2916 nm)  

 

X-ray diffraction patterns show that both as-cast and MQ samples contain the ordered 
BCC phase (B2). This confirms the applicability of the previously discussed theoretical 

criteria for predicting the phase composition of this alloy. At the same time, comparing XRD 

patterns, one can see that the intensity of superstructure peaks for MQ films is noticeably 
higher. The formation of the single BCC (B2) phase with an increase in the cooling rate of 

the melt and an increase in the Al concentration was also noted in AlCoCrCuFeNi alloy 

obtained by laser alloying [14,15].  

If we consider the ratio of the integrated intensities I(100)/I(110) of the XRD peaks 
corresponding respectively to a superstructure reflection (100) and fundamental reflection  

(110), then for a MQ film this ratio is 17.8 %, and for the as-cast sample only 5.4 %. Thus, it 

is obvious that the as-cast alloy, along with the ordered phase B2, must contain a certain 
proportion of the disordered BCC solid solution phase. At the same time, the MQ film 

obviously contains practically no disordered phase. This can be explained by the fact that at a 
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high cooling rate, the ordered phase formed in the MQ film at a sufficiently high temperature 

remains unchanged. In the as-cast sample, cooled at a low rate, there is enough time for 
diffusion processes to pass, and a high entropy of mixing will contribute to the decomposition 

of an ordered and the appearance of a disordered solid solution. This assumption is confirmed 

by the results of the work [18]. However, according to the model proposed in [19,20], the 

high mixS in this case is unable to stabilize a single-phase disordered solid solution because 

the enthalpies of formation of binary compounds AlNi (-677 meV/atom), AlCo (-629 

meV/atom) and AlFe (-369 meV/atom) are too low [19]. All these compounds have an 
ordered B2 structure, and considering the value of formation enthalpy, it is obvious that the 

formation of the B2 phase in the Al4CoCrCuFeNi alloy occurs based on the AlNi compound 

(а=0.2881 nm). The presence of the B2 AlNi phase was previously confirmed in the alloys of 
the AlCoCrCuFeNi system [10,13,21]. The authors of work [22] proposed another 

mechanism for the transition of the ordered B2 phase into a combination of a disordered BCC 

phase and an ordered B2 phase - through spinodal decomposition. The likelihood of such 

decomposition in Al4CoCrCuFeNi alloy is confirmed by further studies of the microstructure 
of the as-cast sample. In a MQ film the decomposition process does not have time to proceed 

due to the high cooling rate. 

Typical dendritic structures were observed in the as-cast sample of Al4CoCrCuFeNi 
high-entropy alloy (Fig. 2 a).  Inside the dendrites, spinodal decomposition obviously takes 

place, as described in [10] for AlxCoCrCuFeNi HEAs with high aluminum content. At the 

same time, the microstructure of the melt-quenched film (Fig. 2 b) is a finely dispersed 
structure.  

 

   
             a                                                                        b  

 
Fig. 2. Optical micrographs of the cross-section of as-cast (a) and melt-quenched (b) Al4CoCrCuFeNi HEA 

samples. 

 

Observed structure transformation may be explained by the following: increasing of 

cooling rate (up to 106 K/s) leads to the degeneracy of dendritic structure and formation of the 
plane front of crystallization with finely dispersed structure occurrence. 

High-resolution transmission and scanning electron microscopy studies reveal the fine 

structure of AlCoCrCuFeNi system HEAs, which consists of not only the phases detected by 
XRD but also various precipitates with different compositions and morphology [10]. These 

precipitates are either atomically ordered or disordered, and have nanoscale or sub-micron 

dimensions. 

The substitutional solid solution of heterogeneous atoms with large differences in size, 
electronic structure, and thermodynamic properties induces high hardness in the alloys. The 
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crystal lattice undergoes considerable and statistically uniform distortion due to these 

differences, leading to significant hardening. In the alloy under study, the greatest distortions 
should be provided by aluminum atoms, as they are the most different in size from the rest of 

the alloy components. The microhardness of the as-cast HEA was measured to be Hµ=6500 

MPa (averaged over dendritic and interdendritic regions), while the microhardness of the MQ 
HEA was significantly higher and reached Hµ=9400 MPa. Obviously, such an increase in the 

microhardness of MQ films is mainly due to an increase in the content of the hard and brittle 

ordered B2 phase in them. Similar values of microhardness were also obtained in 

Al4CoCrCuFeNi alloy synthesized by mechanical alloying and spark plasma sintering [13]. 
Another reason for this difference in microhardness apparently consists in the fact that the 

MQ Al4CoCrCuFeNi HEA films were far from the equilibrium state and had a microstructure 

that was characterized by a higher level of microdeformations, dislocation density, and 
smaller grain sizes, in contrast to the as-cast samples, which were in a more equilibrium state. 

4. Conclusions 

The influence of the cooling rate on the structure, phase formation, and microhardness 

of multicomponent high-entropy Al4CoCrCuFeNi alloy was investigated. An analysis of the 

XRD patterns made it possible to establish that the structure of the as-cast alloy consists of an 
ordered B2 phase with a lattice parameter a = 0.2919 nm and a minor disordered BCC phase. 

When the melt quenching was performed, an ordered B2 phase remained in the alloy 

structure, and the lattice parameter changed to a=0.2916 nm. This confirms the applicability 

of the thermodynamic, electronic, and atomic-size criteria of phase formation discussed in the 
article for predicting the phase composition of Al4CoCrCuFeNi alloy. The as-cast alloy 

sample displays a typical cast dendritic structure, while the microstructure of the melt-

quenched film is a finely dispersed conglomerate of phases. The measured microhardness of 
the melt-quenched alloy reached 9400 MPa and significantly exceeded the microhardness of 

the as-cast alloy (6500 MPa). Thus, an increase in the cooling rate during quenching from the 

liquid state improves the mechanical properties of the Al4CoCrCuFeNi high-entropy alloy. 
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