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INFLUENCE OF HEAT TREATMENT ON 

Al0.5Cr0.5Ni0.5TiZr1.5Nb1.5 HIGH ENTROPY ALLOY 

Mihai Tudor OLARU1, Mihail TARCOLEA2, Dumitru MITRICA1, Marian 

BURADA1, Daniela DUMITRESCU1, Cristina BANICA1, Beatrice CARLAN1 

High temperatures applications require special alloys caring superior 

properties that are stable at elevated temperatures. High entropy alloys are an 

emerging set of alloys mostly composed of a minimum of 5 or more elements in 

equimolar or non-equimolar ratio that develops outstanding properties such as 

mechanical strength, hardness, stiffness and corrosion resistance. Present work 

investigates the structure and properties of an as-cast and heat treated 

Al0.5Cr0.5Ni0.5TiZr1.5Nb1.5 high entropy alloy. The alloy specimens were cast by 

induction melting in Ar protective atmosphere, heat treated at 700÷1000°C for 10 

hours and characterized by structural and mechanical techniques. Scanning 

electron microscopy analysis on as cast sample presents a homogenous dendritic 

structure well developed and distributed in the central area but underdeveloped on 

the side areas of the alloy. Heat treated sample reveals grains growth and higher 

structural homogeneity.  

Key words: HEA, multicomponent, alloys, high, entropy, characterization, heat 

treatment 
 

 1. Introduction 
 

 High-entropy multicomponent alloys have attracted more attention due to 

their unique properties caused by simple crystalline structures despite multiple-

component mixing. These type of alloys present attractive features such as high 

hardness, very good wear resistance, fatigue strength, good resistance to breakage 

at high temperatures, good thermal stability and increased resistance to oxidation 

and corrosion. High entropy alloys have hardening mechanisms based on solid 

solution strengthening, which are different from conventional alloys. Typically, 

high entropy alloys have high melting points and high yield resistance which can 

be maintained at very high temperatures. The properties of the alloys used for 

various applications depend largely on their composition. By the substitution of 

one or more elements in HEA composition, significant changes in properties can 

be obtained. Also, the decrease or increase in the quantity of the addition elements 

can lead to different structures with important influences on the properties of the 
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alloys [1].  

 There is a substantial amount of papers that describe the thermodynamics 

intricacies related to solid solution formation in high entropy alloys. Significant 

criteria were developed based on the mixing entropy, mixing enthalpy, atomic 

size difference, valence electron configuration and electronegativity of various 

high entropy alloy systems [2-4], which are contributing to the selection of viable 

alloy compositions for the different applications. Computer Aided Phase 

Prediction was also performed on various HEA systems, using specialized 

methods such as Calphad, Dendity Functional Theory, Monte Caro or Molecular 

Dynamics, with significant results in approximating phase constitution and 

evolution at different compositions and temperatures [29-34]. 

 The effect of annealing on HEAs has been also studied suggesting that an 

aging AlCoCrFeNiTi alloy for 2h at 1000℃ presents changes in microstructure 

and mechanical properties from the cast structure [35] Also, 4h annealing at 

varying temperatures on the hardness of an AlCrCuFeNiTi alloy was also 

investigated in literature [36]. 

 Present paper is studying a high entropy alloy based on Al-Cr-Ni-Ti-Zr-Nb 

system taking into account the influence of different heat treatment temperatures 

on the alloy structure. 

 

 2. Materials and methods  

 

 Due to the large number of possible combinations of elements that can be 

used for HEA synthesis, several thermodynamic criteria that can be used for 

selection of HEA compositions with certain properties have been defined. 

Literature on thermodynamic criteria on high entropy alloys presents some aspects 

that can predict the formation of solid solutions in the alloy. Configurational 

entropy calculated with Boltzmann’s formula ΔSconf should be higher than 11 

J/moleK and lower than 19.5 J/moleK; calculated mixing entropy ΔHmix should 

have values between -11.6 kJ/mole and 3.2 kJ/mole [2]. Atomic radius size 

differences between the elements δ, which plays a major role on the formation of 

solid solutions should be less than 6.6% for promoting a majority of solid 

solutions in the alloy, and less than 4% for solid solutions formation exclusively 

[3]. Along with the atomic radius δ, Ω derivate parameter also define the 

formation of solid solutions being influenced by ΔSconf and ΔHmix. This parameter 

should only be considered next to δ. Electronegativity difference Δχ of the alloy 

components has to be between 3 and 6% (calculated with Allen values) [4]. The 

valence electron concentration (VEC) as a critical factor for establishing phase 

stability, points to the type of solid solution crystalline structure. An VEC smaller 

than 6.87 suggests the formation of BCC solid solutions, between 6.87 and 8 the 

alloy should develop BCC and FCC structures. If VEC is larger than 8, only FCC 
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solid solution structures are formed [5]. Another component of the whole criteria 

for HEA forming is k1
cr factor, which indicates the presence or absence of 

intermetallic compounds. k1
cr value should be higher than the ratio between ΔHIM 

and ΔHmix, in order to form only solid solutions [27, 28].  

 In this paper Al0.5Cr0.5Ni0.5TiZr1.5Nb1.5 high entropy alloy was 

calculated using criteria found in literature and obtained by melting and casting in 

induction melting furnace under argon inert atmosphere. The values of the 

evaluation parameters calculated for criteria of the microstructures for the 

experimental high entropy alloy using the combination of the elements Al, Cr, Ni, 

Ti, Zr, Nb is presented in table 1. Data for the calculation of ΔHmix was acquired 

from Takeuchi and Inoue [6], atomic radius values of elements was taken from 

Senkov and Miracle [7]. Remaining parameters values were taken from [8, 9, 10, 

26]. Phase equilibrium diagram of the studied alloy was obtained using MatCalc 

6.02 thermodynamic modelling software containing CALPHAD data bases for a 

large spectrum of temperatures. Ni-based superalloy database was used for phase 

equilibrium calculation of Al0.5Cr0.5Ni0.5TiZr1.5Nb1.5 high entropy alloy. 

Melting and casting process started with pure raw aluminium, chromium, nickel, 

titanium, zirconium and niobium raw materials that were ultrasound cleaned in 

isopropyl alcohol for 10 minutes and dried in air. The dried chunks of cleaned 

metals were loaded inside induction furnace alumina crucible. The melting 

process started at a pressure of 0.6 mbar and reached a temperature of 1900°C. 

The ingot resulted from the casting was cooled down to room temperature in a 

cylindrical shaped copper mold and sliced in disk-shaped equal pieces. Resulted 

samples were heat treated in furnace at different temperatures for 10 hours inside 

Nabertherm 04/17 heat treatment furnace under argon atmosphere.  

 Chemical composition of the resulted sample was analyses by optical 

emission spectrometry in inductively coupled plasma (ICP-OES) using an Agilent 

725 spectrometer. Scanning electronic microscopy and EDS mapping was 

performed using FEI Quanta 250 electronic microscope on previously etched 

samples. The etching solution was a mixture of 1 to 3 cc HF, 4 cc HNO3, 100 cc 

H2O solution to enhance the visibility of the grains and the grain boundaries. 

 The crystalline structure was analysed by X-ray diffractometry (XRD). Data 

acquisition was performed on BrukerD8ADVANCE diffractometer using Bruker 

DIFFRACPlus software, Bragg–Brentano diffraction method, H–H coupled in 

vertical configuration, with the following parameters: Cu Ka radiation, 2H region: 

2041240, 2H step: 0.020, time/step: 8.7 s/step. Cu Kb radiation was removed with 

SOL X detector. Resulted data was processed using Bruker DIFFRACPlus EVA 

v12 software to search the database ICDD powder diffraction file (PDF-2, 2006 

edition) and the full pattern matching (FPM) module of the same software 

package. FPM is a global fitting of the measured scan with a simulated scan. FPM 
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allows the identification of average crystallite size and refinement of lattice 

parameters. 

  

3. Results and discussion 

 

 Criteria prediction calculations showed that the alloy composition is 

characterized by the high entropy effect, with ΔSconf value higher than 11 

J/moleK. Atomic size difference of 8.1% and ΔHmix of -20 suggests that the alloy 

will contain moderate to high amounts of intermetallic compounds. The type of 

solid solutions that will form in the alloy is given by the valence electron 

concentration (VEC) which suggest a BCC structure is expected to form. The 

ration between ΔHIM and ΔHmix is higher than K1
cr factor which indicates that not 

only solid solution will form.  

  

Thermodynamic modelling results of the Al0.5Cr0.5Ni0.5TiZr1.5Nb1.5 alloy are 

presented in fig. 1-2. Variation of niobium in the alloy mix (fig 1 a) presents the 

formation multiple phases at different contents. Under 10 wt% Nb the alloy 

should have a A3 with HCP structure and a Laves phase. The addition of Nb 

above 10 wt% enhances the formation of Delta phase and slightly reduces the 

Laves phase. Continuing the addition of Nb above 27 wt%, the amount of Laves 

and Delta phases starts to drastically decrease but a new BCC structured A2 phase 

starts to form. Thermodynamic modelling of Zr content in the alloy (fig. 1b) 

suggests the formation of the BCC structured A2 phase also above 27 wt% and a 

decrease in Delta and Laves phase in further addition.   

 

    
    a         b 

 

Table 1  

Calculated parameters for microstructural criteria prediction 

 

Alloy 

ΔSconf, 

J/mole

K 

ΔHmix 

kJ/mol

e 

δ, % 
VEC, 

% 

∆χ 

(Allen) 

% 

Ω K1
cr 

ΔHIM/ 

ΔHmix 

Al0.5Cr0.5Ni0.5 

TiZr1.5Nb1.5 
13.90 -20 8.1 4.9 9.78 1.4 1.27 1.31 
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Fig. 1 Influence of Nb (a) and Zr (b) content on phase diagram of Al0.5Cr0.5NixTiZr1.5Nb1.5 

high entropy alloy calculated using MatCalc 

 

     
    a      b 

 
Fig. 2 Phase equilibrum diagram (a) and Scheil-Gulliver solidification diagram (b) of 

Al0.5Cr0.5Ni0.5TiZr1.5Nb1.5 high entropy alloy calculated using MatCalc. Dotted line represents 

non-equilibrium phases, full line represents equilibrium phase 

 

 Phase equilibrum diagram shows couples of critical temperatures. At 600⁰C 

the formation of Gamma Prime phase is inhibited, at 800⁰C the small content of 

Laves phase is also inhibited along with Delta phase at aproximately 850⁰C. BCC 

structured A2 solid solution phase is present in the alloy starting with 470⁰C. With 

temperature increase, the A2 phase gains propotions transforming the alloy in a 

single-phased alloy at 1000⁰C. 

 In fig. 2 b Sheil-Gulliver solidification diagram is presented. It can be 

observed that at high temperatures the non-equilibrium phase A2 is strongly 

formed. At 1000⁰C Laves phases starts to form followed by Delta and Gamma 

Prime phases. At 830⁰C the content of Laves phase and Delta phase are equal in 

proportions comparing with the equilibrium phase diagram (fig.2 a) where is 

cleary showed that Delta phase is higher in proportion than Laves.    

 The chemical composition was analysed by ICP-OES and revealed similar 

content of elements with slight differences in the cast alloy compared to the 

nominal composition. The results of the chemical analysis are presented in table 2.  
 

Table 2  

Chemical composition of the resulted sample 

Alloy 
Chemical composition, in mass % 

Al Cr Nb Zr Ti Ni 

Nominal 3.43 6.61 35.46 34.82 12.18 7.46 

As-cast 4.36 6.92 34.30 33.70 13.00 7.50 
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Fig. 3 As-cast alloy sample 

  

 
Fig. 4 Heat treated at 700°C sample 
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Fig. 5 Heat treated at 900°C sample 

 

 The morphology of the as-cast and heat-treated alloy samples was analysed 

by scanning electronic microscopy. SEM analysis of the as-cast sample (fig. 3) 

indicates the presences of three main phases: the dendritic zone phase (A) and 

inter-dendritic zone consisting of phases (B) and (C). (A) phase is composed of 

lengthen dendrites with small secondary arms. The dendrites have irregular shapes 

and do not have symmetrical orientation. (B) and (C) phases forms the inter-

dendritic zone, (B) is the larger inter-dendritic phase uniformly spread in the alloy 

mass. (C) phase is shown as small round shaped islands in the (B) phase.  Figs. 4-

6 presents the morphology of the heat-treated samples at 700, 900 and 1000℃. It 

can be observed that after 700⁰C heat-treatment process the microstructure shows 

a smaller dendritic area (A) but with similar configuration as as-cast sample (fig. 

4). The (C) phase zones presents smaller islands areas but with greater density. 

After 900⁰C heat-treatment the alloy presents unfinished phase transformations in 

part of the sample where larger dendrites are presents with greater (B) phase 

amounts (fig. 5). This suggests the action of the slow diffusion process specific to 

high entropy alloys and the necessity of a longer heat-treatment time in order to 

satisfy the diffusion process. Also, it can be observed that (C) phase is present in 

larger quantities in the sample. After 1000℃ heat-treatment process the alloy 

sample presents a compact structure with less amount of (C) phase (fig. 6).  
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Fig. 6 Heat-treated at 1000°C sample, CBS image. 

 

  Figs. 7-10 presents EDS analysis of the as-cast and heat-treated samples. 

In the as-cast sample EDS mapping image, the elements are distributed majorly in 

the (B) phase zones where high quantities of aluminium, zirconium and chromium 

along with small amounts of nickel and titanium are present. The dendritic (A) 

phase is composed of high quantities of niobium and titanium but the island 

shaped (C) phase composition is mostly zirconium. After the heat-treatment 

processes the elemental composition of the all three phases is not affected with the 

exception of chromium which can be found in slightly more quantities in the (B) 

phase after the 1000℃ heat-treatment. Also, after the last heat-treatment the 

zirconium segregations can be found more often.  
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Fig. 7 EDS mapping analysis on as-cast HEA sample. 

 

 
Fig. 8 EDS mapping analysis of 700°C heat treated HEA sample. 

 

 
Fig. 9 EDS mapping analysis of 900°C heat treated HEA sample. 
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Fig. 10 EDS mapping analysis of 1000°C heat treated HEA sample. 

 

 
Fig. 11 XRD spectrum on as-cast and heat treated HEA samples 

 

 Crystalline structure of the as-cast and heat-treated samples are presented in 

fig. 11 and detailed in table 3. As-cast sample is composed of 3 solid solutions, 

two cubic phases and one with hexagonal structure. A2 is a body centred cubic 

disordered type of structure generated by Al-Cr rich precipitate. C14 is hexagonal 

type Laves solid solution phase rich in Zr, Ti and Cr, D8a is a body centred cubic 

Delta solid solution phase.  Comparing with the EDS, SEM and XRD of the as-

cast and heat-treated alloy samples, one can assume A2 phase is represented by 

the A zones on the SEM images, D8a is represented by the B inter-dendritic large 

phase rich in Al, Ni and Zr and C14 is represented by the Zr rich zones noted as C 

[37]. After the heat-treatment at different temperatures, samples present changes 

in phase proportions. A2 phase zones are getting smaller with each heat-treatment. 



Influence of heat treatment on Al0.5Cr0.5Ni0.5TiZr1.5Nb1.5 high entropy alloy          209 

Also, C14 rich in Zr phase is also losing proportions. Instead, the D8a inter-

dendritic phase is gathering amounts.    
Table 3 

Phases contained in HEA samples resulted from XRD spectrum analysis 

Sample 
Compound 

Name 
S-Q ms.% 

Lattice 

parameter, Å 

System 

Space Group 

1 

As-Cast 

Ss type A2 48 a 3.289 Cubic 

Ss type C14 30 
a 5.233 

c 8.538 
Hexagonal 

Ss type D8a 22 a 12.073 Cubic 

2 

HT 700℃ 

Ss type A2 46 a 3.289 Cubic 

Ss type D8a 29 a 12.073 Cubic 

Ss type C14 25 
a 5.233 

c 8.538 
Hexagonal 

3 

HT 900℃ 

Ss type A2 44 a 3.289 Cubic 

Ss type D8a 33 a 12.073 Cubic 

Ss type C14 23 
a 5.233 

c 8.538 
Hexagonal 

 

 4. Conclusions 

 

 The chemical and microstructural analysis of as-cast alloy show high 

homogeneity across the samples and dendritic structures of relatively small 

dimensions. The three phases are evenly distributed in the alloy mass. After SEM, 

EDS and XRD analysis the three phases are considered to be solid solution 

phases, two cubic and one with hexagonal structure. The dendritic phase is rich in 

niobium and titanium, the inter-dendritic phase is mainly formed of Al, Cr, Ni and 

Zr and the third phase is a rich in Zr precipitate. Heat-treatment changes the 

phases proportions due to the slow diffusion typically to high entropy alloys. The 

rich in Zr precipitate loses proportion due to the diffusion on Zr in D8a inter-

dendritic zone. Phase diagram obtained by MatCalc modelling of the 

Al0.5Cr0.5Ni0.5TiZr1.5Nb1.5 high entropy alloys is in partial accordance with 

the obtained alloy, three from four phases indicated by MatCalc modelling are 

present in the cast alloy. MatCalc modelling of Zr and Nb influence on the alloy 

structure is in accordance with the XRD results of the cast alloy, all the indicated 

phases are present in the cast alloy. 
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