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 In this study, the copper doping effect on the NiAl structural stability, strength, and 

electronic structure was investigated. The samples were prepared using induction melting at 

2073 K. This material presents good mechanical and physical properties such as high-

temperature strength, fatigue or impact, and corrosion resistance which meet technical 

requirements of many applications. The microstructure of the Cu-doped nickel aluminide 

was studied using a metallurgical microscope and its lattice parameter was also studied and 

characterized using an X-ray diffractometer for different concentrations of Cu. The lattice 

constant of the existing phases was calculated, and it was found that the lattice distortion and 

gamma prime phase energy have high values allowing the increase of the entropy term of 

the alloy and subsequently increasing its hardness. From the ab-initio calculation, it was 

determined that the Cu atoms have the Al sites as a preferred site and prefer to bond with Ni 

atoms which leads to the improvement of the material hardness. Ab-initio density functional 

theory was applied to study the formation energy that revealed increasing with Cu amount. 
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1. Introduction 

NiAl alloys are one of the most important high-

temperature intermetallic compounds due to the many 

advantages they offer. They have several unique properties: 

significant payoffs as structural materials in gas turbine 

applications thanks to high melting temperature and high 

thermal conductivity that allow them to be used in a variety 

of specialized applications [1].  

Aluminium compounds are very successful and used in 

numerous applications from commodity roles to modern 

building and construction [2]. Indeed, they are known for 

some properties that make them appropriate building 

construction materials and then, they have become 

important construction materials for all sorts of buildings 

along with steel, brick, and cement.  

At high temperatures, NiAl alloys may retain stiffness 

and strength. Transition metals like Fe, Ni, Nb, Ti, and  

Co-doped NiAl are ordered intermetallic alloys that have 

good resistance to sulfidation, corrosion, and oxidation at 

room temperature or higher [3].  

NiAl alloys are expected to be promising structural 

materials due to their high melting point [4]. Porcayo-

Calderon et al. investigated the effect of the Cu addition on 

a corrosion performance of the Ni3Al intermetallic alloy in 

sulfuric acid at low temperature [5]. It has also been 

reported that the addition of elements like Cu, Co, Ti, and 

Fe can improve the mechanical properties of Ni–Al 

intermetallics [6, 7] and also electrical properties [8]. Other 

works revealed that small additions of transition metal may 

significantly enhance the room temperature ductility of 

NiAl single crystals or other materials [9–13]. 

Moreover, the NiAl intermetallic compound is 

applicable in the aerospace industry thanks to its strength 

and good oxidation resistance at high temperatures [14]. 

Uncontrollable factors such as impurity content, heat 

treatment, constitutional defects, or surface conditions 

influence experimental investigations of the mechanical 

properties [7]. Also, a considerable amount of scattering  

in ductility is usually observed in experiments [8]. *Corresponding author at: z.zarhri@gmail.com 
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Additionally, metals have important magnetic properties. 

However, experimental information is limited when 

magnetism at the atomic level is of concern.  

In this paper, NiAl and Cu-doped NiAl were melted at 

a high temperature to study the mechanical and physical 

properties of these alloy samples at different concentrations 

of copper doping. In addition, an ab-initio simulation 

helped investigate the material behaviour at a low scale. 

The ab-initio density functional theory approach has many 

advantages, in particular the ability to calculate properties 

of a paramagnetic Cu–NiAl alloy with large-scale 

supercells. 

2. Synthesis and characterization 

Cu–NiAl was synthesized by the induction melting 

method using appropriate amounts of Cu, Ni, and Al 

elements by calculating the exact weight corresponding to 

a desired number of atoms of each compound and its 

contribution to the unit cell. 

The recipient of graphene under a temperature of above 

2073 K and atmospheric pressure was used. The samples 

were remelted several times to ensure homogeneity [15].  

Alloys were produced in quartz crucibles with an 

induction furnace in an inert atmosphere from elements of 

high purity. Ingots were cooled and subsequently solidified 

inside the crucibles in the furnace at room temperature and 

in this condition they were used in the studies. 

The X-ray diffraction (XRD) of all samples was made 

with a Bruker D8 Advance X-ray using Cu-K radiation 

(1.5406 Å) at 30 kV accelerating voltage and a 20 mA 

current. The samples were scanned at 2 for angles from 

20o to 95o, with a 0.015 step.  

3. NiAl structure and ab-initio calculations 

NiAl structure is a face centred cubic with a space group 

of 221/pm-3m and atoms position (0, 0, 0) and (½, ½, ½), 

respectively for nickel and aluminium. The lattice 

parameter used in the electronic structure study is  

the one found by the X-Ray diffraction (2.887 Å). The 

electronic structure analysis of all the compounds  

was carried out using the DFT framework within the 

MACHIKANEYAMA2002V09 package based on 

Korringa-Kohn-Rostoker (KKR) method [16, 17]. In the 

study, the exchange–correlation functional was used 

combined with the coherent potential approximation (CPA) 

and the local density approximation (LDA) [18], as well as 

the generalized gradient approximation (GGA) para-

meterized by Perdew Burke Ernzerhof (PBE) [19], which 

is one of the most widely used functionals in calculations 

involving solids [20]. This ab-initio method is well known 

in the investigation of the material physical and chemical 

properties [21–25]. 

4. Results and discussion 

From the X-Ray diffraction of Cu-doped NiAl at 10% 

of copper and 5% of aluminium [Fig. 1(a)], the peaks 

revealed an interatomic distance of 2.887 Å. which was 

compared to the JCPDS database to confirm the quality of 

the found results of the Miller indices. It confirmed the 

incorporation of copper in the tested material. The 

difference between the interatomic distance and the lattice 

parameter successively compared to the database is due to 

the large radius difference between copper and aluminium. 

This implies the existence of other phases where copper 

    

 

Fig. 1. X-ray diffraction of Cu–NiAl samples: NiAl0.8Cu0.2 (a), NiAl0.7Cu0.3 (b), and NiAl0.6Cu0.4 (c). 
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took place of aluminium because it prefers to bond with 

nickel: this will be confirmed by using the first-principle 

calculations by computing the total and formation energies 

for each case of Cu-doped NiAl where Cu may occupy 

different sites.  

The X-ray pattern shows that it corresponds to an alloy 

formed from the NiAl type. Taking the Cu-doped NiAl 

system phase equilibrium diagram as a reference, an alloy 

with a 5% Cu content corresponds to a monophasic alloy 

constituted by the Ni-rich β-NiAl phase. In the NiAl 

system, the intermetallic compound of NiAl corresponds to 

a B2-type crystal structure that crystallizes in the primitive 

cubic structure of the CsCl type. The composition of 50% 

Ni and 50% Al is an alloy called stoichiometric with a cell 

parameter equal to 2.887 Å and a density of 5.9 g/cm3. The 

XRD pattern shown in Fig. 1(a) corresponds to a NiAl alloy 

with 10% at Cu. The indexing done of the diffraction peaks 

corresponds to the β-NiAl phase. Compared with the 

stoichiometric alloy, a slight decrease in the mesh 

parameter was observed (2.881 Å). 

The diffraction pattern of Fig. 1(b) corresponds to the 

alloy with 15% Cu and 15% Al while Fig. 1(c) is for the 

alloy with 20% Cu and 20% Al. The indexing corresponds 

to a biphasic alloy constituted mainly by the phase γ'-Ni3Al 

which coexists with the β-NiAl phase. This result 

corresponds to the position within the phase diagram for 

the mentioned alloy. The diffraction peaks correspond 

mainly to the predominant phase of γ'-Ni3Al which 

suggests that it is in a larger quantity due to the intensity 

and presence of its peaks and the proximity of the single-

phase field of γ'-Ni3Al. According to the JCPDS card, the 

intensity of the peaks (110) and (220) was considerably 

more intense than that of the main peaks (111) and (200). 

The calculated lattice parameter of the alloy composition 

was 3.572 Å, which is in agreement with that reported in 

the literature for Ni3Al [26, 27].  

At a higher percentage of copper, the grains present in 

the alloy [Fig. 1(b)] consist of multiple phases which 

belong to the Ni-rich side [28, 29]. This can be observed in 

the metallurgical images in Figs. 2(a), 2(b), and 2(c). 

However, even when it is not possible to appreciate it with 

the naked eye, in these diffractograms, there is a 

displacement of the representative peaks towards smaller 

angles. This variation is directly proportional to the Cu 

increase in the alloys. 

Macro-hardness and micro-hardness tests, successively 

Rockwell and Vickers hardness tests (Table 1), were 

preceded with different hardness tests for all samples to 

check the influence of doping on the hardness of the tested 

material.  

Table 1 

Rockwell and Vickers hardness tests of  

the tested binary and ternary alloys. 

Cu (%) 
Hardness test 

Rockwell (HR) Vickers (HV) 

0 23 ± 0.69 301 ± 15.05 

5 25 ± 0.75 302 ± 15.1 

10 27 ± 0.81 311 ± 15.55 

15 29 ± 0.87 321 ± 16.05 

20 33 ± 0.99 344 ± 17.2 

25 36 ± 1.08 400 ± 20 

The principle of hardness testing consists of pressing a 

hard indenter with an exactly defined force onto the test 

piece, then evaluating the surface area of the indentation. 

The hardness of the sample is equal to the test force divided 

by the surface area of the indentation. 

It can be seen from Table 1 that the hardness increases 

as the copper concentration increases. This is due to the 

      

 

Fig. 2. Metallurgical microscope images of: NiAl0.8Cu0.2 (a), NiAl0.7Cu0.3 (b), and NiAl0.6Cu0.4 (c). 
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incorporation of copper in the tested material which is in 

place of Al, and because the radius difference between 

copper and nickel is not large, this makes the structure more 

stable and then increases the hardness of the material. 

5. The formation energy and the system stability 

The initial parameter (a = 2.887 Å) was used for the 

simulation calculations which was found by analysing the 

X-Ray diffraction patterns, then, the unit cell was relaxed 

to find the optimal structure. The relaxation method 

consists of varying the lattice parameter and calculating the 

corresponding total energy to find the minimum energy that 

corresponds to the most stable state of the host material. 

The equilibrium lattice constant is the one that corresponds 

to the minimum energy (Fig. 3). 

Formation energy (∆E) is a very important parameter to 

identify the system stability, the feasibility of the alloy, 

and, also, the classification of hydrogen storage materials. 

It is also used to determine the heat of hydrogen reaction 

and deduce the temperature of hydrogen desorption in the 

material, and the fracture energy that depends on the 

deviations of a real crack from an idealized crack plane for 

a high strength concrete simulation that can be controlled 

to achieve the necessary durability of concrete structures 

[30]. The formation energies have been evaluated by the 

following formula for the Cu-doped system [31] 

∆E = Etot(ternary or binary alloy) − ∑Etot(reactants) (1) 

∆E(NiAl(1− x)Cux)

= E(NiAl(1 − x)Cux) − Epure(NiAl) + xE(Al) − xE(Cu) (2) 

∆E(Ni(1 − x)CuxAl)

= E(Ni(1 − x)CuxAl) − Epure(NiAl) + xE(Ni) − xE(Cu) (3) 

E(Ni(1− x)CuxAl) is the total energy of the ternary alloy, 

Epure(NiAl) is the total energy of the bulk NiAl without 

doping, and E(Ni), E(Al), and E(Cu) are respectively the 

chemical potentials of Ni, Al, and Cu unit cells in their 

reference states. 

The calculated formation energies, with x varying from 

0.05 to 0.25, are summarized in Table 2. These results 

indicate higher stability in the case of NiAl(1− x)Cux 

compared to Ni(1− x)CuxAl system. 

Cu-doped NiAl has lower energies when Cu is in Al 

sites which is related to the most stable state. This means 

that copper prefers to bond with nickel atoms due to the 

electrostatic attractive forces between delocalized electrons 

and positively charged metal ions. When the copper 

concentration is higher, the formation energy is lower. As 

noticed in previous works, the hydrogen atoms prefer to 

bond with nickel instead of aluminium [32]. 

Table 2 

Total and formation energies of Cu-doped NiAl  

by DFT calculations. 

Cu (%)  

Total energy (Ry) Formation energy (eV) 

Cu in Al  

sites 

Cu in Ni  

sites 

Cu in Al 

sites 

Cu in Ni 

sites 

5 −3802.6167294 −3547.3472522 −8.03 −7.65 

10 −4084.6945317 −3574.1552411 −8.47 −7.71 

15 −4366.7732641 −3600.9628534 −8.91 −7.76 

20 −4648.8532459 −3627.7702108 −9.35 −7.81 

25 −4930.9338289 −3654.5775393 −9.78 −7.86 

Figure 4 shows the density of state of the tested alloys. 

A shift of the valance and the conduction bands to higher 

energy can be noticed. This is due to the addition of new 

states which allow the excitation of electrons from the VB 

to the CB. 

A zero magnetic moment was found and confirmed by 

the up and down spins symmetry in valence and conduction 

bands. Doping the system caused it to try finding an 

equilibrium of the electronic density which in this case is 

the position of symmetry. 

It is estimated that there are from 10 million to 1 billion 

dislocations per square centimeter in a metal, and each 

dislocation has a strain field associated with it. These 

dislocations are the cause of the fracture of the bulk 

material.  

The addition of other elements to the tested material 

contributes to strengthening its solid solution. The added 

 

Fig. 4. Densities of states of different concentrations of Cu-doped 

NiAl where doping is in Al sites. 
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elements can be located between the atoms of the bulk 

material or replace the atoms; this is called interstitial or 

substitutional solid solution which causes a distortion in the 

atomic structure of the material. This distortion interacts 

with the dislocations preventing their movement and then 

strengthening the sample. Improvement in hardness can be 

achieved due to lattice distortion strengthening and higher 

anti-phase boundary energy of gamma prime [33].  

6. Conclusions 

Cu-doped NiAl was synthesized using induction 

melting at a temperature above 2073 K. The X-ray 

diffraction confirms the incorporation of copper in the 

tested binary alloy. It has been shown that copper prefers 

to bond with nickel and then it is located in aluminium 

sites. This was confirmed by computing and calculating the 

total and formation energy using ab-initio and DFT method 

where it was found out that these energies are minimal 

when Cu takes Al sites. The addition of copper in the NiAl 

alloy increases the material hardness. 

The lattice distortion and gamma prime phase energy 

have high values which allowed the increase of the entropy 

term of the alloy and subsequently increased its hardness. 
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