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Abstract 

 

With the goal of entering Indonesia’s golden dream 2045 in mineral technology and 

utilizations, expansive researches covering both experimental and theoretical aspects are 

urgently required. Here, we provide theoretical study on structural and mechanical 

properties of various nickel-based alloys based on first-principles, density functional 

theory (DFT) technique. First, we evaluate the accuracy of several exchange-correlation 

functionals (LDA-PZ, GGA-PBE, GGA-PBEsol) by comparing the calculated lattice 

constants for each system with the known experimental results. Based on the best 

functional, we analyze structural changes caused by the mixture of different atom to the 

principal element of nickel. Finally, we derived the related mechanical properties for all 

systems based on the calculated elastic constants. Furthermore, the elastic constants can 

also be used to predict the stability of alloy structure. 
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Introduction 

With the well-known large reserves of laterite nickel, it is important for Indonesia 

to optimize its capabilities to utilize the nickel (Ni) ore for various applications. One of 

the main applications for nickel is its ability (and stability) to be mixed/bonded with 

different metallic elements of Cr, Cu, Mo producing Ni-Cr, Ni-Cu, and Ni-Mo alloy 

structure respectively. This alloying process is very useful to achieve additional and/or 

strengthening properties, such as corrosion (Guyader, 2007). and high-temperature 

resistance (Petrushin, 1984).  Based on its compositions, the higher limits for alloying 

elements of Cr and Mo are 35-40 wt. %, and 20 wt. % (Takeuchi, 2005) respectively. 

For Ni-Cu alloy, it is known to have a complete solid solubility, meaning that both Ni 

and Cu can be fully utilized as alloying element (Kunimine, 2019). 

Due to its importance on various applications, a clear understanding on phase 

stability, structural and mechanical properties on Ni-alloy systems are required. While 

experimental approaches can be done to fully characterize the alloy structure, it is 

usually involving a destructive test to obtain the alloy performance under various 

environmental conditions. Hence, different method to obtain mechanical properties are 

still required to provide different perspective on alloy properties in general. 
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In this study, we report the structural and mechanical properties of Ni-Cr, Ni-Cu, 

and Ni-Mo alloy (Ni composition is determined to be 75 wt. %, while alloying elements 

of Cr, Cu, and Mo are determined to be 25 wt. %) that obtained from the computational 

method known as density functional theory (DFT) technique element (Kohn, 1965). 

Since its first application on metallic element (Perdew, 1986), DFT has been known to 

provide great accuracy on predicted structural, electrical, and mechanical properties of 

various systems. Aside from its accuracy, DFT method also known for its flexibility in 

which one can determine the accuracy level without compromising much with the 

obtained results. 

Currently, DFT level of accuracy can be explained based on the Jacob’s ladder 

(Perdew, 2001), in which the accuracy can be divided into 5 categories (in terms of 

chosen exchange-correlation functional): local density approximation (LDA); 

generalized gradient approximation (GGA); meta-generalized gradient approximation 

(meta-GGA); exact exchange and compatible correlation; and exact exchange and exact 

partial correlation. In this study, only LDA and GGA functionals are considered due to 

its cheaper computational cost compared to the rest of DFT functionals. 

 

Research Methods 

All DFT calculations are performed using Quantum Espresso (QE) v7.0 software. 

For LDA level of accuracy, we chose the Perdew-Zunger version of LDA functional 

(Perdew, 1981), while for the GGA level of accuracy, we chose two different functionals. 

First is the Perdew-Burke-Ernzerhof (PBE) functional and second is the PBE further 

modification for solid systems, PBEsol (Perdew, 1996; Perdew, 2008).  

To obtain the best functional for our targeted system, we compare the calculated 

lattice parameter from three different functionals (LDA-PZ, GGA-PBE, GGA-PBEsol) 

with the known experimental observation of pure Ni system. Pure nickel system in its 

cubic form is shown in Figure 1(a), while three variation of Ni-alloy structures 

accommodating a fraction of Cu, Cr, and Mo elements are shown in Figure 1(b-d). Softer 

and darker blue balls show Cu and Cr atom, while purple ball indicates Mo atom.  

The structure is drawn by using VESTA software (Momma, 2011). With each unit 

cell consisting of 4 Ni atoms, producing 75-25 wt. % of Ni-alloy requires a single Ni atom 

to be replaced with the alloying elements of Cu, Cr, and Mo. The middle area of the 

crystal structure is chosen as the replacement sites to reduce a possible spurious 

interaction caused by the alloying elements to the boundary of the supercell structure. 

To obtain the optimized structure for each system, kinetic energy cut-off of 100 

Rydberg (Ry) are chosen to accommodate denser fast Fourier transform (FFT) grids that 

is required for mechanical properties estimation. Aside from those reasoning, the initial 

DFT calculation also shows that 100 Ry produce convergent total energy as shown in Fig. 

2. Brillouin zone of the systems is examined by 10 × 10 × 5 k-point grids that is 

automatically generated from QE software. The electronic and structural optimizations 

are conducted based on the convergence criteria of 1 × 10−6 Ry, 1 × 10−5 Ry/Bohr, 

5 × 10−1 kbar for total energy, force per-atomic units, and pressure respectively. 
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Figure 2. The calculated total energy of pure Ni system in respect to the utilized 

kinetic cut-off energy. Dashed lines are guides to the eye. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mechanical properties bulk (𝐵), Young (𝐸) and shear (𝐺) moduli) of all 

considered systems are determined based on the calculated elastic constants from the 

Voigt-Reuss-Hill model that is implemented in thermo_pw v.1.6.0. package. For this step, 

(a)   (b)   (c)   (d)   

 Figure 1. Supercell structure of (a) Pure Ni (b) Ni-25Cu (c) Ni-25Cr (d) Ni-

25Mo. 
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we increase the kinetic cut-off energy from 100 to 120 Ry, to obtain finer grids required 

for mechanical properties estimation. For all of our system, only the optimized structures 

are considered to calculate the elastic constants. The simple flowchart for our calculation 

method is shown in Figure 3. 

 

 

Result and Discussion 

Table 1 show the calculated lattice constant of pure Ni system based on LDA-PZ, 

GGA-PBE, and GGA-PBEsol functional. For the sake of simplicity, we call those three 

functionals as PZ, PBE, and PBEsol respectively. Based on our calculation’s condition, 

the initial lattice parameter (ain) of 3.4751 Å is optimized (aopt) to 3.4237 Å for PZ 

functional, 3.5090 Å for PBE functional, and 3.4570 Å for PBEsol functional. All 

calculated lattice values show slight differences (< 5 %) compared to the known low-

temperature lattice parameter of Ni system (3.5155 Å), with the least error is ~ 0.2 % for 

the PBE functional, 2.6 % for the PZ functional and 1.6% for the PBEsol functional. It is 

interesting to see that PBEsol functional fails to give significant improvement over the 

PBE functional, and only slightly more accurate compared to PZ functional. It is known 

Figure 3. Flowchart of the research 
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Table 1. Lattice parameter of Ni (Å) 

 ain aopt exp. 

PZ 

3.4751 

3.4237 
3.5155a 

3.5235b 
PBE 3.5090 

PBEsol 3.4570 
aBandyopadhyay, 1977 (T = 0 K) 
aBandyopadhyay, 1977 (T = 300 K) 

 

from the report by Zhang et al (2018), that Ni solid is one of the exceptions where the 

PBEsol functional fails to predict accurate lattice parameter compared to PBE functional. 

Hence, for the rest of discussion in this study, only PBE functional is considered as the 

chosen exchange-correlation functional. 

 

 

 

 

 

 

 

 

 

 

 

The existence of substitutional inside Ni cubic structure increase the lattice 

parameter due to the difference of atomic size of Ni (1.24 Å) with Cu (1.28 Å), Cr (1.30 

Å), and Mo (1.39 Å). With the substitution of those atoms, the lattice parameter will be 

increased by 0.63, 0.59, and 3.51 % for Ni-Cu, Ni-Cr, and Ni-Mo respectively as 

described visually by Figure 4. Comparing to the known experimental results, Gubicza et 

al., reported that the replacement of 25% Cu to Ni will expand the lattice parameter by 

0.45 % (Gubicza, 2018). Thus, our calculated results show consistent trend with the 

known experimental observation albeit with higher expansion. This is very likely due to 

Figure 4. Lattice parameter expansion due to substitutional atom of (a) Cu (b) Cr (c) Mo. 

Table 2. Calculated elastic parameters (GPa) 

 𝐶11 𝐶12 𝐶44 𝐵 𝐸 𝐺 𝐺/𝐵 

Ni 269.93 175.81 121.99 207.18 220.25 83.36 0.40 

Ni-Cu 254.28 163.58 117.74 193.81 211.46 80.32 0.41 

Ni-Cr 298.80 182.35 114.42 221.17 231.25 87.25 0.39 

Ni-Mo 294.37 195.70 60.25 228.59 154.34 55.62 0.24 
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the error introduced by our functional and can be corrected further by using a more 

accurate functional such as meta-GGA, SCAN functional. 

 Finally, we determine the mechanical properties of bulk, Young and shear moduli 

from the calculated elastic constants as listed in Table 2. Stability of the structure can be 

estimated based on Born stability criteria (Born, 1940). For a cubic structure the following 

criteria are required: 

 

 

 

 

whereas all of our considered systems are succeeded to pass all of the criteria, suggesting 

that all structure have high mechanical stability. Compared to the pure Ni system, we 

observe that the bulk modulus for Ni-Cr and Ni-Mo are higher while Ni-Cu system 

exhibits lower bulk moduli with the highest bulk modulus is observed for Ni-Mo at 228.59 

GPa. For the Young and shear moduli, we observe similar trend where Ni-Cr alloy show 

largest values compared to Ni-Cu, Ni-Mo and pure Ni systems. 

First, we discuss the effect of Cu alloying element to the Ni system, where the 

general strength of the Ni-Cu alloy is decreased compared to the pure Ni system. This is 

also known experimentally where the commercial Ni-Cu alloy of CDA715 with 70 wt. % 

Cu and 30 wt. % Ni have larger tensile strength (517 MPa vs 414 MPa), Young (150 GPa 

vs 140 GPa) and shear moduli (57 GPa vs 52 GPa) compared to CDA706 with 90 wt. % 

Cu and 10 wt. % Ni. Increased general strength for Ni-Cr and Ni-Mo compared to the 

pure Ni are also known experimentally. For Ni-Mo alloy it has been observed that the 

alloy with the addition of Mo as one of the alloying elements improves the tensile strength 

by ~30% (Konca, 2017). For Ni-Cr alloy, we observed that both Young and shear moduli 

of this system are the largest compared to other systems, suggesting that the Ni-Cr alloy 

provide the most improvement over pure Ni system.  

To estimate the ductility and the brittleness parameters for our structure, the ratio of shear 

and bulk moduli can be utilized, where the system with the 𝐺/𝐵 ratio larger than 0.57 can 

be categorized as ductile material (Pugh, 1957). All of our considered structure can be 

considered as ductile system with the lowest value are observed for Ni-Mo alloys. The 

increase of ductility (based on the decrease values of 𝐺/𝐵 ratio), can be attributed to the 

fact that the stacking fault energy for Ni-Mo alloy is lower compared to the Ni-Cr alloy 

system (Mehta, 2015). 

 

Conclusions 

The theoretical approach based on DFT method to estimate the mechanical 

properties of Ni, Ni-Cu, Ni-Cr, and Ni-Mo alloy have been conducted. Based on the 

calculated lattice parameter, we determine that the GGA-PBE functional is the best choice 

to calculate Ni-alloy structure compared to the LDA-PZ and GGA-PBEsol functionals. 

The existence of alloying elements (Cu, Cr, Mo) are found to expand the bond length with 

the largest expansion is observed for Ni-Mo alloy. From the calculated elastic constants, 

bulk, Young, and shear moduli can be estimated, where all of our calculated results show 

similar trend with what is observed experimentally.  
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