
ФИЗИКА. АСТРОНОМИЯ СЕРИЯСЫ/  PHYSICS. 
ASTRONOMY SERIES / СЕРИЯ ФИЗИКА. АСТРОНОМИЯ

IRSTI 29.19.03
Article

Mechanical properties of nickel nitrides under high pressures

N. Sagatov*1,2  , D. Sagatova1,3  

Abstract. Transition metal nitrides are durable ceramic materials with a range 
of impressive characteristics, such as a high melting point, exceptional resistance 
to oxidation, wear, and corrosion, as well as chemical stability and strong electrical 
conductivity. These exceptional properties are mainly due to the distinctive electronic 
and geometric structures of transition metal nitrides. The Fe-N system, a common 
example of transition metal nitrides, has been thoroughly studied to investigate its 
compounds not only as functional materials but also as a possible component of the 
Earth's interior layers. Unlike iron nitrides, nickel nitrides have been less studied, 
although they, like iron nitrides, are of interest not only from the point of view of 
materials science, but also from the point of view of Earth sciences. In present study, 
the mechanical properties of previously known nickel nitrides, Ni6N-R3, Ni3N-P6322, 
Ni3N-Cmcm, and Ni7N3-Pbca, were calculated from first principles using density 
functional theory in the pressure range of 0-400 GPa. Considered nickel nitrides are 
mechanically stable in the entire considered pressure ranges. It was shown that all 
phases are ductile and have low Vickers hardness values which are below the minimal 
criteria of hard materials, HV > 20 GPa. In addition, the fracture toughness was 
estimated.
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1. Introduction

Transition-metal nitrides exhibit a variety of electronic, mechanical, and chemical 
characteristics that make them well-suited for various technological uses, including 
hard wear-resistant coatings, diffusion barriers in microelectronics, protective and 
decorative coatings, and energy storage applications. Transition-metal nitrides have 
low compressibility and high hardness because of their exceptionally strong and short 
bonteleds, which differ significantly from those found in pure metals. Consequently, 
extensive research efforts have been dedicated to discovering novel transition-metal 
nitrides characterized by exceptional hardness and superior fracture resistance, with the 
expectation that they may be utilized in cutting tools and as durable coatings. To date, 
a significant amount of research is focused on investigating transition-metal nitrides 
under high pressure conditions. The reason for this is that elevated pressure allows for 
the exploration of different structural configurations of known nitrides and the creation 
of unique compounds that are not possible to produce under standard atmospheric 
conditions. Among the transition metal nitrides, iron and nickel nitrides are not only useful 
for practical purposes but also hold significance in the field of Earth sciences. The inner 
core (329-364 GPa) is believed to be solid and composed mainly of iron, ~5% nickel and a 
small proportion of light elements [1-3]. Nitrogen is considered one of the possible light 
elements in the inner core. Therefore, iron and nickel nitrides and their elastic properties 
are of interest for studying the structure and composition of the Earth's inner core.

A considerable amount of research, spanning both theoretical and experimental 
approaches, has focused on iron nitrides [4-10], whereas there is a limited number of 
studies dedicated to nickel nitrides. In the nickel-nitrogen system, Ni3N is the only stable 
intermediate compound that has been identified at atmospheric pressure. The ambient-
pressure structure of Ni3N was shown to remain it stability at least up to 20 GPa [11]. 
Subsequently, through the application of a laser-heated diamond anvil cell method, nickel 
pernitride, NiN2, featuring a marcasite-type structure, was successfully produced at a 
pressure of 40 GPa [12]. Recently, four new stable phases, Ni6N-R3, Ni3N-Cmcm, Ni7N3-
Pbca, and NiN2-Pa3, were obtained, based on crystal structure prediction calculations [13]. 
It was shown that ambient-pressure phase Ni3N-P6322 is stable up to 96 GPa and above this 
pressure decompose to Ni7N3 + Ni. New predicted nitride Ni6N-R3, is stable in the pressure 
range of 98-114 GPa. Ni7N3-Pbca becomes stable relative to neighboring nitrides (Ni3N + 
NiN2) above 93 GPa and stable at least up to 400 GPa. Previously known nickel pernitride 
with marcasite structure, NiN2-Pnnm, was shown to be stable above 14 GPa, and at 96 GPa 
phase transition to new modification with pyrite structure, NiN2-Pa3, occurs. Furthermore, 
it was demonstrated that at pressures exceeding 331 GPa, a new phase of Ni3N with a Cmcm 
structure becomes stabilized and maintains its stability up to at least 400 GPa. While the 
elastic and mechanical properties of NiN2 have been studied, the mechanical properties of 
the other nickel nitrides remain to be evaluated. This highlights the importance of assessing 
the mechanical properties of the remaining nickel nitrides. In this study, we present the 
results of the calculations on mechanical properties of Ni6N-R3, Ni3N-P6322, Ni3N-Cmcm, 
and Ni7N3-Pbca at pressure range up to 400 GPa.
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2. Methodology

All computations were carried out using the density functional theory (DFT) method 
implemented in the VASP software package [14, 15]. Exchange-correlation effects were 
accounted for using the generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof functional [16]. The electron–ion interaction was modeled using the projector-
augmented-wave (PAW) method, with the valence electron configurations of Ni being 3d84s2 
and N being 2s22p3. The calculation settings were as follows: cutoff energy of plane wave 
basis set – 600 eV, density of Monkhorst-Pack [18] k-point grid – 0.2 A-1, electronic smearing 
– according to the Methfessel-Paxton scheme [19] with a parameter σ equal to 0.1 eV. The 
self-consistent field tolerance was set to 10-8 eV.

In order to assess characteristics like hardness and fracture toughness, we derived the 
static elastic stiffness tensor components (Cij) from the stress (σ) – strain (ε) relationship, 
expressed as σi = Cijεj. Utilizing the determined Cij values, we computed the bulk (B) and 
shear (G) moduli using the Voigt-Reuss-Hill method [20, 21]. For hexagonal and trigonal 
phases, bulk and shear moduli were calculated by next formula:

For orthorhombic phases, to calculate bulk and shear moduli next formulas were used:
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where V0 is the volume per atom (in m3/atom) and KIC is fracture toughness (in MPa m1/2). 

 
 

3. Results and discussion 
 

To investigate the mechanical properties of previously known nickel nitrides the elastic 
constants Cij of Ni6N-R3̅, Ni3N-P6322, Ni3N-Cmcm, and Ni7N3-Pbca were calculated in the 



Л.Н. Гумилев атындағы Еуразия ұлттық университетінің ХАБАРШЫСЫ.
Физика. Астрономия сериясы

ISSN: 2616-6836. eISSN: 2663-1296

20 №1(146)/ 2024

N. Sagatov, D. Sagatova

Using obtained bulk and shear moduli Young’s modulus (E) and Poisson’s ratio (ν) could 
be calculated as follows:

In order to analyze the Vickers hardness of the nitrides under study, we utilized the 
empirical models proposed by Chen [22] and Tian [23]:

where k = G/B.
 In our study, HV was estimated as average value obtained from equations (4):

To estimate the fracture toughness the following empirical formula was used [24]:

where V0 is the volume per atom (in m3/atom) and KIC is fracture toughness (in MPa m1/2).

3. Results and discussion

To investigate the mechanical properties of previously known nickel nitrides the elastic 
constants Cij of Ni6N-R3, Ni3N-P6322, Ni3N-Cmcm, and Ni7N3-Pbca were calculated in the 
pressure ranges of 100-120 GPa, 0-100 GPa, 300-400 GPa, and 100-400 GPa, respectively. The 
pressure ranges were chosen to cover the stability field of each phase as reported at ref [13]. 
The results of the elastic constants calculations are summarized in the Table 1. Due to the 
symmetry of the considered nitrides, Ni6N-R3  and Ni3N-P6322 have five independent elastic 

̅

For orthorhombic phases, to calculate bulk and shear moduli next formulas were used: 
 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 𝐵𝐵𝑉𝑉 =

1
9 [𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 2(𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23]

𝐵𝐵𝑅𝑅 = ∆ [
𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶33 − 2𝐶𝐶23) + 𝐶𝐶22(𝐶𝐶33 − 2𝐶𝐶13) − 2𝐶𝐶33𝐶𝐶12 + 𝐶𝐶12(2𝐶𝐶23 − 𝐶𝐶12)

+ 𝐶𝐶13(2𝐶𝐶12 − 𝐶𝐶13) + 𝐶𝐶23(2𝐶𝐶13 − 𝐶𝐶23)
]
−1

𝐺𝐺𝑉𝑉 =
1
15 [𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 3(𝐶𝐶44 + 𝐶𝐶55 + 𝐶𝐶66) − (𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23)]

𝐺𝐺𝑅𝑅 = 15
{
 

 4 [𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶33 + 𝐶𝐶23) + 𝐶𝐶22(𝐶𝐶33 + 𝐶𝐶13) + 𝐶𝐶33𝐶𝐶12 −𝐶𝐶12(𝐶𝐶23 + 𝐶𝐶12) − 𝐶𝐶13(𝐶𝐶12 + 𝐶𝐶13) − 𝐶𝐶23(𝐶𝐶13 + 𝐶𝐶23)
]

∆ + 3 ( 1𝐶𝐶44
+ 1
𝐶𝐶55

+ 1
𝐶𝐶66

)
}
 

 
 −1

∆= 𝐶𝐶13(𝐶𝐶12𝐶𝐶23 − 𝐶𝐶22𝐶𝐶13) + 𝐶𝐶23(𝐶𝐶12𝐶𝐶13 − 𝐶𝐶23𝐶𝐶11) + 𝐶𝐶33(𝐶𝐶11𝐶𝐶22 − 𝐶𝐶122 )

𝐵𝐵 = 𝐵𝐵𝑉𝑉 + 𝐵𝐵𝑅𝑅2
𝐺𝐺 = 𝐺𝐺𝑉𝑉 + 𝐺𝐺𝑅𝑅2

    (2) 

 
Using obtained bulk and shear moduli Young’s modulus (E) and Poisson’s ratio (ν) could be 

calculated as follows: 
 

𝐸𝐸 = 9𝐵𝐵𝐺𝐺
3𝐵𝐵 + 𝐺𝐺

𝜈𝜈 = 3𝐵𝐵 − 2𝐺𝐺
2(3𝐵𝐵 + 𝐺𝐺)

                                                                     (3) 

 

 
In order to analyze the Vickers hardness of the nitrides under study, we utilized the 

empirical models proposed by Chen [22] and Tian [23]: 
 

𝐻𝐻𝑉𝑉𝐶𝐶ℎ𝑒𝑒𝑒𝑒 = 2 ∙ (𝑘𝑘2 ∙ 𝐺𝐺)0.585 − 3
𝐻𝐻𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒 = 0.92 ∙ 𝑘𝑘1.137 ∙ 𝐺𝐺0.708

                                                     (4) 
                                                   
where k = G/B. 
 In our study, HV was estimated as average value obtained from equations (4): 
 

𝐻𝐻𝑉𝑉 =
𝐻𝐻𝑉𝑉𝐶𝐶ℎ𝑒𝑒𝑒𝑒+𝐻𝐻𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒

2                                                                 (5) 
 

To estimate the fracture toughness the following empirical formula was used [24]: 
 

𝐾𝐾𝐼𝐼𝐶𝐶 = 𝑉𝑉0
1/6 ∙ 𝐺𝐺 ∙ (𝐵𝐵𝐺𝐺)

1/2
                                                     (6) 

 
where V0 is the volume per atom (in m3/atom) and KIC is fracture toughness (in MPa m1/2). 

 
 

3. Results and discussion 
 

To investigate the mechanical properties of previously known nickel nitrides the elastic 
constants Cij of Ni6N-R3̅, Ni3N-P6322, Ni3N-Cmcm, and Ni7N3-Pbca were calculated in the 

For orthorhombic phases, to calculate bulk and shear moduli next formulas were used: 
 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 𝐵𝐵𝑉𝑉 =

1
9 [𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 2(𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23]

𝐵𝐵𝑅𝑅 = ∆ [
𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶33 − 2𝐶𝐶23) + 𝐶𝐶22(𝐶𝐶33 − 2𝐶𝐶13) − 2𝐶𝐶33𝐶𝐶12 + 𝐶𝐶12(2𝐶𝐶23 − 𝐶𝐶12)

+ 𝐶𝐶13(2𝐶𝐶12 − 𝐶𝐶13) + 𝐶𝐶23(2𝐶𝐶13 − 𝐶𝐶23)
]
−1

𝐺𝐺𝑉𝑉 =
1
15 [𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 3(𝐶𝐶44 + 𝐶𝐶55 + 𝐶𝐶66) − (𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23)]

𝐺𝐺𝑅𝑅 = 15
{
 

 4 [𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶33 + 𝐶𝐶23) + 𝐶𝐶22(𝐶𝐶33 + 𝐶𝐶13) + 𝐶𝐶33𝐶𝐶12 −𝐶𝐶12(𝐶𝐶23 + 𝐶𝐶12) − 𝐶𝐶13(𝐶𝐶12 + 𝐶𝐶13) − 𝐶𝐶23(𝐶𝐶13 + 𝐶𝐶23)
]

∆ + 3 ( 1𝐶𝐶44
+ 1
𝐶𝐶55

+ 1
𝐶𝐶66

)
}
 

 
 −1

∆= 𝐶𝐶13(𝐶𝐶12𝐶𝐶23 − 𝐶𝐶22𝐶𝐶13) + 𝐶𝐶23(𝐶𝐶12𝐶𝐶13 − 𝐶𝐶23𝐶𝐶11) + 𝐶𝐶33(𝐶𝐶11𝐶𝐶22 − 𝐶𝐶122 )

𝐵𝐵 = 𝐵𝐵𝑉𝑉 + 𝐵𝐵𝑅𝑅2
𝐺𝐺 = 𝐺𝐺𝑉𝑉 + 𝐺𝐺𝑅𝑅2

    (2) 

 
Using obtained bulk and shear moduli Young’s modulus (E) and Poisson’s ratio (ν) could be 

calculated as follows: 
 

𝐸𝐸 = 9𝐵𝐵𝐺𝐺
3𝐵𝐵 + 𝐺𝐺

𝜈𝜈 = 3𝐵𝐵 − 2𝐺𝐺
2(3𝐵𝐵 + 𝐺𝐺)

                                                                     (3) 

 

 
In order to analyze the Vickers hardness of the nitrides under study, we utilized the 

empirical models proposed by Chen [22] and Tian [23]: 
 

𝐻𝐻𝑉𝑉𝐶𝐶ℎ𝑒𝑒𝑒𝑒 = 2 ∙ (𝑘𝑘2 ∙ 𝐺𝐺)0.585 − 3
𝐻𝐻𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒 = 0.92 ∙ 𝑘𝑘1.137 ∙ 𝐺𝐺0.708

                                                     (4) 
                                                   
where k = G/B. 
 In our study, HV was estimated as average value obtained from equations (4): 
 

𝐻𝐻𝑉𝑉 =
𝐻𝐻𝑉𝑉𝐶𝐶ℎ𝑒𝑒𝑒𝑒+𝐻𝐻𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒

2                                                                 (5) 
 

To estimate the fracture toughness the following empirical formula was used [24]: 
 

𝐾𝐾𝐼𝐼𝐶𝐶 = 𝑉𝑉0
1/6 ∙ 𝐺𝐺 ∙ (𝐵𝐵𝐺𝐺)

1/2
                                                     (6) 

 
where V0 is the volume per atom (in m3/atom) and KIC is fracture toughness (in MPa m1/2). 

 
 

3. Results and discussion 
 

To investigate the mechanical properties of previously known nickel nitrides the elastic 
constants Cij of Ni6N-R3̅, Ni3N-P6322, Ni3N-Cmcm, and Ni7N3-Pbca were calculated in the 

For orthorhombic phases, to calculate bulk and shear moduli next formulas were used: 
 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 𝐵𝐵𝑉𝑉 =

1
9 [𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 2(𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23]

𝐵𝐵𝑅𝑅 = ∆ [
𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶33 − 2𝐶𝐶23) + 𝐶𝐶22(𝐶𝐶33 − 2𝐶𝐶13) − 2𝐶𝐶33𝐶𝐶12 + 𝐶𝐶12(2𝐶𝐶23 − 𝐶𝐶12)

+ 𝐶𝐶13(2𝐶𝐶12 − 𝐶𝐶13) + 𝐶𝐶23(2𝐶𝐶13 − 𝐶𝐶23)
]
−1

𝐺𝐺𝑉𝑉 =
1
15 [𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 3(𝐶𝐶44 + 𝐶𝐶55 + 𝐶𝐶66) − (𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23)]

𝐺𝐺𝑅𝑅 = 15
{
 

 4 [𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶33 + 𝐶𝐶23) + 𝐶𝐶22(𝐶𝐶33 + 𝐶𝐶13) + 𝐶𝐶33𝐶𝐶12 −𝐶𝐶12(𝐶𝐶23 + 𝐶𝐶12) − 𝐶𝐶13(𝐶𝐶12 + 𝐶𝐶13) − 𝐶𝐶23(𝐶𝐶13 + 𝐶𝐶23)
]

∆ + 3 ( 1𝐶𝐶44
+ 1
𝐶𝐶55

+ 1
𝐶𝐶66

)
}
 

 
 −1

∆= 𝐶𝐶13(𝐶𝐶12𝐶𝐶23 − 𝐶𝐶22𝐶𝐶13) + 𝐶𝐶23(𝐶𝐶12𝐶𝐶13 − 𝐶𝐶23𝐶𝐶11) + 𝐶𝐶33(𝐶𝐶11𝐶𝐶22 − 𝐶𝐶122 )

𝐵𝐵 = 𝐵𝐵𝑉𝑉 + 𝐵𝐵𝑅𝑅2
𝐺𝐺 = 𝐺𝐺𝑉𝑉 + 𝐺𝐺𝑅𝑅2

    (2) 

 
Using obtained bulk and shear moduli Young’s modulus (E) and Poisson’s ratio (ν) could be 

calculated as follows: 
 

𝐸𝐸 = 9𝐵𝐵𝐺𝐺
3𝐵𝐵 + 𝐺𝐺

𝜈𝜈 = 3𝐵𝐵 − 2𝐺𝐺
2(3𝐵𝐵 + 𝐺𝐺)

                                                                     (3) 

 

 
In order to analyze the Vickers hardness of the nitrides under study, we utilized the 

empirical models proposed by Chen [22] and Tian [23]: 
 

𝐻𝐻𝑉𝑉𝐶𝐶ℎ𝑒𝑒𝑒𝑒 = 2 ∙ (𝑘𝑘2 ∙ 𝐺𝐺)0.585 − 3
𝐻𝐻𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒 = 0.92 ∙ 𝑘𝑘1.137 ∙ 𝐺𝐺0.708

                                                     (4) 
                                                   
where k = G/B. 
 In our study, HV was estimated as average value obtained from equations (4): 
 

𝐻𝐻𝑉𝑉 =
𝐻𝐻𝑉𝑉𝐶𝐶ℎ𝑒𝑒𝑒𝑒+𝐻𝐻𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒

2                                                                 (5) 
 

To estimate the fracture toughness the following empirical formula was used [24]: 
 

𝐾𝐾𝐼𝐼𝐶𝐶 = 𝑉𝑉0
1/6 ∙ 𝐺𝐺 ∙ (𝐵𝐵𝐺𝐺)

1/2
                                                     (6) 

 
where V0 is the volume per atom (in m3/atom) and KIC is fracture toughness (in MPa m1/2). 

 
 

3. Results and discussion 
 

To investigate the mechanical properties of previously known nickel nitrides the elastic 
constants Cij of Ni6N-R3̅, Ni3N-P6322, Ni3N-Cmcm, and Ni7N3-Pbca were calculated in the 

For orthorhombic phases, to calculate bulk and shear moduli next formulas were used: 
 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 𝐵𝐵𝑉𝑉 =

1
9 [𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 2(𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23]

𝐵𝐵𝑅𝑅 = ∆ [
𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶33 − 2𝐶𝐶23) + 𝐶𝐶22(𝐶𝐶33 − 2𝐶𝐶13) − 2𝐶𝐶33𝐶𝐶12 + 𝐶𝐶12(2𝐶𝐶23 − 𝐶𝐶12)

+ 𝐶𝐶13(2𝐶𝐶12 − 𝐶𝐶13) + 𝐶𝐶23(2𝐶𝐶13 − 𝐶𝐶23)
]
−1

𝐺𝐺𝑉𝑉 =
1
15 [𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 3(𝐶𝐶44 + 𝐶𝐶55 + 𝐶𝐶66) − (𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23)]

𝐺𝐺𝑅𝑅 = 15
{
 

 4 [𝐶𝐶11(𝐶𝐶22 + 𝐶𝐶33 + 𝐶𝐶23) + 𝐶𝐶22(𝐶𝐶33 + 𝐶𝐶13) + 𝐶𝐶33𝐶𝐶12 −𝐶𝐶12(𝐶𝐶23 + 𝐶𝐶12) − 𝐶𝐶13(𝐶𝐶12 + 𝐶𝐶13) − 𝐶𝐶23(𝐶𝐶13 + 𝐶𝐶23)
]

∆ + 3 ( 1𝐶𝐶44
+ 1
𝐶𝐶55

+ 1
𝐶𝐶66

)
}
 

 
 −1

∆= 𝐶𝐶13(𝐶𝐶12𝐶𝐶23 − 𝐶𝐶22𝐶𝐶13) + 𝐶𝐶23(𝐶𝐶12𝐶𝐶13 − 𝐶𝐶23𝐶𝐶11) + 𝐶𝐶33(𝐶𝐶11𝐶𝐶22 − 𝐶𝐶122 )

𝐵𝐵 = 𝐵𝐵𝑉𝑉 + 𝐵𝐵𝑅𝑅2
𝐺𝐺 = 𝐺𝐺𝑉𝑉 + 𝐺𝐺𝑅𝑅2

    (2) 

 
Using obtained bulk and shear moduli Young’s modulus (E) and Poisson’s ratio (ν) could be 

calculated as follows: 
 

𝐸𝐸 = 9𝐵𝐵𝐺𝐺
3𝐵𝐵 + 𝐺𝐺

𝜈𝜈 = 3𝐵𝐵 − 2𝐺𝐺
2(3𝐵𝐵 + 𝐺𝐺)

                                                                     (3) 

 

 
In order to analyze the Vickers hardness of the nitrides under study, we utilized the 

empirical models proposed by Chen [22] and Tian [23]: 
 

𝐻𝐻𝑉𝑉𝐶𝐶ℎ𝑒𝑒𝑒𝑒 = 2 ∙ (𝑘𝑘2 ∙ 𝐺𝐺)0.585 − 3
𝐻𝐻𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒 = 0.92 ∙ 𝑘𝑘1.137 ∙ 𝐺𝐺0.708

                                                     (4) 
                                                   
where k = G/B. 
 In our study, HV was estimated as average value obtained from equations (4): 
 

𝐻𝐻𝑉𝑉 =
𝐻𝐻𝑉𝑉𝐶𝐶ℎ𝑒𝑒𝑒𝑒+𝐻𝐻𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒

2                                                                 (5) 
 

To estimate the fracture toughness the following empirical formula was used [24]: 
 

𝐾𝐾𝐼𝐼𝐶𝐶 = 𝑉𝑉0
1/6 ∙ 𝐺𝐺 ∙ (𝐵𝐵𝐺𝐺)

1/2
                                                     (6) 

 
where V0 is the volume per atom (in m3/atom) and KIC is fracture toughness (in MPa m1/2). 

 
 

3. Results and discussion 
 

To investigate the mechanical properties of previously known nickel nitrides the elastic 
constants Cij of Ni6N-R3̅, Ni3N-P6322, Ni3N-Cmcm, and Ni7N3-Pbca were calculated in the 

̅



Л.Н. Гумилев атындағы Еуразия ұлттық университетінің ХАБАРШЫСЫ.
Физика. Астрономия сериясы
ISSN: 2616-6836. eISSN: 2663-1296

№1(146)/ 2024 21

Mechanical properties of nickel nitrides under high pressures

constants, C11, C33, C44, C12, and C13, and Ni3N-Cmcm, and Ni7N3-Pbca have nine independent 
elastic constants, C11, C22, C33, C44, C55, C66, C12, C13, and C23.

The elastic constants Cij can be used to assess the mechanical stability of the phases, as the 
criteria for the mechanical stability of hexagonal (trigonal) and orthorhombic crystals are 
typically defined by the following conditions:

for Ni6N-R3, Ni3N-P6322

for Ni3N-Cmcm, and Ni7N3-Pbca

As indicated in Table 1, the calculated Cij of all considered nickel nitrides satisfy above 
criteria, which indicate that they are mechanically stable in the considered pressure ranges. 
This result is in accordance with the previous results of the formation enthalpy calculations 
[13].

Table 1. Elastic constants (Cij in GPa) of nickel nitrides at various pressures (in GPa).

Phase Pressure C11 C12 C13 C22 C23 C33 C44 C55 C66

100 879 524 480 852 159 177
110 930 559 512 901 167 186
120 981 592 545 948 175 192

0 286 152 155 278 89 67
25 445 260 267 419 122 93
50 582 354 363 549 150 114
75 708 445 457 669 175 131
100 825 532 547 782 196 146

300 1677 1244 1175 1706 1188 1739 187 433 475
350 1873 1409 1319 1906 1334 1972 235 484 533
400 2069 1567 1461 2106 1477 2203 277 536 591

N
i 3N

-P
6 322

N
i 6N

-R
3̅

̅

N
i 3N

-C
m

cm
pressure ranges of 100–120 GPa, 0–100 GPa, 300–400 GPa, and 100–400 GPa, respectively. The 
pressure ranges were chosen to cover the stability field of each phase as reported at ref [13]. The 
results of the elastic constants calculations are summarized in the Table 1. Due to the symmetry of 
the considered nitrides, Ni6N-R3̅ and Ni3N-P6322 have five independent elastic constants, C11, C33, 
C44, C12, and C13, and Ni3N-Cmcm, and Ni7N3-Pbca have nine independent elastic constants, C11, 
C22, C33, C44, C55, C66, C12, C13, and C23. 

The elastic constants Cij can be used to assess the mechanical stability of the phases, as the 
criteria for the mechanical stability of hexagonal (trigonal) and orthorhombic crystals are typically 
defined by the following conditions: 

for Ni6N-R3̅, Ni3N-P6322 

{
𝐶𝐶44 > 0    
𝐶𝐶11 > |𝐶𝐶12|

(𝐶𝐶11 + 2𝐶𝐶12)𝐶𝐶33 − 2𝐶𝐶132 > 0
, 

for Ni3N-Cmcm, and Ni7N3-Pbca 

{
 
 
 
 𝐶𝐶𝑖𝑖𝑖𝑖 > 0  (𝑖𝑖 = 1 − 6)
[𝐶𝐶11 + 𝐶𝐶22 + 𝐶𝐶33 + 2(𝐶𝐶12 + 𝐶𝐶13 + 𝐶𝐶23)] > 0

(𝐶𝐶11 + 𝐶𝐶22 − 2𝐶𝐶12) > 0
(𝐶𝐶11 + 𝐶𝐶33 − 2𝐶𝐶13) > 0
(𝐶𝐶22 + 𝐶𝐶33 − 2𝐶𝐶23) > 0

. 
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100 824 540 533 801 608 800 136 60 85
150 1052 703 697 1060 779 1055 175 86 110
200 1270 863 856 1297 945 1294 210 112 139
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400 2078 1478 1463 2154 1579 2160 317 210 252

At the next step, the bulk modulus, shear modulus, Poisson’s ratio and Young’s modulus 
were calculated based on obtained Cij using equations (1-3). The elastic moduli (bulk 
modulus, shear modulus, Young’s modulus, and Poisson’s ratio) are numerical quantities 
which identify the mechanical behavior of a material when some stress is applied. These 
are listed in Table 2. From the obtained results it could be seen that bulk moduli of all nickel 
nitrides are increased with increasing pressure and lies almost at the same line (Figure 1).This 
means that considered nickel nitrides have almost the same incompressibility. Calculated 
shear and Young’s moduli also increases with pressure increase (Figure 1). The relation of 
shear and Young’s moduli of nitrides are almost identical. The shear and Young’s moduli of 
Ni3N-P6322 are on average 8% lower than those of Ni6N-R3, and 35% higher than those of 
Ni7N3-Pbca. The shear and Young’s moduli of Ni3N-Cmcm are on average 25% higher than 
those of Ni7N3-Pbca. The Poisson’s ratios of the considered nitrides are slightly dependent to 
pressure. A more obvious dependence of Poisson’s ratio on pressure is shown by Ni3N-P6322. 
In the considered pressure range of 0-100 GPa its Poisson’s ratio increases on 15 %. The 
change in the Poisson ratios with pressure of the remaining nitrides does not exceed ~1%. 
As a result, we see that the Ni7N3-Pbca has the highest Poisson’s ratio among known nickel 
nitrides, ~0.424. This high value is identical to the Poisson’s ratio of gold (~0.42) and close to 
the maximum possible Poisson's ratio of 0.5, which characterizes the elastic properties, for 
instance, of rubber.

It should be noted that among iron nitrides there is an isostructural analog of Ni7N3-
Pbca, Fe7N3-Pbca [10]. The Ni7N3-Pbca has on 11% higher values of bulk, shear, and Young’s 
moduli than that of Fe7N3-Pbca [10], while Poisson’s ratios of Ni7N3-Pbca and Fe7N3-Pbca are 
almost identical (~0.424).

In addition, the percentage of elastic anisotropy for bulk modulus AB and shear modulus 
AG in polycrystalline materials were estimated (Table 2). A value of 0% represents elastic 
isotropy and a value of 100% is the largest possible anisotropy. Ni6N-R3 is almost isotropic 
crystal because the values AB and AG are not exceeded 1%. All other phases show weak 
anisotropy of shear modulus. 

Table 2. Calculated bulk modulus (B in GPa), shear modulus (G in GPa), Poisson’s ratio 
(ν), Young’s modulus (E in GPa), the B/G ratio, Vickers hardness (HV in GPa), fracture 
toughness (KIC in MPa×m1/2) and anisotropy of bulk and shear moduli (AB and AG in %) of 
nickel nitrides at various pressures (in GPa).
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Phase Pressure B G ν E B/G HV KIC AB AG

100 619 173 0.372 475 3.57 7.26 7.68 0.079 0.361
110 658 182 0.373 500 3.62 7.41 8.09 0.081 0.351
120 696 189 0.375 521 3.68 7.47 8.47 0.078 0.303

0 197 74 0.333 197 2.67 5.61 2.50 0.005 1.207

25 322 100 0.359 273 3.21 5.49 3.67 0.027 1.438

50 430 123 0.370 337 3.50 5.70 4.64 0.026 1.473

75 533 142 0.377 392 3.75 5.80 5.51 0.023 1.635

100 631 159 0.384 439 3.98 5.81 6.28 0.018 1.729

300 1371 301 0.398 840 4.56 7.93 13.72 0.009 6.462

350 1542 343 0.396 958 4.49 8.95 15.46 0.008 5.753

400 1710 385 0.395 1073 4.45 9.88 17.14 0.010 5.478

100 643 100 0.426 286 6.40 1.64 7.32 0.046 5.459

150 835 134 0.424 382 6.22 2.42 9.55 0.088 4.296

200 1020 166 0.423 473 6.13 3.07 11.64 0.101 3.348

300 1373 224 0.423 636 6.14 4.02 15.44 0.113 2.184

400 1713 277 0.423 787 6.19 4.78 18.97 0.115 1.449

N
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Figure 1. Calculated bulk modulus (B), shear modulus (G), Poisson’s ratio (ν), and Young’s modulus (E) 
of nickel nitrides as a function of pressure.

Poisson's ratio is a useful indicator for determining the nature of a material, its 
compressibility, and bonding characteristics. Additionally, the B/G ratio serves as a reliable 
criterion for assessing the ductility or brittleness of materials. There are specific threshold 
values for both Poisson's ratio (0.26) and the B/G ratio (1.75) that can be used to distinguish 
between ductile and brittle materials. If a material's Poisson's ratio and B/G ratio exceed these 
thresholds, it is considered ductile, and vice versa. Our analysis of nickel nitrides reveals 
that their Poisson's ratios and B/G ratios (as shown in Figure 2 and Table 2) consistently 
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Poisson's ratio is a useful indicator for determining the nature of a material, its 

compressibility, and bonding characteristics. Additionally, the B/G ratio serves as a reliable 
criterion for assessing the ductility or brittleness of materials. There are specific threshold values for 
both Poisson's ratio (0.26) and the B/G ratio (1.75) that can be used to distinguish between ductile 
and brittle materials. If a material's Poisson's ratio and B/G ratio exceed these thresholds, it is 
considered ductile, and vice versa. Our analysis of nickel nitrides reveals that their Poisson's ratios 
and B/G ratios (as shown in Figure 2 and Table 2) consistently surpass these threshold values across 
various pressures, indicating that these phases exhibit ductile behavior. 
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surpass these threshold values across various pressures, indicating that these phases exhibit 
ductile behavior.

Figure 2. Calculated B/G ratio of nickel nitrides as a function of pressure

Figure 3. Calculated value of hardness (HV) of nickel nitrides as a function of pressure

The relationship between the hardness of a material and its bulk modulus and shear 
modulus is significant, as hardness is a measure of a crystal's ability to withstand plastic 
deformation under various types of stress. This suggests that Ni3N-Cmcm is expected to 
exhibit the highest hardness compared to other nitrides based on calculations of elastic 
moduli. The Vickers hardness (HV) of nickel nitrides was evaluated using empirical models 
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various types of stress. This suggests that Ni3N-Cmcm is expected to exhibit the highest hardness 
compared to other nitrides based on calculations of elastic moduli. The Vickers hardness (HV) of 
nickel nitrides was evaluated using empirical models (equations 4–5). Ni3N-Cmcm indeed showed 
the highest Vickers hardness value. However, the calculated Vickers hardness values for Ni3N-
Cmcm ( 8–10 GPa) and other nickel nitrides fall below the minimum threshold for hard materials, 
which is HV > 20 GPa (Figure 3, Table 2). 
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(equations 4-5). Ni3N-Cmcm indeed showed the highest Vickers hardness value. However, 
the calculated Vickers hardness values for Ni3N-Cmcm (8-10 GPa) and other nickel nitrides 
fall below the minimum threshold for hard materials, which is HV > 20 GPa (Figure 3, Table 2).

Figure 4. Calculated fracture toughness of nickel nitrides as a function of pressure

The capacity of a substance to withstand the spread of cracks and fractures when exposed 
to external forces is known as fracture toughness (KIC). The calculated KIC of the considered 
phases increase with increasing pressure (Figure 4, Table 2). The nitride Ni3N-P6322 has 
the lowest KIC value of 2.5-6.3 MPa m1/2 among considered phases. For comparison, KIC of 
ceramic materials, such aluminum oxide and silicon carbide, is equal to 3-5 MPa m1/2. This 
result indicates that Ni3N-P6322 is more prone to cracks than other nickel nitrides. All other 
phases have KIC values as those of metals. For comparison, KIC of pure aluminum is equal to 
14-28 MPa m1/2.

4. Conclusion

Based on the ab initio calculation within the density functional theory elastic constants Cij 
were obtained and then the elastic moduli and mechanical properties, such as brittleness/
ductility, hardness and fracture toughness, of Ni6N-R3, Ni3N-P6322, Ni3N-Cmcm, and 
Ni7N3-Pbca were estimated. Among considered nitrides, the highest bulk, shear, and 
Young’s moduli belong to Ni3N-Cmcm, while Ni7N3-Pbca has the highest Poisson’s ratio 
(~0.424). Considered nickel nitrides are isotropic with respect to bulk modulus and slightly 
anisotropic with respect to the shear modulus. It was shown that all phases are ductile and 
have low Vickers hardness values which are below the minimal criteria of hard materials, 
HV > 20 GPa. In addition, the fracture toughness was estimated.
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Жоғары қысымдағы никель нитридтерінің механикалық қасиеттері

Аннотация. Өтпелі металл нитридтері жоғары балқу температуралары, тотығуға, тозуға 
және коррозияға ерекше төзімділік, сондай-ақ химиялық тұрақтылық және жоғары электр өт-
кізгіштік сияқты бірқатар әсерлі сипаттамалары бар берік керамикалық материалдар болып 
табылады. Бұл ерекше қасиеттер негізінен өтпелі металл нитридтерінің ерекше электронды 
және геометриялық құрылымына байланысты. Fe-N жүйесі, өтпелі металдар нитридтерінің 
кең таралған мысалы, оның қосылыстарын тек функционалды материалдар ретінде ғана емес, 
сонымен қатар Жердің ішкі қабықтарының ықтимал құрамдас бөлігі ретінде зерттеу үшін 
кеңінен зерттелді. Темір нитридтерінен айырмашылығы, никель нитридтері аз зерттелген, 
бірақ олар темір нитридтері сияқты материалтану тұрғысынан ғана емес, сонымен қатар Жер 
туралы ғылымдар тұрғысынан да қызығушылық тудырады. Бұл жұмыста алғашқы принцип-
терден тығыздық функционалдық теориясын қолдана отырып, бұрын белгілі никель нитрид-
терінің Ni6N-R3, Ni3N-P6322, Ni3N-Cmcm және Ni7N3-Pbca механикалық қасиеттері әртүрлі 
қысымдарда есептелді. Қарастырылған никель нитридтері барлық қарастырылған қысым ди-
апазонында механикалық тұрақты. Көрсетілгендей, барлық фазалар иілімді болып табылады 
және қатты материалдардың HV > 20 ГПа ең төменгі критерийінен төмен болатын Викерс қат-
тылығының төмен мәндері бар. Сондай-ақ сызатқа беріктігі бағаланды.

Түйін сөздер: жоғары қысымдар, нитридтер, қаттылық, серпімділік модульдері, тығыздық 
функционалдық теориясы
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Механические свойства нитридов никеля при высоких давлениях

Аннотация. Нитриды переходных металлов – это прочные керамические материалы с ря-
дом впечатляющих характеристик, таких, как высокая температура плавления, исключитель-
ная стойкость к окислению, износу и коррозии, а также химическая стабильность и высокая 
электропроводность. Эти исключительные свойства обусловлены главным образом отличи-
тельной электронной и геометрической структурой нитридов переходных металлов. Система 
Fe-N, распространенный пример нитридов переходных металлов, была тщательно исследо-
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вана с целью изучения ее соединений не только в качестве функциональных материалов, но 
и как возможного компонента внутренних оболочек Земли. В отличие от нитридов железа, 
нитриды никеля изучены меньше, хотя они, как и нитриды железа, представляют интерес не 
только с точки зрения материаловедения, но и с точки зрения наук о Земле. В данной работе 
из первых принципов с использованием теории функционала плотности были рассчитаны 
механические свойства ранее известных нитридов никеля Ni6N-R3, Ni3N-P6322, Ni3N-Cmcm и 
Ni7N3-Pbca при различных давлениях. Рассмотренные нитриды никеля являются механически 
стабильными во всем рассмотренном диапазоне давлений. Показано, что все фазы пластичны 
и имеют низкие значения твердости по Виккерсу, которые лежат ниже минимального крите-
рия для твердых материалов HV > 20 ГПа. Также была оценена трещиностойкость.

Ключевые слова: высокие давления, нитриды, твердость, модули упругости, теория функ-
ционала плотности.
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