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Abstract: The study of structural and mechanical properties of carbonate rock is an interesting subject in engineering and its differ-
ent applications. In this paper, the crystal structure of gaspeite (NiCOs) is investigated by carrying out molecular dynamics simula-
tions based on energy minimization technique using an interatomic interaction potential.

At first, we focus on the structural properties of gaspeite mineral. And then, the elastic properties are calculated, including the
clastic constants, bulk modulus, shear modulus, the S- and P-wave velocities. In the next part of this paper, the pressure effect will be
studied on the structural and elastic properties of NiCO; at high pressure.
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1. INTRODUCTION

Carbonate rocks are common minerals found in
sedimentary environments. They have a general for-
mula of XCO; where X represents one or more metal
ions (+2), such as Ba, Ca, Cd, Co, Cu, Fe, Mg, Mn,
Ni, Pb, Sr, Zn and others. The study of the elastic
properties of carbonate rocks involves several engi-
neering areas (civil engineering, petroleum engineer-
ing, etc.), i.e., the elastic properties of carbonate rock
can be used as parameters in different geological and
geomechanical models. These properties depend on
several factors, including chemical composition, crystal
orientation, pressure and temperature.

To study the gaspeite (or nickel carbonate min-
eral), molecular dynamics (MD) simulations based on
energy minimization technique have been used. The
DM simulation is a theoretical method used in the last
two decades to study and evaluate a wide range of
quantities (structural, physical, mechanical, thermo-
dynamics, etc.) of materials.

Experimentally, the structural parameters and bulk
modulus of gaspeite were reported for the first time by
Zhang and Reeder [28] using energy-dispersive X-ray.
Several studies by atomistic simulation have been
published to evaluate the mechanical and structural
properties of carbonate minerals. Structural properties,
such as lattice parameters of carbonate minerals were
evaluated by Pavese et al. [21], Leecuw and Parker

[17], Araujo et al. [1], Vinograd et al. [25], Sekkal et al.
[24], Wang et al. [26], Benazzouz [4], the prediction
of the elastic constants of calcite and aragonite by
Jackson et al. [16], Pavese et al. [21], Cygan et al. [8],
Rohl et al. [23], Archer et al. [2], Zaoui and Shahrour
[27], the bulk modulus was determined by Catti et al.
[7], Pavese et al. [21], Cygan et al. [8], Zaoui and
Shahrour [27], Wang et al. [26]; Benazzouz [4].

In this paper, we present the elastic properties of
gaspeite under normal conditions and under the effect
of pressure. The paper is organized as follows. In
Section 2, we describe the calculation details related
to this study. In Section 3, we present the results and
discussion. The last section contains conclusions.

2. THEORETICAL BACKGROUND

Many theoretical studies based on the atomic scale
simulations have been made to develop interatomic
potentials describing the carbonate rocks (Pavese et al.
[20], Dove et al. [10], Jackson and Price [15], Catti et
al. [7], Parker et al. [19], Fisler et al. [11], Archer et al.
[2]. The interatomic potential based on the interaction
of Rohl et al. [23] was used to describe the gaspeite.

In this study, a modified Born model for descrip-
tion of solids was used to perform simulations, in
which the ionic material is treated as a collection of
point ions with electrostatic and short-range forces
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Table 1. Adjusted potential parameters for gaspeite

U;uckingham =4 exp(_ rl/] _ %
P) 1

A [eV] P[A] CleV A9
Buckingham |Oc—O. (intra) 4030.3 0.218 0
potential OO (inter) 214836.21 0.198 123.73
(two-body)  |Ni~O, 1039.59 0.289 0

ONi, 26164795 0.12 0
U™ =D, [(1-exp(-a(r—1,)))’]

Morse De [eV] a[A™] ro [A]
potential C—O, 0.2485 2.523 1.198

ree 1

U;zf = Ekz (9i/k - 90 )2
Three-body k, [eV/rad®] 6o [°]
potential 0~CO, 1.799 120
Ui =kyd® +kyd*

Four-body ky [eV/ A% | ky [eV/ AY]
potential 0~C~00, 8.689 360

U;/S.'pring — %kZVZ
Spring ky [eV-A° ]
potential 0O 52.740
where c: core, s: shell. The charges are Ni, = +2.0, C, = +1.343539,
0. =+1.018487, O, =-2.133.

acting between them (Born and Huang [5]). The
contribution of the electrostatic interactions (long-
range) is determined by using the Ewald sum
whereas the short-range terms contribution for all
ion-ion interaction of the crystal are summed within
a predetermined cutoff. The procedure is described
in detail by Catlow and Mackrodt [6]. The oxygen
atom is represented by a core and a shell (Dick and
Overhauser [9]). The harmonic spring potential is
used for the core-shell. The interatomic potential
model employed here is

U= Uijll?uc'kmgham + Uij!/[orse + Uifprmg + U;']I;llee + UUI;;W ) (1)

The potential forms are presented in Table 1. The
forms are described in detail by Rohl et al. [23]. For
the potential acting on the CO; group, i.e., interac-
tions with the outside of the Oxygen shell, there are
intermolecular interactions of O—O and Buckingham
interaction of Ni—O. The interaction potentials be-
tween atoms of the same group CO;s (i.e., interactions
with the oxygen core) are grouped O-O intra-
molecular interactions and C—O Morse interaction.
A three-body term (O-C—O) has been incorporated
in the model, to maintain the 120° bond angle in the
COs; group. A four-body potential (O—C—0O-0) asso-
ciated with the out-of-plane displacement of C within
the CO; group was added to the model. Buckingham

potential is integrated between Ni—C (Rohl et al.
[23], Austen et al. [3]). All potential parameters used
in this work were taken initially from the work of
Rohl et al. [23].

Before we begin our calculation, some potential
parameters are adjusted by using the GULP code, so
as to minimize the sum of squared differences be-
tween the experimental and calculated properties
(Gale [12], [13]). The experimental crystal structure
(lattice parameters as a, b, ¢, a, f and y and frac-
tional coordinates) and bulk modulus are the only
parameters used during the fit; elastic constants are
not taken into account. The adjusted parameters of
the interatomic potentials are listed in Table 1.

N o

F= za)j[inhs _ficalc:|2 — min (2)
i=1

where f.,. and f,,, are the calculated and observed
quantities and @ is a weighting factor.

In this study, the energy minimization technique
is performed at constant pressure, which allows the
atomic positions and lattice parameters to vary. The
Newton—Raphson procedure is used to find the min-
ima, with the Broyden—Fletcher—Goldfarb—Shanno
(BFGS) scheme to update the Hessian (Gale [12],

[13]).
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3. RESULTS AND DISCUSSION

3.1. STRUCTURAL PROPERTIES

Gaspeite structure used in this work is deduced
from the crystallographic data of Pertlik [22], see
Fig. 1, i.e., the crystal lattice is rhombohedral. The
space group of gaspeite is "R-3¢" with lattice pa-
rameters a = 4.612 A, b =4.612 A, ¢ = 14.735 A, and
angles: a=90°, =90 °, y=120°, which gives a unit
cell volume of 271.4 A°.

Fig. 1. Structure of gaspeite. O atoms are in red,
C atoms are in black and Ni atoms in blue

The chemical composition of gaspeite is NiCOs;.
The Ni*? atom is attached to an anionic group (CO;z) .

The CO; group, forming an equilateral triangle, con-
sists of a carbon atom (C) in the center and three oxy-
gen atoms (O) in each corner, see Fig. 2.

O
I

Fig. 2. Carbonate anion CO;Z
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Table 2 shows a comparison between experimental
and calculated structural parameters of the gaspeite.
We present a comparison of the initial (a, b, ¢, a, S
and y from experiments) and the final (after fitting)
configuration with the corresponding variation. The
percentage difference between the lattice parameters
of experimental and adjusted is acceptable. The report
parameter c/a obtained is 3.19 which is in good
agreement with the experimental values of 3.13 and
3.2 found by Pertlik [22], and Zhang and Reeder [28],
respectively.

3.2. MECHANICAL PROPERTIES

In this work, we have used the mathematical for-
mulation of the mechanical properties as given in the
paper of Gale and Rohl [14]. The elastic constants are
represented by the second derivative of the energy
density with respect to strain

2
S
7 V| 0s,0s,

where V' is the volume, U is the energy and ¢ is the
strain. Therefore, the elastic constant tensor is a 6 X 6
symmetric matrix. The 21 potentially independent
matrix elements are usually reduced considerably by
symmetry (Nye [18]). For a material rhombohedral,
the matrix elements are Cll; C33, C44, C12; C13, C14.

The elastic compliances S can be readily calcu-
lated from the above expression by inverting the ma-
trix (i.e., § = C"). The elastic compliances, S, can be
easily obtained from the above expression by invert-
ing the matrix. The Cj; and §; obtained are given in
Table 3. We note that Cs; is greater in value compared
to other constants, which indicates that the gaspeite is
stiffer in this direction.

In isotropic, polycrystalline aggregate, there are
only two independent elastic constants, such as the
bulk (B) and shear (G) moduli. Other constants are

A3)

Table 2. Comparison between the simulated and experimental structural properties of gaspeite

Experimental®| This work | Variation (%) | Exp® Theo®
Volume (A)) | 271.40 271.77 0.14 270.15 | 23625
a(A) 4.6117 4.6463 0.75 4.60 4.33
c(A) 14.7350 14.5363 -1.35 14.729 14.55
c/a 3.19 3.13 32 3.36
() 90.0 90.0 0.0
5°) 90.0 90.0 0.0
7 () 120.0 120.0 0.0

* Pertlik 1986, ® Zhang 1999, © Wang 2011.
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Table. 3. Calculated elastic moduli for gaspeite
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Cy Cy Css Cys Cp Ci3 Cu
This work 217.81 298.99 82.69 51.87 97.93 27.60

S Sii S S Sty Si3 S
This work 0.005822 0.004389 0.013604 —0.000957 -0.001594 —0.002262

Table. 4. Calculated B, G, E, V, V, and v compared with previous theoretical calculation
and available experimental data

This work Experimental Theoretical
Bulk modulus B (GPa) 129.12 131° 138, 137¢, 150¢
Shear modulus G (GPa) 73.89 - -
v, (Km/s) 7.233 - -
V, (Km/s) 4.121 - -
E (GPa) 171.76, 171.76, 227.86 - -
v 0.260 - -

? Zhang and Reeder [28], °

expressed in terms of B and G. We are interested in
calculating the value of B ang G from the values of Cj;
and S; using the relationships given in the work of
Gale and Rohl [14].

The bulk modulus represents the ratio of the
variation in pressure to the volume compression of

a material.
B-= —V[O—P] , @)
T

B is the bulk modulus, P is the pressure, V' is the vol-
ume, and 7 is the temperature.

Experimentally, the bulk modulus value for
gaspeite of 131 GPa was evaluated by Zhang and
Reeder [28] using energy-dispersive X-ray, EDX.
From energy minimization calculations, Fisler et al.
[11], Austen et al. [3] and Wang et al. [26] reported
the value of bulk modulus. The proposed values are
a little larger than the experimental value. The bulk
modulus, B, of gaspeite can be evaluated from the
elastic compliances or elastic constants. The bulk
modulus is given in equation (5) by two definitions,
the lower (Reuss) bounds and the upper (Voigt)
bounds (Gale and Rohl [14]). Using Reuss definition,
the value obtained of B = 129.12 GPa is in good trend
with the only experimental values found in literature
(Zhang and Reeder [28]). The bulk modulus (Voigt)
obtained is 136.68 GPa.

The shear modulus describes the response of mate-
rials to deformation in shear. It can also be calculated
employing the Reuss and Voigt definitions (see equa-
tions (6)). The values obtained for shear modulus are
73.89 GPa and 82.13 GPa using the Reuss and Voigt
definitions, respectively.

Fisleretal. [11], ¢

Austen et al. [3], ¢ Wang et al. [26].

=(S) +S8y + 85 +2(5, + 555 +S23))_

Reuss

and
1
Bygigt = §(C11 +Cy + Gy +2(C +C3 +Cy)),  (5)
15
Greuss = ?((Su +85 +8353, =8, =83 —5%)
+3(Syy + S5+ See)) !
and
1
Gygige = _S(Cll +Cy + G5 +3(Cyy + Cs5+ Cg)

- C12 - C13 - C23)’ (6)

where S; and Cj; are the elastic compliances and elas-
tic constants, respectively, given in Table 4.

The next property determined is Young’s
modulus. Young’s modulus is defined by the ratio of
stress to strain. It can be calculated from the elastic
compliances in three Cartesian directions @, b and ¢
(Gale and Rohl [14]). The values obtained for

gaspeite crystal are E, = Sfll =171.76 Gpa, E, = Sz_z1
= 171.76 GPa and E, = S;; = 227.86 GPa. Concern-

ing the acoustic wave velocities (acoustic transverse
wave velocity, V;, and longitudinal wave velocity, V)
and the Poisson ratio can be calculated from B and G

as follows
4G +3B 3B 2G )
2(3B + G)
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The obtained V,, V, and v are 7.233, 4.121 kms™'
and 0.26, respectively.

The calculated mechanical quantities for gaspeite,
bulk modulus, shear modulus, Young’s moduli, elastic
wave velocities (¥ and V) and the Poisson ratio, are
summarized in Table 4 compared to experimental
findings and theoretical works.

3.3. PRESSURE EFFECT

Understanding the rocks mineral behavior de-
pending on earth depth can be combined with knowl-

13

edge of the physical quantities. We then focused on
the evaluation of these properties and we studied
their variation under the effect of hydrostatic pres-
sure using molecular dynamics simulations. The
behavior under pressure of gaspeite is presented in
a range from 0 to 500 MPa corresponding to depths
greater than 10 km.

EFFECT ON THE STRUCTURAL PROPERTIES

Figures 3 and 4 depict the variation of volume,
density, the cell parameters a, b, ¢ and angles «,
and y with pressure. The slope value of decrease in
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volume is 1.77, which is almost the same slope (equal
to 1.83) that represents the volume variation in the
work of Zhang and Reeder [28]. Zhang and Reeder
studied the pressure effect on the NiCOs in the inter-
val from 0 to 7.29 GPa. We notice that the density
increases with pressure up to 4.37g/cm’.

The decrease of the lattice parameters a, b and c¢ is
observed with pressure and stability of «, £ and y an-
gles. The pressure effect on a (= b) and ¢ parameters of
gaspeite can be compared to the experimental work of
Zhang and Reeder [28]. The variation of a and ¢ axes
with pressure is given by: a = 4.6463-2E-05*P and
¢ = 14.536-2E-05*P, where P is the pressure in GPa,
and the axis length is in A,

350
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EFFECT ON THE MECHANICAL PROPERTIES

In this section, the effect of hydrostatic pressure on
the mechanical properties of gaspeite is presented.
Pressure dependence of the elastic constants of gaspeite
is shown in Fig. 5. The elastic constants are almost
stable with a slight increase for Cy; and Cs3. From 0 to
500 MPa, the Cs; (corresponding to the c-axis perpen-
dicular to the atomic planes) is greater than Cj; corre-
sponding to the a-axis, which shows that this structure
is more compressive in the direction perpendicular to
the layers parallel to (100) plane. The potential energy
has contributed to reduction of the volume of the unit
cell and increase of the stiffness constants.
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Fig. 5. Elastic constants as function of pressure for gaspeite:
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Fig. 6. Bulk modulus (left image) and shear modulus (right image) of gaspeite with pressure
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Figure 6 illustrates a pressure dependence of the iso-
tropic bulk (B) and shear (G) moduli. A linear increase
presents that the gaspeite becomes more rigid in this
pressure range. The bulk modulus increases from 129
GPa up to 132 GPa. The increase of the bulk modulus is
more significant than that for shear modulus.

velocity, V,. Under pressure, gaspeite became more
rigid and this is represented by the slight increase in
the value of the elastic wave velocities. Finally, Fig. 7
shows the evolution of azimuthal anisotropy 4, and 4,
as a function of pressure. The 4, and 4, waves are
defined as
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Fig. 7. Young’s modulus of gaspeite as a function of pressure along a, b, and ¢ directions
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Fig. 8. Comparison between P-wave velocity and S-wave velocity (left image)
and anisotropy (right image) with pressure for gaspeite

The variation in Young’s modulus with pressure is
shown in Fig. 7. Young’s modulus increases linearly in
the three directions up to the pressure of 500 MPa. This
can be explained from the fact that its crystallographic
structure is composed of planes of nickel ions along the
¢ direction alternately with the carbonate groups COs.

Figure 8 illustrates a linear variation of the trans-
verse wave velocity, V;, and the longitudinal wave

Ve =V,
AP — Pmmx Pmm % 1 00
VP
and
14 V.
AS — Smmx Smin % 100. (8)
VS
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4. CONCLUSION

In this work, the molecular dynamics based on en-
ergy minimization approach was employed to study
the gaspeite (nickel carbonate). Potential fitting has
been used in order to make calculation reliable. The
potential fitting was made considering the experi-
mental value of the bulk modulus of gaspeite 131 GPa
(Zhang and Reeder [28]).

The structural and mechanical properties were
performed at atmospheric pressure. The values of
bulk modulus and shear modulus were evaluated as
129.12 GPa and 73.89 GPa, respectively. In the next
step, the pressure effect was introduced to predict the
behavior of these properties. The results are in good
agreement with available experimental measurements
and some theoretical work.
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