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Abstract: This work compares the mechanical properties of two geomaterials: forsterite and mag-
nesite. Various physical conditions are considered to investigate the evolution of stress—strain
relationships for these two polycrystals. A molecular-scale study is performed on three-dimensional
models of forsterite and magnesite. Three different temperatures (300 K, 500 K, and 700 K) and strain
rates (0.001, 0.01, and 0.05 ps~') are considered to initiate deformation in the polycrystals under
tensile and compressive forces. The polycrystalline structures face deformation at lower peaks at high
temperatures. The Young’s modulus values of forsterite and magnesite are found to be approximately
154.7451 GPa and 92.84 GPa under tensile forces and these values are found to be around 120.457 GPa
(forsterite) and 77.04 GPa (magnesite) for compressive forces. Increasing temperature reduces the
maximum strength of the polycrystalline structures, but forsterite shows higher ductility compared
to magnesite. Strain rate sensitivity and the effect of grain size are also studied. The yield strengths
of the forsterite and magnesite drop by 7.89% and 9.09% when the grain size is reduced by 20% and
15%, respectively. This study also focuses on the changes in elastic properties for different pressures
and temperatures. In addition, from the radial distribution function (RDF) results, it was observed
that the peak intensity of pairwise interaction of Si-O is higher than that of Mg-O. Finally, it is found
that the formation of magnesite, which is the product of mineral carbonation of forsterite, is favorable
in terms of mechanical properties for the comminution process.

Keywords: mineral carbonation; comminution energy; stress—strain relationship; elastic properties;
radial distribution function

1. Introduction

Carbon mineralization is an emerging approach to storing CO, in the form of carbonate
minerals, particularly in calcium, magnesium, and silicate-rich rocks/geomaterials such as
olivine, wollastonite, and serpentine. This process occurs naturally during the weathering
of these rocks/geomaterials [1,2]. The major pathways and kinetics of storing enriched
CO; in carbonate minerals have been described frequently in the literature to discuss the
potential and required cost of this process. Researchers have not only focused on the
potential of carbon mineralization in minimizing greenhouse gas emissions and assuring
storage is non-toxic and permanent, but they have also been searching for emulating and
accelerating the spontaneity as well as the balance of this process within the Earth’s deep
interior [3-5].

Mineral carbonation is a process of reacting carbon dioxide (CO,) with alkaline and
alkaline earth-bearing (magnesium and silicate-rich) minerals to form stable carbonate
minerals [6]. A variety of silicate mineral groups containing Ca?*, Mg?*, and Fe?* ions
present in nature for targeting mineral carbonation are olivine, serpentine, pyroxene, mica
group, and clay minerals. However, past work has claimed that olivine-group minerals,
particularly forsterite (MgoSiOy), are the best potential feedstock for the carbon mineral-
ization process and form stable carbonate minerals (MgCQOj3). Forsterite is abundant in
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the Earth’s crust and comprises the upper mantle. It is a common mineral in ultramafic
rocks and formed as a result of the cooling and solidification of magma and it is much
more stable at high temperatures and pressure. Furthermore, forsterite has a high surface
area-to-volume ratio, making it highly reactive with CO, [7,8]. It has a CO, sequestration
potential of around 2014.7-1896.3 kg/m? (Table 1). Magnesite, on the other hand, is a
carbonate-rich mineral found in tectonically active regions and comprises the Earth’s lower
mantle and is less stable at higher temperatures and pressure. Figure 1 shows a schematic
view of the 3D atomic and crystalline structures of forsterite and magnesite. Both forsterite
and magnesite are polycrystals, with forsterite crystalizing in orthorhombic systems and
magnesite crystalizing in cubic systems. A consideration of crystal orientation and lattice
parameters is provided in the next section.

Table 1. CO, sequestration potential of major rock-forming minerals [9].

Mineral Name Formula Potential CO, Fixed, kg/m3 Mineral
Olivine group (forsterite) Mg,SiO4-FepSiOy 2014.7-1896.3
Pyroxene group (enstatite) (Mg, Fe); Si;O¢ 1404
Serpentine Mg3Sir O5(OH), 1232
Wollastonite CaSiO3 1097.1
Amphibol .

(h?riblleﬁge%mup CayNag.; (Mg,Fe(IT)3.5(Al, Fe(II).[Sig.sAl.002](O,0H),  1000.4

Mica group (biotite) Ko (Mg, Fe(II))s-4(Fe(I1I),Al)g.2 [Sig.5 Alo-3020 [ (OH) 42 671
Plagioclase .

(anorthite) Ca[A1251zOg] 436.4

Clay Minerals .

(smectite) (1/2Ca,Na)0.7(Al,Mg,Fe)4 (Sl,Al)gOzo(OH)4 .I‘leO 161.2

(b)

Figure 1. 3D atomic and crystal structure of forsterite (a) and magnesite (b).
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The mineral carbonation reaction between forsterite and CO, is expressed as follows:
Mg,SiO4 4+ CO, — MgCO3 + SiO, 1)

As mentioned before, mineral carbonation occurs in naturally occurring silicate rocks
(alkaline/alkaline earth minerals) when a high concentration of CO; is brought into contact
with them. This carbonation process can happen through both in situ and ex situ carbon-
ation, which differ based on the time scale and contact of CO, [10]. In situ carbonation
involves the injection of CO, into the geological formation containing silicate minerals
(forsterite) to form solid carbonate minerals (magnesite) [11,12], while ex situ carbonation
involves reacting silicate minerals with CO, in a controlled environment above ground.
If the silicate minerals are brought from industrial wastes in the form of fly ash, cement
kiln dust, steel slag, etc., they can sequestrate around 200-300 Mt of CO, annually [3,13,14].
This process sequestrates a large amount of CO, and produces reusable, valuable, and
stable carbonate minerals for different industrial purposes [10]. However, both in situ and
ex situ mineral carbonation processes are part of carbon-negative solutions and have a
great potential to reduce the effects of CO, on the environment (Figure 2).
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Figure 2. Global capacity to sequester CO, via mineralization [15].

The comminution process is a physical pre-treatment method in mineral processing
that involves reducing the size of ore particles through crushing, grinding, and breaking the
minerals into smaller/finer particles. It is a critical component for separating valuable min-
erals from waste rocks and requires significant energy input [16]. During the comminution
process, factors such as the formation of minerals, mineral structure, presence of defects,
mechanical strength, and grain size play a great role. The comminution process requires
significant energy input to break rocks during crushing and grinding. CO, mineralization
can reduce the comminution energy, as silicate-rich minerals require more energy for size
reduction than carbonate [17]. Mineral carbonation can also change the surface chemistry
of minerals, affecting the efficiency of both froth flotation and separation processes [18].
However, this study does not focus on explaining the reactive phenomena in the flotation
process from a chemical point of view.
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Comminution, froth flotation, and other mineral processes are affected by changes in
the hardness and mechanical strength properties of minerals, which depend on crystalline
structure, 3D arrangement of atoms, and interatomic behavior. Mineral carbonation alters
these crystalline and interatomic structures. Few studies have been performed on the
strength properties of forsterite and magnesite individually. Holyoke et al. [19] performed
experiments on two different types of magnesite aggregation (coarse and fine grains) to
determine the triaxial deformation over a wide range of temperatures (400-1000 °C) and
strain rates (2 x 1077 s7! to 2 x 10~* s71). In both aggregation types, the strengths of the
magnesites at higher temperatures were reduced. Both fine- and coarse-grained magnesites
showed little chance of recovery at the plastic stage. The study also mentioned that magne-
site is more stable at low temperatures [19]. In another study, Liu et al. [20] carried out an
atomic simulation (using a transferable empirical interatomic potential) to investigate the
structural and elastic properties of magnesite over a wide range of pressure (based on the
Earth’s mantle’s conditions). The simulation work found that magnesite shows anisotropic
behavior at lower mantle depths but shows significant change with increasing depth. The
percentage anisotropy in the shear and compressibility were calculated for a pressure range
from 0 to 150 GPa and it was observed that, at higher pressure (>120 Gpa), both shear
and compressibility values were close to 1 (0 means isotropic and 1 means anisotropic).
This result means that magnesite is less stable at higher temperatures [20]. Yao et al. [21]
worked on the impacts of pressure and temperature on magnesite using local-density ap-
proximation. All of the pressure and temperature values were in lower-mantle conditions.
They found that the elastic and thermodynamic properties of magnesite were influenced
by zero-point motion (the motion or vibration of the atoms at absolute zero temperature)
and increasing temperatures. They also noticed a change (around 4.0%) in the shear and
bulk modulus from static to ambient conditions (300 K and 0 Gpa). The authors considered
0 Gpa to indicate that the experiment was performed for Earth surface conditions, without
any external pressure [21]. Gonzalez et al. [22] investigated the structural, dielectric, and
vibrational spectroscopic properties of the amorphous form of forsterite. The work was con-
ducted using two approaches: classical molecular dynamics (MD) for structural evolution
using the empirical charge-based rigid ionic model and density functional theory (DFT) for
measuring electronic structure using quantum mechanics. The radial distribution function
(RDF) calculations for Mg—O and Si—O show broader profiles in increasing temperatures,
which indicates the loss of crystallinity of forsterite. This work also analyzed the degrees of
freedom for disordering in the crystal structure at higher temperatures (400 K to 2000 K).
The increasing temperatures accelerated the dynamics of melting of forsterite and at some
point (above 1800 K), the system became unstable for the disorganization of the interatomic
positions [22]. In 2019, Gouriet et al. investigated the mechanical deformation of the or-
thorhombic structure of forsterite under applied strains. They determined the energy—-strain
curves and linear elastic regimes to ascertain the ultimate instability of the crystal structure.
The maximum stress values from stress—strain curves were found to be approximately 15.9,
12.1, and 29.3 Gpa along the different [001], [010], and [100] directions, respectively. They
also observed a similar change in features in ideal shear stress evolution in each direction.
The shear stress increased initially, then decreased for a percentage of strain (around 10%)
due to the bond divergence between Mg-O. But with the reduction of bond distance be-
tween Mg-0O, the shear stress as well as stiffness increased again with increasing strain [23].
In addition, Choudhary et al. (2020) studied the mechanical stability and degradation of
forsterite and noted that increasing content of forsterite increased the mechanical strength
of a composite compared to calcium phosphates and calcium silicates [24]. Several studies
also worked on generalizing the relationship between the compressive strength of materials
and the grain size of the materials and stated that there is a growing trend of mechanical
strength with increasing grain size [25,26]. These studies investigated the petrophysical
and mechanical properties of carbonate minerals for different grain sizes and claimed that
decreasing the average grain size reduces the strength properties of materials.
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Until now, no studies have investigated and compared the mechanical properties of
forsterite and magnesite in various conditions (temperature, pressure, and applied forces).
This present work focuses on the evolution of the stress—strain relationship according to
changes in physical properties. The effects of temperatures, loading rates, and grain sizes
on the maximum stress values of two different polycrystals were studied. In addition,
polycrystals highly sensitive to the applied forces are also measured. Changes in pressure
and thermal effects induced on the elastic properties are observed for the two polycrys-
tals. Later, the radial distribution function is also evaluated for measuring the pairwise
interaction between Si-O and C-O bonds. This study compares the strength properties and
microstructure of the two polycrystals under the same conditions, to assess the effect of
mineral carbonation on comminution energy for mineral processing.

2. Molecular Modeling and Simulation Method

Molecular dynamics (MD) simulation provides a basic representation and interpre-
tation of molecular interaction modeling of any material with detailed information and
underlying governing mechanisms. It is a powerful tool for studying particle movement,
mechanical behavior, and other properties according to the materials’ physical characteris-
tics and chemical reaction kinetics [27]. Using MD, deformation, elasticity, diffusion, yield,
and other physical behaviors of materials at the atomic level can be measured. MD can
predict the dynamics of materials’ behavior under different temperatures and loading con-
ditions by performing computational experiments. The benefits of using MD are flexibility
in working with different sizes of materials and visualization of the molecular interaction
at the atomic scale which might not be possible in experiments. The fundamental theory of
molecular dynamics simulation is to observe the dynamic trajectory of an atomic system
and analyze the atomic interactions among the respective atoms by solving Newton's equa-
tion of motion. Prior works on different materials using molecular dynamics simulation
have offered reliable outputs for illustrating their mechanical properties.

Here in this paper, a molecular dynamics simulation study on forsterite and magnesite
polycrystals is performed using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) (9 October 2020) software package [28].

Better performance of molecular dynamics simulation depends on the implementation
of a suitable and successive potential for polycrystals. Since the model’s reliability and
validation directly depend on this selected potential, using the right forcefield parameters to
obtain accurate results and configuration is important. The accessibility of the interatomic
potential to the size of the system is a governing factor for the numerical integration of the
above model. Here, in this study, an empirical potential model named the ‘Buckingham’
potential is used for simulating the atoms of both polycrystals [29]. This potential is freely
available with the LAMMPS library package. It considers long-range electrostatic terms
with classical Coulombic energy, a short-range repulsive term, and a three-body harmonic
term. This potential is a bond-order and short-range interaction-based potential which is
attributed to the partial charge of the atoms. Several prior studies have used this potential
to reproduce the structural properties of both forsterite and magnesite polycrystals [30,31].
The Buckingham potential can be expressed as follows:

_hi c.
E=Aje i — = )
1’1-]-
C’ .
E— qij @)
61’1']'

where E is the potential energy, A is energy units, ¢ is the elementary charge, p;; is the
hardness parameter of repulsive energy (indicates the characteristic length scale that
determines the range over which the potential decays exponentially), C is the coefficient of
dispersive energy, r;; is the interatomic distance between two atoms i and j (i and j being
Mg, Si, C, and O), and ¢; and g; are the atoms’ partial charges. Though the Buckingham
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potential seems simple, this potential considers the pair’s ion charges, thermal expansion,
heat capacity, and long-range coulombic interaction to illustrate the short-range interaction
between the paired atoms. For this reason, this potential works slowly compared to other
interatomic potentials used mainly for silicate and carbonate molecules. The performance
of this potential depends on some forcefield parameters of the forsterite and magnesite. The
crystal structures for forsterite and magnesite are considered orthorhombic and trigonal,
respectively, and the crystal orientations are made with specified lattice constants. The
volume of the simulation models for forsterite and magnesite are 125 nm® and 117.65 nm?.
The initial configuration and forcefield parameters are shown in Tables 2 and 3, respectively.

Table 2. Selected materials and atomic model properties.

Material Type

Dimension (A)

Lattice Constant

Potential Number of Atoms Atomic Bond Type Crystal System

(A)
Forsterit a=4.787
orstertie 50 x 50 x 50 Buckingham 4480 Ionic—Covalent b =10.272 Orthorhombic
(Mg25i04) c=6.023
M it a=4.64
aghesite 49 X 49 x 49 Buckingham 4250 Tonic-Covalent b = 4.64 Trigonal
(MgCOs) c=1493
Table 3. Forcefield parameters used in this study.
Buckingham Potential
Ion Pairs A(eV) B(A) C(eVA®)
Mg-O 1428.5 0.2945 0
Si-O 473.2 0.4157 0
0-0 22,764.30 0.149 60.08
C-O (Morse) 4.71 3.8 1.18
Harmonic 3-Body Term
k(eV rad—2) Op (degrees)
0O-5i-O 2.09 109.47
O-C-O 1.69 120
Charges
Mg +2.00
Si +4.00
C +1.135
O (for forsterite) +0.84819
O (for magnesite) —1.632

In this study, Moltemplate was used to generate all-atom molecular models for
forsterite and magnesite [32]. Moltemplate is a cross-platform text-based molecular builder
(for both all-atom and coarse-grained molecular models) made for LAMMPS. The sim-
ulation models of these two polycrystals were made with random orientations of the
polycrystals as well as by using the Voronoi method including random seeds. The con-
jugate gradient (CG) algorithm was used to optimize the initial structure and position of
the atoms. This minimization algorithm adds the force gradient to the previous iteration’s
information to compute the new direction perpendicular to the previous search iteration.
The Verlet algorithm was used with a timestep of 1 fs to calculate the dynamic trajectories
of the particles. The long-range Coulombic interaction was calculated using the Ewald
summation method. Two different systems approached a specified temperature (300 K)
using an NPT ensemble under zero pressure. A Nose-Hoover thermostat and barostat were
used successfully to control the temperature and pressure. Periodic boundary conditions
were applied in each direction of the simulation box. The tensile force was applied to the
polycrystals by using incremental homogeneous strain, which indicates the displacement
of the atomic layers along the tensile direction. The components of stress tensors were
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brought to zero at each deformation state so that the atoms received enough time for relax-
ation. Before the measurement of the stress—strain properties, in all cases, the polycrystal
structures were optimized for equilibrium purposes.

3. Results and Discussion

Stress—strain behavior of the forsterite and magnesite

Multiple multiscale approaches have been developed to determine the strength prop-
erties of materials, but the determination of the stress—strain relationship for different
thermodynamic conditions is one of the most reliable options among relevant approaches.
These material properties should be determined by allowing deformation in the designed
microscale models under uniaxial tensile or compression tests as these properties are con-
siderably changed by different strain rates and temperatures. The definition and idea of
continuum Cauchy stress in atomistic simulation are slightly different but equivalent to
the definition of Virial stress [33]. For stress calculation, the per-atom pressure tensor is
computed for each atom in the group.

Here, both uniaxial tensile and compression tests are performed to study and compare
the stress—strain behavior of these two polycrystals for different strain rates and temper-
atures. Three different temperatures (300 K, 500 K, and 700 K) for a constant strain rate
of 0.01 ps~! and three different strain rates (0.01 ps~!, 0.03 ps~!, and 0.05 ps~!) for a
constant temperature at 300 K are considered during deformation under uniaxial tensile
and compression tests. For both polycrystals, the evolution of the stress values as a function
of strain values is studied along the [100] plane in the x direction.

3.1. Stress—Strain Behavior of the Geomaterials for Different Temperatures

Figure 3a shows a typical example of a Young’s modulus-based stress—strain curve
used to study the mechanical properties of the two geomaterials. The curve depicts that the
ultimate strength/stress point is the maximum stress for any material before failure occurs
under tensile or compression load. The elongation of the elasticity of materials depends
on the values of this maximum stress point. Before reaching this point, the loading stress
increases with increasing strain, but after the peak point, the material faces deformation. In
this region, the stress values usually decrease with increasing strain values. Figure 4a,b
represents such types of stress—strain relationships of the studied polycrystals (forsterite
and magnesite, respectively) under a constant tensile load for temperatures 300 K, 500 K,
and 700 K, at a strain rate of 0.01 ps~!. As expected, a parabolic evolution of the stress
values corresponding to the initial linear portion of the stress—strain curves is observed for
both polycrystals. For forsterite (Figure 4a), the ultimate strength point is near 26 GPa at
300 K, and the Young’s modulus value is around 154.7451 GPa, and this value was validated
using the result of the Young’s modulus (153.2 GPa) calculated by Gouriet et al. (shown
in Figure 3b) [23]. Again, at 500 K and 700 K, the corresponding ultimate strength values
are found to be near 21.79 GPa and 17.92 GPa, respectively. The increasing temperatures
from 300 K to 500 K and 700 K initiated considerable drops in the maximum stress of
forsterite by 16.15% and 31.07%. More importantly, increasing temperature also increased
the maximum strain values needed to obtain the maximum stress point. For instance,
at 300 K, the maximum stress point was achieved for a strain value of 0.168, whereas at
500 K and 700 K, maximum stress points were obtained at the strain values of 0.181 and
0.199, respectively.
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Ultimate tensile strength point
™\ Failure point
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______________ g \
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(a)
—&— Current Work Gouriet et al.
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(b)
—=@— Current Work e=Ygao et al.
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Stress(GPa)
0]
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(c)

Figure 3. (a) A generalized physical model of the stress—strain relationship for any material. (b) The
validation of the work for forsterite at 300 K [23]. (c) The validation of the work for magnesite at
300 K [21].
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Figure 4. (a) The stress—strain curve of forsterite for different temperatures under tensile test (at a
strain rate of 0.01 ps~!). (b) The stress-strain curve of magnesite for different temperatures under
tensile test (at a strain rate of 0.01 psfl).

From Figure 3c, the ultimate strength point for magnesite is found near 13.90 GPa
(at 300 K) with a corresponding value of Young’s modulus of 92.84 GPa. This value was
validated using the calculated result (ultimate strength of 13.70 GPa at 300 K) of Yao et al.
(shown in Figure 3c) [21]. Then, at 500 K and 700 K, the ultimate strength values are
decreased by 19.42% and 34.46%, respectively. In addition to that, as opposed to those of
forsterite, the maximum strain values for magnesite are decreased by 10.06% (for 500 K)
and 13.42% (for 700 K) as the temperature is changed from 300 K. This behavior indicates
that at elevated temperatures, forsterite tends to show more ductility than magnesite.
Table 4 provides information on the Young’s modulus values of forsterite and magnesite
for different temperatures.
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Table 4. Ultimate strength and Young’s modulus of forsterite and magnesite under tensile force.

Ultimate Strength (Gpa) Young’'s Modulus (Gpa)
300 K 500 K 700 K 300 K 500 K 700 K
Forsterite 26.00Gpa  21.80 Gpa 17.92 Gpa 154.74 120.79 89.98
Magnesite  13.90 Gpa 11.20 Gpa 9.12 Gpa 92.84 83.58 70.67

Figure 5a,b shows the stress—strain curves of forsterite and magnesite under the
uniaxial compression test, respectively, under the same conditions as for the uniaxial tensile
test. The stress—strain relations under this compressive force represent a trend similar
to that under tensile force at different temperatures. Since compressive force usually
provides more strain energy to materials, the ultimate stress loading stage occurs earlier
than in the case of tensile force. This increasing strain energy results in the material
entering the plastic stage. For forsterite (Figure 5a), the ultimate stress point is observed
at 17.28 GPa, at 300 K, and at a strain value of 0.143; the calculated Young’s modulus is
about 120.457 GPa. Increasing the temperature to 500 K and 700 K reduces the maximum
stress point to approximately 15.12 GPa and 13.45 GPa, respectively. These results indicate
that the effect of temperature on stress—strain properties under compressive forces is
similar to those for tensile forces. The only difference is that, due to the contraction under
compressive forces applied to the crystal material, the elastic stage ends sooner compared
to the elongation for tensile forces. For example, under compressive stress at 300 K, the
elastic stage comes to an end at a maximum stress point of 17.28 GPa (Figure 5a), whereas,
for tensile stress, it reaches 26 GPa (Figure 4b). In magnesite (Figure 5b), the increasing
stress loads (up to a strain value of 0.107) cannot provide any significant change in the
elastic stage under compressive force for each temperature studied (300 K, 500 K, and
700 K). However, the maximum values of the stress load of the magnesite are lower for
increasing temperature. This behavior of the crystals under tensile and compressive forces
has indicated that increasing temperature (300 K) results in deformation for both crystals
as high temperatures contribute to initializing local stress for propagation/stretching out
of the crystals. However, the results also show that increasing the temperature from 300 K
to 500 K and 700 K under compressive force reduces the Young’s modulus of forsterite
(from 120.457 GPa to 79.98 GPa, respectively) more than magnesite (from 77.04 GPa to
60.88 GPa, respectively).

The effect of increasing temperature is the same for both polycrystals under two
different loading velocities. In both cases, increasing temperature leads to smaller peaks of
stress, but with higher ductility (for forsterite) and lower ductility (for magnesite) up to the
failure point of the polycrystals. Forsterite shows more ductility at elevated temperatures
than magnesite. The results obtained from the uniaxial tensile and compressive force tests
for the two polycrystals at a fixed temperature (600 K) are shown in Figure 6 Table 5. In
addition, Figure 7a,b shows the evolution of strain energy as a function of strain for a
constant temperature (at 600 K) to understand the change in energy during the application
of force. As seen in Figure 7b, the strain energy of the microstructure (after the relaxation
period) changes with strain values. For both polycrystals, each curve has an inflection
point indicating the maximum strain energy the minerals can tolerate. This peak represents
the polycrystals” maximum stress point (ultimate strength). After crossing the peak, the
system starts dissipating energy which results in the deformation of the polycrystals.
This dissipation of energy moves the strain energy curve in the downward direction for
additional strain values. Similar findings have been noted in the strain energy curve.
Forsterite shows higher ductility and elastic properties for both types of applied forces
(strain energy ranges from 12.02-15.05 meV/A3) compared to magnesite.
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Figure 5. (a) The stress—strain curve of forsterite for different temperatures under compression test

(at a strain rate of 0.01 psfl). (b) The stress—strain curve of magnesite for different temperatures
under compression test (at a strain rate of 0.01 ps!).
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Figure 6. The stress—strain curves for a constant temperature (600 K) under different test conditions.
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Table 5. Comparison of the obtained results at 600 K for two different applied forces.

Maximum Stress Reduction from Strain Variation in Achieving

Material Type Temperature . . o Maximum Stress Loading Capacity
Tensile Force to Compressive Force (%) for Different Applied Forces (%)
Forsterite 600 K 25.01 11.18
Magnesite 600 K 20.12 13.26
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Figure 7. Evolution of strain energy as a function of strain: (a) a generalized curve, (b) for both
forsterite and magnesite at 600 K.
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3.2. Stress—Strain Behavior of the Geomaterials for Different Strain Rates

In this section, different strain rates are considered to study the impact of loading ve-
locity on the mechanical deformation of both polycrystals. For this purpose, three different
loading rates (0.001, 0.01, and 0.05 ps~!) are applied under both tensile and compressive
forces. The effect of different loading rates has been studied previously on different crystals
using molecular dynamics simulation. It should be noted that the polycrystals were in a
relaxation state before applying both tensile and compressive forces. Therefore, the stress
values as a function of strain values start from the undeformed state of the polycrystal (at a
strain value of zero) either for increasing or decreasing loading velocities. Figure 8a,b shows
the stress—strain curves for forsterite and magnesite at a constant temperature of 300 K
(under tensile force), respectively, for the three abovementioned loading rates. According to
the results demonstrated in the figures, increasing strain rate increases the maximum stress
points for both polycrystals. Particularly, the elastic stage is increased for increasing strain
rates with negligible impact on the plastic stage. The yield points are only changed for dif-
ferent loading velocities. In addition, the strength of non-viscoelastic materials like crystals
greatly depends on the loading rate; a higher strain rate indicates a higher strength of the
material. For forsterite (Figure 8a), increasing the strain rate from 0.01 ps~! to 0.05 ps~!
increases the maximum stress point by 10.71%, and decreasing the strain rate to 0.001 ps !
decreases it by 11.43%. For magnesite (Figure 8b), the maximum stress point moves to
15.21 Gpa for the loading rate of 0.05 ps~!, whereas the peak stress point is decreased by
18.30% to 0.001 ps~—! when the strain rate decreases. Under application of compressive
force, the changes in the stress—strain relationship follow a similar trend for both materials
like the tensile force. Figure 9a shows the results for forsterite, whereas the changes for
magnesite are shown in Figure 9b.
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Figure 8. (a) The stress—strain curve of forsterite for different strain rates under tensile test (at 300 K).
(b) The stress—strain curve of magnesite for different strain rates under tensile test (at 300 K).

Here, for higher strain rates, the values of strain energy increase for both forsterite
and magnesite to initiate plastic deformation. This is contradictory to the case of higher
temperatures. The higher strain rate provides a smoother trend of the stress—strain rela-
tionship (more linear) which leads to shortening the breaking time during deformation.
This higher strain rate makes the elastic region more linear, which is also described by
Hooke’s law [34]. This required energy is higher for tensile forces than for compressive
forces. Hence, forsterite shows more strength at a higher strain rate compared to magnesite.
The results of the stress—strain relationship between these two polycrystals obtained under
both types of forces are compared for a constant strain rate (at 300 K and a strain rate of
0.03 K) and are shown in Figure 10.
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Figure 9. (a) The stress-strain curve of forsterite for different strain rates under compression test (at

300 K). (b) The stress—strain curve of magnesite for different strain rates under compression test (at
300 K).
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Figure 10. The stress—strain curves for a constant strain rate under different tests.

3.3. Strain Rate Sensitivity

The strain rate sensitivity (SRS) measures the change in yield pressure for different
strain rates. Sometimes, applied force alters the characteristics of the material which can be
understood by SRS calculation. This is a relationship wherein a material’s tensile strength
depends on different loading rates. Based on the conditions of a steady-state process, the
SRS of a material in loaded tension can be demonstrated (as a differential form) by Hart [35]
as follows:

_ dlog(o)
"= dlog(é) @)

where m is the strain rate sensitivity, o is the tensile strength, and € is the strain rate.
Hence, Equation (4) states that the SRS values can be obtained from the slopes of

the logarithmic plot of tensile stresses and corresponding strain rates. Hart [35] exhibited

that stress rates are proportional to strain rates up to the ultimate/maximum strength
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point, and during plastic deformation, the material is less sensitive to the extra load. This
sensitivity impacts the material’s stability during deformation due to strain localization.
The SRS shows the ability of a material to resist necking and maintain its stability during
deformation. However, higher temperatures reduce the SRS of materials, and the higher
the values of SRS are, the higher the strength of materials is. For higher SRS, materials
are able to distribute force more evenly through their structure, rather than localizing it in
one area.

Here, simulations were performed for three different temperatures (300 K, 500 K,
and 700 K) and three different strain rates (0.001, 0.01, and 0.05 ps_l) to determine and
compare the obtained SRS results for forsterite and magnesite. Here, steady strain rate
sensitivity is considered, where the strain rate sensitivity coefficient m is computed using
the above-mentioned equation for different strain rates. The negative sign is neglected here
in the obtained values of m. The stability of the material is proportional to the strain rate
sensitivity. A higher value of m indicates a large change in the flow stress for a change
in strain rate. Figure 11a,b shows the variation in m values with strain rates for forsterite
and magnesite, respectively, for different temperatures and strain rates. For forsterite and
magnesite (Figure 11a,b), at a constant strain rate (0.01 ps~!), increasing the temperature
from 300 K — 500 K — 700 decreases the m value from 0.70764 to 0.66992, followed by
0.62671 and from 0.5716 to 0.52972 and followed by 0.47712. Both forsterite and magnesite
become less stable at higher temperatures. On the other hand, for a constant temperature
(300 K), when the strain rates increase, the m values increase, for both forsterite and
magnesite (known as strain rate hardening). Hence, both materials show high sensitivity to
increasing strain and more stability for higher strain rates. In short, higher temperatures
decrease the sensitivity of materials to strain rate and decrease the yield strength.

From the above results, it has been found that forsterite shows higher sensitivity than
magnesite, which means that magnesite is comparatively less stable. The comparison of the
results for both polycrystals is shown in Figure 12. At a constant temperature (500 K), the
SRS values of forsterite and magnesite are 0.43128 and 0.32405, 0.66922 and 0.52972, and
1.0473 and 0.8618 for the strain rates of 0.001 ps~!, 0.01 ps~! and 0.05 ps~!, respectively.
However, despite having a lower strain rate effect at lower temperatures, the effect of
temperature on SRS is significantly stronger for lower strain rates as the sensitivity arises
from the inertness of the defective structure evolution of materials for lower strain rates [36].
Since the strength of the materials is proportional to the SRS, both polycrystals are prompted
to deform earlier when the SRS values are lower for corresponding temperatures and strain
rates. The impact of temperature is found to be higher in tensile strength for magnesite
than forsterite which agrees with the stress—strain curves in the previous section. In short,
less sensitivity to applied forces makes magnesite weaker than forsterite.

3.4. Effect of Grain Size

The impact of grain size on both polycrystals is studied here. Polycrystals are com-
prised of multiple grains, and these grains are bounded by some interfacial defects in
the grain boundaries of those polycrystals. These grains’ structure and energy provide
microscopic insight into the mechanical deformation of the polycrystals. Particularly, the
morphology, size distribution, and nature of these grains and grain boundaries are im-
portant features of the polycrystals [37-39]. Also, the grain size and boundaries resist the
elongation of the polycrystals and reduce the yield strength and ductility of the materials.
However, there is a significant correlation between grain size and the mechanical strength
properties of minerals (particularly in sedimentary rocks) which has been proven by pre-
vious studies [40]. Studies on grain size microstructure provide insights into materials’
toughness, corrosion resistance, thermal conductivity, and magnetic susceptibility.
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Figure 11. Strain rate sensitivity of (a) forsterite and (b) magnesite, for different temperatures (300 K,
500 K, and 700 K) and strain rates (0.001 ps—!,0.01 ps~!, and 0.05 ps~1).

Since there is a relationship (nonproportional) between grain size and density of the
materials, in this study, the number of atoms is increased for both minerals to study the
impact of grain size. This is because a greater number of atoms are more closely packed
and result in higher densities of materials, manifesting as smaller grain sizes [41]. Here,
the grain size is calculated by measuring the average distance from the two adjacent
peaks in the radial distribution function for both studied polycrystals. Figure 13 shows
the yield strengths of both forsterite and magnesite at a constant strain rate (0.01 ps™1)
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for 5600 atoms and 4850 atoms, respectively. This figure shows that the polycrystals are
more deformative for growing numbers of atom. The yield strengths of the forsterite and
magnesite dropped by 7.89% and 9.09% compared to the initial systems. These results
show an opposite correlation between compressive strength and number of atoms. From
the figure, it is observed that the grain size also impacts the Young’s modulus values of
the two polycrystals (dropped to 15.92 and 9.17 GPa, respectively). In the case of the
two studied polycrystals, the only components bearing the applied stress are grains. In
addition, the distribution of the grains becomes uniform for higher numbers of atoms,
hence the deformation of the polycrystals occurring earlier under pristine conditions with
a low number of atoms. Shear velocity, wave velocity, relatively low energy, and partial
double-bond character in Si-O and C-O bonds also cause a reduction in strength properties
for lower grain sizes; however, these discussions are not part of our current study.
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Figure 12. Strain rate sensitivity of both forsterite and magnesite at 500 K.
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Figure 13. Compressive strength curve of forsterite and magnesite for lower grain sizes.
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3.5. Elastic Properties

Elastic properties are crucial parameters of Earth’s minerals utilized in geophysics and
geochemistry to understand and explain the interior information of the Earth. These prop-
erties are indispensable for characterizing the rheology of geotectonics and constructing
seismic acoustic waves in solid-state physics. The elastic properties represent the ability of
materials to deform for a small change in stress. The crystal structure, composition, and
microstructure of any material can be illustrated from these properties. Based on these
properties, compositional changes, as well as elongations in materials, can be observed.

The elastic constant is the ratio of the second derivative of energy density concerning
the strain and can be expressed simply as in Equation (5) [42].

2
ij = %aziai ©)
[
where Cj; is the stiffness coefficient, V is the volume of the unit cell, E is the energy, and ¢ is
the strain.

Here, for calculating the elastic constants, a three-dimensional fourth-order Voigt
notion model was used which considers the basis of Hooke’s law, finite element analysis,
and diffusion MRI [42]. This model is convenient for providing elastic constants of a
material as a 6-by-6 matrix based on pressure tensors. Here, only three pressure- and
temperature-dependent elastic stiffness constants (C;1, Ca3, and Cy4) for both forsterite and
magnesite polycrystals have been considered to study the mechanical deformation of the
minerals. These Cq1, C33, and Cyy coefficients are known as the pressure tensors (part of the
6-by-6 matrix) and represent the specific components of the stress and strain relationship.
Cy; represents the elastic stiffness in the direction parallel to x axis, C33 in the direction
parallel to z-axis, followed by Cy4 in the y—z plane (shear stiffness).

Figures 14 and 15 show the pressure- and temperature-dependent elastic constants for
both forsterite and magnesite polycrystals. The obtained results agree well with those of
previous works. For both forsterite and magnesite, the elastic constant values of Cy1, Cz3,
and Cy4 at 1 GPa and 300 K are validated with results from previous works in Table 6 [21,43].
As can be seen in Figures 14 and 15, the pressure and temperature changes noticeably
affect the elastic constants of the two polycrystals. For forsterite (Figure 14a), the changes
in pressure from 1 GPa to 100 GPa increased the values of Cq1, C33, and Cyy to 344.73,
620.59, and 859.89 GPa, respectively. On the other hand, these values were found to be
approximately 220.61, 347.25, and 462.89 GPa, respectively, for magnesite (Figure 15a). So,
it can be observed that the elasticity is linearly dependent on the applied pressure. At
higher pressures, both forsterite and magnesite undergo a phase transition to a denser
crystal structure. Also, Young’s modulus values for these minerals are higher. Further,
the higher pressure changes the bonding between the atoms. These phenomena cause the
elastic properties of the minerals to be higher. In short, higher pressure and elasticity result
in higher tensile strength for the two minerals.

However, increasing temperature increases the atomic vibration through the crystal
structure and continues until it reaches a value where the atomic bonds become weak. This
causes disorder and irregularity in the crystal lattice. As a result, the elastic properties of
the minerals decrease and the minerals become less resistant to deformation. Hence, the
temperature increasing from 300 K to 700 K decreases the values of C;1, C33 and Cyy for
forsterite by 35.94%, 45.33%, and 49.10% (Figure 14b) and for magnesite by 41.98%, 30.76%,
and 47.09% (Figure 15b), respectively. Consequently, the temperature is reversely correlated
to the elasticity of the materials. The reason is at the higher temperature, the higher the
thermal vibration the materials have to go through which increases thermal expansion
inside the materials but reduces the tensile strength and corresponding lattice constants.
The study of these elastic properties for different pressures and temperatures is essential
for investigating the phase transition of minerals (including mineralogy and geology). This
phase transition is very helpful in interpreting the geophysical data and design of the
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studied minerals for their desired properties. This study can give insights into developing
a model of the studied minerals for predicting behaviors under extreme conditions.
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Figure 14. Elastic constants of forsterite: (a) effect of pressure and (b) effect of temperature.
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Figure 15. Elastic constants of magnesite: (a) effect of pressure and (b) effect of temperature.

Table 6. Elastic stiffness coefficients at 300 K.

Forsterite Magnesite
C11(GPa) C33(GPa) C44(GPa) C11(GPa) C33(GPa) C44(GPa)
MBD work (current study) 345.0 256.1 82.52 275.85 101.79 60.81
Experimental work [21,41] 342.0 253.1 79.49 272.38 102.55 58.81

3.6. Radial Distribution Function

The radial distribution function (RDF) of any bonded simulated system is calculated
mainly to determine the pairwise interaction and coordination number between groups
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of nearest-neighbor atoms. The RDF represents the probability of finding a particle at a
specific distance (r) from a reference particle in the mineral. Particularly, this function
determines the distribution of neighboring particles around a center particle. The RDF for
any bonded system can be expressed as follows:

() = £ ©
P

where p(r) is the average local number density of particles at a distance r, and p is the bulk
density of the particles.

The histogram form represents the RDF calculation by binning pairwise interactions
into a distance of several bins. This distance is specified as the pair cutoff distance r for a
particular potential field. The RDF is counted only for the specified cutoff distance, and the
coordination of any atoms beyond this distance is out of consideration. The RDF function
shows better results (with multiple peaks in the histogram) if the system is uniform and
well equilibrated. If the system is neither uniform nor well equilibrated, there is a sharp
change in the coordination of the atoms with one single peak due to less interaction.

Here, Figure 16 shows the pair of RDFs for the disordered structures of both forsterite
and magnesite polycrystals. Only the pairwise interactions between Si-O and C-O atoms
are considered for this RDF calculation since the bonded interactions of these atoms are the
most contributing factors for providing strength in the respective polycrystals. Even though
several peaks can be seen in the figure, only the sharp peak is considered the strongest
interaction between the pairs of atoms. The red curve is for the Si-O atoms whereas the
black curve is for C-O atoms. These two RDF curves are obtained from the trajectories
of the coordination numbers of their bonded atoms. The highest peak of the first curve is
found around 2.54 angstrom which indicates the strongest interaction between the bonded
5i-O atoms. On the other hand, the highest peak position is seen at 3.26 angstrom for
bonded C-O atoms. In addition, the densities of both bonded Si—-O and C-O atoms are
higher at those peak points of the curves. These two curves’ peak intensity indicates that the
oxygen atoms usually attract the Si atoms more strongly than the C atoms. However, from
the RDF calculation for these two polycrystals, it is observed that the weaker interaction
between the carbon and oxygen atoms compared to the silicon and oxygen atoms makes
magnesite less strong than forsterite.

12

0 1
.5
r(A)

Figure 16. Pairwise Radial Distribution Function of forsterite and magnesite samples.
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4. Conclusions

At the microscale, the presence of many mineral phases as well as microstructural de-
fects distinguishes geomaterials, which are known to be heterogeneous and discontinuous.
In summary, this study examines the changes in mechanical properties of forsterite and
magnesite polycrystals using molecular dynamics simulation under different conditions. A
direct comparison can be made between each computation as the MD simulation allows
for the splitting of energy data calculations into individual parts such as surface energy,
elastic energy, and plastic energy. In this work, the effects of strain rate and temperature on
the stress—strain properties of the polycrystal models are studied.

The highlights of this research are listed below:

—  The Young’s modulus values of forsterite and magnesite are found to be approximately
154.7451 GPa and 92.84 GPa under tensile force, while these values are found to be
around 120.457 GPa (forsterite) and 77.04 GPa (magnesite) under compressive force.
Increasing temperature reduces the maximum strength of the polycrystals. For higher
temperatures, forsterite shows higher ductility than magnesite;

—  Higher strain rates require higher strain energy to initiate plastic deformation in the
polycrystals. This effect is the opposite for the case of increasing temperature;

—  According to the strain rate sensitivity results, magnesite shows less sensitivity to
applied force than forsterite. At 300 K and a strain rate of 0.01 ps~!, the SRS values of
forsterite and magnesite are found to be approximately 0.70764 and 0.5716, respectively.
The results also state that the impact of temperatures on SRS is higher for lower
strain rates;

—  Decreasing grain size (or increasing numbers of atoms) reduces the mechanical
strength properties of the polycrystals. The yield strengths of the forsterite and
magnesite dropped by 7.89% and 9.09% compared to the initial systems;

- Increasing pressure induces phase transition and increases the elastic properties of
the polycrystals. On the other hand, increasing the temperature increases the atomic
vibration through the crystal structure and this causes disorder and irregularity in the
crystal lattice;

- In addition, from the RDF results, it is observed that the peak intensity of pairwise
interaction between Si-O is higher than that for Mg-O.

Finally, this study has found that magnesite, which is the product of mineral car-
bonation of forsterite, is a favorable rock type for comminution. Magnesite shows less
ductility at higher temperatures compared to forsterite. Our results imply that mineral
carbonation impacts the energy requirements of minerals for comminution and serves as
an energy-saving approach for mineral processing in addition to its effect on reducing
greenhouse gases in the atmosphere.

Author Contributions: A.T.: methodology, investigation, validation, writing—original draft. B.N.:
conceptualization, supervision, writing—review and editing. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Wang, F; Dreisinger, D. Carbon mineralization with concurrent critical metal recovery from olivine. Proc. Natl. Acad. Sci. USA
2022, 119, €2203937119. [CrossRef] [PubMed]
2. Hills, C.D.; Tripathi, N.; Carey, P.J. Mineralization Technology for Carbon Capture, Utilization, and Storage. Front. Energy Res.

2020, 8, 142. [CrossRef]


https://doi.org/10.1073/pnas.2203937119
https://www.ncbi.nlm.nih.gov/pubmed/35914127
https://doi.org/10.3389/fenrg.2020.00142

Sustainability 2023, 15, 12156 24 of 25

10.

11.

12.

13.

14.

15.

16.
17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

Gadikota, G. Carbon mineralization pathways for carbon capture, storage and utilization. Commun. Chem. 2021, 4, 23. [CrossRef]
[PubMed]

Veetil, S.P,; Hitch, M. Recent developments and challenges of aqueous mineral carbonation: A review. Int. J. Environ. Sci. Technol.
2020, 17, 4359-4380. [CrossRef]

Power, I.M.; Harrison, A.L.; Dipple, G.M.; Wilson, S.A.; Kelemen, P.B.; Hitch, M.; Southam, G. Carbon Mineralization: From
Natural Analogues to Engineered Systems. Rev. Miner. Geochem. 2013, 77, 305-360. [CrossRef]

Renforth, P.; Washbourne, C.-L.; Taylder, J.; Manning, D.A.C. Silicate Production and Availability for Mineral Carbonation.
Environ. Sci. Technol. 2011, 45, 2035-2041. [CrossRef]

Matter, ].M.; Kelemen, P.B. Permanent storage of carbon dioxide in geological reservoirs by mineral carbonation. Nat. Geosci.
2009, 2, 837-841. [CrossRef]

Huijgen W], J.; Comans, R.N.J. Carbon Dioxide Sequestration by Mineral Carbonation. Literature Review Update 2003-2004; IAEA:
Vienna, Austria, 2005.

Xu, T.; Apps, ].A.; Pruess, K. Analysis of Mineral Trapping for CO; Disposal in Deep Aquifers; University of California: Oakland, CA,
USA, 2001.

Mazzotti, M.; Abanades, J.C.; Allam, R.; Lackner, K.S.; Meunier, F.; Rubin, E.; Sanchez, ].C.; Yogo, K.; Zevenhoven, R. Mineral
carbonation and industrial uses of carbon dioxide. In IPCC Special Report on Carbon Dioxide Capture and Storage; Cambridge
University Press: Cambridge, UK, 2005.

Snaebjornsdottir, 5.0, Sigfusson, B.; Marieni, C.; Goldberg, D.; Gislason, S.R.; Oelkers, E.H. Carbon dioxide storage through
mineral carbonation. Nat. Rev. Earth Environ. 2020, 1, 90-102. [CrossRef]

Kelemen, P.B.; Matter, J. In situ carbonation of peridotite for CO, storage. Proc. Natl. Acad. Sci. USA 2008, 105, 17295-17300.
[CrossRef]

Gerdemann, S.J.; O’Connor, WK.; Dahlin, D.C.; Penner, L.R.; Rush, H. Ex Situ Aqueous Mineral Carbonation. Environ. Sci.
Technol. 2007, 41, 2587-2593. [CrossRef] [PubMed]

Romanov, V.; Soong, Y.; Carney, C.; Rush, G.E.; Nielsen, B.; O’Connor, W. Mineralization of Carbon Dioxide: A Literature Review.
ChemBioEng Rev. 2015, 2, 231-256. [CrossRef]

Qomi, M.J.A.; Miller, Q.R.S.; Zare, S.; Schaef, H.T.; Kaszuba, J.P.; Rosso, K.M. Molecular-scale mechanisms of CO, mineralization
in nanoscale interfacial water films. Nat. Rev. Chem. 2022, 6, 598-613. [CrossRef] [PubMed]

Tromans, D. Mineral comminution: Energy efficiency considerations. Miner. Eng. 2008, 21, 613-620. [CrossRef]

Parapari, P.S.; Parian, M.; Rosenkranz, J. Breakage process of mineral processing comminution machines—An approach to
liberation. Adv. Powder Technol. 2020, 31, 3669-3685. [CrossRef]

King, R. Comminution and liberation of minerals. Miner. Eng. 1994, 7, 129-140. [CrossRef]

Holyoke, C.W.; Kronenberg, A K.; Newman, J.; Ulrich, C. Rheology of magnesite. . Geophys. Res. Solid Earth 2014, 119, 6534-6557.
[CrossRef]

Liu, Z.-].; Sun, X.-W.; Song, T.; Guo, Y.; Zhang, C.-R.; Zhang, Z.-R. Atomistic simulation of the structural and elastic properties of
magnesite. Bull. Mater. Sci. 2016, 39, 1319-1325. [CrossRef]

Yao, C.; Wu, Z.; Zou, E; Sun, W. Thermodynamic and Elastic Properties of Magnesite at Mantle Conditions: First-Principles
Calculations. Geochem. Geophys. Geosyst. 2018, 19, 2719-2731. [CrossRef]

Martinez-Gonzalez, J.; Navarro-Ruiz, J.; Rimola, A. Multiscale Computational Simulation of Amorphous Silicates” Structural,
Dielectric, and Vibrational Spectroscopic Properties. Minerals 2018, 8, 353. [CrossRef]

Gouriet, K.; Carrez, P,; Cordier, P. Ultimate Mechanical Properties of Forsterite. Minerals 2019, 9, 787. [CrossRef]

Choudhary, R.; Venkatraman, S.K.; Bulygina, I.; Chatterjee, A.; Abraham, J.; Senatov, F; Kaloshkin, S.; Ilyasov, A.; Abakumov, M.;
Knyazeva, M.; et al. Impact of forsterite addition on mechanical and biological properties of composites. J. Asian Ceram. Soc. 2020,
8, 1051-1065. [CrossRef]

Ajalloeian, R.; Mansouri, H.; Baradaran, E. Some carbonate rock texture effects on mechanical behavior, based on Koohrang
tunnel data, Iran. Bull. Eng. Geol. Environ. 2017, 76, 295-307. [CrossRef]

Meng, Z.; Pan, ]. Correlation between petrographic characteristics and failure duration in clastic rocks. Eng. Geol. 2007, 89,
258-265. [CrossRef]

Hansson, T.; Oostenbrink, C.; van Gunsteren, W. Molecular dynamics simulations. Curr. Opin. Struct. Biol. 2002, 12, 190-196.
[CrossRef]

Atomic, L.S.; Simulator, M.M.P. Lammps. 2013. Available online: http://lammps.sandia.gov (accessed on 17 April 2023).
Ogorodnikov, V.V.; Rogovoi, Y.I. Buckingham-potential parameters and relations between them for solids. Sov. Powder Met. Met.
Ceram. 1995, 33, 327-333. [CrossRef]

Mahendran, S.; Carrez, P.; Groh, S.; Cordier, P. Dislocation modelling in Mg,SiOy forsterite: An atomic-scale study based on the
THB1 potential. Model. Simul. Mater. Sci. Eng. 2017, 25, 054002. [CrossRef]

Momenzadeh, L.; Moghtaderi, B.; Liu, X.E,; Sloan, S.W.; Belova, 1.V.; Murch, G.E. The thermal conductivity of magnesite, dolomite
and calcite as determined by molecular dynamics simulation. In Diffusion Foundations; Trans Tech Publications Ltd.: Stafa-Zurich,
Switzerland, 2019; Volume 19, pp. 18-34.

Jewett, A.L; Zhuang, Z.; Shea, J.-E. Moltemplate a Coarse-Grained Model Assembly Tool. Biophys. |. 2013, 104, 169a. [CrossRef]


https://doi.org/10.1038/s42004-021-00461-x
https://www.ncbi.nlm.nih.gov/pubmed/36697549
https://doi.org/10.1007/s13762-020-02776-z
https://doi.org/10.2138/rmg.2013.77.9
https://doi.org/10.1021/es103241w
https://doi.org/10.1038/ngeo683
https://doi.org/10.1038/s43017-019-0011-8
https://doi.org/10.1073/pnas.0805794105
https://doi.org/10.1021/es0619253
https://www.ncbi.nlm.nih.gov/pubmed/17438820
https://doi.org/10.1002/cben.201500002
https://doi.org/10.1038/s41570-022-00418-1
https://www.ncbi.nlm.nih.gov/pubmed/37117714
https://doi.org/10.1016/j.mineng.2007.12.003
https://doi.org/10.1016/j.apt.2020.08.005
https://doi.org/10.1016/0892-6875(94)90059-0
https://doi.org/10.1002/2013JB010541
https://doi.org/10.1007/s12034-016-1246-3
https://doi.org/10.1029/2017GC007396
https://doi.org/10.3390/min8080353
https://doi.org/10.3390/min9120787
https://doi.org/10.1080/21870764.2020.1807695
https://doi.org/10.1007/s10064-016-0861-y
https://doi.org/10.1016/j.enggeo.2006.10.010
https://doi.org/10.1016/S0959-440X(02)00308-1
http://lammps.sandia.gov
https://doi.org/10.1007/BF00560208
https://doi.org/10.1088/1361-651X/aa6efa
https://doi.org/10.1016/j.bpj.2012.11.953

Sustainability 2023, 15, 12156 25 of 25

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Subramaniyan, A.K,; Sun, C.T. Continuum interpretation of virial stress in molecular simulations. Int. J. Solids Struct. 2008, 45,
4340-4346. [CrossRef]

Bohlke, T.; Bruggemann, C. Graphical representation of the generalized Hooke’s law. Tech. Mech. 2001, 21, 145-158.

Goble, D.L.; Wolff, E.G. Strain-rate sensitivity index of thermoplastics. J. Mater. Sci. 1993, 28, 5986-5994. [CrossRef]

Borodin, E.N.; Gruzdkov, A.A; Mayer, A.E.; Selyutina, N.S. Physical nature of strain rate sensitivity of metals and alloys at high
strain rates. J. Phys. Conf. Ser. 2018, 991, 012012. [CrossRef]

Ma, Z.; Gamage, R.P.; Zhang, C. Effects of temperature and grain size on the mechanical properties of polycrystalline quartz.
Comput. Mater. Sci. 2020, 188, 110138. [CrossRef]

Gong, F; Zhi, D.; Zhou, Y.; Zeng, Q.; Wang, Z. Empirical modeling of pore size distribution for rock materials with its impact on
pore water freezing. Cold Reg. Sci. Technol. 2022, 201, 103619. [CrossRef]

Gong, F; Wang, Z.; Zhou, Y.; Wang, ].; Yang, L.; Ueda, T. Mesoscale simulation of frost damage to rock material based on Rigid
Body Spring Method. Cold Reg. Sci. Technol. 2022, 201, 103621. [CrossRef]

Blott, S.J.; Pye, K. GRADISTAT: A grain size distribution and statistics package for the analysis of unconsolidated sediments.
Earth Surf. Process. Landf. 2001, 26, 1237-1248. [CrossRef]

Eberhardt, E.; Stimpson, B.; Stead, D. Effects of Grain Size on the Initiation and Propagation Thresholds of Stress-induced Brittle
Fractures. Rock Mech. Rock Eng. 1999, 32, 81-99. [CrossRef]

Garber, J.A.; Granato, A.V. Fourth-order elastic constants and the temperature dependence of second-order elastic constants in
cubic materials. Phys. Rev. B 1975, 11, 3998-4007. [CrossRef]

Suzuki, I; Anderson, O.L.; Sumino, Y. Elastic properties of a single-crystal forsterite Mg,SiOy4, up to 1200 K. Phys. Chem. Miner.
1983, 10, 38-46. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.ijsolstr.2008.03.016
https://doi.org/10.1007/BF00365009
https://doi.org/10.1088/1742-6596/991/1/012012
https://doi.org/10.1016/j.commatsci.2020.110138
https://doi.org/10.1016/j.coldregions.2022.103619
https://doi.org/10.1016/j.coldregions.2022.103621
https://doi.org/10.1002/esp.261
https://doi.org/10.1007/s006030050026
https://doi.org/10.1103/PhysRevB.11.3998
https://doi.org/10.1007/BF01204324

	Introduction 
	Molecular Modeling and Simulation Method 
	Results and Discussion 
	Stress–Strain Behavior of the Geomaterials for Different Temperatures 
	Stress–Strain Behavior of the Geomaterials for Different Strain Rates 
	Strain Rate Sensitivity 
	Effect of Grain Size 
	Elastic Properties 
	Radial Distribution Function 

	Conclusions 
	References

