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Abstract

The melting temperature of materials is one of the more important thermodynamic
properties. Despite the importance of Kaolinite, one of the most common clay minerals on the
Earth’ s surface, its thermal behavior isonly poorly understood.

We apply here the Z-method to determine the melting temperature (T,) and the limit of
superheating (T, s) of kaolinite. The Tr, isfound at 1818 K (8.85 GPa), and T, s at 1971 K (6.8
GPa). The diffusion coefficient for all atoms has been calculated in a broad temperature
range. The calculated characteristics and, in particular, their dependence on temperature have
confirmed the solid-liquid transition and strongly support the calculated melting point. In
addition, some computed quantities, such as the radia distribution function, coordination
numbers and mean-square displacement, were used to confirm the liquid state of kaolinite
from the melting temperature as well as at other temperatures in the liquid branch. The
diffusion coefficient for different atoms has been calculated throughout the isochore. These
guantities and in particular their evolution under temperature have confirmed the solid-liquid
states of kaolinite and the presence of the melting point. The latter quantity constitutes the
first ever melting simulation of a clay with close agreement to the experimental one.

Keywords. Kaolinite, melting, molecular dynamics, Z-method
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Introduction

Kaolinite is one of the most common clay minerals found on the Earth’s crust. It is widely
used in severa engineering applications and in different industrial sectors such as the ceramic
industry, and the manufacturing of paper, potteries, paints, and cosmetics, as well as a sorbent
for pollutants (Ciullo 1996, Murray 2000, 2007).

The kaolinite structure and its transformation during heating were studied some years ago
(Murray 2007). However, information about this system is still sparse in spite its obvious
importance and its large availability. In pure form, the melting point of kaolinite is 2123 K
(Murray 2007). Determining the melting point of materials is of significant importance for
several applications in geophysics, geology and industry.

Computer simulations of melting revealed that the limit of superheating (T.s) is higher by
about 20-30% than the melting temperature (Ty,) (Belonoshko et a. 2006). The prediction of
the pressure dependence of the melting temperature is very important for solid materials,
especially for geologists. Molecular dynamics (MD) simulations are a well-established
technique in mineralogy, especially for studying the effects of high pressure and elevated
temperature on the properties of solids and theirs melts. Among the studies on the calculation
of overheating and melting curves using molecular dynamics cal culations are those of Matsui
and Price (1991), Belonoskho (1994), Ahujaet al. (1998), and Chaplot et al. (1998).

In this paper, we present a study of both the melting temperature (T,,) and the limit of
superheating (T.s) of kaolinite by means of molecular dynamics simulations and the Z-
method. The latter is characterized by the use of a single-phase (solid) (Belonoshko et al.

2006, 2007).
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Methods;

The clay force field (CLAYFF) was used to simulate the structure of kaolinite. The
CLAYFF is aready proven to be highly effective in modeling the crystal structure ofm
different hydroxides, oxyhydroxides, and clay phases (Cygan et a. 2004). The structural,
dynamical, and energetic properties of cement materials (Kirkpatrick et al. 2005; Kalinichev
et a. 2007), the swelling behavior of Na-Montmorillonite (Zheng et al. 2010; Zheng et a.
2011) and the vibrational spectrum of Hydrotalcite (Cygan et a. 2004) have been investigated
with the CLAY FF force field. Several properties have been addressed such as structural and
dynamical properties of hydrated mineral systems and their interfaces with agueous solutions
(Greathouse and Cygan 2005; Wang et a. 2005; Vasconcelos and Bunker 2007), the
vibrationa spectroscopy of brucite and frequencies for Montmorillonite clay (Braterman and
Cygan 2006; Karaet al. 2007), the investigation of the structural and vibrationa properties of
Talc and Pyrophyllite (Larentzos et a. 2007), and the thermomechanical properties of a
Montmorillonite crystal with oligomer intercalates (Mazo et a. 2008a, b and c).

Molecular dynamics calculations at the thermodynamic equilibrium were performed using
the Nosé-Hoover method (Hoover 1985) in the DL_POLY simulation package (Smith and
Forester 1996). The ensembles used here are the NPT (the number of particles N, pressure P,
and temperature T are fixed during the simulation) with barostat and thermostat relaxation
times of 0.5 ps. In the second part of the calculation, NVE (the number of particles N, volume
V, and energy E are fixed during the simulation) was used.

The equations of motion were integrated by using the Verlet leapfrog integration algorithm
(Verlet 1967;Allen and Tildesley 1989) with atime step of 1fs (1 x 10*° s) and 0.5fs to ensure
the conservation of energy. The Ewald summation (Ewald 1921) with a tolerance of 1 x 10
is applied in our study since it is the most satisfactory method for treating Coulombic long-

range interactions. For short-range interactions, either spherical or “minimum image” cutoff
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criteria are commonly used (Allen and Tildesley 1987; Frenkel and Smit 1996). The cut-off
radius is rc = Linin/2, Where L, is the smallest box length (in our system Lmin = Lx = 2.0614
nm). The cutoff used for van der Waals interactions is around 0.85 nm. The pressure was
maintained constant by using a Melchionna modification of the Hoover algorithm
(Melchionnaet al. 1993) in which the equations of motion involve a Nosé-Hoover thermostat
and a barostat.

The Z-method was already used for a wide variety of materials such as molybdenum at
high pressure and temperature (Belonoshko et al. 2008),hydrogen (Davis et al. 2008), Fe
(Belonoshko et al. 2009) and others (Davis et a. 2009; Davis et a. 2010; Belonoshko et al.
2010; Burakovsky et a. 2010).

The method is characterized by the use of a single-phase (solid). The name of this method
was given because of the characteristic shape, Z-letter, of the curve isochoric.

Here, al simulations have been performed in the NVE ensemble. The system isinitialy in
the solid state, with a volume that remains fixed throughout the isochoric curve. The isochore
consists of three branches: the first is crystalline, which in turn consists of two parts: a solid
one and a superheated solid one above the melting point that is in the liquid region of the
phase diagram. This is followed by an intermediate branch with negative slope which
represents a transition from crystalline state to liquid state. The final and third branch isin the
liquid state.

At the beginning of the simulation, the allocation of the kinetic energy to atoms in a solid
system in the NVE ensemble initiates melting if the temperature is slightly higher than its
limit of superheating (T.s), without any change in the dynamic process. We note here that
before arriving at the T,s, the structure remains solid because the system of interaction of
atoms is equilibrating when the initial kinetic energy is low. This energy starts to increase

with T, and the system enters the superheated solid state across the melting curve. With these
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different temperatures, we get an almost straight line to the point of T, s in the solid branch
(the upper cap of the Z letter).

Once the isochore reaches T, s, the temperature drops to T, because the latent heat of
melting is removed from the kinetic energy. This part is called the intermediate branch that
starts with T.s and ends with T,. It is a discontinuity in the straight line. Finaly, at
temperatures above Ty, the system begins to be liquid and then it forms an almost straight
line, which is the liquid branch (the lower cap of the letter Z). Therefore, the point at the end
of the solid branch represents the temperature limit of superheating T, s, and the first point at
the beginning of the curve is the melting temperature Tr,. More details on this method are
given elsewhere (Belonoshko et a. 2006; Belonoshko et al. 2007).

The simulation box used in our caculations is 4 x 2x3 unit cells in the a, b, and ¢
dimensions (24 kaolinite unit cells), with atotal of 816 atoms in the solid. The corresponding
Lx, Ly, and L, dimensions are 20.614, 17.881, and 22.739 A. The periodic boundary
conditions are applied to all three directions.

Melting and thermal instability are different phenomena. There are several methods to
determine the true melting temperature of a substance, as coexistence phases (Morris et a.
1994; Landman et a. 1986), two-phase (Belonoshko 1994) or the Z-method (Belonoshko et
al. 2006, 2007).

Each pressure-temperature point in isochoric curve was obtained in NVE ensemble after
800TS000 steps, equivalent to 400 ps. To solve the equations of movement we used a time

step of 0.5 fsto ensure the conservation of energy.
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Results and discussions

Kaolinite is a 1:1 layered aluminosilicate clay mineral with an uncharged dioctahedral
phyllosilicate structure. The layers stack along the ¢ axis, and they are composed of a
repeating layer of an aluminum octahedral (O) sheet and a silicon tetrahedral (T) sheet with a
basal distance for the elementary layer, which varies between 7.1 and 7.4 A. Each layer is
formed by a sheet of SIO, tetrahedra forming six-membered rings connected via shared
oxygen atoms to a sheet of AlOg octahedra forming four-membered rings. The tetrahedral-
octahedral layers are electrically neutral.

The kaolinite structure (Fig. 1) contains two types of hydroxyl groups. The first one is
bound to the six-coordinated aluminum atoms and covers one of the two basal surfaces of the
layer. These hydroxyls are therefore called outer (or interlayer) hydroxyl groups. The second
type of OH groups is located within the sheets extending from the aluminum octahedra (so-
called internal or inner hydroxyl groups).

In this work, the kaolinite unit-cell content used is initially based on crystallographic data
of Bish (Bish 1993), a unit cell of triclinic symmetry (C1) with lattice parameters a = 5.153, b
= 8.941, ¢ = 7.390 A, and angles. o = 91.926°, B = 105.046°, v = 89.797°. The thickness
(basal distance) of the unit layer isd = 7.1329 A. The unit cell has the chemical composition
2[Si»Al,05(0OH),], which corresponds to 34 atoms and its density is 2.6 g/lcm®.

The computed isochore for kaolinite structure is shown in Figure 2. The superheating limit
temperature and the melting point are aso shown in the figure. The superheated limit
temperature is estimated at the highest point in the solid branch, while the melting point is
estimated at the lowest point of the liquid branch. The superheated temperature limit T.s is
1971 K and the melting point T, is 1818 K corresponding to pressures of 6.8 GPa and 8.85

GPa, respectively. Thisis in reasonable agreement with the only experimental measurement at
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1 bar (Murray 2007). We found that the limit of superheating is higher than the melting
temperature by about 7.8%.

A snapshot of the structure of kaolinite, at two temperatures on the solid branch isochore,
isdisplayed in Figure 3. These temperatures are at 1688 K, where the structure is solid, and at
T.s. The structures in the solid branch retain their initial crystalline structures. Figure 3 also
shows the snapshot of the structure in the intermediate isochore branch. We may see that the
structure begins to be unstable followed by a disorder; then it becomes liquid. At Ty, atoms
show very large thermal vibrations and the structure finally becomes liquid.

Various quantities were computed such as the radia distribution function (RDF),
coordination numbers and mean-square displacement at different temperatures to confirm the
liquid structure. The radial distribution function, denoted as g (rj;), for the various atom-atom
pairs, is a measure and a good indicator to determine the correlation between atoms within a
system. The g(r) was calculated for all atom pairs. Here the RDF of Al-Al, Si-Si, Al-O_H, and
O_H-H and the corresponding coordination numbers n(r) are presented in Figure 4 with
increasing temperature.

We present the case of temperatures 1688 K, T, s = 1971 K, 1911 K, T, = 1818 K, and
2261 K corresponding to the temperatures on the solid branch, the limit of superheating, a
temperature on the intermediate branch, the melting point and a temperature on the liquid
branch, respectively. We see that the intensity of the first peak decreases for the case of Al-Al,
Si-Si and Al-O interactions, with increasing temperature. However the position of the first
peak, which corresponds to the distance of the first nearest neighbors has almost the same
value under temperature effect. This reflects the liquid like behavior, which has a short-range

order and hence a solid-like behavior for small values of r.
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Figure 4 shows that the second peaks disappear from the distances5A,5A, 35A and 4 A
for Al-Al, Si-Si, Al-O_H, and O_H-H, respectively, when the solid branch crosses the liquid
branch.

For the melting point there is a significant decline in the first peak and an amost flat curve
at this temperature, which explains the liquid state of the structure of kaolinite. This
phenomenon is repeated and is clearly noticeable for all RDFs.

Finally, the mean-square displacement (MSD) was calculated for Al and O_H under the
same temperatures. From the latter quantity (MSD) the diffusion coefficient was deduced
according to the following Einstein expression:

D= |imi<‘ri t-r (0)\2>

t— 6t (7
where r;i(0) and ri(t) are theinitial and final positions of the center of mass of the particle at
timet, and <|r;(t) — r;(0)]>> is the MSD averaged over the ensemble.

The diffusion coefficient can be calculated graphically from the slope of MSD vs. time,
with an error of 0.001. Table 1 shows the diffusion coefficient for al atoms, Al, Si, O A,
O_Si, O H, and H. As we may see, the diffusion coefficient is much higher in the liquid
branch than in the solid one. In the intermediate branch, a significant increase in the diffusion
coefficient as a function of temperature is noticed. The diffusion coefficient of atoms at the
melting point is between 2 to 17 times greater than diffusion coefficient at limit of
superheating. This confirms the huge thermal agitation of the clay and supports the obtained

thermodynamic quantities.
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Figure Caption

FIGURE 1. Projection along the bc-direction of the unrelaxed structure of a kaolinite sheet
formed by 4 x 2 x 3 unit cells (a), and after 400 ps equilibration. O atoms are in red, the
tetrahedral Si atoms in brown, octahedrally coordinated Al atoms are in gray, and H atoms are
white.

FIGURE 2. Variation of temperature vs. pressure (Z-method) showing the three parts: solid,
intermediate, and liquid.

FIGURE 3. Snapshots of the structure of kaolinite: at two temperatures on the solid branch
isochore (a), in the intermediate branch (b), in the liquid branch and at the lowest temperature
(melting point) (c), and at a higher temperature of the structure (d).

FIGURE 4. Radial distribution function g(r) showing the solid state (repeated peaks) and
liquid-like state with flat curve as well the corresponding coordination numbers n(r) for

various temperatures.
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Tablel: Diffusion coefficient of Al, Si, O and H under various temperatures.

Diffusion coefficient (10° m/s)
Temperature/atoms | Al Si O2A |0 25 |O2H |H_
T= 1688K 0.261 | 0.002 | 0.002 | 0.001 | 0.013 | 0.013
T s=1971K 0.590 | 0.011 | 0.025 | 0.008 | 0.060 | 0.063
T=1911K 0.956 | 0.040 | 0.104 | 0.046 | 0.226 | 0.229
Tm=1818K 1.018 | 0.119 | 0.254 | 0.136 | 0.767 | 0.767
T=2261K 2.193 | 1.035 | 1.330 | 1.183 | 2.560 | 2.556
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