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Abstract

In this work we report on four different siwudies of fluid-crystal
coexistence involving molecular dynamics simulations. The investigations
described herein include wetting on structured walls, determination of the
coexistence density of a fluid crystal system, prefreezing in a coexistence
system, and spontancous segregation of a highly ordered fluid into liquid
and solid phases. Molecular dynamics were used in order to examine
scveral systems which would be physically. The simulations using the hard
sphere are accurate enough to permitted limited applicability. While the
preliminary results demonstrate intuitive conclusions, many more
simulations are required before complete characterization of these systems

can actually been realized.
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Introduction

Phase transitions are a major part of the world around us, and of
ongoing interest within chemical engineering. The solid-liquid transition lm
been one of the leas studied due to the difficulty of examining the interface
of the two dense phases. Studies of two coexisting phases nsturally lead into
the question the wetting state in the presence of a substrate. Cahn sparked
a rencwed interest in wetting state studies with his work [1). Considering,
most of these transitions occur on an atomic level and are experimentally
difficult to study, molecular dynamics appears the easiest way to collest
preliminary data on the system.

Molecular Dynamics (MD) computer simulation has been a useful tool
since Alder and Wainwright introduced it in the late 50's [2,3]. Simulations
have allowed scientist and engineers to probe unique systems at conditions
that would difficult or impossible to physically reproduce in laboratory.

The procedures and methods of MD simulation are discussed
thoroughly in Allen and Tildeseley [4]. In the these simulations the
computer solves the equations of motion for each particle in the system, as a
function of the potential of the system. The hard sphere potential model is
one of the simplest models of atomic interactions. It states that the pair
interaction is infinite when the particles are separated by a distance less
than ¢, the atomic diameter, or zero otherwise. By selecting the hard sphere
potential, the system can be solved exactly using classical mechanics. Thus
assigning a configuration of particles both position and velocity, the
thermodynamic state of the system has been defined. The equation of state

for hard spheres appears in figure 1, and is given by
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fluid (1)

Bp_ltn+n’

Pt (-m)

Bp . 140+ 0}~ 0.678251 - ' .57 - 6,028 solid (2)
p* 1-3n+ 371043050

where:

Using MD with hard spheres, each particle is given & unique position
and velocity vector. For the hard sphere model no forces act on any particle
except upon collision, therefore all particles move in a straight line with
constant velocity until such time as they come into contact with another
particle. The collision time for cach pair of particles, i and j, is then

calculated using equation (3):

bis + \fO); = &; - 8; x (- #i; ~ %)
% - Uy (3)
'lh!l"ﬂ,'lﬂ—ﬁ‘ﬂﬁaﬂnﬁhmd bgj:ﬂj-ﬂﬁ.

Atij = -

From sll of these times the shortest one is selec'ed and particles are
sdvanced for this amount of time with there current velocities. Now the

position for each particle is:

Fisear = iy + 0, x At (4)



This brings the colliding particles within a distance ¢ from each other. At
this point, new velocity vectors are calculated for both colliding particles
from equation (5) with both momentum and kinetic energy being conserved.

av= Bixlu (5)
This equation implies that the expressions are all evaluated at the point of
contact between the two particles. Now the process is repeated until the
desired number of collisions have been completed.

The main disadvantage of the hard sphere potential model is the over
simplification of the system. In our studies we have explored several
liquid-solid wetting and coexistence phenomena using the hard sphere
potentisl. The choice of hard sphere potential, although eliminating all
interactions between particles, is still able to capture the essential physics of

the problem, and is applicable primarily to noble element systems.

\ Prelimi Study of Wet S | Hard Wall

When a multi-phase system is in the presence of a substrate one
phase or the other may preferentially contact the surface. Complete wetting
by one phase describes the state where that phase completely covers the
substrate. Partial wetting is the state where both phases are simultancously
in contact with the substrate. The wetting state can be described by the

contact angle, 0, where O is defined below as a function of the surface free

encrgies [5):



Yap cos(6) = ‘Yux = Ypx (6)

where Yqp is the surface free energy of the crystal and liquid, Yo is the

surface free energy of the wall and the crystal, and Yp, is the surface free

energy between the fluid and the wall.

The study conducted on the wetting of smooth walls by Courtemanche
and van Swol (C&vS) |6]) has laid the foundation for the current study. They
demonstrated that a smooth hard wall is completely wet by crystal
(cos(0)=]). We proceeded to survey various wall configurations in an effort
to examine the speed of nucleation and attempt to force wetting by fluid
(cos(0)=0). The unsystematic approach we have used has yielded some
initial results, which will nced more work to thoroughly develop.
METHODOLOGY

The system used in the simulations cemtains 2100 hard sphere
particles enclosed by two hard walls in the z direction and periodic
boundary conditions (PBC) in both the x and y directions. The dimensions of
the box were 5.537640 by 9.991740 by 40.2347520, where G is the diameter of
an individual particke. The partickes arc in a canonical ensemble at liquid
solid coexistence pressure. The coafigusstion was constructed from a hard
sphere crystal with the fcc (111) plane aligned parallel to the walls of the
box. A section of the crystal was then stretched by spreading the distance in
between the crys:al planes. This resulted in a lowering of density within the
system and thus the decomposition of this region of the bulk crystal imo

bulk fluid. The densities referred to are defined by:



3
o= 5 (7)

where N is the number of panticles and V is the volume of the box . For
hard spheres, crystal phase density, p°, , is equal to 1.0409 and p° is 0.943.

The simulations were run on various wall configurations with the
system described above. Those conditions surveyed included 50 particles in
perfect bulk crystal arrangement on both walls, crystal on one wall and
smooth surface on the other, 43 particles whose positions are randomly
displaced in directions across the x-y plane, and a 43 particle configuration
randomly displaced in all directions. By observing the density profiles from
each simulation we can identify the type of wetting occurring.
RESULTS

The first wall configuration to be examined was full crystal on both
walls, To accommodate the structure on the wall the distance along the 2
axis was increased to 40.9847520, in order 10 avoid overlaps, The various
simulations showed marked acceleration in the crystal formation. In the
smooth walled experiments previously done by C&vS nucleation occurred in
4x107 collisions with complete crystallization on both walls in 7x107
collisions. The current system, however, nucieated on both walls in under
3.5x106 collisions and became completely symmetric in 19x106 collisions,as
shown in figure 2. This growth occurred approximately ten times faster
than the smooth walled system.

Next, the right wall was replaced with a smooth hard wall at the same
distance used for the structured wall simulation. Although the amount of

crystal decreased, both walls retained the crystal wetting This was done to
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check that any melting that might occur in the structured wall simulation
was due to the structure on the wall and not the increase in volume of the
system. The volume increase by putting a smooth wall at a given position is
greater than that of placing a structured wall at the same point. As shown
by the graphs in figure 3, we initially lost all but one of the crystal layers,
but in the end two more layers had recrystallized on the wall before
equilibrium was reestablished. Thus the crystal would not completely melt
due to the change in volume. Required for the introduction of structured
walls would be necessary.

The second scries of experiments tested .c ability of a crystal to wet
various surfaces. Knowing that a smooth wall provided enough order to
promote nucleation, we examined surfaces that would disorder the hard
spheres in the wall region to see if wetting by fluid could be induced. The
first wall tested had 7 particles removed from the 50 required for a perfect
crystal layer and the rest randomly distributed across the surface of the
wall, while maintaining their original position in the z direction. The starting
configuration, figure 4, of the system was such that the wall was already wet
by crystal. This configuration was obtained from an equilibrium system
where both walls had a perfect crystal structure.

The number of layers on the disordered wall was monitored by use of
the density profile. The density profile in figure 4 showed that the total
number of layers on the right wall never dropped below five, and thus
retaining crystal wetting on the right wall. When the configuration was
rerun with fluid wetting the walls instcad ot crystal, nucleation was not

observed even after 4x107 collisions. The density profiles are show in
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figure 5. However, it is not clear whether it is impossible for nucleation to
occur against this wall or if more collisions are necessary to observe
nuclcation. The results are simply inconclusive due to the length of the
simulation.

A system was also studied where the 43 particles on the right wall
were also randomized with respect to the z direction. Although the system
began with crystal wetting on the wall, the randomness of the structure
forced wetting by fluid after only 4.5x106,as shown in figure 6. The
completely random configuration is essentially a snapshot of amorphous
static fluid and thus can only allow the wetting by fluid that we observe.
DISCUSSION

The results of the various wall configuration shows a few initial
conclusions. First, the speed of crystallization is increases with the number
nucleation sites available. The bulk crystal walls nucleated the fastest
because they had large numbers of sites available, while the slowest walls
were the smooth walls which has no sites on the surface.

Secondly, wetting by crystal is a minimum in the surface free energy
of the system. This is demonstrated by crystal wetting the smooth walls and
in one case the randomized walls. From our results it appears that order in
the direction perpendicular to the interface is necessary condition for
crystallization to occur, but more work is needed to confirm that hypothesis.

The results from the static fluid wall make intuitive sense as it was
observed that the stabilization in the z direction provided by a smooth wall

was sufficient to induce nucleation. The second series of structured wall
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14
simulations also indicated that stabilization in the z direction was the

dominant factor in crystal wetting.

Determination of Liquid-Soli 1 s r
Spheres

By examining a plot of the equation of state for hard spheres as a
function of density, there is a region of the curve where the derivative goes
10 zero. This is the excluded region joining the Hall equation for hard sphere
solids |7} and Carnahan-Starling equation for hard sphere fluids 8], &nd is
referred to as a tic bar. The original work on the location of the transition
was donc by Hoover and Ree {9,10]. They located the melting transition for
hard spheres by simulating a solid crystal at various densities. The
determination of the transition density was done by using pressure
measurements which were used to calculate communal entropy. We wish 10
confirm the observations seen previously, by incorporating the simulation of
& two phase coexistence system in to the study.
METHODOLOGY

The hard sphere particles were used in two different NVT systems
with PBC, both of which were involved in the experimentation. One system
was a single crystal of 750 particles which were set at the specified densities
and run to obtain the resulting pressures. Pressures are calculated by the
relative positions and velocities of the particles colliding, as shown below:

v "Q + y.
p = kpTn(z) - Al Z

('J '})l | )0( ) (8)

ol



y

*e

= k) - 50 )0 A, o T ) ©)

where 7 is F, — 75, G5 is 0, - §,, &, is &, - Z, (the difference in 2 location), @ is the
Heaviside unit step function, py is the transverse component of the pressure,
Pn is the normal component of the pressure, and v(1) is the number of
collisions occurring in time t. These equations are described more
thoroughly in van Swol and Henderson {11]. The bulk crystal configuration
was manufactured by the simulation program for each individual density.

The sccond system is a 2100 particle, two phasc PBC system at
coexistence. It was created from carlier work by C&vS, and is shown in
figure 7. It is being run simultancously with the single phase simulation to
determine system pressure. When the one phase and two phase pressures
are the same, within error limits, true coexistence has been achieved. We

are scarching for the density or lensities for which this the case.

RESULTS
The first crystal density studied was 1.307 No3/V, which came from

the PBC coexistence runs done in the wetting study. The pressure history,
figure 8, for both phases was plotted after 3x107 collisions to determine the
mean pressure for both systems. The mean pressure of the one phase
system, 11.574 fpo3, was above the equivalent two phase pressure, 11.489
Bpo3. This indicated that this density was too high for true coexistence, so a
new density was chosen.

A crystal density of 1.0361 was then selected because it was

calculated to produce a coexistence system at a normal pressure of 11,50

Bpo3. However, after running this system for 6.5x107 collisions, this density
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Pressure History for the Coexistance Density Determinations
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18
produces & mean two phase pressure that was still below the 11.50 Bpg3.

The one phase system equilibrates at a normal pressure of 11.45 Bpa3 while
the two phase mean is 11.39 Ppa3, as shown in the pressure history, figure
9.

The last density studied was p.* = 1.0348. The resulting mean
pressures, from figure 10, of 11.48 Ppo3 for the onc phase and 11.44 Bpg3
for the two phase demonstrate, within error limits, agreement between the

two systems. Therefore we believe this density is correct for true

coexistence of this system.

DISCUSSION
From the three experiments performed (p.* = 1.037, 1.0361, &

1.0348) we have observed that the crystal density of coexistence is equal to
1.0348. We observed the best correlation between the one and two phase
pressures at this density. The fluctuations present in two phase pressure
histories greatly limit the accuracy with which our two systems can be
compared. Longer simulations would allow a better curve averaging and
thus produce more consistent data. The study should also be expanded to
include several more densities to insure thoroughness. It was observed that
the normal pressure was generally less than the transverse pressures for
the two phase simulations, while the one phase system demonstrated the
opposite trend. This is possibly due to the non cubic shape of the box.
D . f Pref . Conditi

There exists a hysteresis loop in the curve of adsorption versus

pressure (or, alternatively, chemical potential). This states that there is

region of pressures where one may find wetting by either crystal or fluid,
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figure 10
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depending upon whether that pressure has been approached from above or
below.

In our study, we are looking for the point where only one crystal
layer is left against the smooth hard wall after the rest have been melied
off. This would bc the lowest pressure exhibiting prefreezing. Prefreezing is
a metastable condition which is difficult to isolate.

METHODOLOGY

An NPT (isobaric/isothcrmal) ensemble was created by taking a
configuration of 2100 hard sphcres. between hard walls from the NVT
wetting study with a density of p.* = 1.0409 at a pressurc of 11.4 Bpo3dand
allowing the walls to move under a constant external pressure. The system
is able to maintain constant pressure by accelerating the walls into the
system at a constant force. This force applies an equilibrating pressure on
the system and adjusts the volume and density accordingly.

Various pressures were used to obtain the conditions described above.
The range of pressures were 11.0 to 11,3 Bpo3, in order to cover the
complete range of the hysteresis curve of the crystal phase. The simulations
were run until equilibrium was obtained or the crystal disintegrated into
fluid, which ever came first.

RESULTS
The first simulations run were at 11.3 Ppo3. After 4x106 collisions the

density profile, figure 11, shows at least three layers of crystal on each wall.
This condition persists through 1x107 collisions and up to 2x107 collisions.
At this point it was determined that the system had equilibrated, and

simulation was discontinued.
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23
The next pressure selected was chosen to cause complete melting of

the crystal in order to determine a range for prefreezing conditions. We
selected 11.0 Ppo3 for this purpose. The starting configuration of the system
was the same as that chosen for the previous pressure. Afier 2.4x107
collisions, shown in figure 12, the system was observed to have melted.

Equilibrium was then reached in 8x10% more collisions and simulation was

discontinued.

11.1 Bpo3 was sclected as the next pressure. Again, we begin the
simulation with the starting configuration from the NVT simulation. At this
pressure the number o crystal layers on the right wall drops to one afler
1x107 collisions, but a second layer of crystal quickly reformed there
indicating a pressure fluctuation caused the event. After 1.8x107 collisions
the right wall completely melts while still retaining crystal wetting on the
other wall, as shown in figure 13. Once the right wall became wet by fluid,
the system equilibrated and remained unchanged after 20x107 more
collisions. The simulation was then discontinued.

The last pressure used was 11.2 Bpo3d. This series of simulation was
started from two different configurations. The first was the beginning NVT
system used in the other runs. It ran for 1,8x107 collisions and maintained
crystal wetting upon both walls, figure 14, The second system was taken
from the this study at a pressure of 11.3 Bpo3 after 1.4x107 collisions.
However, this configuration completely melted after only 4x109 collisions,
figure 15. This demonstrates the large effect the starting configuration has

on the outcome of the simulation, due to the metastable nature of

prefreezing
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DISCUSSION

The results from this study have so far proved inconclusive. We have
been unable to locate the exaci range of prefreezing from the pressures
selected.  In addition, various fluctuations inherent in the system may
disrupt the stability of the any prefreezing we witness, as demonstrated by
the results generated from the 11.1 Bpo3 trial. More trials near 11.1 Ppo3
arc nceded before the stability of the sysiem can be determined.

These studies seem to be greatly affected by the starting
configuration. This is undersiandable due to the instability of systems
within the prefreczing region. Single layer melting and freezing events can

causc fluctuations large enough to destroy coexistence.

Study of Spontancous Segregation

The hard sphere equations of state demonstrate a range of densitics
for a single melting transition. In practice the system makes sharp
transitions from liquid to solid, however hysteresis has been observed in
both melting and freezing transitions. In this study We wish to put a system
in an unfavorable state by placing it on the tic bar at & density in between
the two coexistence densities. We have then tracked the progress of the
system to watch the formation of two defined coexistence phases from the
ordered fluid.
METHODOLOGY

We again used PBC conditions with a canonical ensemble to simulate
bulk crystal. The crystal was streiched as in the wetting experiments,

however the entire crystal was stretiched as opposed to just a small region.
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This effectively lowered the density from p' = 1.0348 10 0.99500, which is

within coexistence values. The new density is constant throughout the
system before the simulation begins.

During the simulation pressure and density profiles were recorded
and examined for the segregation of this unstable density into to the two
distinct phases of coexisting crystal and fluid.

RESULTS

The ordered fluid produced in the stretching of the bulk crystal,
begins the simulation at a constant density p.* = 0.99500. Once the
simuiations started the system begins to experience density fluctuations
which propagated through thc system and began segregating the two
phases. After 1.3x107 collisions, the two distinct phases are noticeably
apparent.

As the simulation continued to run the system reverted back to its
original configuration. At 35x107 collisions, the density profile is almost
identical to the original profile. Currently the system is still under
investigation but appears to be resegregating into the separate phases . All
the density profiles from this study are shown in figure 16.

DISCUSSION

The second law of thermodynamics states a system will spontaneously
move towards maximum entropy. The ordered luid in our system should
therefore try to increase entropy by increasing the randomness of the
system. By segregating into a coexisting crystal and fluid system that
system trades off the increases in entropy caused by the loss in order of the

fluid region with the loss of entropy caused by crystalizing the other region.
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Because this system begins in the cxcluded region this tradcoff results in a

nct increasc of entropy.

The simulations reveal the driving force for the spontancous change is
smaller than predicted, allowing the obsecrved metastablity of the stretched
to fluid 10 exist. The fluctuation back and forth between one and two phases
will eventually equilibrate at two, but the number of collisions necessary
will be much larger than 4x107 collisions already run. An exact number of
collisions is very difficult to estimate.  Further study will be required to

confirm the above conclusions

Recommendations

There are several different directions these studies could go.  The
wetting and cocxistence density investigations each need lengthier runs to
confirm the conclusions already drawn. The prefreezing investigation
should be expanded to examine the entire hystercsis loop about the melting
transition. The stability of the region can be examined by changing the
pressure subtly and watch the system adjust to the new conditions. We
would also like to define the rest of loop by sctting the pressure above 11.4
Bpa3 attempt to compress the systcm to crystal. Finally the spontaneous
scgregation study should be done at several other densities within the
excluded region for thoroughness.

New arcas that are of interest as a result of these studies. An
important follow up study is a comparison of box dimensions with the

disparity between the normal and transverse components of the pressure.
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In addition we would like to investigate the effect of non isotropic crystal

structurc  on system  pressure.



Appendix

Simulation Fortran Code
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