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Molecular Dynamics Simulation of Spinodal Decomposition
in Three-Dimensional Binary Fluids
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Using large-scale molecular dynamics simulations of a two-component Lennard-Jones model in three
dimensions, we show that the late-time dynamics of spinodal decomposition in concentrated binary
fluids reaches a viscous scaling regime with a growth expomentl, in agreement with experiments
and a theoretical analysis for viscous growth. [S0031-9007(96)01177-5]

PACS numbers: 64.75.+g, 05.70.Ln, 64.60.Cn, 64.70.Ja

The dynamics of phase separation in multicomponenhecks to the bulges. The numerical studies of the phe-
fluids involves very rich and general phenomena and hasomenon are mainly carried out by means of three differ-
therefore been the subject of intensive studies in recemnt methods: numerical integration of the corresponding
years. The dynamics of first-order phase transitions irkinetic phase-field model known as model H [8]; lattice-
general, besides being of technological importance, i8oltzmann (LB) simulations [9]; and molecular dynam-
particularly interesting because of the emergence of onies (MD) simulations [10]. In contrast to the first two
characteristic length scalk(¢) during the late times of methods, in a molecular dynamics simulation, the hydro-
the dynamics. R(z) is related to the average domain sizedynamic modes arise naturally from the microscopic in-
of the ordering phase and displays a simple power-lavteractions between the molecules subsequent to a quench
dependence with tim&(s) ~ ", wheren is the growth into the fluid phase. There have been some concerns with
exponent. The presence of one characteristic length scategard to the validity of molecular dynamics in studying
during the late times leads to an interesting dynamicathe late-time dynamics of phase separation due to the very
scaling behavior, as can be detected from the densitysmall time scale involved. It should be noted that phase
fluctuation pair-correlation functio®(r,¢) = g[r/R(¢)],  separation in simple fluids is naturally a very fast process.
or the structure factoS(q,t) = R(1)YF(x), whered is  Therefore in order to probe the dynamics, experimentalists
the spatial dimension ang = qR(¢) is the scaled wave must perform very shallow quenches using the advantage
vector [1]. of the increased time scale due to critical slowing down.

Whereas the dynamics of phase separation in alloysn contrast, quenches are very deep in a typical molecular
with conserved order parameter, is quite well understoodynamics simulation.
in terms of the Lifshitz-Slyozov theory [2] and is char- The numerical integration of model H leads to an
acterized by a growth exponent= 1/3, independent of asymptotic growth exponeni = 1, in agreement with
spatial dimension, volume fraction [1], and even the num-Siggia’s prediction. LB simulations also find the same
ber of coexisting phases [3], the dynamics in fluids is aresult [9]. However, a recent MD simulation on the
more complicated phenomenon due to the coupling of théwo-component Lennard-Jones potential by &al. [10]
additional velocity field (which is absent in alloys) to the suggests a growth regime with an exponent very close to
ordering field. Consequently various competing effect22/3. As we will see later, such an exponent is due to
may appear in phase-separating fluids leading to variougertial effects and can be calculated from dimensional
growth exponents depending on the strength of the cowanalysis. A more recent model H simulation by Lookman
pling between the velocity field and the ordering field, onet al.[11] finds that by decreasing the shear viscosity
the volume fraction [4—6], on the spatial dimension, andof the fluid, a growth exponent ofi = 2/3 can be
even on the number of components [7]. observed. We are therefore faced with the problem

There is no satisfactory theory for the phase separatiothat whereas numerical simulation calculations in the
dynamics in fluids. Thus our understanding of the phecase of phase separation in alloys agree with the the-
nomenon is achieved essentially through numerical studdretical predictions, numerical simulations which are
ies and dimensional analysis of the relevant dynamicaéxpected to most faithfully describe the true dynamics,
model. Using heuristic arguments, Siggia [4] was the firsi.e., molecular dynamics simulations, are not in agree-
to propose that the growth exponentris= 1 in phase- ment with theoretical predictions in the case of phase
separating binary fluids with relatively comparable vol- separation in binary fluids. In order to elucidate this ap-
ume fractions of the two components. This growth regimeparent discrepancy between the previous numerical studies
is due to an instability of the tubular domain structure inand the MD simulations of Mat al.,we have carried out a
binary fluids, leading to the transport of material from thelarge-scale and systematic molecular dynamics simulation
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of the two-component Lennard-Jones model and foundlicates the occurrence of phase-separated domains which
results which disagree with the MD simulation of Ma are correlated within short distances, due to the conserva-
et al. but are fully consistent with experiments and pre-tion of the ordering field. The first zero of the correlation
vious model H and lattice-Boltzmann simulations. It is function increases with time implying a coarsening of the
worth noting that the present study is the first large-scalélomain structure. We have verified that the system has
MD simulation on three-dimensional binary fluids in reached a dynamical scaling regime by observing the scal-
which the viscous regime is observed. ing of the correlation function, shown in Fig. 1, for times

In our simulation model, we consid&¥ monoatomic larger than about = 807. Good scaling is also observed
molecules interacting through the following two- in the structure factor (not shown). The presence of a

component Lennard-Jones potential: unique length scale in the system at late times implies that
o \12 o \6 the width of the interfaces become vanishingly small com-
Ua,,a/(rij) = 46{[(7) - <r—> } pared to the domain size. As a result, the structure factor
Y b . should scale ag~“*V for large ¢, which is known as
_ [( g ) _ < g ) }} Porod’s law and is usually observed in phase-separating
ey Taia; systems at late times. Indeed we found that the structure
< 0“2,,4, — 7). ' (1) factor is consistent with Porod’s law, implying that the

phase separation process in our simulations is well within
with a; = 1if i is anA mOIeCUIe, andlj =2ifiisa adynamica| Sca"ng regime_
B molecule. In Eq. (1)7;; is the distance separating the  Now that we are confident that the systems we are
ith molecule from theith molecule, and , is a cutoff  gealing with in our simulations are safely within a scaling
distance which is equal t2.50 for «; = «; and 2/ regime, we turn to the discussion of the nature of the
for @; # a;. 0(x) is the standard Heaviside function. growth law. In Fig. 2, the time dependence of the average
The phase diagram of this model, which has recently beedomain size, as calculated from the various definitions, is
calculated by means of mean field theory and Monte Carlghown. Notice the linear dependencerdf) at late times
simulation, has a consolute point&at ~ (4.7 = 0.2)e for indicating that the growth regime should be viscous, in
a fluid density ofp = 0.80 7% [12]. We have performed agreement with Siggia’s prediction [4]. However, when
critical quenches at temperatureg? = 2, 3, 3.5, 3.75, plotting the data in a double-logarithmic plot, we find
and 4 as well as off-critical quenches aT = 2e. that the late-time growth exponent is more consistent with
Notice that we have not made quenches to very low2/3, possibly indicating that the observed growth regime
temperatures in order to avoid the solid-gas coexistencig inertial, as suggested by the MD simulation of Ma
region. The temperature is controlled by a Nosé-Hooveet al. [10]. It should be pointed out, however, that the
thermostat [13], and the Hamilton equations are integratedrowth law R(r) = R(0) + at investigated over a finite
using the leap-frog algorithm with a time step &4f =  time range may show a growth exponent which is smaller
0.0057 where the time scale is = \/uo?/€e, u being than one due to a nonnegligible valuer{) and possible
the molecular mass. In all of our simulations, theother nonalgebraic dependences.
total number of molecules & = 343000, an order of
magnitude larger than the largest system size considered
by Ma et al.[10]. Our simulations were performed 0.5
on an IBM SP2 parallel machine using 12 processors. ;
Furthermore, a statistical average is performed for each 8
qguench; 16 runs fokzT = 2e and 4 runs for all other ’% 03t
g‘
§
§
L}
]

0.5

quenches. 0.3

We have calculated the correlation functi6fir, 1) =
(¢p(r,1)¢(0,1)), where ¢ (r,t) = [pa(r,t) — pp(r,1)]/p
is the order parameter ang, and pp are the local den-
sities of the two components. We have also calculated 0.1 1 \
the structure facto§(q, 1) = {|¢(q,1)|*)/V, where ¢ (q)

is the Fourier-mode of the order parameter ahds the \/\’"’m °°°°°°

system volume. Both the structure factor and the correla-
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tion function are then spherically averaged. The average 01 0 1 2 3 4 5

domain size is then defined as the first zero of the correla- x=1/R (1)

tion functionR;(¢) and as theith moment of the structure ) _ )

factorR,, (1) = ZW[quS(q 1/ quqns(q t)]l/n_ FIG. 1. Scaled pair-correlation functi@dx) versus the scaled

The ti luti £1h . lation functi . distancex = r/R(t) for a quench atkzT = 2¢. The data
€ ume evoluton of the pair-correlauon Tunction IS g6,y range from = 807 to 2207. The inset shows the time

shown in the inset of Fig. 1 for a quench T = 2€.  evolution of the correlation function from= 207 to 2207 in
The presence of the decaying oscillationsGiir, r) in-  steps of207.
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40 : decoupled from the order parameter leading to the usual
Lifshitz-Slyozov growth law usually observed in alloys
. ' R(1) ~ (Mvy1)'/3, wherey is the interfacial tension [2].
30 | A Ry This regime will be referred to as the diffusive regime.
% At later times, the coupling betweeft andv cannot be
s neglected but the inertial term in Eq. (3), can be neglected
20 | s ' so thatv becomes slaved by. One thus obtains the
/ N following growth law, R(z) ~ (yt/m), which will be
v i | associated with a viscous regime and has been predicted
W v by Siggia [4] as a consequence of a necking-down
- instability of the tubular (interconnected) domain structure
e _ . _ . | due to the transport of material from the necks to the
0 100 200 300 bulges. This regime has been observed in several simple
t |1 binary fluids and binary homopolymer blends [15,16] as
well as in numerical simulations [8,9]. At even later

FIG. 2. The average domain size as a function of time for.. . - . . .
a quench atksT = 2e. Rg(1) is the first zero of the pair- UMES: the inertial term in the Navier-Stokes equation can

correlation function, andr,(¢) is calculated from the first NO longer be neglected, and one finds the growth law of
moment of the structure factor. The two dots indicate thethe inertial regimeR (1) ~ (v/p)'3t2/3 [5]. The two last
typical size of the error bars in the numerical data, and theaegimes can be observed only for interconnected domain

two dotted lines are straight lines. structures. For dilute binary solutions, the domains are
dropletlike, and the domain growth is essentially due to
In order to determine the true asymptotic growth law,their coalescence leading to a growth I&¢) ~ /3, but
we have to consider the relevant dynamical model anglith a prefactor which is larger than that in the diffusive
analyze our results in light of its implications. The regime. The inertial regime has not been observed experi-
dynamics of phase separation in fluids can be describeghentally, but it has been observed in several numerical
by the so-called model H [14], corresponding to asimulations in two dimensions [9,17,18]. Introducing two
generalized Cahn-Hilliard equation coupled to the Naviertime scalesy, = (y/n)t andt; = (y/p)'/?2/3 for the
Stokes equation. The appropriate dynamical equationgiscous regime and the inertial regime, respectively, the

Rty [o]

can then be written as follows: 1, dependencer{ dependence) ak(r) during the viscous

d(r,t 5F (inertial) regime must be linear and independent of the
¢;t ) +v - Vo(r,) = MVZW%’ (2) guench depth, except maybe for interference \&i(h).

av(r.1) We have therefore calculated, by molecular dynam-

p[ — + [v(r,t) - V]v(r, t):| = pV?v(r, 1) ics simulations, the interfacial tensiop and the shear
o1 viscosity n for the various quench temperatures consid-
— Vp(r,t) — ¢(r,r) ered in the present study. We obtain a shear viscos-
5 Flop) ity which is practically independent of temperature and

., (3) equal ton = 1.65. However, the interfacial tension is
5¢(r,1) found to decrease with temperature, almost linearly from

where ¢(r,t), v(r,t), and p(r,7) are the local order (1.85 = 0.07)e/c? for kzgT = 2€ to (0.39 + 0.13)e/o?
parameter, the velocity field, and the pressure fieldfor kgT = 4€, since the present model belongs to the
respectively. The constanid, p, andn correspond to Ising universality class ind = 3. In Fig. 3(a), R(z) is
the order parameter mobility, the fluid density, and theplotted versus, = (vt/7n), and in Fig. 3(b)R(¢) is plot-
shear viscosity, respectively F is the usual¢* free  ted versus; = (y/p)"/3+2/3 for all quench temperatures.
energy functional [1]. The difference between Eq. (2)Although the data are almost linear with for all tem-
and the usual Cahn-Hilliard equation is the presence gberatures, the slope &) versuss; depends strongly on
the second term on the left-hand side, which accounts fof, whereas the slope @& (r) versust, is independent of
the transport of the order parameter by the velocity fieldtemperature. This, therefore, strongly indicates that the
Equation (3) is different from the usual Navier-Stokesgrowth regime found in this system cannot be inertial, in
equation by the presence of the additional force actingontrast to the prediction by Met al. [10], but in agree-
on the fluid due to gradients in the chemical potential.  ment with the other numerical studies and experiments.
The set of equations (2) and (3) is very difficult to In our simulations, dynamical scaling is observed start-
solve, but one can obtain various growth regimes bying from = 807 at the lowest quench temperatures. At
means of simple dimensional analysis. Here we will limithigher temperatures, the scaling regime is delayed to later
ourselves to three dimensions. At relatively early timestimes. This is to be contrasted to the study of btaal.,
but late enough so that the domains are well defined anith which it was found that the scaling regime starts as
much larger than the interfacial width, the velocity field is early as207 [10]. Of course, the fact that we did not
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tion dynamics in binary fluids in three dimensions which
faithfully accounts for hydrodynamic modes. During late
times, the system reaches a dynamical scaling regime dur-
ing which the average domain size grows linearly with
time in agreement with Siggia’s prediction, previous nu-

, merical integration of model H, and lattice-Boltzmann

y 100 150 simulations. The discrepancy with a previous molecular
b : dynamics study has been clarified.
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FIG. 3. The average domain size as a function rpf=
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2¢, 3¢, 3.5¢, 3.75¢, and 4e, respectively. For the sake of Transitions and Critical Phenomenagited by C. Domb
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