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ABSTRACT: The surface-directed spinodal decomposition (SDSD) in binary polymer mixture with different
quench depths is investigated by numerical simulations, combining-&difirard —Cook (CHC) theory with
Flory—Huggins-de Gennes theory. The formation mechanisms of the wetting layer with different quench depths
are discussed. The simulated results demonstrate that the growth of the wetting layer can exhibit pure diffusion-
limited growth law, logarithm growth law, and LifshitzSlyozov (LS) growth law with the increasing quench
depth, which reproduces experimental observations. Furthermore, the detailed ranges of these three regimes are
determined on the basis of simulated results. The growth law of the wetting layer is pure diffusion-limited growth
law whenyN < 2.01. In the case of 2.08 yN, the growth of the wetting layer obeys LS growth law. However,

when 2.01< yN < 2.08, the logarithm growth law of the wetting layer is favored. The simulated results also
demonstrate that the evolution of the polymer morphology in the parallel cross sections near the substrate surface
obeys LS growth law. Moreover, the orientation effect of the surface on the dynamic behavior of these cross
sections with deeper quench depth is more remarkable than that with shallower one.

1. Introduction observed by Hashimoto and co-workers in the biphasic region
rof a main-chain thermotropic liquid crystal (LC) copolyester.

In the past decades, there is much considerable attention o . . . ; e .
At the same time, the numerical simulations of thin film carried

the dynamics of phase separation via spinodal decomposition . n 11 4 . .
(SD) in critical binary polymer blends or other mixtures. out by Puri et al}1¢ Toxvaerd!!9and others' reconfirmed this

Almost all investigations show that the growth of domains in scaling behavior. It has been demonstrated that the growth

bulk obeys a scaling law. Deferent values of the growth exponent of the character length parallel to surface can increase

exponent describe deferent mechanisms controlling the domainfrom 1/3 to 1/2 at a critical time, compared to the decrease of

growth: 1/3 and 1 for LS growth without and with hydrody- that in the_ _perp(_endlc_ular d'reCt'dhC"gJ They further showed
namic interactions, respectively? Theoretically, Cahn and that the critical time increases with the thickness.
Hilliard first propose a theory for the process of the binary metal ~ Currently, the formation mechanism and evolution dynamics
alloys® This has been extended to polymeric systems by de of the wetting layer, with the effect of surface, are also taken
Gennes, Pincus’ and Binde? by combination with the well- into account. As a matter of fact, there are still many arguments
known Flory—Hugging theory. for the understanding of this problem under different conditions.
Itis noted that, in the past two decades, the research attentionOr instance, it has been claimed that the LS growth law would
was shifting to SD systems in thin films near the surface with characterize the growth of the wetting layér-owever, the
different wetting abilities%-12 We collect the studies concerning ~ Study of other authors demonstrates that this claim is valid only

the experimental observations of polymer mixtures in ref 10 in the limit of partially wet morphology:©Here we would like
and the works regarding the numerical simulations in ref to mention an excellent work of simulations by Puri and Binder
11.These previous studies show that the phase separation proceg! the SDSD with off-critical initial condition¥.%® Their
in thin films becomes much more complex mainly because of analytical and numerical results show that the growth exponent
the influences of the interactions with the surface or interface, Of the wetting layer thickness can exhibit A4 1) (surface
the anisotropy of growths in various directions, and their Potential-dependent growth law), 1/3 (LS growth law), and 1/2
coupling with each other. The preferential attraction of the (pure diffusion-limited growth la¥f), wheren is the exponent
surface is able to cause SDSD. In this case, the surface orOf the long-range surface potential. It can be observed that these
interface is completely or partially wetted by the preferred different mechanisms have tight relations with the phase
component and becomes the origin of anisotropic SD waves Mmorphology of the wetting layer and the bulk, induced by
which propagates into the bulk perpendicular to the sufféce. different off-critical degrees.
It has been confirmed by experimental observafi$rend As known, the quench depth can also be used to tune the
numerical simulatiori$ that the character length parallel to morphology of the phase separation. Thus, it can be expected
surface can grow faster than the perpendicular one in the casehat the formation mechanism and evolution dynamics of the
of SDSD. Moreover, both of them may grow in a way different wetting layer should change with the quench depth. In fact, the
from their bulk system. For example, Sung eb%lound that corresponding experimental studies, for the polymer system,
the growth exponent of the character length parallel to surface have been don®™f For instance, the experimental results of
exhibits about 1/2 in thin film samples of a polymer mixture Geoghegan and co-workers demonstrated that three growth laws
with a 20 nm thickness. A similar scaling behavior is also for the wetting layer, i.e., logarithm growth law, LS growth
law, and pure diffusion-limited growth law, can be identified
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an open oné? The case that, before logarithmic growth, there In the present study, we chogeaxis as the direction of the
may be a small region of pure diffusion-limited growth with surface effect and consider only one surface located=atl.
exponent 1/2 is still uncertain. Moreover, there are yet no data Component A is set as the preferential component of the surface.
on how the wetting layer is formed under certain quench h; andg are two parameters which have tight relations with
depths!? It is difficult that these above problems are only dealt parameters in the FloryHuggins lattice modéel’ In terms of

with by experiments because a huge amount of work may be the deduction of Puri et at'2 ¢ the boundary conditions of the
needed for it. However, we think that they can be considered SDSD dynamic models based on CHC equation can be
by the simulation methods which have yet not been concerneddescribed by two partial differential equations. The first equation
up to now and, accordingly, is also an issue we would like to is defined as

study in this work by the numerical technique.

In this paper, the SDSD with different quench depths is Ip(x,0;7) _ ho— 07 + dp(X,2,7) 5
investigated by numerical simulations, combining Cahn or 0t 9p(x.01) +7 0z |z=0 )
Hilliard—Cooke:*> (CHC) theory with Flory-Huggins-de _ )

Genne&® theory. Our main purposes are to gain insight into Wherey is also a parameter artd, g, andy characterize the

the formation mechanisms of the wetting layer with different Static surface .dlagraﬁ%.b It. should be noted that the first two
quench depths and to determine more certain regimes of thet€fms on the right-hand side (rhs) of eq 5 are the same as those
quench depth based on the corresponding growth laws of thein the surface free energy (see eq 2) while the third term,
wetting layer, in the case of the critical condition. The effects depending ory, accounts for the energy cost of gradients in
of the quench depth on the dynamic behavior of the morphology, COMPosition at the surface and was Qerlved on the ba5|§ of the
in the parallel cross sections and near the substrate surface, ar§awasaki spin-exchange modél.7 is the rescaled time

also considered. parameter defined later. This equation rapidly drives the
concentration near the surface to its equilibrium value. A second
2. Model and Numerical Procedure boundary conditionAJ|x=o = 0, whereJ, defined asl = VOF/

d¢, is the polymer flux and is used to ensure that the flux of
polymer components through the surface boundary is zero,
which enforces conservation of the order parameter. By lumping
together eqs 45 and by rescaling into a dimensionless form,
the dynamic equation can be obtained as follows

During this investigation, a symmetric binary system is
concerned, in which both components (AB) have the same
degree of polymerizationN. The hydrodynamic effect is
neglected throughout as although they may play an important
role in the very late stage of phase separation, the early and
intermediate stages should not be affeéfd@he dynamics and

morphology evolution are described by the CHC equation for 09(1.7) = 1V2 Xe In o % o+
diffusive field, which can be written &4° o 2 |20 —x) 1—¢ xi—xs
29— 1 2 1 2
Ap(r t OF{o(rt — (V) Vo +
¢§t ) mv? 5{¢¢Z§ t))} + n(r,t) ) 360°(1 — ¢)° 18p(1 — ¢)

(b= 00+ 722 Jod| ©

whereM is a phenomenological parameter characterizing the
self-diffusion ability.¢(r,t) is the volume fraction of component
A at pointr at timet. »(r,t) is the thermal noise induced by
Cook into the Cahn-Hilliard®> model. The total free energy,
F, is really the coupling between the surface free enefgy (

wherey. is the value ofy at the critical point of the spinodal
curve andy; is the deepest quencls is the spinodal value of
x ate = ¢o; i.e.,xs = L[2Ngpo(1 — ¢o)], wheregy is the initial

and the bulk free energyFf) and can be defined s\ average concentration of component A, with= 0.5 for the
critical condition in the present simulationandr are rescaled

_ _ [ o 2 spatial and temporal variables, respectively, giverr by (|ys
F=F+F,= [ o[, ddfey(9) + kg)(Ve)] + — )Vl andT = NM(ys — 7212, (%) is the Dirac delta

f*‘”(_h ¢ — 1 g¢2) dx (2) function, ensuring that the surface free energy only affeets
— ! 2 0. In essence, the surface potential used in the model is short-
. . . rangé? because the power law potentiéf,depending on the
wherefey, in the bulk free energs, is the Flory-Huggins distance from the surface, is not included in it. It should be
free energy for a homogeneous blend and is giveh by pointed out that a similar model is also deduced by Clarke and
é 1-¢) co-workerst® Equation 6 can be solved using the finite
fey = N In(¢) + N INQL—¢)+yo(l—0¢) (3 difference approach. Numerically, for the sake of numerical
stability and higher accuracy, the Laplaci&A is discretized
The gradient ternk(¢) used in this work is obtained by the ~©n the basis of the cell dynamics scheme (CDS) proposed by
random phase approximation of de Gennes for an incompressible®0n0 and Puri: It is then transformed &5
polymer blends and can be written as 1
V2X — =(OXI- X) 7)
Az |2 a
K@) =%+ = 4) . . ~ :
6 36p(1—¢) where a is the cell size.lIX(F,r)[represents the following
summation ofX(r) for the nearest neighbors. and the next-

whererg gives the range of the energetic interactfoasd| is nearest neighbors.(.):

the Kuhn statistical segment lengtRreliminary studies showed
that the composition-independent term in eq 4 has a negligible IX(F) M= B. S X(F) + B X(F 8

effect on structure development, and hence all calculations ® 1f; ® Z,Z ® ®
presented in this paper are performed wigh= 0571% andz

in eq 2 are rescaled scales parallel and perpendicular to surfacewhereB; and B, are 1/6 and 1/12, respectively. To avoid tEBV

T=r.I.
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Figure 1. Development of the polymer morphology following a quench depth with 0.0001. The color bar indicates the concentration of the

wetting component (A) for the surface.

discretization effect due to the lattice st#&the surface terms
h;, g, and y are rescaled by the step length of the spatial
discretization AT, and are listed as follows:

h, — h/AT;, g—g/AT; y—yIAT 9)
Our simulations were carried out on a 300 300 two-
dimensional lattice. Flat boundary conditidts*were applied
at the other end in the perpendicular direction, and periodic
boundary conditions were applied in the parallel direction. Noise,
with the magnitude oft1 x 1073, was only added once at the
start of the quenchy. = s = 0.01,h; = —1.5,g = 0.1,y =
0.1, andN = 200 were set in all simulations. To keep the length
scaling of the system consistent; was fixed at 0.0133
throughout simulations. ThAt (time step) value used during
the temporal discretization was & 1074, and the spatial
discretization step waAr = 0.5.

3. Results

3.1. Formation and Evolution of the Polymer Morphology.
At first, the development of the polymer morphology in SDSD
is demonstrated with the increasing quench degtlnhich is
defined asc = (x — xc)/x. denotes the quench depth in this
work. A highere corresponds to a deeper quench depth.

(A) Case of the Shallowest Quench DepthFirst, the
polymer morphology in SDSD with the shallowest quench
depths is examined. In Figure 1, the evolution of the polymer
morphology withe = 0.0001 is illustrated. In this casg,is
very approximate tg. The concentration of component A is
marked with the color bar. From Figure 1 it can be seen that
the wetting layer, with A-rich phase, immediately comes into
being, followed by B-rich layer or the depletion layer of

o_
8

120

Figure 2. Averaged concentration profiles rdirection for the patterns
in Figure 1 at different times.

the time scale of our simulation. Nevertheless, the wetting layer
near the surface grows rapidly. One can find that the interfaces
of the wetting layer, at different times, are always flat. The
features of the polymer morphology, wheris smaller than
0.005, are almost the same as those in Figure 1 though they
have not been exhibited here.

Figure 2 shows the averaged concentration profiles irethe
direction, accompanying the evolution of the polymer morphol-
ogy in Figure 1. The averaged profiles are obtained by averaging
the concentration profile(x,z) of the parallel cross sections
alongz axis as eq 10, witihNy = ¢a(x,0,7), for a single run and
then ensemble averaging over 50 different runs.

Paf27) = Nixzfﬁ(xizﬂ) (10)

component A. However, the bulk does not undergo any phaseNotice that the A-rich wetting layer is followed by a layer which

separation. In other words, the thermodynamic instability of the

is moderately depleted in A and extends deep into the bulk.

system is not strong enough to drive the phase separation withinClearly, the averaged concentratigpg, with the value of abou&DV
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G concentration profile. Figure 3 illustrates the temporal evolution
i of Ry in the log—log scale with different values ef The inset
indicates the corresponding data in a single-logarithmic time
scale. It is found that these plots cross over to a faster growth
at different times in the later stage. The linear fitting plots clarify
the crossover behavior. Before the crossover, the growth law is
Ri(z) O In 7 (see inset in Figure 3), demonstrating the typical
logarithm growth lawt1bf After the crossover, the accelerated
growth seems to fit a faster law with aboBi{(r) O 722 i.e.,

the pure diffusion-limited growth la# Moreover, the larger
the values ok, the later the crossover is.

: (B) Case of the Shallower Quench DepthHere, we will
In(x) now concentrate our attention on the polymer morphology in
Figure 3. Log—log plots of the wetting layer thicknes’,, vs timet SDSD with shqllower quench depths. Flgurg 4 shows_the
with different values of. The inset shows the corresponding plots in ~ temporal evolution of the polymer morphology in SDSD with
a single-logarithmic time scale. different values o, following shallower quench depths. From
Figure 4A, it can be seen that the phase separation has yet not
0.5, is almost unchangeable in the bulk, demonstrating againoccurred in the bulk at the earlier stage when the value of
that no phase separation occurs in it. It can also be found thatincreases to 0.005. However, compared to Figure 1, the feature
the depth of the depletion layer becomes shallower with the of the two-phase separation can be identified at the later stage.
increasing time. However, the contrast between two phases is unclear, indicating
The thickness of the surface lay&,, can be measured by that the extent of the phase separation is very low. One can
finding thez position of the first value of 0.5 in theaveraged also note that the interfaces of the wetting layer are still flat.
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Figure 4. Development of the polymer morphology with different values,dbllowing shallower quench depths. The color bar and the coordination
are the same as those of Figure 1. gAF 0.005, (B)e = 0.01, (C)e = 0.02, and (D) = 0.03. cDV
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Figure 5. Single-logarithmic plots of the wetting layer thickneBs,
vs time 7 with different values ok.

With the increasing, the same change of polymer morphology
can be observed untd = 0.03, although the bulk begins to
undergo phase separation at earlier stage for a largerd the

Macromolecules, Vol. 39, No. 6, 2006

The temporal evolution of the wetting lay&;, corresponding
to Figure 4 is shown in Figure 5 in a single-logarithmic time
scale. It can be found that the valuesRif with lower ¢ are
considerably larger than those with higher one, demonstrating,
to a certain extent that the growth of the wetting layer is directed
by the substrate surface potential. The curvea®;afith different
values ofe cross over to the logarithm growth law at the later
stage. Moreover, a higher value ©torresponds to an earlier
crossover. One can find that the growth of the wetting layer
with ¢ = 0.03 favors a faster growth in the much later stage,
corresponding to the observation in Figure 4. It should be
pointed out that the growth behavior of the wetting layer in the
earliest stage will not be considered because the thermal noise
affects it much more, and it is too short to be measured in the
experiment.

(C) Case of the Deepest Quench DeptFinally, we consider
the evolution of the polymer morphology with deep quench
depths. The typical development of the polymer morphology
with deep quench depths is illustrated by the images in Figure
6. It is obvious that the bulk immediately begins to undergo

contrast between two phases becomes obvious. It is worth tophase separation at the earlier stage when the vakimofeases
note that the interface of the wetting layer, in Figure 4D, begins to be 0.04 or larger values. Because of symmetry, the structures

to fluctuate mildly at a later stage of the phase separation.

s ki o 4o
..':"I:.“ i {

7 =10000 7 =10000
A) B)

exhibit the characteristic cocontinuous morphology. A deeper

7=10000
D)

Figure 6. Development of the polymer morphology with different values dbllowing deep quench depths. The color bar and the coordination

are the same as those of Figure 1. ¢AF 0.04, (B)e = 0.06, (C)e = 0.12, and (D) = 0.175.
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layer in the later stage, a master curve may be obtained if we
properly shift all these curves along lagand logR; axes. At

first, the Ry andt at the crossover of these curves, denoted as
R. and ., respectively, are defined. Then, the scaled wetting
layer thickness and the scaled time can be written as follows:

1.8

A O d D> OO

&=%,a=1 (11)

Tc

In(R,)

Clearly,R; andz. are functions of the quench depth. Figure 7b
illustrates the plots oR, vs 7, in a log—log scale. The curves,
T T T T T with different quench depths, fall on a master curve after the

0.6
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crossovers, demonstrating that the wetting layers, at this regime,
In(z) grow with the same growth law. The solid line in the figure
(@) indicates that the growth of the wetting layers after crossovers

obeys the scaling laR,(z) O 73, which implies that, with the
deep quench depths er= 0.04, the growth law of the wetting
layers is the typical LS growth law.

3.2. Dynamic Behavior in the Parallel Cross Sections near
the Substrate Surface The polymer morphologies, at the same
time ¢ = 1000 and following different quench depths, are
collected and listed in Figure 8. This demonstrates that a deeper
guench depth leads to a higher extent of phase separation and
a more extreme fluctuation of the wetting layer interface,
corresponding to our above simulation results. It can also be
found that the phase structure, in the cross sections near the
: substrate surface and following the depletion layer, will orientate
——— along the parallel direction, which has been reported in the

7T 6 5 43 2401 23 experimental observatiol§-' and other simulation workded i
In(z) The preferential attraction of the substrate surface can accelerate
(b) the growth of the character length parallel to the substrate

Figure 7. (a) Log—log plots of the wetting layer thicknesRy, vs surface, comfpared ;]O SUﬁpressmg_thathperpen?lchular tlo the
time 7 with different values ofe. (b) Log—log plots of the reduced ~ Substrate surface. Thus, the dynamic behavior of the polymer
wetting layer thicknessR,, against timez,. morphology is relatively changed. In this section, our concentra-

) ~ tion turns to this orientation effect with different quench depths.
quench depth corresponds to a higher extent of phase separation. The scaling behavior of real-space correlation functions,
The composition fractions of AB components reach an equi- which are useful in characterizing the dynamics of fluctuations,
librium state quickly in the b.ulk. Our simulations demonstrate zre induced to gain insight into the effects of the substrate
that the percolated network in the bulk becomes very unstable, s;yrface on the dynamic behavior near the substrate surface. The

so it gradually disrupts or breaks into many fragments. With 2 dependent correlation function perpendicular to the substrate
further increasing time, the irregularly shaped anisotropic ¢an pe defined a&:c

fragments shrink and then reshape into many anisotropic drops
or droplets, corresponding to the experimental observatf¥ns. G(z,z7) =

It can be seen that the fluctuation of the wetting layer interface X7 X747 7V [Bb(x 2 X 7+ 0(12
occurs at earlier stage and is more considerable than those with pxz) pxztnm)E- Bzalpxzt2,1)0(12)

shalr:ovzjer %llje?Ch (J[ehpths. lots @2 - ith th The angular brackets refer to an averaging over initial conditions
The double-logarithmic plots gk vs7in Figure 7, with the nd integration ovek. Figure 9 is the temporal evolution of
same quench depth_s as those in F|gure 6, ShOW the quench dep e laterally averaged correlation functiofj(z,zz), as a
effect on the evolution of the wetting layer with deep quench function of z, for z = 20 ande = 0.1. It is obvious that the
depths. From Figure 7a, one can see that, for the six quenchy, . ation scope increases with the increasing time, corre-
depths selected, the growths of the wetting layer thickness Canﬁponding to the change of the extent of the phase separation.

Cross over to faster grovvths. One can see _that_ a deeper quenc Furthermore, the characteristic length in the perpendicular
depth can lead to an earlier crossover which is followed by a direction.L. can be defined as

faster growth. Clearly, the values B, at the fixed time before
the crossover ot = 0.19, decrease when the quench depth G(z+L,z7) = G(0,27)/2 (13)
parametere, rises from 0.04 to 0.19. It can also be found from
Figure 7a that, compared to the regime of the shallower quenchwhere G(0,z7) is the maximum value 06(z,z7). Figure 10
depth, i.e., Figure 5, the differences among the critical times of plots L against timer for ¢ = 0.06, 0.1, 0.16, and 0.19 at=
the crossovers with different values©ére more considerable.  20. All plots are calculated with a single run and then ensemble
Moreover, the differences of the values Rf, with different averaging over 50 different runs. For simplicity, we only
qguench depths, are very small. Thus, the wetting layer thicknessconsider the polymer morphology with deep quench depths. It
with higher values ok can exceed those with lower ones in is found that. exhibits power-law growth, i.eL,(z) O 7%, from
the much later stage. the interim to the later stages. The scaling exponentyith

In Figure 7a, it is found that the six straight lines are parallel different quench depths can be obtained by linear fitting and is
after the crossover. To determine the growth law of the wetting indicated in the inset of Figure 10. One can see that all tlaﬁﬁ%



2394 Yan and Xie Macromolecules, Vol. 39, No. 6, 2006

—
e @ 23
p' . e
@/.—3 @ =
J
Rh
w -
___.‘ ! 7=

£=0.0001 £=0.01

£=0.04 £=0.1 £=0.16 £=0.19
Figure 8. Polymer morphology following different quench depthsat the same time; = 1000. The color bar and the coordination are the same
as those of Figure 1.

illustrates that a shallower quench depth corresponds to a higher
value of the scaling exponent, which implies that the orientation
effect of the surface on the dynamic behavior of the parallel
cross sections with deeper quench depth is more remarkable
than that with the shallower one.

4. Discussion

4.1. Formation Mechanism of the Wetting Layer. The
formation mechanism of the wetting layer is our major concern
in this work. As briefly emphasized in section 3, the growth
low of the wetting layer has a tight relation with the polymer
morphology driven by different quench depths. Moreover, it is
z obvious from Figures 1, 4, and 6 that the polymer morphology
Figure 9. Laterally averaged correlation functiog(z,zz), as a can be_tuned by alt_emating the que_nCh depth, Iee_tding tc_) different
function ofz for z= 20 ande = 0.1. formation mechanisms of the wetting layer. Basically, in terms
of the growth law of the wetting layer, the quench depth can
be divided into three regimes which will be discussed in detail

4> in this section.
oz * Our simulation demonstrates that there does be a regime with
6l . exponent 1/2 for the evolution of the wetting layer before the
o appearance of the logarithm growth law, which proves the
o ., } assumption of Geoghegan et'&lbased on the experimental
2% B o 0 06 @ observation. It locates in the shallowest quench depth regime
£ %@ﬁ : or € < 0.05. In this case, there is no phase separation in the
0 006 bulk at both early and late stages. The bulk is behaving like a
4 éi ¥ o e0l semiinfinite reservoir for the wetting layer. Thus, the growth
% VY & £016 law of the wetting layer is the pure diffusion-limited growth
v_e019 law (‘171/2).14
100 1000 10000 Our simulation also indicates that there does be a regime with
1 the logarithm growth law of the wetting layer in the shallower
Figure 10. Plots ofL against timer atz= 20 with different values of ~ quench depth. The simulation indicates that the range of
€. The inset indicates the change of the growth exponentss e. corresponding to this regime is about 0.85 < 0.4. In the

regime, the bulk begins to undergo phase separation although

its extent is very shallow. As the evolution of this phase
growth exponents with different quench depths approximate to separation structure, there is less material to be supplied to the
1/3, demonstrating that the evolution of the polymer morphol- wetting layer, leading to a slower growth rate. So, the wetting
ogy, in the parallel cross sections and near the substrate surfacdayer cannot grow with a pure diffusion-limitect2 growth;

still obeys LS growth law. Moreover, the inset of Figure 10 instead, it grows logarithmically with time. cDV
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Figure 11. Schematic diagrams illustrating the regimes of the growth
law for the wetting layer: (A) pure diffusion-limited growth law; (B)
logarithm growth law; C) Lifshitz—Slyozov growth law.
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When the value ot is equal to 0.4, even larger than it, the b,
wetting layer is not stable, and droplets are formed near the 0.45 -
surface. The wetting layer is no longer stable because the value
of e is so larger that a growing flat wetting layer interface cannot
survive and breaks up. Here, there is also phase separation in ~ 0.90 1
the bulk, and both the wetting layer and bulk droplets are
growing with 73 behavior because they are both exhibiting LS 0.75 4
growth law. The simulation reproduces the experimental
resultstof
However, it should be noted that those values afsed in
the experiment of Geophehagan et%do not belong to their
corresponding regimes determined in our simulation. This is
due to the fact that the parameterandy have tight relations
with the degree of the polymerizatioN,! For the convenience 0.30 1
of understanding, these regimes are calculated and divided again 0 1 2 3 4 5 6 7 8 9 10
on the basis of the parametgN. Figure 11 is the schematic 2/R

diagram representing these three regimes with the parameter
xNg P 9 g P Figure 12. Dynamic scaling results in each of the growth regimes:

. . (top) shallowest quench depth= 0.0001); (middle) shallower quench

It has been demonstrated theoreticdignd experimentalhy’ depth € = 0.01); (bottom) deepest quench depth=( 0.06).

that when there is only one relevant length scale present, or

when all length scales have the same growth law, dynamic and thin the wetting layer. Thus, the total chemical potential
scaling should occur. Thus, the dynamic scaling can be used togradient,u;, can be described as

test our conclusion about the growth laws in different regimes.

Figure 12 shows the dynamic scaling results in each of the _ de_ Uy
growth regimes. In the regime of the shallowest quench depth, M=q TH T (14)
there is no phase separation in the bulk; then, dynamic scaling

should occur as there is only one length scale present in the The surface potential(z) used in the simulation is the short-
system, i.e., the thickness of the wetting layer. In the shallower range surface potential, witti(z) = h; exp(=2z¢), whereé is
quench depth regime, the wetting layer is growing logarithmi- the characteristic decay lengt:®cThus, for all the simulations
cally, but LS coarsening is expected to be occurring in the bulk;

thus, the dynamic scaling should fail in this regime. Finally, in _av(@ hy XF{— Rl)

0.60 +

o, (2/R)

0.45 +

the regime of the deepest quench depth, the wetting layer and Hs =74z |2:R1 £ E

bulk phase separation both occur with a LS behavior; thus, the

dynamic scaling should be exhibited. As can be seen from Figure However, the detailed forms afiy/h in different regimes are

12, this is indeed our conclusion about three regimes of the different because the polymer morphology in the bulk will

wetting layer. change, which has been discussed in detail by Puri and
4.2. Theory Analysis for the Mechanism of the Wetting Binder!1deQur following discussions are based on their results.

Layer. Next we will theoretically analyze the growth laws in (1) The deepest quench depth (28§N). In this case, the

these three regimes on the basis of the chemical potentialPhase separation occurs in the bulk simultaneously at the early

gradient or the current equatiéilde stage and has enough strength to affect the formation of the
The wetting layer grows mainly due to two contributions to  Wetting layer. Then, they/h can be defined d&'e

the chemical potential gradient (or current): the surface potential

gradient,us, and the difference between the intrinsic chemical Ho_ o (1 + ¢0) (16)

potential and the flat wetting layer interfagay/h, whereuy is h  RR\1- ¢,

the chemical potential in the bulk amds the thickness of the

depletion layerus leads to the formation and growth of the whereRy is the character length of the phase structure in the
wetting layer. On the contrast, the effect @ffh can disturb bulk andg is the surface tension. Thus, the form of eq lz&iBV

(15)




2396 Yan and Xie

1+ ¢,

transformed as follows
2 ) (17)

dr h R
2ol Y
1 0,

o &
The bulk length scale obeys the LS growth law, iRy(z) =
f()(07)3, wherey is the averaged order parametewith 3
= ¢a — ¢B, and the functiorf(y’) is known analytically in the
limit || — 1.1 As R, grows with time, the first term on the rhs
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evolution of the wetting layer before the appearance of the
logarithm growth law. The logarithm growth law occurs with a
deeper quench depth when the extent of phase separation is
much shallower. However, the deepest quench depth indicates
the LS growth law of the wetting layer because, in this case, a
growing flat wetting layer interface cannot survive and breaks
up. Moreover, the detailed ranges of these three regimes are
determined on the basis of our simulated results. The growth
law of the wetting layer is pure diffusion-limited law wheh

of eq 17 is dominant at early stage and the second term is < 2.01. In the case of 2.08 xN, the growth of the wetting

dominant at late stage. This yields the growth regimes as

£ In(h,7/&?), T<1,

Ry(7) ~ 3 (1+ V), i I>1
Vigya-p T

where1. is the critical crossover time and can be obtained by
equating the early-time and late-time scales. Clearly, the growth
low of the wetting layer in the later stage is LS growth law
with a growth exponent, 1/3.

(2) The shallower quench depth (2.81yN < 2.08). In this
case, the bulk begins to undergo phase separation. However,
the extent of the phase separation is very low, and the difference

(18)

layer obeys LS growth law. However, when 283N < 2.08,
the logarithm growth law of the wetting layer is favored.

The simulated results also demonstrate that the growth law
of the polymer morphology in the parallel cross sections near
the substrate surface is still LS growth law. The orientation effect
of the substrate surface on the dynamic behavior of these cross
sections with deeper quench depth is more remarkable than that
with the shallower one.
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