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Hydrodynamic-flow-driven wetting in thin film polymer blends: Growth kinetics and morphology
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Department of Materials Science and Engineering and Laboratory for Research on the Structure of Matter, University of Pennsy
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A thin film of deuterated poly~methyl methacrylate! ~A! and poly~styrene-ran-acrylonitrile! at the critical
composition is annealed in the two phase region to induce simultaneous phase separation and wetting of the
A-rich phase at the surface. Using forward recoil spectrometry, the wetting layer thickness is found to grow
linearly with time at 185 °C and 190 °C. After selective etching ofA, atomic force microscopy reveals a
depletion layer having a bicontinuous, phase separated morphology. TheA-rich tubes in this layer provide a
pathway for rapid transport of the wetting phase from the bulk to the surface via hydrodynamic flow. Taken
together, fast wetting layer growtht1 and connectivity between the wetting layer and bulk provide unambigu-
ous support for hydrodynamic-flow-driven wetting in thin film polymer blends.

PACS number~s!: 36.20.2r, 64.60.Ht, 68.10.2m
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I. INTRODUCTION

Wetting plays an important role in diverse applicatio
ranging from insecticide sprays to detergency. This inter
in part, has motivated a great deal of fundamental rese
involving the spreading~wetting! of a liquid on a solid sur-
face @1,2#. Polymer blends are of great commercial impo
tance and therefore their thermodynamic and phase sep
tion behavior have been widely studied@3#. In the field of
polymers, phase separation and wetting in two-compon
polymer blendsAB confined to a thin film is a topic of grea
recent interest@4–6,10#. Here the phase separation ofA-rich
andB-rich domains is modified by confinement resulting in
variety of equilibrium morphologies, which depend on t
wetting behavior of theA-rich andB-rich domains. For ex-
ample, if theA-rich phase prefers both surfaces and the te
perature is above the wetting temperature, theB-rich phase
will be encapsulated by theA-rich phases resulting in a
trilayer structure.

In coatings where the upper and lower surfaces are air
solid, respectively, lateral phase separation and/or capil
fluctuations can induce surface roughening. Before one
control the final morphology, experimental studies of w
ting, phase separation and their interdependence are ne
In those of wetting from a binary system, a wetting layer c
grow by either diffusion of the surface preferred compon
or by hydrodynamic flow of this component through cha
nels in the nonwet layer. For both mechanisms the wet
layer thickness grows as a power-lawl}ta, wherea is 1/3 or
less for diffusion limited growth@4-6# and close to 1 or
higher for hydrodynamic flow@5,7–9#. The particular
mechanism will depend on several factors including we
bility, composition, viscosity, confinement, and degree
quenching. To date, experimental and theoretical stu
have mainly focused on diffusion limited growth in critic
blends @4–6,10#, whereas unambiguous experimental e
dence for hydrodynamic-flow-driven wetting in polymers
still lacking. In this paper, we will present, both signatures
hydrodynamic-flow-driven wetting, namely,t1 power law
wetting layer growth and a bicontinuous near-surface m
phology.
PRE 611063-651X/2000/61~2!/1659~5!/$15.00
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Upon quenching into the unstable regime, a thick film
a critical mixture can display an oscillatory concentrati
profile perpendicular to the surface@10#, denoted as surface
directed spinodal decomposition. Using a critical mixture
hydrogenated and deuterated poly~ethylene propylene! ~PEP
and dPEP!, Krauschet al. @4# observed that the dPEP surfac
layer grew ast1/3, consistent with growth by diffusion o
dPEP through a continuous PEP-rich depletion layer. Fo
off-critical composition rich in the wetting component, th
dPEP-rich phase grew as aroundt1 at late times@5#. This fast
growth mechanism was attributed to the transport of dP
by hydrodynamic flow through perforations in the PEP-ri
depletion layer towards the surface domain. By following t
composition profile and surface roughness, Jandtet al. @11#
demonstrated that phase separating mixtures display su
roughening, which was attributed to either hydrodynam
flow of the wetting phase or coarsening of the underlyi
nonwetting phase. Although these results are provoking,
ambiguous evidence for hydrodynamic flow requires obs
vation of both a fast wetting layer growth rate and a bico
tinuous morphology in the depletion layer.

In part because of their low viscosity, small molecule a
oligomeric systems typically display hydrodynamic-flow
driven wetting @7–9,12#. Tanaka investigated the interpla
between wetting and phase separation in symmetric poly~vi-
nyl methyl ether!/water mixtures and oligomer mixtures con
fined in one~1D! and two-dimensions~2D! @7#. Using opti-
cal microscopy~OM!, Tanaka observed that the wettin
layer was fed by the hydrodynamic flow of the wetting com
ponent from an adjacent bicontinuous network. Also us
OM, Guenounet al. @12# studied the phase separation of c
clohexane and methanol near a wall. Due to its limited s
tial resolution, OM was unable to follow the early stage
wetting. Wiltziuset al. @9# used light scattering to examin
the characteristic length scales for low molecular weig
polyisoprene and poly~ethylene-propylene! blends undergo-
ing simultaneous phase separation and wetting. The len
scale of the phases parallel to the wall was measured ra
than the wetting layer itself.

By characterizing the depth profile, surface roughness
internal morphology, we have identified four stages of ev
1659 ©2000 The American Physical Society
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lution that thin film blends of deuterated poly~methyl meth-
acrylate! ~A! and a random copolymer poly~styrene-ran-
acrylonitrile! ~B! can display during simultaneous wettin
and phase separation. Upon annealing in the unstable reg
both the surface and the substrate are rapidly saturated
A, the lower surface energy component. During the sec
stage, the wetting layer thickness increases by hydrodyna
flow of A from the adjacent bicontinuous network. After
A-rich/B-rich/A-rich tri-layer forms, the wetting layer begin
to thin asA flows back into the bulk of the film through
A-rich channels perforating theB-rich internal layer. As
shown in a later paper, these lateral features grow ast1/3

during this period. Finally, the encapsulatedB-rich layer rup-
tures and forms an interconnected network with large f
tures~ i.e., .20 mm). As theB-rich phase dewets from th
A-rich phase, the film roughness increases rapidly. The fi
morphology appears asB-rich droplets encapsulated by th
A-rich phase. In this paper, we focus on the second reg
and report wetting layer growth and depletion layer morph
ogy consistent with hydrodynamic-flow-driven wetting.

II. EXPERIMENTS

The polymer components are deuterated poly~methyl
methacrylate! ~dPMMA, denoted as componentA in this pa-
per! and a random copolymer of poly~styrene-ran-
acrylonitrile! ~SAN, denoted as componentB) having an AN
content of 33 wt %. The weight average molecular weig
and polydispersities of dPMMA and SAN are 90k and 1.06,
and 124k and 2.24, respectively. PMMA(90k):SAN blends
exhibit a lower critical solution temperature~LCST! behav-
ior with a critical temperature and composition of 170 °
and around 0.5, respectively, whereas theAB blend has a
lower critical temperature of around 160 °C@13#. One sig-
nificant advantage of LCST systems is that the initial ble
is thermodynamically stable in contrast to systems hav
upper critical solution temperatures. Consistent substrate
faces were prepared by first removing the native oxide la
on as-received silicon using a buffered HF solution. A n
oxide layer of 18 Å was grown by exposing a hydrog
terminated silicon surface to ultraviolet radiation and ozo
@14#. A critical composition, 50:50 by weight, was used f
all samples. TheA andB components were dissolved in m
thyl iso-butyl ketone and spun cast on silicon to produ
495 nm films as measured by ellipsometry. Films were s
sequently dried at 120 °C in a vacuum oven for 24 h. Af
annealing at 185 °C or 190 °C in Argon for 5 min to 2 h, t
depth profile of dPMMA was measured by low-energy fo
ward recoil spectrometry~LE-FRES! @15#, and the phase
morphology by atomic force microscopy~AFM!.

In LE-FRES, 1.0 MeV helium ions impinged on th
sample at an angle of175° with respect to the sample no
mal. Deuterium and hydrogen atoms from the film were el
tically scattered and detected by a solid-state detector loc
at 275°. A 3.0mm Mylar stopper foil covered the detecto
and prevented forward scattered He ions from masking th
and H signals. The He energy and stopper foil thickness w
chosen to optimize the surface depth resolution, which h
full width half maximum~FWHM! value of 160 Å@16#. The
depth profile was averaged over a lateral area of 3 mm2, the
size of the He beam on target. The LE-FRES spectra (5mC)
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were produced by combining 1mC doses on fresh areas.
The surface roughness and near surface morphology w

determined at room temperature using a Digital Instrum
Dimension 3000 atomic force microscope~AFM!. Because
the glass transition temperatures of dPMMA and SAN
105 °C and 115 °C, respectively, the morphology was p
served after quenching from 185 °C to room temperature.
exposing samples to acetic acid for 2 min, theA-rich wetting
layer and internal phase was selectively removed leav
only the nonwettingB-rich phase. To demonstrate that w
etching did not change morphology, AFM images of t
same sample after 2 min and 60 min in acetic acid w
taken and found to be identical. Because ion radiat
crosslinks B, ion-bombardment was used to help ‘‘fix’’ theB
morphology. The AFM images ofB were all taken from ion
beam treated samples. Control experiments showed tha
ion beam exposure did not change feature size or shape.
AFM measurements were obtained in tapping mode usin
SiO2 tip. The driving frequency and amplitude wer
278.566 kHz and 428 mV, respectively. A scan rate
0.8 Hz was used to image a lateral area of 10mm310 mm.

III. RESULTS AND DISCUSSION

Upon annealing at 190 °C, Fig. 1 shows how the ne
surface volume fraction ofA in AB film increases with time
during the second stage of phase separation. Initially, thA
volume fraction of 0.47 is uniformly distributed througho
the film. Figure 1~a! shows that the near-surface region co
tains a homogeneous distribution ofA, consistent with an
equilibrium starting state. After 10 min, the surface is e
riched by theA-rich phase whereas the adjacent region (30
80 nm) is depleted of A as shown in Fig. 1~b!. The wetting
layer thicknessl is determined from a step profile having
pure A wetting layer followed by anAB blend. The solid

FIG. 1. The dPMMA depth profile for a dPMMA:SAN blend
annealed at 190 °C determined by LE-FRES.~a! The as-cast sample
has a uniform dPMMA volume fraction of 0.47.~b! After 10 min,
the surface forms a dPMMA-rich layer around 150 Å. The adjac
layer is depleted of dPMMA and contains an excess of SAN.~c!
and~d! show that the wetting layer thickness increases from 260
520 Å after 20 and 45 min, respectively. The solid lines are le
square fits to the spectra using step volume fraction profiles con
luted with the experimental resolution, a Gaussian function wit
FWHM of 160 Å.
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lines in Fig. 1 represent step profiles convoluted with
instrumental resolution. As shown in Figs. 1~b!, 1~c! and
1~d!, l increases from 150 to 260 Å, and to 520 Å as anne
ing time increases from 10 to 20 min, and to 45 min, resp
tively. Note that in the depletion layer theA volume fraction
decreases from around 0.30 to around 0.20 between 10
45 min, respectively. This observation is consistent with
transport of A towards the surface. Correspondingly,
width of the depletion zone is expected to increase as d
onstrated by comparing Figs. 1~b! and 1~c!. Because it later-
ally averages over around 3 mm2, LE-FRES is unable to
distinguish between a homogeneous and two-phase mix
within the depletion layer. In the former case, wetting lay
growth is expected to be diffusion controlled and increase
t1/3. In the latter case, bicontinuous tubes in the bulk c
provide a pathway for hydrodynamic flow ofA to the surface
resulting in a much faster wetting layer growth.

Figure 2 shows that the wetting layer thickness increa
linearly with time at 185 °C~solid circles! and 190 °C~solid
squares!. Near the end of this stage, the wetting layer thic
ness reaches around 400 Å and 500 Å at 185 and 190
respectively. For both temperatures,l appears to approach
finite value att50, suggesting that wetting occurs very ra
idly between 0 and 2 min. In Fig. 2, the slopes provide
measure of the growth rate,r 5dl/dt. The ratio of the
growth rates isr 190 °C/r 185 °C51.82. This data provides
convincing evidence that the surface wetting layer can g
as t1 in critical polymer blends. This observation is cons
tent with a hydrodynamic-flow transport mechanism.
complement the studies of wetting layer growth, dire
evaluation of the depletion layer morphology is needed

The depletion layer morphology determines how the w
ting component is transported from the bulk to the surfa
Using a Ginzburg-Landau bulk free-energy with a lon
range surface interaction, Chen and Chakrabarti@17# demon-
strated that diffusion limited wetting is characterized by
contiguous depletion layer whereas hydrodynamic-flo
driven wetting occurs when the depletion layer contains p
forations. Using AFM, Fig. 3 shows the surface roughn

FIG. 2. Wetting layer thickness as a function of annealing ti
at 185 °C~solid circles! and 190 °C~solid squares!. The solid lines
are least square fits showing thatl varies linearly witht. The growth
ratedl/dt at 190 °C is 1.82 times that at 185 °C, which is consist
with a temperature dependence determined bys(T)/h(T).
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~top row! and the morphology of the nonwet phase~bottom
row! after 20 min ~left column!, 60 min ~middle column!,
and 120 min~right column! at 185 °C. The high~light! and
low ~dark! regions reflect the increase in surface roughn
@Figs 3~a!, 3~b!, and 3~c!# and lateral size of the nonwettin
B phase@Figs. 3~d!, 3~e!, and 3~f!#. Figures 3~a!–3~c! show
that the hills are uniformly distributed across the surface a
grow higher and wider. Correspondingly, the root me
square roughness increases from 2.36 to 3.86 nm to 5.25
respectively. For reference, the roughness of the as-
sample is only 0.55 nm. Note that the hill diameter increa
whereas the number density decreases with time. Bec
theA component has been removed, Figs. 3~d!, 3~e! and 3~f!
reflect theB morphology in the near-surface region. Figur
3~d!, and 3~e! show that a bicontinuous phase morpholog
characteristic of spinodal decomposition, forms during t
second stage. These images provide direct evidence
A-rich channels~dark! within the depletion layer. These
channels bridge the surface phase and the bulk and serv
pathways for hydrodynamic flow. As expected, the chan
width increases between 20 min and 60 min. A detai
analysis of channel coarsening will be presented at a l
time. As shown in Fig. 3~f!, after 120 min, the bicontinuou
morphology has evolved into a membranelike, continuo
B-rich phase~light! perforated withA-rich domains~dark!.
This morphology is characteristic of the third stage of w
ting and phase separation in these thin film blends.

To accentuate theA-rich channels shown in Fig. 3~e!, a
surface plot of the same image is presented in Fig. 4. In
figure, the connectivity of the nonwetting B-rich phase
more clearly illustrated. By taking a fast Fourier transfor
the characteristic wave vectorqm is found to be 7.23
31023 nm21. Because the lateral correlation length 2p/qm
5869 nm is greater than the film thickness of 495 nm,
symmetry of domain growth is broken. Figure 2 shows th
the wetting layer growth rate is unperturbed by the asymm
ric internal phase growth.

e

t

FIG. 3. AFM images of samples before~top row! and after
~bottom row! selective etching of dPMMA. Samples were annea
at 185°C for 20 min@~a! and~d!#, 60 min@~b! and~e!#, and 120 min
@~c! and~f!#. High and low regions are light and dark, respective
~a!–~c! show that the surface roughness increases with time.
depletion layer is characterized by a bicontinuous, phase-sepa
morphology@~d! and~e!# during the second regime of growth. Th
dimensions of the nonwetting phase are in excellent agreement
the surface hills in~a! and ~b!. Eventually, the bicontinuous mor
phology coarsens resulting in an SAN rich continuous phase~light!
perforated with dPMMA-rich cylinders~dark! as shown in Fig. 3~f!.
All the images are 10mm310 mm.
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Taken together, depth and lateral profiles provide una
biguous evidence for both signatures of hydrodynamic-fl
driven wetting, namely a wetting layer that grows ast1 ac-
companied by channels between the wetting layer and b
phase. The hydrodynamic driving force results from the
terfacial curvature of the bicontinuous, phase-separated m
phology, which produces a capillary pressure gradient
wards the wetting layer@7#. This pressure gradient drives th
bulk A-rich phase to the surface resulting in the hills o
served in Figs. 3~a!–3~c!. The curvature of the surface hi
generates an inward capillary pressure to balance the inte
pressure. Thus, the surface topography directly reflects
internal structure as originally proposed by Jandtet al. @11#.

Assuming complete wetting and hydrodynamic flo
Tanaka@7,8# proposed that the wetting layer should grow
l 5k(s/h)t, wherek,s andh are a proportionality constan
the interfacial tension, and the viscosity of the wetting pha
respectively. This equation also assumed a late stage hy
dynamic phase coarsening mechanism@18,19#. Because
polymer melts commonly have lows and largeh, polymer
wetting layers generally grow much more slowly than in t
case of liquids. The temperature dependence of the we
layer growth is determined bys(T)/h(T). As T increases,s
increases whereash decreases for ourA:B blend. Thus,
s(T)/h(T) ~and thereforel ) should increase strongly with
T. From the data in Fig. 2, the growth rate increases b
factor of 1.82 asT increases by only 5 °C. Because the te
perature dependence ofs is relatively small,h(T) is ex-
pected to dominate the growth rate temperature depende
From the PMMA viscosity @20#, the ratio
h(185 °C)/h(190 °C) is 1.89, in excellent agreement wi
experimental results.

Recent polymer studies@4,5# have mainly focused on wet
ting behavior of thick films in order to avoid complication
arising from confinement effects. In these studies the co
ening of the surface phase was measured after the forma
of a surface directed oscillatory profile. For critical comp

FIG. 4. An AFM prospective plot of the sample shown in Fi
3~e! emphasizing the bicontinuous morphology of the SAN~light!
and dPMMA ~dark, removed!. The characteristic length parallel t
the surface is 869 nm. The direct observation of dPMMA chann
in the depletion layer further supports the claim of hydrodynam
flow driven wetting in this system.
-

lk
-
r-
-

-

al
he

,

e,
ro-

ng

a
-

ce.

s-
ion
-

sitions, the nonwetting phase is thought to form a continu
layer and therefore diffusion of the wetting component fro
the bulk to the surface limits the wetting layer growth. A
expected for diffusion controlled domain growth, the wetti
layer was found to grow ast1/3 @4,5#. The main difference
between these critical blend studies and this paper is that
film confinement prevents the formation of a contiguo
depletion layer in our studies@16#. To allow for hydrody-
namic flow, transport of the wetting component from t
bulk to the surface must take place via channels in the de
tion layer. This pathway can be established in an off-criti
blend where the majority component wets the surface or
thinning of the depletion layer adjacent to the wetting lay
@5,11#. However, we propose that the interference of t
coarsening composition profiles originating from the surfa
and substrate prevents a continuous depletion layer f
forming. This interference was previously observed
Krauschet al. @21#.

The evidence for hydrodynamic flow driven wetting
polymer blends is limited. In an off-critical isotopic blen
where the majority component wets the surface, Krau
et al. @5# reported that the wetting layer grew ast1 in agree-
ment with hydrodynamic flow. These studies were based
a limited range of data and relied on morphology inferr
from computer simulations. Jandtet al. @11# observed tran-
sient surface roughening in thin films which they attribut
to hydrodynamic flow through perforations in the nonwetti
phase. However, the internal morphology was not repor
In contrast, by measuring the wetting layer growth rate, s
face roughness and internal morphology inAB blend, a rig-
orous test of hydrodynamic flow driven wetting in polym
blends has been observed.

IV. SUMMARY

In this paper we report two signatures of hydrodynam
flow driven wetting in phase separating thin filmAB blends
at the critical composition. Using LE-FRES, the thickness
A wetting layer is observed to grow linearly with time
185 °C and 190 °C. AFM was used to show an increase
surface roughness with time, consistent withA transport by
hydrodynamic flow through perforations in the depleti
layer. By selective etching of theA-rich phase, the interna
morphology is revealed and shown to form a bicontinuo
interconnected morphology. Thet1 wetting layer growth rate
andA-rich channels bridging the bulk and the surface lay
are consistent with a hydrodynamic-flow-driven wettin
mechanism.
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