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Hydrodynamic-flow-driven wetting in thin film polymer blends: Growth kinetics and morphology
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A thin film of deuterated polymethyl methacrylate(A) and polystyreneran-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 etchingAgfatomic force microscopy reveals a
depletion layer having a bicontinuous, phase separated morphologyA-fible 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 growtth and connectivity between the wetting layer and bulk provide unambigu-
ous support for hydrodynamic-flow-driven wetting in thin film polymer blends.

PACS numbd(s): 36.20—r, 64.60.Ht, 68.10-m

I. INTRODUCTION Upon quenching into the unstable regime, a thick film of
Wetting plays an important role in diverse applicationsa critical mixture can display an oscillatory concentration

ranging from insecticide sprays to detergency. This interesto.mfIle perpendicular to the surfa0], denoted as surface

: : (;i{rected spinodal decomposition. Using a critical mixture of
in part, has motivated a great deal of fundamental researcfl 4 o enated and deuterated delyylene propylene(PEP
involving the spreadingwetting) of a liquid on a solid sur- yerog y bropy

¢ 191 Pol blend ¢ ‘ ol and dPEP, Krauschet al.[4] observed that the dPEP surface
ace[1,2]. Polymer blends are of great commercial impor- layer grew ast'3, consistent with growth by diffusion of

. . : i . '8PEP through a continuous PEP-rich depletion layer. For an
tion behavior have been widely studi¢8]. In the field of ¢ critical composition rich in the wetting component, the

polymers, phase separation and wetting in two-COMpONeYpep._rich phase grew as aroundt late timeg5]. This fast
polymer blendsAB confined to a thin film is a topic of great growth mechanism was attributed to the transport of dPEP
recent interesf4—6,10. Here the phase separationAfich  py hydrodynamic flow through perforations in the PEP-rich
andB-rich domains is modified by confinement resulting in a depletion layer towards the surface domain. By following the
variety of equilibrium morphologies, which depend on thecomposition profile and surface roughness, Jatail. [11]
wetting behavior of théA-rich andB-rich domains. For ex- demonstrated that phase separating mixtures display surface
ample, if theA-rich phase prefers both surfaces and the temroughening, which was attributed to either hydrodynamic
perature is above the wetting temperature, Bagch phase flow of the wetting phase or coarsening of the underlying
will be encapsulated by thé-rich phases resulting in a nonwetting phase. Although these results are provoking, un-
trilayer structure. ambiguous evidence for hydrodynamic flow requires obser-
In coatings where the upper and lower surfaces are air angation of both a fast wetting layer growth rate and a bicon-
solid, respectively, lateral phase separation and/or capillarsinuous morphology in the depletion layer.
fluctuations can induce surface roughening. Before one can In part because of their low viscosity, small molecule and
control the final morphology, experimental studies of wet-oligomeric systems typically display hydrodynamic-flow-
ting, phase separation and their interdependence are needelgiven wetting[7—-9,12. Tanaka investigated the interplay
In those of wetting from a binary system, a wetting layer canbetween wetting and phase separation in symmetric(piely
grow by either diffusion of the surface preferred componennyl methyl ethey/water mixtures and oligomer mixtures con-
or by hydrodynamic flow of this component through chan-fined in one(1D) and two-dimension$2D) [7]. Using opti-
nels in the nonwet layer. For both mechanisms the wettingal microscopy(OM), Tanaka observed that the wetting
layer thickness grows as a power-lawt®, wherea is 1/3 or  layer was fed by the hydrodynamic flow of the wetting com-
less for diffusion limited growth{4-6] and close to 1 or ponent from an adjacent bicontinuous network. Also using
higher for hydrodynamic flow[5,7—9. The particular OM, Guenouret al.[12] studied the phase separation of cy-
mechanism will depend on several factors including wetta€lohexane and methanol near a wall. Due to its limited spa-
bility, composition, viscosity, confinement, and degree oftial resolution, OM was unable to follow the early stage of
quenching. To date, experimental and theoretical studiewetting. Wiltziuset al. [9] used light scattering to examine
have mainly focused on diffusion limited growth in critical the characteristic length scales for low molecular weight
blends [4-6,10, whereas unambiguous experimental evi-polyisoprene and polgthylene-propyleneblends undergo-
dence for hydrodynamic-flow-driven wetting in polymers ising simultaneous phase separation and wetting. The length
still lacking. In this paper, we will present, both signatures ofscale of the phases parallel to the wall was measured rather
hydrodynamic-flow-driven wetting, namelyl power law than the wetting layer itself.
wetting layer growth and a bicontinuous near-surface mor- By characterizing the depth profile, surface roughness and
phology. internal morphology, we have identified four stages of evo-
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lution that thin film blends of deuterated p@fyethyl meth- 10

acrylatdé (A) and a random copolymer pdbtyreneran- 0s] @ Nonamnealed 1 (b)
acrylonitrile) (B) can display during simultaneous wetting < |
and phase separation. Upon annealing in the unstable regime %
both the surface and the substrate are rapidly saturated witl™ *¢[
A, the lower surface energy component. During the second oz}
stage, the wetting layer thickness increases by hydrodynamic : , )
flow of A from the adjacent bicontinuous network. After a © 20 minutes
A-rich/B-rich/A-rich tri-layer forms, the wetting layer begins .
to thin asA flows back into the bulk of the film through % osp
A-rich channels perforating th&-rich internal layer. As z
shown in a later paper, these lateral features grow*ds <
during this period. Finally, the encapsulatdich layer rup-

tures and forms an interconnected network with large fea-  °% : R IR N w0 oo a0
tures( i.e., >20 um). As theB-rich phase dewets from the Depth(A) Depth(A)

A-rich phase, the film roughness increases rapidly. The final
,Z]-?il;:phh(z)lr? gz eé?r? et?“rss ‘f; Iecrh VS;O]POliLSS e()r;c?rﬁ) eS uslzgeoc:] ; );etgii]gnnealed at 190 °C determined by LE-FRES The as-cast sample

. . ‘has a uniform dPMMA volume fraction of 0.47b) After 10 min,
and repor_t Wemng layer growth a.nd deplet.lon Iayer_morphol the surface forms a dPMMA-rich layer around 150 A. The adjacent
ogy consistent with hydrodynamic-flow-driven wetting.

layer is depleted of dPMMA and contains an excess of SAN.
and(d) show that the wetting layer thickness increases from 260 to
Il. EXPERIMENTS 520 A after 20 and 45 min, respectively. The solid lines are least
square fits to the spectra using step volume fraction profiles convo-
The polymer components are deuterated (obthyl |uted with the experimental resolution, a Gaussian function with a
methacrylatg (dAPMMA, denoted as componeAtin this pa-  FWHM of 160 A.
pen and a random copolymer of pdbtyreneran-

acrylonitrile) (SAN, denoted as compone} having an AN were produced by combining AC doses on fresh areas.
content of 33 wt%. The weight average molecular weights The surface roughness and near surface morphology were
and polydispersities of dPMMA and SAN arel9@nd 1.06,  determined at room temperature using a Digital Instrument
and 124 and 2.24, respectively. PMMA(80:SAN blends  Dimension 3000 atomic force microscop&FM). Because
exhibit a lower critical solution temperatuteCST) behav-  the glass transition temperatures of dPMMA and SAN are
ior with a critical temperature and composition of 170°C 105°C and 115°C, respective]y’ the morpho|ogy was pre-
and around 0.5, respectively, whereas & blend has a served after quenching from 185 °C to room temperature. By
lower critical temperature of around 160 {€3]. One sig-  exposing samples to acetic acid for 2 min, fkeich wetting
nificant advantage of LCST systems is that the initial b|EHQayer and internal phase was Se|ecti\/e|y removed |eaving
is thermodynamically stable in contrast to systems havingnly the nonwettings-rich phase. To demonstrate that wet
upper critical solution temperatures. Consistent substrate sugtching did not change morphology, AFM images of the
faces were prepared by first removing the native oxide layesame sample after 2 min and 60 min in acetic acid were
on as-received silicon using a buffered HF solution. A newtaken and found to be identical. Because ion radiation
oxide layer of 18 A was grown by exposing a hydrogencrosslinks B, ion-bombardment was used to help “fix” e
terminated silicon surface to ultraviolet radiation and 0zonemorphology. The AFM images @ were all taken from ion
[14]. A critical composition, 50:50 by weight, was used for heam treated samples. Control experiments showed that the
all samples. Thé\ andB components were dissolved in me- jon beam exposure did not change feature size or shape. The
thyl iso-butyl ketone and spun cast on silicon to produceAFrM measurements were obtained in tapping mode using a
495 nm films as measured by ellipsometry. Films were subsjo, tip. The driving frequency and amplitude were
sequently dried at 120 °C in a vacuum oven for 24 h. Afterp78 566 kHz and 428 mV, respectively. A scan rate of

annealing at 185 °C or 190 °C in Argon for 5 minto 2 h, the 0.8 Hz was used to image a lateral area ofud@x 10 um.
depth profile of dAPMMA was measured by low-energy for-

ward recoil spectrometryLE-FRES [15], and the phase
morphology by atomic force microscoppFM).

In LE-FRES, 1.0 MeV helium ions impinged on the  Upon annealing at 190 °C, Fig. 1 shows how the near-
sample at an angle of 75° with respect to the sample nor- surface volume fraction oA in AB film increases with time
mal. Deuterium and hydrogen atoms from the film were elasduring the second stage of phase separation. Initially Athe
tically scattered and detected by a solid-state detector locateslume fraction of 0.47 is uniformly distributed throughout
at —75°. A 3.0um Mylar stopper foil covered the detector the film. Figure 1a) shows that the near-surface region con-
and prevented forward scattered He ions from masking the Pains a homogeneous distribution &f consistent with an
and H signals. The He energy and stopper foil thickness werequilibrium starting state. After 10 min, the surface is en-
chosen to optimize the surface depth resolution, which has ached by theA-rich phase whereas the adjacent region (30 to
full width half maximum(FWHM) value of 160 A[16]. The 80 nm) is depleted of A as shown in Figlbl The wetting
depth profile was averaged over a lateral area of 3nthe  layer thickness is determined from a step profile having a
size of the He beam on target. The LE-FRES spectra(§  pure A wetting layer followed by amAB blend. The solid

10 minutes

FIG. 1. The dPMMA depth profile for a dPMMA:SAN blend

IIl. RESULTS AND DISCUSSION
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FIG. 3. AFM images of samples befoféop row) and after
. . . . (bottom row selective etching of dAPMMA. Samples were annealed
0 T 25 a0 0 80 100 atl185°C for 20 miri(a) and(d)], 60 min[(b) and(e)], and 120 min

t (min) [(c) and(f)]. High and low regions are light and dark, respectively.
(a)—(c) show that the surface roughness increases with time. The
FIG. 2. Wetting layer thickness as a function of annealing timedepletion layer is characterized by a bicontinuous, phase-separated
at 185 °C(solid circles and 190 °C(solid squares The solid lines  morphology[(d) and(e)] during the second regime of growth. The
are least square fits showing thafaries linearly witht. The growth  dimensions of the nonwetting phase are in excellent agreement with
ratedl/dt at 190 °C is 1.82 times that at 185 °C, which is consistentthe surface hills in@ and (b). Eventually, the bicontinuous mor-
with a temperature dependence determinedrfy)/ 7(T). phology coarsens resulting in an SAN rich continuous pliéglet)

. . . . perforated with dPMMA-rich cylinder&ark) as shown in Fig. @).
lines in Fig. 1 represent step profiles convoluted with thea the images are 1Qmx 10 um.

instrumental resolution. As shown in Figs(b], 1(c) and
1(d), | increases from 150 to 260 A, and to 520 A as anneal{top row) and the morphology of the nonwet phagettom
ing time increases from 10 to 20 min, and to 45 min, respecrow) after 20 min(left column, 60 min (middle column,
tively. Note that in the depletion layer tifevolume fraction  and 120 min(right column at 185 °C. The higtlight) and
decreases from around 0.30 to around 0.20 between 10 ahslv (dark) regions reflect the increase in surface roughness
45 min, respectively. This observation is consistent with thgFigs 3a), 3(b), and 3c)] and lateral size of the nonwetting
transport of A towards the surface. Correspondingly, theB phase[Figs. 3d), 3(e), and 3f)]. Figures 8a)—3(c) show
width of the depletion zone is expected to increase as denthat the hills are uniformly distributed across the surface and
onstrated by comparing Figs(kl and Xc). Because it later- grow higher and wider. Correspondingly, the root mean
ally averages over around 3 MmLE-FRES is unable to square roughness increases from 2.36 to 3.86 nm to 5.25 nm,
distinguish between a homogeneous and two-phase mixturespectively. For reference, the roughness of the as-cast
within the depletion layer. In the former case, wetting layersample is only 0.55 nm. Note that the hill diameter increases
growth is expected to be diffusion controlled and increase ashereas the number density decreases with time. Because
t2 In the latter case, bicontinuous tubes in the bulk carthe A component has been removed, Figs))33(e) and 3f)
provide a pathway for hydrodynamic flow &fto the surface reflect theB morphology in the near-surface region. Figures
resulting in a much faster wetting layer growth. 3(d), and 3e) show that a bicontinuous phase morphology,
Figure 2 shows that the wetting layer thickness increasesharacteristic of spinodal decomposition, forms during this
linearly with time at 185 °Qsolid circleg and 190°C(solid  second stage. These images provide direct evidence for
squares Near the end of this stage, the wetting layer thick-A-rich channels(dark within the depletion layer. These
ness reaches around 400 A and 500 A at 185 and 190 °@hannels bridge the surface phase and the bulk and serve as
respectively. For both temperaturésappears to approach a pathways for hydrodynamic flow. As expected, the channel
finite value att=0, suggesting that wetting occurs very rap- width increases between 20 min and 60 min. A detailed
idly between 0 and 2 min. In Fig. 2, the slopes provide aanalysis of channel coarsening will be presented at a later
measure of the growth rate,=dl/dt. The ratio of the time. As shown in Fig. @), after 120 min, the bicontinuous
growth rates isrigg-dris5-c=1.82. This data provides morphology has evolved into a membranelike, continuous
convincing evidence that the surface wetting layer can grovB-rich phase(light) perforated withA-rich domains(dark.
ast! in critical polymer blends. This observation is consis- This morphology is characteristic of the third stage of wet-
tent with a hydrodynamic-flow transport mechanism. Toting and phase separation in these thin film blends.
complement the studies of wetting layer growth, direct To accentuate thé-rich channels shown in Fig.(8, a
evaluation of the depletion layer morphology is needed  surface plot of the same image is presented in Fig. 4. In this
The depletion layer morphology determines how the wetfigure, the connectivity of the nonwetting B-rich phase is
ting component is transported from the bulk to the surfacemore clearly illustrated. By taking a fast Fourier transform,
Using a Ginzburg-Landau bulk free-energy with a long-the characteristic wave vectay,, is found to be 7.23
range surface interaction, Chen and Chakratparj demon- X 10 3 nm™1. Because the lateral correlation lengthr/2,
strated that diffusion limited wetting is characterized by a=869 nm is greater than the film thickness of 495 nm, the
contiguous depletion layer whereas hydrodynamic-flow-symmetry of domain growth is broken. Figure 2 shows that
driven wetting occurs when the depletion layer contains perthe wetting layer growth rate is unperturbed by the asymmet-
forations. Using AFM, Fig. 3 shows the surface roughnessic internal phase growth.
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sitions, the nonwetting phase is thought to form a continuous
layer and therefore diffusion of the wetting component from
the bulk to the surface limits the wetting layer growth. As
expected for diffusion controlled domain growth, the wetting
layer was found to grow as”® [4,5]. The main difference
between these critical blend studies and this paper is that thin
film confinement prevents the formation of a contiguous
depletion layer in our studiefl6]. To allow for hydrody-
namic flow, transport of the wetting component from the
bulk to the surface must take place via channels in the deple-
tion layer. This pathway can be established in an off-critical
blend where the majority component wets the surface or via
thinning of the depletion layer adjacent to the wetting layer
[5,11]. However, we propose that the interference of the
K 20000 i coarsening composition profiles originating from the surface
and substrate prevents a continuous depletion layer from
FIG. 4. An AFM prospective plot of the sample shown in Fig. forming. This interference was previously observed by
3(e) emphasizing the bicontinuous morphology of the SAight) Krauschet al. [21].
and dPMMA (dark, removell The characteristic length parallel to The evidence for hydrodynamic flow driven wetting in
Fhe surface i§ 869 nm. The direct observation _Of dPMMA channe_I%dymer blends is limited. In an off-critical isotopic blend
in the erletlon_lay_er fu_rther supports the claim of hydrodynamlcwhere the majority component wets the surface, Krausch
flow driven wetting in this system. et al.[5] reported that the wetting layer grew #sin agree-
ment with hydrodynamic flow. These studies were based on

Taken together, depth and lateral profiles provide unam@ limited range of data and relied on morphology inferred
biguous evidence for both signatures of hydrodynamic-flowffom computer simulations. Janet al. [11] observed tran-
driven wetting, namely a wetting layer that growstasac-  sient surface roughening in thin films which they attributed
companied by channels between the wetting layer and bulfo hydrodynamic flow through perforations in the nonwetting
phase. The hydrodynamic driving force results from the in-phase. However, the internal morphology was not reported.
terfacial curvature of the bicontinuous, phase-separated mola contrast, by measuring the wetting layer growth rate, sur-
phology, which produces a capillary pressure gradient toface roughness and internal morphologyAB blend, a rig-
wards the wetting laydr7]. This pressure gradient drives the orous test of hydrodynamic flow driven wetting in polymer
bulk A-rich phase to the surface resulting in the hills ob-blends has been observed.
served in Figs. @—3(c). The curvature of the surface hill
generates an inward capillary pressure to balance the internal
pressure. Thus, the surface topography directly reflects the IV. SUMMARY
internal structure as originally proposed by Jaedal. [11].

Assuming complete wetting and hydrodynamic flow, In this . .
. paper we report two signatures of hydrodynamic
Tanakg(7,8] proposed that the wetting layer should grow flow driven wetting in phase separating thin fikvB blends

| =k(a/n)t, wherek,o and » are a proportionality constant, o L . .
the interfacial tension, and the viscosity of the wetting phasealt the critical composition. Using LE-FRES, the thickness of

respectively. This equation also assumed a late stage hydr@‘- wcfttmg (Ijayer |°s observed to gr%w Ilniarly W't.h time at_
dynamic phase coarsening mechani§i8,19. Because 185°C and 190°C. AFM was used to show an increase in

polymer melts commonly have low and large, polymer surface roug_hness with time, consist_ent Mthransport by_
wetting layers generally grow much more slowly than in thehydrodynamic flow through perforations in the depletion
case of liquids. The temperature dependence of the wettingyer- By selective etching of th&-rich phase, the internal
layer growth is determined by(T)/7(T). As Tincreasesg ~ morphology is revealed and shown to form a bicontinuous
increases whereag decreases for ouA:B blend. Thus, interconnected morphology. Thewetting layer growth rate
o(T)/5(T) (and thereford) should increase strongly with andA-rich channels bridging the bulk and the surface layer
T. From the data in Fig. 2, the growth rate increases by &€ consistent with a hydrodynamic-flow-driven wetting
factor of 1.82 ag increases by only 5 °C. Because the tem-mechanism.

perature dependence of is relatively small, »(T) is ex-

pected to dominate the growth rate temperature dependence.
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