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Abstract

The dependence of the dissipation on the local details of the flow field of a liquid poly-
mer film dewetting from a liquid polymer substrate is shown, solving the free boundary
problem for a two-layer liquid system. As a key result we show that the dewetting rates
of such a liquid bi-layer system can not be described by a single power law but shows
transient behaviour of the rates, changing from increasing to decreasing behaviour. The
theoretical predictions on the evolution of morphology and rates of the free surfaces and
free interfaces are compared to measurements of the evolution of the polystyrene(PS)-air,
the polymethyl methacrylate (PMMA)-air and the PS-PMMA interfaces using in situ atomic
force microscopy (AFM), and they show excellent agreement.

1 Introduction

Wetting and dewetting phenomena are omnipresent in nature and in technological applications
and have been studied extensively for flows over flat solid substrates, e.g. [4, 16]. However,
since liquid substrates are less influenced by substrate heterogeneities, it is surprising that the
a similar in-depth understanding has not been reached yet for dewetting from liquid substrates.
An equilibrium droplet resting on a liquid substrate deforms its support so that both components
of the interfacial tension balance at the contact line and the Neumann triangle construction [15]
leads to lens-shaped droplets. Away from equilibrium, a negative spreading parameter S = vs—
(W+7£,s) makes it energetically advantegeous for a liquid layer to retract from the substrate and
decrease its interfacial area with the underlying substrate. The resulting flow in the dewetting
liquid couples to a flow in the liquid substrate and strongly influences the observed interface
shapes, the flow fields and the overall dynamics of the process.

Pioneering works for the theory of liquid-liquid dewetting by Joanny [10] and Brochard-Wyart
et al. [2] made predictions for small equilibrium contact angles and for the limiting regimes,
where both viscosities differ by orders of magnitude. More recently the liquid-liquid dewetting
was also studied using thin-film models studying different modes of instability of dewetting us-
ing simulations and stability analysis [6, 18] and also the approach of stationary states [3].
Dewetting of different liquid-liquid model systems has been studied experimentally by the group
of Krausch [12, 21] for different film heights and substrate viscosities. Pan et al. [17] performed
similar studies of dewetting rates and interface shapes for more viscous substrates and various
substrate thicknesses. Unfortunately, none of the above works performs a comparison of ex-
perimental observed shapes with theoretical predicted ones. This seems highly relevant since
the observed shapes differ considerably from the empirical predictions used to derive dewet-
ting rates. Therefore, in this study we present a detailed comparison of experimentally obtained
rim shapes, their evolution, and their dewetting dynamics with those computed from thin-film
equations. Additionally, we examine the underlying mechanisms by discussing flow fields and
dissipation mechanisms.



2 Experimental Methods

We consider the model system of short-chained liquid PS (¢) and liquid substrate PMMA (s).
For the liquid-liquid dewetting experiments, thin rectangular PS patches of constant thickness
h = h(t =0, r, y) were prepared in their glassy state on top of thin glassy PMMA films of
constant thickness h; = hi(t = 0, z,y) supported by silicon wafers at z = 0. The process is
started by heating the materials above the glass transition temperature and then monitored by
in situ AFM (see Fig. 1).
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Figure 1: Composed AFM scan for 1:1 dewetting after 24 h

Therefore, silicon rectangles of about 2cm? were cut from 5”-wafers with (100) orientation.
These silicon rectangles were pre-cleaned by a fast CO,-stream (snow-jet, Tectra) and soni-
cated in ethanol, acetone and toluene followed by a bath in peroxymonosulfuric acid (piranha
etch) and a careful rinse with hot Millipore™ water. After this cleaning procedure PMMA films
were spun from toluene solution on top of the silicon support with homogeneous thicknesses.
The PS films can not be spun directly onto the PMMA and were, in a first step, spun from toluene
solution onto freshly cleaved mica sheets. In a second step, the glassy PS films were transferred
from mica onto a Millipore™ water surface and picked up from above with the PMMA coated
silicon substrates. During this process the initially closed PS film ruptures into the aforemen-
tioned rectangular patches, which are then transferred onto the PMMA substrate. The typical
film-thicknesses h, h; used in our dewetting experiments range from 50 nm to 240 nm and
experiments with various ratios B:Bl were performed.
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Figure 2: Interfaces from theory (red) and experiment (black) for different aspect ratios and
times. Experimental cross sections are averaged over 30 scan lines of a straight front. a) 1:1
early b) 1:1 late c) 1:2 d) 2:1.



Both polymers were purchased from Polymer Standard Service Mainz (PSS-Mainz,Germany)
with polydispersity of M, /M, = 1.05 and molecular weights of M,, = 64kg/mol and
M, = 9.9kg/mol for PS and PMMA, respectively. The dewetting experiments were con-
ducted at a temperature of 7' = 140°C resulting in viscosities of PS 1, =~ 700 kPa s and PMMA
1s = 675 kPas. The viscosity values were measured using the self-similarity in stepped poly-
mer films as presented in [14] and [20]. While errors of most experimental parameters lie within a
few percent, the temperature and chain-length dependence of the polymer viscosity represents
the main source of uncertainty. It easily affects the timescale of experiments and simulations
within several ten percent. When matching experimental and numerical timescales we found
that setting 11, = 1100 kPa s and keeping the viscosity ratio fixed gives a very good agreement
for all the experiments considered. Combining the viscosities, literature values from [7, 13] and
typical shear rates we estimate the Weissenberg number of order 1073, suggesting that PS
and PMMA are not viscoelastic and can be considered Newtonian. Following the procedure de-
scribed in [1] we experimentally determined the involved surface tensions to 7, = 32.3 mN/m,
7 = 32mN/m and 7,5 = 1.2 £ 0.1 mN/m, compatible with values reported in literature,
e.g. [22]. To obtain the shape of the embedded liquid-liquid interface, the dewetting process is
stopped by quenching the sample down to room temperature. The now glassy samples were
dipped into a selective solvent (cyclohexane, Sigma Aldrich, Germany) to remove the PS from
the underlying PMMA. After drying the sample, the formerly buried PS/PMMA interface can be
imaged by AFM. The full final shape of the dewetting is obtained by composing the subsequently
imaged polymer/air and PS/PMMA surfaces (see FIG. 1, ).

3 Thin-film model

The flow describing the dewetting process is modelled by the Stokes equation V - (—p;I +
wi(Vu; + Vul)) = 0and V - u; = 0 solved in €, for i € {s, £} in the substrate and the
liquid. Assuming translational invariance of the 3D flow in y-direction, one can parametrize the
domains

Qs(t) = {(z,2) eR*: 0 < 2 < hy }, (3.1a)
Qo(t) = {(z,2) €R*: hy < z < hy + R},

using non-negative functions h(t, ), h(t,z) as sketched in FIG. 1. The velocity, pressure,
and viscosity in €2; are denoted by u;, p;, 1;- The equations in the two regions are coupled by
interface/boundary conditions, e.g. no-slip u, = 0 at z = 0, continuity u, = ug at z = hy
and the usual tangential and normal stress jump condition at the free interfaces z = h; and
z = h; + h. Kinematic conditions relate the velocities of the flow to the velocities of surfaces
and interfaces. At the contact line one needs to impose further conditions using the Neumann
triangle. The equations are rescaled using

2] = o] = H, 1] = Hpe/s, (3.2)

and replace the dimensional parameters by 7, = 1, v, = w/%, Vs,p = 7s,e/7s, and S = 5/7S
2. Following the standard thin-film approximation we assume that the interfaces are shallow

"Note: The composition requires rotation, shift and possibly a tilt of upper and lower AFM scan for a perfect
match. Cross sections are averaged over a few scan lines.

2Note: We consistently normalized all experimental and numerical lengths by setting H to the initial film height
so that in particular h = 1.



|0.h1l, |0:h| < 1. Then a formal asymptotic calculation shows that iy, h are solutions of
a system of parabolic equations defined separately on the wetted region w(t) = {z € R :
h(t,z) > 0} and its complement. For z € w we have

Othy = 0y (M110,m1 + Mioms) , (3.3a)
8th = 81 (M21ar771 + M227T2) y (33b)
with mobility matrix
1/ ind inin
— [ 31 2/
M= <§h%h upd 4 h1h2) ’ (8.3c)

pressures m1 = — (Vs + Ye)Opzh1 — Y0O0zzh and ma = —p0pzhy — Y4Oxzh, and viscosity
ratio pt = fis/ fte- On the complement of w, only h; is unknown and solves d;hy = 0, (m O,m1)
with m = ih‘f and pressure m; = —(%75 + %)Gzzhl. Additionally boundary conditions need
to be imposed at the contact line x. = Ow. Note that once the solution is known, then from the
thin-film approximation one can reconstruct the horizontal component of the velocity u; = u,; - X
using

axﬂ-l 2
Ug = Z5 4 Cspz + Cs 2, (3.4a)
2p
8:1:772 2
Uy = ?z + co1z + Ca, (3.4b)

for v € w. The functions ¢ 1, ¢s 2, Ce1, Co 2 depend on (t, 3:) and are determined using the
boundary conditions us = 0 at z = 0, us — uy = 0,(us — pug) = 0 at z = hy, d,uy = 0
at z = hy + h as before. The velocity in the complement is determined analogously. The
derivation of this model can be found in [9, 11, 19] and the corresponding novel numerical
method is described in [8].

4 Comparison of interface morphology and rates

In Figs. 2a-d) we show the perfect alignment of the experimentally measured and theoretically
computed interface profiles. One can observe features, that to some extent have been reported
previously. The contact line is elevated by the flow, a dynamic feature not observed in stationary
droplets for sufficiently thick substrates [1]. The material of the dewetting liquid (PS) accumu-
lates in a rim which, by conservation of mass, grows in time when the liquid retracts from the
substrate. Also some material of the substrate (PMMA) is dragged along generating a depletion
near x < x. and an accumulation of substrate material near x > x.. Right next to the contact
line, some part of the dewetting liquid extends deeply into the substrate and generates a trench
and thereby produces additional resistance against the dewetting motion. Note that the size of
the trench does not or only depends weakly on size size of the dewetting rim. Compared to the
aspect ratio 1:1 in Fig. 2a), switching aspect ratios has no influence on the qualitative behav-
ior of solutions and the perfect match between experiment and simulation. The only influence is
that for thicker substrates 1:2 Fig. 2c) these features grow and for thinner substrates 2:1 Fig. 2d)
these features shrink in size. Away from the rim the interfaces decay in an oscillatory fashion
into their prepared constant states h1 (¢, z), h(t,z) — hy, h.

For a fixed aspect ratio (3.2) predicts that, due to the absence of additional intrinsic time and
length scales for Newtonian liquids, the influence of the absolute height is to scale time linearly



with no change in the rescaled heights. In order to check this hypothesis two samples with
aspect ratio 1:1 but film thicknesses h ~ 100nm and A ~ 240 nm were prepared and are
shown in FIG. 3. This confirms previously made assumption and shows the reproducibility of
the experiment.
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Figure 3: Experiments with 1:1 and A = 120, 240 nm.
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Figure 4: (left) Dewetted distance x.. for aspect ratios 1:1 (240nm:240nm), 2:1 (90nm:45nm),
1:2 (45nm:90nm) from experiment (circles with error) and simulation (dashed lines) suggesting
constant dewetting rates @ 1.1 = 4.4x 1072nm/s, Zcoq = 3X 107*nm/s, Zc1.0 = 5.2 ¥
10_2nm/s, where (right) longer simulations prove that rates . decrease depending on the
aspect ratio (gray dashed lines guide the eye)

Also the experimental contact line dynamics, i.e. x. as a function of time, is perfectly reproduced
by the thin-film model for various aspect ratios, see Fig. 4 (left). The dewetting rate appears
linear z. ~ t, however, there is no theoretical indication whatsoever that for aspect ratios and
viscosity ratios of order one there should be a power-law dewetting rate. Also, a closer inspection
of the rates in Fig. 4 (left) and further simulation for other aspect ratios in Fig. 4 (right) proves
that the velocity slowly decreases over time with transient rates depending on the aspect ratio at
hand, i.e. 2. ~ t~%?2for 1:2 and . ~ t~%!! for 20:1. This also confirms previous speculations
by Krausch et al. [12] about the transient nature of the observed dewetting dynamics.



Since the thin-film model accurately predicts shapes and speeds of the liquid-liquid dewetting,
we extend this approach and discuss flow features that otherwise would be inaccessible for
measurements. For instance, the dissipation is in balance with the driving surface tension

/Q 2(0.us)?dQ + A L(D,u0)?dQ = (=9, (4.1)

and thereby shows where the materials offer resistance to the flow. While the driving force is
relatively easy to understand, the dissipation depends on local details of the flow field. For a
typical layer aspect ratio 1:1 we show rim profiles overlaid with the dominating horizontal com-
ponent of the velocity in FIG. 5 (top) and the corresponding dissipation (0, ,)? and (0, us)?
(bottom), the latter on a logarithmic scale. The bottom panel of Fig. 5 shows there are substan-
tial contributions to the dissipation from both the liquid and the substrate. Only for the equal
viscosities considered here, the velocity field smoothly extends from the free liquid-air inter-
face to the substrate-solid interface leading to a continuous dissipation. At the solid interface at
z = 0 and remote from the rim |z — x.| > 0 the velocity field and the dissipation vanishes.
Due to the boundary conditions 0Zusyg = 0 the dissipation also vanishes at the liquid/air and
substrate/air interface. The velocity points mainly in the positive x-direction with its maximum
at the contact line. However, there is also a rather strong and localized backflow in the liquid
substrate below the depression of the liquid-substrate interface. This backflow is due to con-
servation of mass balancing the forward transport of the upper depression. There and close to
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Figure 5: (top) velocities ug, uy, computed from (3.4) and (bottom) corresponding dissipation
D, = (0.us)? and Dy = p(0.uy)? on logarithmic scale normalized to their respective max-
imal values during dewetting with aspect ratio 1:1. The additional colored curves indicate the
cumulative dissipation in substrate [* fohl D,dz dx (blue) and liquid [* f,ﬁﬁh D,dz dx (red) in
arbitrary units.

the contact line the maximal dissipation (density) is reached. However, due to the small size of
these regions the integrated dissipation near contact line and in the remaining rim are of the
same order. To emphasize this fact, we also plot the cumulative dissipation in the lower panel of
FIG. 5. Since the shear rate is largest at the solid interface where z = 0, clearly the dissipation
for an aspect ratio 1:1 is larger in the substrate for the short and moderate times considered



experimentally. However, with the volume of the liquid layer increasing in time, ultimately the
dissipation in the liquid layer will dominate for large times or for higher aspect ratios. Similarly,
one can identify two different zones where the dissipation is generated. First, the cumulative
dissipation shows that about 1/3 the dissipation is produced in a small region near the contact
line, i.e. 290 < x < 310. This is visible in the relatively steep increase in the dissipation in that
area. Second, the remaining contribution to the dissipation is more or less evenly distributed
over the rim width resulting in @ moderate and constant increase of the cumulative dissipation
over the width of the rim.

5 Conclusion

The power-law dewetting rates predicted by Brochard et al. [2], however, rely the assumption
that the total dissipation is generated in one such localized zone together with a nearly self-
similar growth of rim shapes. On solid substrates, for instance, in the intermediate slip model
[5] the dominant contribution comes from a substrate dissipation, so that the total dissipation is
proportional to the rim width and the squared dewetting velocity leading to a x; ~ t2/3 dewetting
law. Another example from the above reference is the no-slip model with a regularization, where
the dissipation is localized near the contact line and thereby one obtains a linear dewetting
law z, ~ t with logarithmic corrections. However, the above consideration show the dewetting
process is in no regime that admits a suitable simplification to a power-law rate. In conclusion,
the observed patterns and rates result from a complex interaction of substrate and liquid flow
and are of transient nature. At large times, beyond experimental reach, the velocities decrease
slowly without an universal exponent or dominating mechanism. Thin-film models are adequate
to describe features and make detailed quantitative predictions about AFM measurements of
the dewetting process.
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