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Abstract

An experimental investigation is reported on
the effect of shear on the bursting of molten
ultra-thin polymer films embedded in an immis-
cible matrix. By using an optical microscope
coupled with a shearing hotstage, the dewet-
ting dynamics, i.e. the growth of dewetting
holes is monitored over time at various shear
rates. It is observed that their circularity is
modified by shear and that for all temperatures
and thicknesses studied, the growth speed of
the formed holes rapidly increases with increas-
ing shear rate. A model balancing capillary
forces and viscous dissipation while taking into
account shear-thinning is then proposed and
captures the main features of the experimental
data, such as the ellipsoid shape of the holes and
the faster dynamics in the direction parallel to
the shear. This research will help to understand
the instabilities occurring during processing of
layered polymeric structures, such as multilayer
coextrusion.
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2022 American Chemical Society after peer review.
To access the final edited and published work see
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Rupture of thin liquid films, whether free or
supported on a solid or liquid substrate, has
long been studied.!™ It can be attributed to
the amplification of thermal fluctuations at the
interface by long-range interactions or to the
nucleation and growth of dry patches, leading
to the formation of holes in the film.* " In the
supported case, while retracting, the film gener-
ally pushes material into a rim around the hole
which grows due to surface tension, until the
rims coalesce to form droplets. The speed at
which the holes grow (i.e. dewetting speed) re-
sults from an equilibrium between surface ten-
sion that draws the rim and viscous dissipation,
and depends on the nature of the substrate and
the viscosity of the film.

Similar mechanisms occur in ultra-thin poly-
mer films (thicknesses well-below 1 pm) when
heated above their glass transition (or melting)
temperature. They also have been thoroughly
examined both from a theoretical and exper-
imental point of view.®'2 The effects of vis-
coelasticity, ' slip'* or residual stresses!® have
been considered, as such films find many indus-
trial applications in conformal, protective, op-
tical or functional coatings!'®!® and electrical
films. 20

A case less studied is the stability of multi-
layer structures, i.e. stratified thin liquid (or
polymeric) films of different nature.?! They can
be found in microfluidic applications,?? pack-



aging applications?® or used for the fabrication

of functionalized fibers,?* and obtained through
lithographic printing process,?? thermal draw-
ing,?* layer-by-layer deposition,? or multilayer
coextrusion. 20

Theoretical and numerical studies have eval-
uated the effect of thicknesses and viscosities
in the modes of rupture in confined multilay-
ers.?2%7 In recent works, aiming to elucidate
the physical mechanisms responsible for layer
break-ups during multilayer coextrusion,?®2
we developed an experimental set-up to analyze
the dewetting speed in a confined trilayer.3%3!
This consisted of an ultra-thin (e ~ 100 nm)
polystyrene (PS) layer in between two mi-
crometric poly(methyl methacrylate) (PMMA)
layers. Basically, the holes’ growth speed, v,
can be described as the bursting of a New-
tonian fluid film in a viscous environment 3
with dissipation occurring not in the PS film
but in the surrounding PMMA. In this case
v ~ o/ny = vy, where o is the PS/PMMA in-
terfacial tension, and 79 the Newtonian PMMA
viscosity.

Another barely studied question of interest is
the role of shear on the dewetting. Shear is in-
deed applied in most of the processes used to
produce these stratified structures, and under-
standing its effect on the stability and dewet-
ting dynamics is then of fundamental impor-
tance. Numerical works in a bilayer flow,?3
for a thin liquid film3* or an ultra-thin poly-
mer film?> have shown that shear can delay or,
above a critical shear rate, even suppress the
rupture. From an experimental point of view,
to the best of our knowledge, only two qualita-
tive studies were conducted on sheared trilayer
systems, but were mostly focused on the obser-
vation of the appearance of the holes.36:37

Since it appears no work aims at elucidating
the role of shear in the evolution of the dewet-
ting dynamics, we propose here such quantita-
tive study in a PMMA/PS/PMMA trilayer.

First, the morphology of the holes varies sig-
nificantly with shear rate, from a round shape
at rest to an elongated (ellipsoid) one in the
shear direction (see Figure 1), with an effect
more pronounced as shear increases. Note that
the shape of the rim also seems altered, with
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Figure 1: (a) Schematics of the dewetting ex-
periment with a zoom around a hole (side view).
The PS layer is embedded between two PMMA
layers with same thicknesses. The top plate is
fixed, the bottom plate is moving with a speed V
which value is set by the shear rate and the gap
(or thickness of the trilayer) H ~ 200 um. The
shear rate is then defined as v = V/H. Hence,
the PS layer and the holes, while growing, are
moving at V /2 parallel to the shear. The dewet-
ting of the film with thickness e is observed from
the top. (b) Changes in the holes morphology
with increasing shear rate (top view). The scale
bars are 50 um. The holes are circular with a
radius R when dewetting occurs without shear,
and have an ellipsoid shape when dewetting hap-
pens under shear, with a major radius Ry in the
shear direction and a minor radius R, perpen-
dicular to shear. The holes appear more elon-
gated when higher shear is applied. The final
dewetting stage is a series of long and thin holes
all aligned in the shear direction.

most of its volume gathered around the vertices
of the holes instead of a regular shape around
the hole. A similar change in the shape of the
hole was also noticed in the case of PS dewet-
ting from a stretched elastomer substrate.3®
We can describe the steady-state hole’s
growth speed v without shear (i.e. when the
hole is circular) based on our previous stud-
ies. 3931 Tt is defined as R = vt, where R is the
radius of the hole and t the time of the experi-
ment. We assume that after a transient regime



leading to the formation of a toroidal rim, the
PS initially contained in the hole’s volume is
gathered into it. 3

The change of capillary energy U may then
be written as:

% ~ 40 Rv (1)

where o is the PMMA/PS interfacial tension
in J/m? determined using Wu’s empirical equa-
tion® o = 3.2 —0.013(T — 20) with T the tem-
perature in °C.
In the present study, since H ~ 1000e, confine-
ment effects on the dewetting dynamics can be
neglected®! and in this range of viscosity ratio
O(1), the dissipation shall occur within the sur-
rounding PMMA.3%31 Consequently, the dissi-
pated power can be set up as:

2
v
D ~nop’R (;) = 10 Rv’ (2)

where 7y is the PMMA Newtonian viscosity
at the study temperature determined from the
Carreau-Yasuda model (see Experimental Sec-
tion) and p is the radius of the rim’s cross-
section.

Balancing equations (1) and (2), a constant
growth speed is obtained in the case of dewet-
ting without external shear:

v = 140g = AoUo (3)
o

where Ag is a numerical prefactor of order
unity due to geometric simplifications from the
scaling approach. For the five configurations
(e,T) tested, we obtain Ay = 1.3 +0.3.

As a first simple comparison with the case
without shear, we define an effective radius
for the sheared ellipsoidal holes, such as R =
(R” + RL) /2, where R is the semi-major axis
and R, the semi-minor axis of the ellipsoid. At
a given shear rate, monitoring the evolution of
R over time leads to the average growth speed
<wv>, similar to the previous approach (see Fig-
ure 2). <v> increases sharply with increasing
shear rate, for all tested conditions. Temper-
ature variation has a bigger effect on the dy-
namics than changing the PS thickness, sug-
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Figure 2: Dependence of the average growth
speed on the shear rate for different e and T.
From the experimental setup, a shear rate value
was obtained for each hole by measuring its
moving speed. At least 5 different holes with
very similar shear rates (intervals of 0.15 s71)
were observed. The radius of the hole R was
calculated as an average from R and Ry. The
holes formed at various times of the experiment
and only holes with radius of at least 5 pm were
constdered, hence in the steady-state regime.
For each hole, minimum 5 images were ana-
lyzed by ImageJ software to capture the growth
evolution over time. The speed for each hole
was obtained from a linear regression of R on
t, and <v> 1is the average from all the holes’
growth speed in their given interval.

gesting that viscosity still plays a major role on
the dewetting. The increase of v is most pro-
nounced at 200°C, from about 100 nm/s with-
out shear to 400 nm/s at shear rate 1.6 s~!

Considering the effect of shear on both the in-
creasing average growth speed of the holes and
the differences in their morphology, we now try
to go further and propose a model describing
these observations. In the following, a more
quantitative approach will consist in evaluating
separately the growth speed in the shear direc-
tion, v, and perpendicular to shear, v, from
the temporal evolution of R and R, respec-
tively.

The obtained results are plotted as a func-
tion of shear rate in Figure 3. Undoubtedly, for



a given shear rate, v, is smaller than v and its
increase with increasing shear is slower. Typi-
cally v, increased by a factor 2 from 0 to 1.6
s~!, while the increase for v) in the same inter-
val is 5 to 8 times.

In the direction perpendicular to the applied
shear, we first make the hypothesis that the
growth speed can be described by the no-shear
model (see Eq. 3), i.e. dewetting dynamics is
only affected by shear parallel to the movement
direction. However, we still must consider that
PMMA displays shear-thinning behavior in the
molten state, like most thermoplastics.

Hence the applied shear may modify its vis-
cosity and consequently the dissipation in the
vicinity of the rim.

We can then use the Carreau-Yasuda equation
(see Experimental Section) to modify Eq. 3
into:

ULIL (4)

n—1
[14+ (M) =

Using the parameters obtained from the rheo-
logical measurements for PMMA (see Table 1),
the best fits with only A as a fitting parameter
are presented in Figure 3a. Though the data are
somewhat scattered, the model captures rea-
sonably well the trends for all conditions. Espe-
cially, at all temperatures the slight increase in
growth speed with increasing shear rate can be
described by the PMMA shear-thinning. An-
other experimental observation confirmed by
the analytical model is that v, does not seem
to depend on the initial PS film thickness (see
green, orange and black points). Finally, all the
values obtained for A are close to each other,
A =1.24 0.3, in excellent agreement with A
obtained without shear.

Let us now move to the growth speed along
the applied shear direction v. In this case
there is a need to incorporate an additional
term taking into account the external shear ap-
plied when balancing dissipated viscous power
and the capillary energy changes:

2
v .
np*R (;”) ~oRv + 107’ R  (5)

where 7 is, same as for v, , a function of 4.

Reintroducing A and another geometric con-
stant B for the term describing external shear,
this leads to a solution of the form:

Ao A202 .
U” = % + \/ 4772 + B”ysz (6)

Here we can define a critical shear rate, 7.,

such as:
o

Vo= — (7)

Top
Through factoring and expanding the square
root we simplify the solution by identifying two

regimes for v):
Avg
nagi =L
[14+(A9)*] e

v~

ANy VBip 14> e
2[1+(x9)"] "3 N

To estimate the rim size, we use volume con-
servation and for the sake of simplicity will as-
sume a toroidal shape. We also use an average
value for the effective radius at a given set of
parameters (e, 7). With these hypotheses, we
can write p &~ y/e(R)/2m.3! It has been verified
R indeed does not vary much from hole to hole
nor during the limited experimental time nor
with different shear rates (i.e. the morphology
of the holes changes but their area does not).
Coming back to Eq. 7, we obtain 4. < 0.1 s7¢
for all the systems studied. In Figure 3b, we
then use the equation from the second regime
to fit the experimental data for 0.2 < 4 < 1.6
s~!, with only VB as a fitting parameter. The
model predicts well the growth speed evolution
with shear rate for every condition studied. The
obtained values for v/B are slightly scattered,
VB = 0.4 4+ 0.2, while a constant value, simi-
larly to A, shall be expected. Still, the varia-
tions do not seem to follow a monotonic trend
with either PS thickness or PMMA viscosity,
and may then be due to the simplifying hy-
potheses to estimate p.

To further examine the validity of our model,
we conclude by analyzing the ratio Rj/R, as
a function of the applied shear. The results
are plotted in Figure 4. Starting from a circu-
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Figure 3: Growth speed perpendicular (a) and parallel (b) to shear as a function of shear rate.
The lines represent the best fits using equations 4 and 8 respectively. The fits for v were obtained
by firing A with its averaged value obtained from the fits for v, .

lar shape without shear (i.e. Rj/R, = 1), the
holes deform more and more as shear is applied
(see also Figure 1). Hence R)/R, increases for
all temperatures and all PS thicknesses, up to
a value close to 3 for shear rates of 1.6 s7L.
Considering that this ratio should be equal to
v| /vy, the previous model can be used to de-
scribe it, following Eq. 9:

1
if 4 < 7,

By

Ry <1 VB A ay =L
1+ L1+ ()
if 4> 7,

(9)
Figure 4 shows the corresponding fits with
the previously obtained values for A and B,
i.e. without new adjusting parameters. The
model captures semi-quantitatively the data,
especially small changes at low shear rates,
as well as the sharp increase at higher ones.
More specifically, experimental trends such as
a higher ratio for higher PMMA viscosities or
thicker PS films, are also well-described.
However, a slight overestimate of the predicted
holes’ elongation is observed in every cases.
This could be due to the fact that shear plays
a bigger role than only shear-thinning of the
surrounding matrix in the dewetting dynamics
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Figure 4: Radius ratio as a function of shear
rate. The proportion of semi-major axis R
divided by semi-minor axis R, was calculated
similarly to the sets of data presented for the
growth dynamics. 5 different holes were mon-
itored during each experiment and minimum 5
images were analyzed for each hole. From the
experimental setup, a shear rate value was ob-
tained for each hole by measuring its moving
speed. The data was grouped into intervals of
0.15 s and averaged over at least 5 points.
The ratio over time remains constant during
a particular experimental run and the average
value for each hole is taken as a mean value
from all analyzed images.



perpendicular to it (see also Figure 3a).

In conclusion, the quantification of dewet-
ting dynamics of ultra-thin polymer films un-
der shear was achieved for the first time, and
reported for different temperatures and film
thicknesses.  Though shear can delay rup-
ture, % once holes are created they grow faster
with increasing shear. This was described sat-
isfactorily by a simple analytical model balanc-
ing interfacial tension with the viscous dissipa-
tion occurring in the matrix, due to the rim’s
movement and the external shear applied. The
model, assuming that shear does not affect the
growth speed perpendicularly to the movement
but only in the direction parallel to it, captures
the experimentally obtained data. This study
shall give insight to the instabilities happen-
ing during processes allowing the fabrication of
such layered structures, such as multilayer co-
extrusion. Future work will aim at refining the
proposed model. Especially, from a theoretical
point of view we shall consider more precisely
the effect of shear in the perpendicular direc-
tion, polymer-polymer interfacial slip, and fo-
cus experimentally on capturing more precisely
the onset of dewetting as well as the shape of
the rim. A set-up allowing to work at higher
shear rates will also be of interest.

Experimental Section

Following our previous works,2$3%3! commer-

cially available grades of PS and PMMA,
namely PS 1340 (Total) and PMMA VMI100
(Arkema), were selected for the study. The
molecular weights and glass transition temper-
atures have been measured before. 2830

The viscoelastic properties of the polymers
have been measured at three temperatures (180,
190 and 200°C) with a DHR 20 (TA Instru-
ments) rheometer with a plate-plate geometry
(25 mm diameter and 1 mm gap) under air flow.
The experiments were performed on PS pellets
and PMMA films samples with a similar ther-
mal history to the trilayers. Frequency sweep
tests were conducted in the range from 0.045
to 628 rad/s with an applied strain of 1%, in
the linear viscoelasticity region. The zero-shear

viscosity (7o), relaxation time (A), and shear-
thinning exponents (a and n) were obtained
for the two polymers at three temperatures us-

ing the classical Carreau-Yasuda model (see Eq.
10):41742

n—1

7" (@) | =m0 [1 + (Aw)’] = (10)

with n* the complex viscosity and w the angu-
lar frequency in rad/s.

The obtained parameters are displayed in Ta-
ble 1 and show that PS and PMMA have a
similar shear-thinning behavior. The analysis
of the dewetting data was conducted assuming
the classical Cox-Merz rule:*® n(5) = |n*(w)].

Table 1: Parameters of Carreau-Yasuda fits

T Mo A
(C) (Pas) (5)
180 58400 2.96
PS 190 29200 1.48 0.91* 0.37*
200 14600 0.74
180 52800 0.91
PMMA 190 29200 0.43 0.75* 0.34*
200 13100 0.15

* average values with standard deviations smaller than 0.01

PS thin films were prepared via spin-coating
(Spin 150 v-3, SPS) PS in toluene (>99.8%,
VWR) solutions onto a silicon wafer (100 crys-
tal orientation, Sil’tronix) at 2000 rpm/s and
2000 rpm/s? for 60 s. Three previously filtered
concentrations (1.5, 2.5, and 4.0 wt.%) were
used. Films with thicknesses e = 7545 nm, 150
+ 10 nm, and 290 4+ 15 nm were obtained and
controlled for each sample by AFM (Nanoscope
V, Veeco) in tapping mode.

PMMA films were prepared by thermopress-
ing pellets between two glass slides at 200°C
in a laboratory press (Gibitre Instruments).
Films with thicknesses from 70 to 170 pum were
obtained, as determined by a digital length
gauge system with accuracy of 0.2 ym (Heiden-
hain). The root mean square roughness val-
ues obtained by AFM was below 10 nm, in all
cases considerably smaller than the PS thick-
ness. Any possible impact of this roughness on
the dewetting dynamics was neglected herein.

The PMMA films were sorted into pairs of



similar thicknesses to ensure symmetric trilay-
ers. The PS films were cut into small pieces
(about 10 x 10 mm) and floated in a distilled
water bath. A piece of PS film was then moved
onto the PMMA substrate. The bilayer was left
to dry at room temperature for about 12 h. Af-
terwards, the second PMMA film was placed
on top. Such trilayer samples were kept in an
oven at 60°C before the experiments to prevent
water uptake.

Shearing experiments were conducted in a
shearing hotstage (CSS450, Linkam Scientific
Instruments) placed under an optical micro-
scope (Eclipse LV150N, Nikon). The trilayer
samples were placed on a quartz glass in the cell
and pre-heated at 160°C for 3 minutes. Next,
the gap, H, was set to 97.5% of the trilayer’s
initial thickness and kept for another 3 min-
utes to ensure proper adhesion. Afterwards,
the temperature was increased to the temper-
ature of the measurement and the sample sub-
jected to a chosen shear rate. Due to the lim-
ited observation window of the microscope and
the movements induced by shear, this study
only deals with ¥ < 2 s7%. Such shear rates
are nonetheless consistent with those typically
achieved during multilayer coextrusion. 2844
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