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ABSTRACT: A failure mechanism of thin film polymers immersed in water is
presented: the formation of blisters. The growth of blisters is counterintuitive as
the substrates were noncorroding and the polymer does not swell in water. We
identify osmosis as the driving force behind the blister formation. The dynamics
of the blister formation is studied experimentally as well as theoretically, and a
quantitative model describing the blister growth is developed, which accurately
describes the temporal evolution of the blisters.

1. INTRODUCTION

Thin polymer films are widely used for practical purposes as
protective coatings and for surface modification. In both
examples, it is of utmost importance to have smooth surfaces
and good adhesion of the polymer film with the underlying
substrate to prevent failure of the polymer layer. Failure of thin
polymer film coatings can occur in a number of ways, such as
delamination, dewetting, or blistering.
The dewetting of thin polystyrene (PS) films has been

studied extensively by heating or by exposing the thin film to a
solvent.1−4 Bonaccurso et al.5 observed that for polystyrene
films with a film thickness of 0.2−2 nm dewetting even occurs
when the thin film is exposed to water. In the latter case, the
underlying substrate is hydrophilic, which makes it favorable for
water to wet the substrate and push the polystyrene aside. A
similar phenomenon was observed by Xu et al.6 for slightly
thicker films (7 nm) and surfaces heated to 35 °C. These
results are particularly interesting as the failure of thin films is
uncommon when they are exposed to a nonsolvent without any
thermally or mechanically induced stress.
Although thin polymer films with a thickness of <10 nm can

dewet when exposed to water, dewetting is not expected for
thicker polystyrene layers. However, we report a failure
mechanism that emerges for thicker polymer films (> 10
nm): in this case, blisters form in the thin film. Understanding
possible failure mechanisms and the ability to accurately model
these phenomena are extremely important in the protective
coating industry. We were able to control the nucleation of
blisters and their density, which allowed a detailed study of the
dependence of blister growth on polymer film thickness,

morphology, and wettability of the underlying substrate. As
surface nanobubbles7,8 have been claimed to form on thin film
polystyrene substrates,9−12 we specifically check whether our
objects are really blisters and not surface nanobubbles. The
failure of thin film polystyrene in the form of blisters is
therefore also particularly interesting for this community as
blisters might be mistaken for surface nanobubbles.
A number of mechanisms describing blister growth already

exist in the literature. Corrosion-induced blistering is an often
observed phenomenon on coated metal surfaces.13−15 In this
case, oxygen and water diffuse toward the metal interface which
starts to corrode, and the ions released in this process induce an
osmotic pressure, with the formation of blisters as a result.
However, these models are not applicable to our system since
the substrate is noncorroding. Models applicable to non-
corroding surfaces16,17 are based on the presence of ions at the
underlying substrate/coating interface and assume that the rate-
limiting process is the osmotic flow of water. However, the
power-law dependence of the radial growth on time for these
models does not match with our experimental observations to
be reported later. In the event that the coating material
expands, which can occur for various reasons, the blister
formation can be modeled using an increase of compressive
stress. When the compressive stress increases above a critical
value, the coating delaminates from the substrate and forms
blisters.18−21 Other blister mechanisms22,23 involve bulging
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from externally applied pressures or the implantation of gases,
which all do not apply to the present system. Therefore, a new
quantitative model describing the blister growth is proposed
based on osmosis and fracture mechanics, which adequately
describes the experimental observations.
The paper is organized as follows: In section 2.1, the

formation of blisters in thin polystyrene films is discussed. The
nucleation and temporal evolution of the blisters is studied in
section 2.2. In section 2.3, the mechanism behind the blister
growth is proposed based on osmosis. Based on this
mechanism, a quantitative model for osmotic blister growth is
formulated in section 2.4.

2. RESULTS AND DISCUSSION
2.1. Blister Formation. When the dry 13 nm thin

polystyrene film was scanned on several positions with the
atomic force microscope (AFM), in all cases, a smooth
continuous film was observed with a root-mean-square (rms)
roughness of ∼0.6 nm (see Figure 1A). However, when a
droplet of water was applied to the center of the polystyrene
substrate, the previously smooth substrate transformed into a
bumpy surface, exhibiting many large objects (Figure 1B).
These objects are blisters that develop at the silicon−
polystyrene interface and locally bulge the thin film. The
height of the blisters in Figure 1B can be as high as 100 nm
with a radius of 700 nm, which results in a contact angle of
∼17°. The formation of blisters in polystyrene is especially
remarkable since, using the Hansen solubility parameters,24 it is
clear that water is a nonsolvent (see Supporting Information)
and should not have any adverse affects, such as swelling or
dissolution, of the polystyrene thin film as long as the system is
not saturated with CO2.

25 Also the reported dewetting is not
observed in this experiment.5,6 This can be explained by the
increased film thickness and higher molecular weight of the
polystyrene used in our experiment, which increases the tensile
strength of the thin film.26 The lateral size of most of these
blisters is larger than 1 μm, which allows the use of an optical
microscope. Compared to AFM, this greatly enhances the
temporal resolution and offers the possibility to study the
formation of these blisters. A 63× water immersion objective is
used to follow the development of the blisters while the
substrate is wetted by a droplet of water. In Figure 1C, blisters
similar to those in Figure 1B can be seen. The dark and bright
fringes are the result of the interference of the light reflecting at
the substrate as well as at the surface of the blister. The

formation of blisters in polystyrene due to water has been
reported before, but no explanation for the phenomenon was
given.27

2.2. Nucleation and Temporal Evolution of the
Blisters. Using an optical microscope, the temporal evolution
of the blisters was followed. A substrate with a 13 nm
polystyrene film was clamped in a Teflon liquid cell and
subsequently exposed to degassed water using a constant flow
rate of 5 mL/min (see Figure 2). The oxygen content measured

inside the liquid cell was <13% in equilibrium. Images were
taken every 1 s and are shown for 5, 15, 40, and 60 min after
the polystyrene film’s first contact with water. The sequence of
images shows the nucleation, growth, and at some point the
coalescence of these blisters. Remarkably, some of the blisters
started to deflate after coalescence (see the red dashed circles),

Figure 1. AFM image of a substrate with a 13 nm polystyrene film in a dry environment clearly shows a flat surface with an rms roughness of 0.6 nm;
the z-scale is 1.2 nm (A). The same surface imaged by AFM immersed in water results in the formation of large blisters; the z-scale is 85 nm (B).
The blisters are large enough to be observed with an optical microscope (C).

Figure 2. Optical microscope images of substrates with a 13 nm
polystyrene film immersed in water for 5, 15, 40, and 60 min of
immersion time. The formation of the blisters on the surface is
recorded while flowing degassed Millipore water over the surface. The
amount of gas in the water does not influence the growth of these
blisters. The red dashed circles indicate a deflating blister.
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which indicates that these objects are blisters. The temporal
evolution of the blisters was also followed using nondegassed
water, which resulted in a very similar growth process (see
Supporting Information). This excludes the possibility that
these objects are surface nanobubbles, as has been claimed for
thin film polystyrene immersed in water.12

Interestingly, when the substrates are immersed with thin
polystyrene films in other liquids, such as ethanol, isopropyl
alcohol, and glycerol, no blisters are formed. Only when the
substrate is immersed in water do blisters emerge. Even though
polystyrene is a hydrophobic surface, it appears that it is the
water that drives the blister growth. The hydrophilic silicon
interface would explain, to some extent, why water would
diffuse to the silicon−polystyrene interface. However, the same
argument should also hold for ethanol or isopropyl alcohol, and
no blister formation is observed for both liquids. It turns out
that all of these observations can be explained by the
permeability of the film for the different liquids. The
permeation of molecules through glassy polymers, like
polystyrene, depends heavily on the kinetic diameter. H2O
has a much smaller kinetic diameter as compared to ethanol,
resulting in a much higher permeability (see Supporting
Information). Even though ethanol wets the underlying silicon
oxide surface well, only negligible amounts of ethanol can reach
the oxide−polymer interface due to the very low permeability.
A clear distinction in blister growth on hydrophilic or

hydrophobic silicon is observed (see Supporting Information).
However, an unexpected difference in blister growth is also
observed when comparing HNO3 and piranha-cleaned wafers,
although both surfaces are hydrophilic. On the HNO3-cleaned
wafer, only a few blisters nucleate and, being undisturbed by
neighboring blisters, they start to grow in a radial direction. On
the piranha-cleaned wafers, the density of blisters was generally
much higher, and therefore, the blisters start to coalesce and
develop irregular shapes. AFM images of both surfaces before
spin-coating the polystyrene layer showed that small particles
could be observed on the piranha-cleaned surface. These
particles are likely due to the formation of ammonium sulfate
crystals, a known issue with piranha cleaning.28 In contrast,
AFM measurements of HNO3-cleaned wafers resulted in
smooth surfaces without observing any particles.
To confirm that particles act as nucleation sites for blisters, a

freshly cleaned HNO3 wafer is scanned by AFM, and as
expected, no particles are observed (Figure 3A). Subsequently,
a 90 nm polystyrene film is spin-coated onto this surface. When
a droplet of water is applied onto the substrate, only a few
blisters nucleate and grow in an almost perfectly radial manner
(see Figure 3C). Interestingly, the nucleation of these blisters is
also defect-induced, as the growth of the blisters is pinned at
one position, indicated by the dashed circle. On a second
HNO3-cleaned wafer, 20 nm polystyrene particles are added
prior to the spin-coating of a 90 nm polystyrene thin film (see
Figure 3B). The polystyrene film is deliberately made thicker
than in the previous experiments to make sure that the film
thickness is larger than the particle size of 20 nm. Applying a
droplet of water onto the substrate results in the nucleation of a
large number of blisters, with a blister density being several
times larger compared to the particle-free HNO3 wafer (Figure
3D). This clearly indicates that blister nucleation is strongly
dependent on the contact angle of the underlying silicon
substrate as well as on the density of defects present on the
silicon surface, which act as blister nucleation sites. Indeed, the
presence of a defect on the silicon−polystyrene interface is

essential for blister nucleation: the few blisters that formed on
the HNO3-treated surface, without deliberately added particles,
were clearly pinned at one position due to the presence of a
defect (e.g., a stray particle).
The importance of defects can be explained from a fracture

mechanics point of view. For a blister to grow, the polystyrene
film has to crack at the edges of the blister from the underlying
silicon substrate. Using Griffiths’ theory, the critical stress σf
needed to propagate a crack is given by29

σ γ
π

= E
r

2
f (1)

where E is the Young’s modulus of the polystyrene, γ is the
surface energy of the crack, and r is the crack length. It is clear
from this equation that, at the potential nucleation of a blister
without a defect, r is of an atomic length scale and the critical
stress for crack propagation therefore would be huge. However,
the presence of a defect increases the crack length and will thus
noticeably lower the critical stress, allowing a blister to grow.
In order to investigate the effect of the blisters on the

structural stability of the polystyrene film, an area with blisters
was scanned in water and subsequently in dry conditions using
AFM. For this experiment, a HNO3 sample with 20 nm
particles and 90 nm PS film was exposed to water by applying a
drop of water onto the center of the substrate (see Figure 4A).
The bright area on the right of the white dashed line is a large
blister formed by the coalescence of many smaller ones. The
bright features in the AFM image are blisters bulging from the
surface of the large blister. The line profile of a typical smaller
blister is shown in Figure 4C. The fact we have small blisters on

Figure 3. AFM image of HNO3-cleaned silicon (A) and HNO3-
cleaned silicon with 20 nm polystyrene particles (B). Optical
microscope images of the surfaces from (A) and (B) with a 90 nm
polystyrene film in water after 30 min (C and D). On HNO3-cleaned
substrates without particles, only a few blisters grow. The growth of
these blisters is clearly radial and instigated by defects that pin the
blisters at one position, highlighted by the dashed circles (C). The
addition of 20 nm polystyrene particles resulted in an undoubted
increase of the blister density, which clearly indicates that topo-
graphical defects act as blister nucleation points (D).
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top of a large blister is due to plastic deformation. After the
small blister has formed, the polystyrene is plastically deformed
and a lower pressure does suffice in bulging this blister. After
coalescence with the larger blister, the internal pressure of the
larger blister is enough to bulge the now locally stretched
polystyrene film. After the sample has dried, the exact same area
was scanned again and small indents were observed in the
polystyrene film coinciding with the positions of the blisters
(see Figure 4B). The depth of the indents is typically 4 nm, as
can be seen in the line profile in Figure 4D. This clearly shows
that the blister formation induces a plastic deformation of the
polystyrene surface. However, the indent is smaller than the
corresponding blister. No indent is observed for the very large
blister of which the perimeter is highlighted by the white
dashed line. This indicates that the applied pressure on the
polystyrene film by the blister was highest when the blister was
small and had to be larger than the yield strength, σys = E/ϵ, for
plastic deformation to occur. With the Young’s modulus E = 2.6
GPa30 and yield strain ϵ = 1.5 × 10−3 for polystyrene,31 this
results in a lower limit of σys = 3.9 MPa; however, a yield
strength of 88.5 MPa has also been reported.30

In order to accurately model the osmotic blistering, we use
the system for which the blister growth is not erratic. Therefore,
the substrates with a high density of blisters are not suited for
this purpose (as seen in Figure 2), as the coalescence and
shrinkage of the blisters make the process unnecessarily
complicated. However, the substrates without additional
particles have radially growing blisters spaced far apart, resulting
in a negligible cross-talk between the blisters. Figure 5 shows
the temporal evolution of circular blisters in a 21 nm
polystyrene film after 3, 15, 30, and 45 min of exposure to
water. The time-dependent radial growth is easily measured for
these kinds of blisters, and additional information can be

extracted using the fringes from the interference pattern,
allowing for the reconstruction of the blister height.
Figure 6A shows the radius versus time for single radially

growing blisters for different polystyrene films of varying
thickness. In Figure 6B, the double logarithmic plot shows that
the blister radius grows proportional to r ∝ t0.65±0.05.
Remarkably, no trend is observed in the growth of the blisters
as a function of the film thickness.

2.3. Osmotic Flow as Origin of Blister Formation. In
order to explain the blister nucleation and growth using one
comprehensive mechanism, we summarize the observations
made so far regarding the blisters. (1) The blisters only form
when exposed to water, not in alcohol or glycerin, which is
easily explained by the high permeability of water through
polystyrene compared to the other liquids. (2) The substrate
has to be sufficiently hydrophilic for the water to have the
tendency to settle at the silicon/polystyrene interface. (3)
Defects on the silicon−polystyrene interface act as blister
nucleation points. (4) The blisters have internal pressures large
enough to overcome the yield strength when the blisters are
small, and the pressure decreases as the blisters grow in size.
(5) The blisters can coalesce, and in some cases, they then
subsequently shrink until only wrinkles remain.
Here we consider three possible mechanisms resulting in

blister formation: (1) compressive stress as a result of
swelling21,32 of the polystyrene film, (2) stress-induced by the
spin-coating process, or (3) an osmotic flow of water due to
solutes present at the silicon−polystyrene interface. However,
no swelling is reported for polystyrene exposed to water and
atmospheric CO2 conditions.

25 Also the time scale for blister
growth of several minutes is not comparable to the
equilibration time for water diffusing into a 10 nm thin
polystyrene film which is given by τ ∝ 2/D ≈ 10−3 s, using a
diffusion coefficient of water in polystyrene D = 1.8 × 10−13

m2/s.33 In addition, the spin-coating process cannot be the
answer; although spin-coating does induce stress in the thin
polystyrene film, it is, in fact, a tensile stress and will have an
adverse effect on the formation of blisters.34,35 Also, annealing
the polymer thin films did not prohibit any blister growth, but it
actually enhanced their formation (see Supporting Informa-
tion). In addition, the blister growth is not a PS-specific
phenomenon as blistering also occurs for PMMA (see
Supporting Information).
The only mechanism that accounts for the aforementioned

observations is an osmotic flow. Therefore, we propose a
mechanism in which the water permeates through the
polystyrene film and, under the film, nucleates at defects
(e.g., particles) as small droplets (Figure 7A). At the
polystyrene−silicon oxide surface, solutes are present and,
once dissolved into the water, results in an osmotic pressure
(Figure 7B). Solutes diffuse over the silicon−polystyrene
interface into the blister and increase the osmotic pressure.
These solutes are probably contamination present in the
polystyrene and toluene or hydrocarbon contamination for the
environment and are trapped at the silicon−polystyrene
interface once the polystyrene has solidified. For instance, it
has been shown that toluene remains at the silicon−polystyrene
interface after spin-coating.36 The ensuing pressure gradient
drives water through the polystyrene into the blister. An
osmotic pressure difference also explains why, in some cases, a
blister after coalescence begins to shrink. It is possible that the
pressure wave from the coalescence resulted in a defect in the

Figure 4. AFM image of HNO3-cleaned silicon with 20 nm
polystyrene particles and covered with a 90 nm polystyrene film in
water (A). The surface is covered with small blisters, and the brighter
region on the right of the white dashed line is a large blister with
smaller coalesced blisters on top. A line profile of a typical smaller
blister is shown in (C). The position of the profile is depicted by the
gray dashed line in (A). When the same area is scanned in a dry
environment, indents in the polystyrene thin film are observed (B).
These indents coincide with the position of the blisters observed in
(A). For the blister in (C), the line profile of the same position in a dry
environment clearly shows an indent of ∼4 nm (D).
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polystyrene thin film through which solutes can diffuse, with a
breakdown of the membrane as a result.
Osmotic blistering has been studied quite extensively in

relation to preventive coatings. However, these models16,17

neglect film adhesion and stiffness and predict a time-
dependent growth of r ∝ t, r ∝ t1/2, and r ∝ t1/4, which does

not fit with our experimental observation of r ∝ t0.65±0.05. We
have therefore adapted the osmotic blister model17 to be
applicable for the blister formation in our thin films, by taking
the fracture pressure into account. The fracture pressure is the
pressure needed to delaminate the polystyrene film from the
silicon substrate. The pressure as a result of osmosis can be very

Figure 5. Optical microscope images of blisters in 21 nm polystyrene immersed in water. The formation of the blisters on the surface is followed
over time, and snapshots 3, 15, 30, and 45 min after being exposed to water are shown. The black dots are the result of particles on the lens.

Figure 6. Radius versus time for a single radially growing blister in polystyrene thin films of varying thickness. The dashed black line is the fit with
the theoretical model (A). The log−log plot of the radius versus time clearly shows a power-law dependence on time with r ∝ t0.65±0.05(B).
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high, that is, high enough to overcome the fracture pressure,
which is a condition that needs to be fulfilled for blisters to
grow laterally (Figure 7C).
2.4. Quantitative Model for Osmotic Blister Growth.

Under the assumption that the blisters are spherical caps, their
complete shape can be described by two of the following three
variables: the base radius r, the height h, and the contact angle
θ. For our model blister, we assume a spherical cap-shaped
blister with a constant contact angle θ, which is consistent with
the experimental observations (see Supporting Information).
The osmotic flow of water molecules through the surface of the
blister with a film thickness is given by

ϕ
=

ΔV

t

P pSd

d
cap cap

(2)

where Vcap and Scap are the volume and surface of the spherical
cap, respectively, P is the permeability coefficient, Δp the
difference in pressure, and ϕ = 8 × 10−4 is the density ratio
between vapor and liquid water (at standard temperature and
pressure), as the permeability constant is given as the volume of
gas permeating through the thin film; once permeated, this gas
condensates into a droplet. Equation 2 can be rearranged
together with the standard spherical cap geometry relations to
provide the growth rate (dr/dt) of the blister radius r(t) as

π ϕ

θ
=

+ +
Δ

π θ π θ( )
r
t

P
p

d
d

2

3 tan tan (1 cos )
2 2 6

3
2 (3)

However, the flow of water through the polystyrene thin film
cannot be the rate-limiting process, as the following estimate
will show: the permeability constant P is 1200 Barrer (1 Barrer
is 7.5005 × 10−18 m2 s−1 Pa−1), and the experimentally
observed blister growth spans several minutes. For our current

model to follow this time-dependent radial growth, an osmotic
pressure of only several Pascals would be needed. This pressure
is unrealistically small compared to ambient fluctuations, and
therefore, another process has to be rate-limiting.
This is the bulging pressure: As the osmotic pressure

increases, the polystyrene film starts to bulge, which results in
an opposing pressure, the bulging pressure,19,22,37 due to the
stretching of the polystyrene film. Therefore, Δp is the result of
the osmotic pressure pushing the polystyrene outward and the
bulging pressure, which starts to counteract. In our experi-
ments, we see that the blister radius is increasing, which means
that the polystyrene film delaminates from the silicon surface.
The minimum osmotic pressure, POs, inside the blister is
therefore the fracture pressure, PFr, which is the minimum
pressure at which the polystyrene delaminates from the silicon
surface. The pressure difference for blister growth to occur is
therefore given by

Δ = −p P POs Fr (4)

The relation for the fracture pressure PFr is given by Griffith
fracture theory

γ
π

=P
E
r

2
Fr (5)

Here, E is the Young’s modulus of polystyrene, and γ is the
surface energy cost to create the two interfaces as a result of the
crack. The osmotic pressure is given by the Van’t Hoff
equation38

θ=P
n RT
V

cosOs
s

cap (6)

where ns is the amount of solute, R is the molar gas constant,
and T the temperature. In this case, the amount of solutes in
the solvent above the blister is assumed to be low enough to
neglect its contribution to the osmotic pressure. Since PFr is
perpendicular to the substrate, the component of the osmotic
pressure perpendicular to the substrate is taken. For the
amount of solute in the blister, we assume an influx of solutes at
the perimeter of the blister due to diffusion, with constant rate
χ (in mol m−1 s−1):

πχ
∂
∂

=
n
t

r2s
(7)

The problem is therefore given by two coupled differential
equations:

∂
∂

=

∂
∂

= −

n
t

Br

r
t

AD
n
r

AC
r

1

s

s
3 (8)

with the constants A, B, C, and D:

Figure 7. Mechanism behind osmotically driven blister growth. Water
permeates through the thin film polystyrene and condensates at
defects at the silicon−polystyrene interface (A). The osmotic pressure
increases due to the diffusive influx of solutes at the perimeter, and the
arising pressure gradient drives the osmotic flow of water through the
polystyrene thin film (B). Once the osmotic pressure equalizes the
fracture pressure, the blister starts to grow laterally (C).
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π ϕ

θ

πχ

γ
π

θ

=
+ +

=

=

=
+

π θ π θ

π θ π θ

( )

( )

A
P

B

C
E

D
RT

2

3 tan tan (1 cos )

2

2

cos

tan tan

2 2 6
3

2

2 2 6
3

2 (9)

For the initial conditions, we assume a nonzero blister radius, r0
at t = 0, due to the presence of a defect. The blister can only
grow if Δp ≥ 0, so the osmotic pressure has to be equal to the
fracture pressure for this condition to be met, which results in
the following initial condition for the amount of solutes in the
blister, ns,0:

=n
Cr

Ds,0
0
5/2

(10)

The previously described theoretical model is solved
numerically and fitted to the experiments, as shown by the
dashed lines in Figure 6. The following constants were used:
The permeability constant P = 1200 Barrer39 and the contact
angles are obtained from the interference pattern of blisters in
the optical images and are typically θ ≈ 5−15° (see Supporting
Information). The surface energy cost, γ, is calculated as γ = γs,p
− γs,v − γp,v, with the subscripts s, p, and v representing silicon,
polystyrene, and vapor, respectively. Using Young’s equation
for γs,p yields γs,p = γs,v − γp,v cos θ. With γs,v = 48 mJ/m2,40 γp,v
= 40 mJ/m2,41 and θ = 40°,6 this results in a surface energy cost
of approximately γ = 71 mN/m. Finally, the solute rate is used
as a fitting parameter with values in the range χ = 8 × 10−13 to 2
× 10−12 mol m−1 s−1.
The fit clearly shows that our theoretical model is able to

predict the shape evolution of the blister. Experimentally, we
did not observe a dependence of the growth on the polystyrene
thickness, and we speculate that this is the result of a varying
amount of solutes on the interface which has a much stronger
effect on the blister growth than the polystyrene film thickness,
as the blister growth is rate-limited by the diffusion of solutes
into the blister.

3. CONCLUSION
Thin film polystyrene on a hydrophilic silicon wafer has been
shown to experience blister formation when exposed to water.
Water permeates through the polystyrene film and forms small
water pockets at defects on the silicon−polystyrene interface.
Solutes on the interface, for which the polystyrene is
impermeable, diffuse into the water pocket and give rise to
an osmotic pressure. Once the osmotic pressure equals the
fracture pressure, the polystyrene film detaches from the silicon
surface and the blister starts to grow. None of the existing
models were able to accurately describe the growth of these
blisters. Therefore, we modeled the growth of the blister
according to this proposed mechanism, which fits well with the
experimentally observed blister growth for polystyrene films of
different thickness, with a radial time dependence of r ∝ t2/3.
Although polystyrene was the model material used in this work,
the mechanism and model for blister growth described here can
be applicable to a wider range of polymers and substrates.
Understanding possible failure mechanisms and the ability to

accurately model these phenomena are extremely important in
the protective coating industry.

4. METHODS
4.1. Preparation of Thin Film Polymer Substrates. Polystyrene

is often used as a model system because thin films are easily formed by
spin-coating and polystyrene has well-documented material properties.
In our experiments, thin polymer films were formed by dissolving
polystyrene (Mw = 350 000, Mn = 170 000, Aldrich) or poly(methyl
methacrylate) (Mw = 650 000) in toluene (Emsure ≥99.9% purity,
Merck) with concentrations ranging between 0.1 and 2.0 wt %. The
solution was then spin-coated on a silicon wafer at 500 rpm for 1
min.42 Also, monodisperse polystyrene was used (analytical standard,
for GPC, Mw = 300 000, Sigma-Aldrich) with an Mw/Mn ratio of 1.03,
which gave similar results. In some specific cases, the polymer films
were annealed at 100 and 110 °C for PS and PMMA, respectively, for
1 h (it is specifically noted in the text if annealing was the case). The
silicon wafers (P/boron/(100), Okmetic) were used as-received or
cleaned prior to the spin-coating. In order to change the wettability of
the substrate, the wafer was cleaned using different chemical solutions,
such as a piranha solution (a 3:1 mixture of H2SO4 and H2O2), HNO3,
and HF. In the case of piranha cleaning, the wafer was immersed in a
3:1 mixture of H2SO4 and H2O2 for 10 min and afterward rinsed with
copious amounts of water. The HNO3 and HF cleaning were both
performed in an ISO 5 cleanroom. For the HF cleaning, the wafer was
first immersed in 65% HNO3 at 96 °C for 5 min, rinsed with water,
immersed in a 1% HF solution, and finally rinsed again with water. For
the HNO3-cleaned wafers, the HF treatment is followed by an 8 min
immersion of the wafer in 65% HNO3 at 95 °C and a final rinse with
water. Water contact angles were measured to be <5° for as-received,
piranha solution, and HNO3-cleaned wafers and ≈70° for HF-cleaned
wafers. The contact angle measurements were performed using an
OCA 15+ goniometer (Dataphysics).

4.2. Water Treatment. The water was purified to 18.2 MΩ·cm
with a TOC of <3 ppb using a Mill-Q Reference A+ system (Merck
Millipore). Degassed water was prepared in a glass vessel in which the
pressure was reduced to Pe ≈ 20 mbar using a membrane pump (MD-
4T, Vacuubrand). The water was stirred and temperature controlled at
21 °C (RCT basic & ETS-D4, IKA Werke) while degassing.43 The
steady-state oxygen saturation inside the glass vessel was measured
using an oximeter (Presens, recently calibrated) to be <4% (0.36 mg/
L). The degassed water was extracted from the glass vessel through a
Teflon tube and a small piece of flexible R3603 Tygon tube using a
peristaltic pump (model 7519-05, Masterflex). The glass vessel was
continuously pumped as the degassed water was extracted at a rate of 5
mL/min. The water leaving the liquid cell was measured again using
the oximeter and found to be <13% compared to the oxygen-saturated
case. Although the oxygen content is measured, this is a representative
value for the total gas content, as the diffusion coefficients for the main
constituents of air are comparable: DN2

= 2.6 × 10−9 m2/s, DAr = 2.3 ×
10−9 m2/s, and DO2

= 2.3 × 10−9 m2/s.44

4.3. Preparation of Particle-Coated Substrates. In the
experiments where particles were applied on the surface, ∼0.1 mL
of a 20 nm polystyrene particles solution (Thermo Scientific) was
added to ∼20 mL of isopropyl alcohol (Emsure ≥99.8% purity,
Merck), and ∼4 mL of the solution was spin-coated on a spinning
silicon wafer at 500 rpm with a spinning time of 1 min. The particles
were coated onto the wafer prior to spin-coating the polystyrene thin
film.

4.4. Ellipsometry and Atomic Force Microscopy. The wafer
with the thin polystyrene film was then cut into pieces of 1 × 1 cm2,
and the polystyrene film thickness was measured for each sample using
a variable angle spectroscopic ellipsometer (VASE, J.A. Woollam). The
samples were imaged in dry as well as in wet conditions optically using
an Agilent 5100 atomic force microscope (Agilent). Wet conditions
were enforced by applying a droplet of water in the center of the
substrate. The cantilevers used during AFM imaging were Al-back-
coated NSC36c Si3N4 probes (MikroMasch), with a nominal spring
constant of 0.6 N/m, resonance frequency of ω0 = 65 kHz (dry
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environment), resonance frequency in water of ω0,w = 34 kHz, and tip
radius of 8 nm. The set-point was kept as high as possible (≈95%),
and the amplitude was chosen in the range of 20−30 nm.
4.5. Optical Microscopy. For the optical investigation of the

substrate, a DM2500H materials microscope (Leica, Germany) was
used, operated in incident light mode. The incident light was passed
through a band-pass filter (656 nm, 10 nm fwhm) to create
monochromatic light. The monochromatic light produced interference
fringes at known intervals in the blisters, which were used for the
determination of the blister height. The substrate was imaged using a
63× water immersion objective (numerical aperture 0.9) and recorded
by a Pixelfly camera (PCO AG, Germany) at 1392 × 1040 pixels and
7.3 frames per second. The combination of objective and camera
resulted in a field of view of 142 × 106 μm2 with a resolution of 102
nm/pixel (note that in this case the resolution of the system is
diffraction-limited to ∼325 nm).
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