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ABSTRACT: Bucklinginstabilities have been used to estimate the elastic modulus of thin sol—gel films. The
sol—gel films (65—400 nm) were coated on elastomeric supports, which were then subjected to a compressive
strain imposed directly or as a result of thermal stresses generated during the curing cycle. Atomic force and
optical microscopies were used to characterize the buckling wavelength, and electron microscopy was used to
estimate the thickness of the films. Elastic modulus was calculated using the classical buckling theory. This
procedure, which was demonstrated previously by others starting with the systematic studies of Stafford et al.
(Nature Mater. 2004, 3, 545—550), proves to be an effective way of determining the elastic modulus of thin
films. The technique is used to study the effects of the concentration of the chemical precursors, curing
temperature, and the duration of cure and humidity on the moduli of sol—gel films, which provide valuable
information about its performance when used as an adhesion promoter.

Introduction

Hybrid organic—inorganic thin films prepared using sol—gel
processing are useful in such areas as adhesion promotion,'~
responsive coatings,” and corrosion resistance® technologies.
Their popularity stems from the fact that they are easily proces-
sable in terms of dip, spin, or spray coatings and are curable at
reasonably low temperature, i.e., below 150 °C. These sol—gel
systems generally involve the reaction between silanes and metal
alkoxides. The detailed chemistry of the formation of the sol—gel
coating is, however, complex depending on the relative concen-
trations and types of the various constituents used to prepare
them.'*> Predicting the effect of one of these parameters on the
final film properties, such as modulus, porosity, and cross-link
density, is not obvious. What would be ideal for further progress
of these technologies is to develop methods that would allow
rapid characterization of the properties of the thin film as a
function of the various chemical and processing parameters.
Estimation of elastic modulus is one such property that is
intrinsically linked to the cross-link density and thus the extent
to which the film is cured. Determination of the modulus of a
sol—gel film is typically carried out via indentation methods.”
However, a number of issues such as the effect of the support and
their viscoelastic behavior cause difficulties in accurate estimation
of elastic modulus of thin films.”” In some cases, these problems
are somewhat circumvented by testing the bulk gel. It is, however,
likely that the elastic properties of bulk gels are different from
their counterparts as thin films. We report in this paper that the
recently developed buckling based metrology technique'’ is quite
suitable for the estimation of the modulus of thin sol—gel films.

The adhesion promoting sol—gel film of interest here is the
Boegel EPII formulation developed by The Boeing Company.'!
Development of Boegel EPII was fueled by the increasing
concern of the environmental effects of the traditionally used
chromate conversion coatings,'> which are potentially toxic. The
system is based on a dilute aqueous solution of zirconium and
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epoxy functionalized silicon alkoxides, details of which are
described in refs 11 and 13. The alkoxides are first hydrolyzed
in solution so that they react with the hydroxyl groups on the
metal surface through condensation reactions. The organic
functional groups are chosen such that they are compatible with
the adhesive. The glycidoxy functional group is ideally suited to
react with the amine functionalized cross-linker used in epoxy
systems. In between the metal and organic resin the Boegel film
forms a hybrid organic—inorganic coating through cross-linking
condensation reactions (Figure 1).

Throughout the rest of this paper, we will refer to Boegel EPII
simply as sol—gel. The major advantage of the Boegel EPII
formulation is its ability to cure at room temperature, which
allows its easy processing on tempered aluminum parts used in
airplane manufacturing. At this low temperature cure, however,
it is likely that the sol—gel film is not fully cross-linked; residual
hydroxyl groups may remain. Previous studies in our lab using a
model epoxy adhesive elucidated that the fracture energies of
the sol—gel reinforced joints are strong functions of the curing
history'*'® in both dry and wet and environments. This suggests
that the performance of the sol—gel is a function of the degree of
cross-linking within the film. It is expected that a fully cured
sol—gel film should impart higher adhesion strength and hydro-
Iytic stability compared to an incompletely cross-linked film
provided that the excessive curing of a sol—gel film does not
degrade the chemical functional groups. This issue can become
quite complex, as a number of system parameters may play their
roles in a conflicting manner. Our main objective in the current
study is to characterize the modulus of the sol—gel film as a
function of different curing parameters in order to gain some
understanding of the mechanical properties of these films.

When a thin rigid film adhered to a softer elastic substrate is
exposed to an external stress, the surface can buckle due to the mis-
match of strain in the adjacent layers. As each layer tries to obtain a
minimum energy state due to compression and bending, the surface
buckles to minimize the overall energy of the system (Figure 2).

The classical approach to solving this problem of relating the
buckling wavelength to the material parameters is based on a
force'® or an energy'’ ' balancing method. For a semi-infinite
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Figure 1. Schematic of Sol—gel coating for adhesion promotion adapted from reference Liu2006. Coating is generated from an aqueous sol of
Glycidoxypropyltrimethoxysilane (GTMS) and Zirconium tetrapropoxide (TPOZ). XPS studies'* show the sol—gel/metal interface to be rich in

zirconium and the sol—gel/organic resin interface to be silane rich.
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Figure 2. Schematic of the buckling of a thin sol—gel layer on a soft
compliant PDMS substrate. When a compressive stress (o) is applied to
PDMS, buckles appear perpendicular to this force. The buckling
wavelength 4 is a function of the plane strain moduli of the two
materials and the thickness of the sol—gel layer.

substrate, i.e., when its thickness is much larger than the thin
coating, the wavelength of the buckling instability can be given by
eq l:

- 0 1/3
1= Qﬂhsc[( VpPDMS ) SG (1)

3(1 - VSGZ)EPDMS

where Esg, Eppars. Vs, Vrpuss fisg. and A are the elastic modulus
of the sol—gel layer, elastic modulus of the PDMS, the Poisson
ratio of the sol—gel, the Poisson ratio of the PDMS, the thickness
of the sol—gel film, and the buckling wavelength, respectively. In
this work, we are primarily interested in the relative change of the
modulus of the sol—gel film as a function of different curing
parameters. Given this interest and that the Poisson’s ratio of the
sol—gel film is an uncertain parameter, we will present the data in
terms of the plain strain modulus, which is defined as

= Esc
Esgg = ———
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Equation 1 can then be rearranged to solve for the plain strain
modulus of the sol—gel film. Where elastic modulus is required,
for comparison to the literature, we have estimated the value
assuming a range of suitable Poisson ratios.

This buckling instability has been studied in detail for a wide
variety of systems such as thin metallic films and silica type layers
on PDMS.?*"?? The general method used to achieve the above
goal'®* is now commonly referred to as the strain induced elastic

buckling instability for mechanical measurement (SIEBIMM). In
this regard the most studied system is the buckling of polystyrene
films on PDMS substrates, although the modulus of several other
polymers, polyelectrolytes, and dielectric films have also been
determined using this method.'®**** In this paper we apply the
buckling instability technique to determine the elastic modulus of
a sol—gel film under various conditions.

A roadmap of this paper is as follows. After the description of
the Experimental Section, we present data showing that the
wavelength of the buckling instability of the sol—gel film varies
linearly with its thickness in its fully cured state. This initial part
of the study demonstrates that the relationship between the
wavelength and the thickness of the sol—gel film is quite robust,
this allows us to estimate the modulus of the film either from the
gradient of their linear correlation or from a single measurement
of wavelength for a given film thickness. The former method can
be used when the property of the film does not change as a
function of thickness. However, we are bound here to make
measurements from a single set of data in many cases, where the
properties of the incompletely cross-linked films are likely to
depend on its thickness. Using the measurements of the latter
kind, we present data showing how the modulus of the sol—gel
film depends on the curing temperature. These data allow a
correlation to be made between the modulus and the adhesive
performance of the film when it is used as a thin film adhesion
promoter for the adhesion of epoxy to aluminum. Being encour-
aged by these findings, we extend the scope of this study to
incorporate the dependence of other variables, such as the
duration of cure of the sol—gel films and the effect of humidity
on its properties. The paper then ends with a discussion on the
relevance of these studies and a conclusion.

Experimental Section

Preparation of the Sol—Gel Solution. Details on the formula-
tion of the sol—gel solution can be found in the literature.'!3
Here, we present only a brief summary. The sol—gel films are
formed from a dilute aqueous solution of Glycidoxypro-
pyltrimethoxysilane (GTMS) (97% Gelest), Zirconium tetra-
propoxide (TPOZ) (70% w/w in n-propanol, Alfa Aesar), glacial
acetic acid (Sigma-Aldrich), and Antarox BL-240 (Rhodia Inc.).
The thickness of the film was controlled by changing the
concentration of the GTMS and TPOZ in the sol. Immediately
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Figure 3. Illustration of sample mount, strain micrometer and spin-
coating mount. Mounting brackets (1) are used to firmly secure the
PDMS sheet (25 x 75 x 2 mm) (2) to the sample mount (3). The sample
mount is then loaded onto the locking pins of the micrometer (4). The
distance between the fastening blocks on the sample mount can be easily
adjusted to ensure that sufficient prestrain is applied to the PDMS sheet.
Locking nuts on the fastening blocks allow this strain to be locked in
place. After removing the PDMS loaded sample mount from the
micrometer, it was fastened to the spin coating mount (5). After the
sol—gel film was spin coated on PDMS, the sample mount was removed
from the spin coating mount and placed in the required curing
environment. After the required cure had taken place, the sample
mount was then reattached to the micrometer where the strain was
applied and recorded.

before applying the sol—gel coating to PDMS, it was passed
through a 2 um qualitative filter paper (Whatman). PDMS
substrates were coated within 2 h of the preparation of the sol.

Surface Preparation and Modification of PDMS Elastomeric
Substrates. Sylgard 184 (Dow Corning) was used as the elasto-
meric support. Curing agent was mixed thoroughly with the
base in the ratio of 1:10. After degassing the mixture for 12 h,
the mixture was cured at 65 °C for 4 h in a convection oven
(Tenny Jr., Thermal Product Solutions), in the form of thin
(2 mm) sheets. These sheets are cut into coupons measuring
25 mm x75 mm. After loading them to a sample holder, as
described in the next section, they were washed with DI water
and blown dry with nitrogen. The sample mount is then placed
on a conductive surface and exposed to the corona generated
from a Tesla coil for 1 min. This treatment produces a thin silica
like layer, which is wettable by water (contact angle of <5°).
These surfaces do reconstruct slowly; hence they have been used
within 3 min after coronal treatment. Bowden et al*> have
studied the effect with PDMS exposed to oxygen plasma, and
conjectured that increasing the exposure time to plasma in-
creases the silica layer thickness. In the present study, the low
energy corona discharge is used for a short duration in order to
oxidize the surface that minimizes the formation of a thin silica-
like layer. The difference of the elastic modulus between this thin
silica type layer and the bulk PDMS itself causes surface
buckling upon application of a compressive stress. The silica
type layer, created from the corona treatment, and its effect on
the measured sol—gel buckling wavelength is addressed in the
start of the Results and Discussion.

Coating of Sol—Gel Film on PDMS Substrates, Testing
Procedure, and the Determination of Film Thickness. A custo-
mized apparatus (Figure 3) was designed for surface modifica-
tion, spin coating, and application of controlled strains to the
PDMS samples. This design avoids the need to remove the
PDMS from the sample holder, which eliminates unwanted
stress causing film delamination. The PDMS was securely
fastened to the sample mount and then prestressed to minimize
any sagging of the film during the spin coating process
(Figure 3a). The amount of strain in the sample was recorded
from the micrometer reading. After securing the sample mount
in this position and removing it from the micrometer, the surface
of PDMS was exposed to corona discharge as described above.
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Figure 4. AFM scan of a PDMS surface treated with a corona
discharge buckling under an applied strain. PDMS surfaces are exposed
to a corona discharge for I min under ambient conditions, 23 °C and
47% RH, subjected to a strain of ~8%.

Next it was mounted onto the spin coater (Headway Instru-
ments) after attaching it to a spin coating plate (Figure 3b).
Sol—gel solution was applied to the PDMS with a pipet and
allowed to thoroughly wet it for 2 min. Samples were spun at
1200 rpm for 50 s, then cured either at the ambient condition or
inside a convection oven.

For the samples cured at temperatures above 75 °C, the
thermal expansion provides a level of strain that is sufficient
to cause buckling in the film. The wavelength of the buckling is
independent of the applied strain provided that it is low enough,
i.e., <10%. For other samples, strains of ~1.5—4% were
applied to the system by relaxing the prestressed PDMS. Buck-
ling wavelength was estimated by imaging three areas on the
substrates selected at random. Images were taken using either an
optical microscope in a reflectance mode (Nikon) or with an
atomic force microscope (Nanodimension V) when the buckling
wavelength is below ~2 um.

The thickness of the sol—gel films on PDMS was determined
with a scanning electron-microscope (Hitachi 4300). Typicall;,
the thicknesses of the thin films on PDMS are analyzed®**
using variable angle spectroscopic ellipsometry (VASE). While
the through put rate with the SEM analysis is not as high as the
VASE, it has the advantage that the film thickness can be clearly
visualized on the substrate and that the measurements can be
made in absolute scale. Samples were cut with a scalpel and
mounted in such a way that the film thickness is perpendicular to
the field of view. Samples were then sputtered with Iridium for
10 s (Electron Microscopy Sciences EMS 575x). The thickness of
the film was determined from the SEM images using an image
analysis software at a number of positions along the interface.
As a separate study, the thicknesses of the sol—gel films depo-
sited on silicon wafers were determined with ellipsometry
(Rudolph Research AutoEL III).

Results and Discussion

Estimation of the Properties of the Silica Type Layer.
Oxidation of the surface of PDMS causes the formation of
a thin silica-like layer. The mismatch in elastic moduli of this
film and that of the bulk PDMS causes the surface to buckle
when a compressive stress is applied. Bowden et al*> have
found that the buckling wavelength increases with oxidation
time, suggesting that the thickness of this stiff layer also
increases. In the aforementioned work oxygen plasma is used
to modify the surface of PDMS. In the present study a
corona discharge was used to oxidize the surface of PDMS,
as outlined in the Experimental Section. Although this
treatment is lower in energy than oxygen plasma, it must
still be assumed that a thin film is formed on the surface
of PDMS. When this treated surface is strained above
~8%, small buckles can be seen on the surface (Figure 4).
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Figure 5. SEM micrographs showing the thickness of the sol—gel film on PDMS films for five different sol—gel concentrations. Concentrations are
displayed in the upper right corner of each image. Samples were cut with a scalpel and mounted on a SEM stub such that the PDMS/sol—gel interface

was at 90° to the electron gun. Note the change of scale on the images.

The presence of these buckles indicates that a silica type
layer is formed on the surface due to the corona exposure,
which could affect the measurements of the properties of
the sol—gel films deposited on it. The surface bucklings on
the oxidized PDMS have an amplitude and wavelength of
~2.2 nm and ~0.18 um respectively (Figure 4) at ~8%
strain. In order to make an estimate as to what extent the
measurements could be affected, let us compare the bend-
ing rigidities of the corona generated silica layer on PDMS
and that of the most weakly cross-linked sol—gel films in
our studies. We can combine the standard expression for
the flexural rigidity of an elastic plate with eq 1 as follows

Deines = E siicahsiica’ _ E pouts (iy
e 12 4 \27
where Egjjic, and hgyi., are the plane strain modulus and
thickness of the silica layer respectivaly. Using the wave-
length of the buckling of the oxidized PDMS (~0.18 um), a
value of the flexural rigidity of the silica-like layer is
estimated as Do = 1.6 x 107'7 N m. By comparison,
the flexural rigidity of a thin (50 nm) weakly cross-linked
sol—gel film of an elastic modulus of 2 MPa and Poisson’s
ratio of 0.251s Dy = 2.2 % 107" N'm. As these bending
rigidities are very close to each other, we expect the silica
layer to have a significant effect on the determination of
the elastic property of the weakly cross-linked and very
thin sol—gel film. In this paper, however, the modulii of
the sol—gel films for the vast majority of cases are sig-
nificantly higher than 2 MPa with the corresponding
flexural rigidities orders of magnitude larger than that of
the corona generated thin oxide layer on PDMS.
Estimation of the Elastic Modulus of the Sol—Gel Films. In
order to validate the method of buckling instability to
estimate the properties of the sol—gel films, the effects of
the concentration of the sol—gel precursor on the thickness
and the elastic modulus of the resultant film were evaluated.
A curing temperature of 120 °C was chosen in order to avoid
the degradation of the GTMS component®® of the sol—gel
film that could occur at a higher temperature. This is also a
reasonably high temperature at which the film is cured
completely. Figure 5 displays the SEM images of the sol—gel
films from which their thicknesses were measured. Figure 6
compares the thicknesses of the sol—gel films measured using
the above method with those of the films deposited on a
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Figure 6. Comparison of film thickness (/15¢) vs sol—gel concentration
measured via two different techniques. Black diamonds correspond to
SEM measurements for the sol—gel films cured at 120 °C on a PDMS
support and the red squares correspond to the ellipsometry measure-
ments for films cured under indentical conditions on silicon wafer.
Insert: Ellipsometry results for the thickness of films cured under
ambient conditions (23 °C and 47% RH) for 24 h as a function of
sol—gel concentration. On average, the oven cured films show an ~8%
decrease in thickness compared to the room temperature cured. Error
bars are hidden in the marker size.

silicon wafer under similar conditions using the method of
ellipsometry. This comparison shows that both methods
yield similar results. We use the thickness measured by
SEM in these studies for the convenience of measurements
done on PDMS rubber; it also provides the measurements to
be done in absolute scale.

Figure 7 shows that the thickness of the sol—gel film
as well as the buckling wavelength increases linearly with
the concentration of the starting sol precursor. From here
onward, all the data will be presented as a function of the
thickness of the sol—gel film instead of the sol concentration.
Figure 8 summarizes the buckling wavelength vs film thick-
ness data for sol—gel films cured at 120 °C. From the
gradient of the line passing through the experimental points,
its plane strain modulus is estimated to be 1.7 £ 0.2 GPa. In
the same figure, the plane strain modulus of each film as
estimated using eq 1 is reported. As expected, these values
closely cluster around their mean. On the basis of this
obvious comparison, we conclude that either method can
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Figure 7. Effect of sol concentration ((Zr + Si) vol %) on film thickness
(hsg) and buckling wavelength (1). Black diamonds represent the
buckling wavelength vs sol—gel concentration whereas the red squares
represent sol—gel film thickness (as measured by SEM) vs sol—gel
concentration. A linear relationship is observed in the buckling wave-
length vs sol—gel concentration. Here, the buckling wavelength was
measured using optical microscopy for films cast from sol—gel con-
centrations equal to and above 9 vol %. AFM was used for measuring
the wavelength of films formed from sol—gel concentrations below 9 vol
%. Error bars represent one standard deviation of the data. Sol—gel
films were cured at 120 °C. Inset: Optical microscopy image of buckling
on a film cast from a sol—gel concentration of 7 (Si + Zr) vol %. Scale
bar represents 50 um.
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Figure 8. Relation of buckling wavelength (1) and plane-strain modu-
lus (E s¢) to sol—gel film thickness (/1s¢). Film thickness is measured via
SEM. Wavelength data displayed in Figure 7 are replotted against film
thickness. Using the data in Figure 7 it is shown here that the plane-
strain modulus is independent of film thickness. Black diamonds
represent buckling wavelength vs sol—gel film thickness, whereas the
red squares represent the modulus of the sol—gel thin film. The black
line represents a line of best fit on the buckle wavelength vs film
thickness data which passes through the origin. The blue dashed lines
represent 95% confidence intervals on the buckle wavelength vs film
thickness results.

be used to accurately determine the elastic modulus of the
sol—gel film. It can be seen from this figure that the largest
error in the data and indeed the major limit of accuracy of the
technique is the measurement of the thickness of the film.
The statistical error is comparable to those of other techni-
ques such as nanoindentation and three point bending tests
(for bulk gels).

As the properties of a sol—gel film strongly depend on its
chemical formulation and curing history, it is difficult to
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Figure 9. Buckling wavelength (1) and plane-strain modulus (E s5) as a
function of curing temperature. Plane-strain modulus is calculated from
the displayed wavelength. Cure time was 30 min at approximately 47%
RH. Black diamonds represent the buckling wavelength vs sol—gel film
curing temperature, whereas the red squares represent sol—gel thin film
modulus vs sol—gel film thickness.

compare our results to any similar results published in the
literature. Nevertheless, it is instructive to look at two
particular examples. However, before this comparison is
made it is necessary to define a suitable Poisson’s ratio for
the sol—gel film in order to convert the plane-strain modulus
to the elastic modulus. It is difficult to ascertain the exact
value of the Poisson’s ratio for this film as it contains both
organic and inorganic components. Thus, we used an approxi-
mate method. Poisson’s ratio for mesoporous silica films?’ is
reported to be 0.25, while that for amorphous polymeric
solids?® is in the range of 0.3—0.4. Given the above values of
the Poisson’s ratio we used a range of 0.25—0.35 to estimate
the elastic modulus of the sol—gel film. The elastic modulus
of the film cured at 120 °C s then estimated to be in the range
of 1.5 to 1.6 GPa. Atanaciao et al’ reported the moduli of
various organic—inorganic hybrid films based on the mix-
tures of TEOS (tetraethoxysilane) and alkyltriethoxysilanes
of various kinds as obtained using nanoindentation. Of
particular relevance here is that of the TEOS and GTMS
formulation. The Young’s modulus of this film was found to
be around 1.68 and 1.81 GPa when measured on silicon and
copper substrates, respectively.’ In a separate study, bulk gels of
TEOS + GTMS + TPOZ have been investigated using Knoop
microindentation for which the elastic modulus was estimated to
be around 0.57 GPa when the gels were cured at 125 °C for 72 h.®
The value of the modulus of the sol—gel films estimated by us fall
in between those reported in the above two studies, although
direct comparison cannot be made.

The Effect of the Curing Temperature on the Modulus of the
Sol—Gel Films. The curing temperature of the sol—gel based
coating is an important contributor to the final strength of the
adhesive joint. It is generally believed that the coating needs to
be cured to a degree that does not affect the ability of primers or
adhesives to wet and penetrate it to some extent so that a defect
free interface can be formed. Figure 9 shows that the curing
temperature has a pronounced effect on the modulus of the thin
(65 + 13 nm) sol—gel films. The modulus, and thus the cross-
linking density, of the film sharply increases with the curing
temperature until all the major cross-links are formed leading
to a plateau in modulus. The exact nature of these cross-links is,
however, unclear although silicon—oxygen—silicon, zirconium—
oxygen—zirconium, zirconium—oxygen—silicon, and silicon—
oxygen—substrate, and zirconium—oxygen—substrate are
all possible. The epoxy ring of GTMS can also open to form a
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Figure 10. AFM images of the effect of post curing a film after it is aged under ambient conditions for 2 days. The left image shows the buckling
wavelength of the film after aging it under ambient conditions (23 °C, 47% RH) for 2 days. The right image shows the effect of post curing this sample at
120 °C for 30 min. The wavelength changes from ~1.1 um to ~2 um. This causes a change in plane strain modulus from 0.2 £ 0.03 to 1 £ 0.3 GPa. If the
sol—gel film (65 nm thick) is cured directly at 120 °C for 30 min the estimated plane strain modulus is 1.3 & 0.4 GPa. Buckles for oven cured films are
orientated perpendicular to those at room temperature as the buckling is caused by the thermal stress. Thermal stress generates one-dimensional
buckling due to the geometric confinement of the clamp, this effect is described in detail in the text.

diol but it is unclear whether these functional groups are
involved in any cross-linking reaction. The specific cross-
links aside, nearly a 17-fold rise in elastic modulus occurs
when the curing temperature is increased from 45 to 85 °C. It
is assumed that within the range of temperature used in these
studies, the maximum possible degree of cross-linking is
achieved at the above temperature. This result coincides
with the previously reported”°IR spectroscopy studies with
the GTMS films, which found that no significant change in
the degree of condensation occurs within a curing tempera-
ture range of 93—180 °C. The previously mentioned ellipso-
metric studies (Figure 6) on film thickness show a ~8%
decrease in film thickness between room temperature cure
and 120 °C cured films. This decrease is within the statistical
variation in the SEM thickness measurement and as such
is not directly measurable. However, it is worthwhile to
note that this decrease in thickness would accentuate the
trend of elastic modulus with curing temperature which we
observe here.

The compressive strain required for buckling can be
generated either by an externally applied force or due to
the stresses developed in the film due to the mismatch of
thermal expansion coefficients during a thermal curing cycle.
As noted in the Experimental Section, sol—gel films cured
below 75 °C were buckled mechanically by releasing the
prestrained PDMS substrate. Films cured above 75 °C
buckled due to thermally induced stress. It is important here
to consider a potential artifact in the estimation of the
modulus of thin films which arises due to thermal stress.
The modulus of a thin polymer brush, in which buckling was
induced by thermal stress, is about four times lower than
when the buckling was induced mechanically.** Should a
similar effect be present in our system, elastic modulus at
room temperature of the thermally buckled sol—gel films
would be higher than our current estimation. This would
accentuate the trend that the elastic modulus increases with
curing temperature.

It is worthwhile to note that if the film is cured at 120 °C
after aging it for 2 days at room temperature (23 °C) it shows
the increase in the modulus (Figure 10) of the film that is
comparable to that cured directly at 120 °C. This effect is
discussed further later in the paper.

This change of modulus suggests that the unreacted
hydroxyl groups remain within the film that are activated
when exposed to higher temperature. This is important for
achieving good adhesion with an epoxy or other adhesives
that can be post cured on the sol—gel film at higher tem-
perature. We bring up this issue next as we attempt to find
a relationship between the modulus of sol—gel coating and
its adhesion performance with epoxy under dry and wet
conditions.
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Figure 11. Fracture strength (G) of an aluminum/sol—gel/epoxy joint
under wet and dry conditions versus the curing temperature of the
sol—gel primer. The plane-strain modulus (F s;) dependence on the
curing temperature is replotted from Figure 9 on the right axis. Black
diamonds and blue triangles represent dry and wet fracture strengths
respectively versus sol—gel curing temperature. Red squares represent
the plane-strain modulus versus the curing temperature. Details of the
wet vs dry fracture experiments are outlined in the text. The aluminum
(2024-T3) substrates are etched in a Forest Products Laboratory
solution prior to sol—gel application.”’

An Empirical Correlation between the Modulus of the Sol—
Gel Coating and Its Adhesive Performance. In our laboratory,
Liu? studied the effect of sol—gel cure temperature on the
fracture strength of the aluminum/sol—gel/epoxy joint under
wet and dry conditions. The critical energy release rates of
these joints were measured using the method of an asym-
metric double cantilever beam. Fracture experiments under
ambient conditions were carried out at 23 °C and 47% RH,
whereas those under wet conditions were conducted by
inserting a water droplet into the crack tip for 2 min before
extending it with a wedge. Here, we attempt to seek if any
correlation exists between the critical fracture strength of the
adhesive joints and the elastic modulii of the sol—gel films as
found in our experiments. The results summarized in Figure 11
show that the dry joint strength of the adhesive joint decreases
considerably with increasing modulus. From this comparison
we surmise that increasing the cross-link density of the film,
thus increasing its modulus, possibly decreases the inter-
penetration of the epoxy into the sol—gel layer. The corre-
lation also suggests that this effect is predominant after a
critical modulus (50 MPa) is exceeded, above which any
further increase in modulus is extremely detrimental to the
joint. The wet strength results show a similar trend as well,
although the effect of the modulus of the sol—gel film is less
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prominent here. The fact that the lower cross-linked sol—
gel films display superior joint strength under both dry and
wet conditions suggest that the sol—gel layer is further
cross-linked during the cure of the epoxy adhesive which
occurs at 100 °C. As previously mentioned, sol—gel films
aged at a low temperature (Figure 10) can be post cured at
higher temperatures. This observation suggests the follow-
ing scenario when they are used as adhesion promoters. The
adhesive can diffuse into the low temperature cured sol—gel
films and react with the available epoxy groups to some
extent. When the adhesive is aged at a temperature of
100 °C, the cross-linking of the sol—gel films also increases,
thus allowing the formation of an interpenetrating net-
work. This post cure idea has been previously speculated
in the literature and is reviewed nicely by Abel et al.*® This is
of relevance to industrial applications, where it is important
to ensure that a surface remains chemically active after
pretreatment, as there is often a lag time between surface
treatment and adhesive joint preparation.

Having established a strong correlation between the mod-
ulus of the sol—gel films and its adhesive performance, we
now present some data on how this modulus is affected by
the duration of cure and humidity.

Duration of Cure at Room Temperature and the Modulus
of the Sol—Gel Films. The previous studies performed in
our laboratory'’ show that the highest increase in adhesion
occurs when the gel is cured at room temperature for 75 min.
In our current study, we do not observe buckling for room
temperature cured films until a minimum of 3 h is passed
since the coating step. The plane strain modulus of the sol—
gel film at this cure time (3 h) is estimated to be 8§ MPa. The
critical strain (&) for buckling to occur is given by eq 2.

1(3E o
it = 5 <_”—DMS> (2)
E 56

For a sol—gel film of modulus 8 MPa, eq 2 predicts that the
critical strain needs to be about 24% before the buckles are
formed. In our experiments, we see buckles even when the
sol—gel films are subjected to a strain of 1.5—4%. The single
film buckling equation does not describe the formation of the
buckles for such films, although the prediction (3% strain) is
reasonably good for films aged for 9 h or more (Figure 12).
The origin of the above discrepancy is not clear to us. We
surmise that the elastic modulus of the sol—gel film is very
low at cure times of <3 h under ambient conditions (23 °C,
47% RH), which is not measurable by this technique.
Films cured for 24 h under 20% RH at 23 °C gave a plane
strain modulus of 200 + 70 MPa. Compared to the value
recorded at 47% RH and 23 °C of plane strain modulus
170 £ 30 MPa we can conclude that lowering the humidity
does not have an appreciable effect on the rate of cure of the
sol—gel film.

Effect of Humidity on a Post Cured Sol—Gel Thin Film. We
now describe the final segment of our study, where we report
the effect of humidity on the properties of the sol—gel film. It
is well-known that the strength of any adhesive promoted by
a sol—gel coating in an humid environment is of paramount
importance to various industrial applications. As mentioned
above, Liuetal'*!'* investigated the adhesive performance of
epoxy/Boegel EPII/aluminum joints under wet conditions.
The overall conclusion of these studies is that water decreases
the durability of the joint, thus decreasing its threshold
fracture energy. Other studies®' ~? show as well that water
is capable of penetrating into the adhesive joints and dama-
ging the integrity of the sol—gel film over time by hydrolyzing
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Figure 12. Effect of curing time, under ambient conditions (23 °C, 47%
RH), on sol—gel film plane-strain modulus (E s¢). A strain of ~3% was
applied to induce buckling. The black diamonds represent the buckling
wavelength vs curing time, whereas the red squares represent sol—gel
thin film modulus vs curing time.

the interface. Polymer films are also known to swell in the
presence of many solvents, which induce instabilities within
the film or the relaxation of residual stresses.'”?* With these
facts in mind, weinvestigate the effects of humidity on the
behavior of buckled sol—gel films.

Figure 13 depicts the effect of humidity on the morphology
of the buckled sol—gel coatings when they are stored under
~98% RH (relative humidity) for 15 h. A number of intri-
guing pattern formations are evident. The change in the
buckling pattern when the films are cured at low tempera-
tures (45—65 °C) and then exposed to high humidity is
different from those cured at higher temperatures (85—
150 °C) and stored under similar conditions. It is important
here to clarify a point made briefly in the Experimental Section.
When cured at temperatures below 75 °C, the films do not
buckle upon removal from the oven. Buckling is induced by
releasing the prestrain in the PDMS; therefore, the compres-
sive strain is applied in the x direction (see Figure 2). This
results in the formation of buckles parallel to the y coordinate.
For samples cured at temperatures above 75 °C, we observe
buckling upon cooling due to the mismatch in the thermal
expansion coefficients of the sol—gel coating and PDMS. The
buckling however is oriented parallel to the x coordinate.
This 90° rotation in the buckling pattern can be explained
by considering the way in which the PDMS expands in the
metal clamp. As Figure 3 shows, the PDMS is securely
clamped at both ends. During the heating process, the film
is free to expand in the y direction anywhere other than near
the clamps where it is constrained. The prestrain in the
x direction is chosen to ensure that the thermal expansion
does not cause sagging of the PDMS. Were it not for this
confined geometry, buckles in the herringbone or labyrinth
conformation should occur as a result of thermal stress.?’
Upon cooling the PDMS, contractions in the y direction
generate a compressive force within the cured sol—gel layer.
This results in the formation of buckles orientated perpendi-
cular to this force.

Films cured at 85—150 °C show neither any significant
change in the buckling wavelength in the x direction (see
Figures 13 and 14) nor in their amplitude (Figures 13 and 15)
when they are placed in the humid environment. Were the
elastic modulus or film thickness to change as a result of
exposure to high moisture, the ratio of the buckling wave-
length at high humidity to that of ambient should also
change. One would also expect a decrease in the buckling
amplitude. Figures 14 and 15, however, show that these
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Figure 13. AFM scans showing the effect of humidity on oven cured
sol—gel films (65 nm). The curing temperatures are as shown in the
figure. The left column shows the buckling morphology observed
after the oven cure for 85—150 °C cured films exposed to ambient
humidity (~47% RH). The right column shows the subsequent change
in the surface morphology after being exposed to a high humidity
(~98% RH) environment for 15 h. Note the change of scale between
images.

ratios are constant, indicating that films cured above 85 °C
undergo a minimal level of swelling in humid environment.
Nevertheless, a definite change in the buckling morphology
occurs in humid atmosphere, indicating that water is able to
penetrate into the film and thus modify its stress state. The 1
D buckling pattern evolves to a classical herringbone buck-
ling pattern. This is characterized by the development of
kinks on the original buckles. The formation of this herring-
bone pattern implies that the compressive stress in the x
direction increases above the critical stress for surface in-
stability. Recent simulations by Huang et al** suggest that
similar patterns can be formed on membranes subject to a
mismatch of stress. These simulations further show that as
the anisotropy of the stress state is increased, the buckling
morphology goes through 3 major transitions: labyrinth to
herringbone to the one-dimensional mode. We observe a
similar trend in the change in humidity driven buckling
between films cured at 65 °C and above. Films cured at
65 °C appear to display a hybrid labyrinth—herringbone
conformation upon exposure to humidity whereas films
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Figure 14. Ratio of the buckling wavelength and ratio of the sol—gel
flexural rigidity before exposure to high humidity (RH ~ 98%, for 15 h)
to that measured after exposure as a function of curing temperature.
Black diamonds represent the ratio of the buckling wavelength. Red
squares represent the ratio of the sol—gel film flexural rigidity. A ratio
greater than 1 indicates a decrease in wavelength and flexural rigidity
due to high humidity exposure. Films cured under ambient conditions
(23°Cand RH ~ 47%) were cured for 24 h. All other temperature cure
times were 30 min.
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Figure 15. Ratio of the buckling amplitude before exposure to high
humidity (RH ~ 98%) for 15 h to that measured after exposure as a
function of curing temperature. A ratio greater than 1 indicates a
decrease in amplitude due to high humidity exposure. Films cured under
ambient conditions (23 °C and RH ~ 47%) were cured for 24 h. All
other temperature cure times were 30 min.

cured above 85 °C display herringbone buckles. Our results
also coincide with the experimental data presented recently
by Lin and Yang,*> who studied the formation of herring-
bone and labyrinth morphologies on surface-oxidized
PDMS. These experiments investigated the effect of a biaxial
stress condition, either sequentially or simultaneously, on
the buckling morphology. Herringbone patterns are formed
by sequentially applying the biaxial stresses. Labyrinth
patterns are formed with the simultaneous application of
biaxial stress. In our studies, the kinks do not appear
uniformly throughout the film cured at 150 °C, whereas for
films cured at 65 and 85 °C the kinks are uniform across the
sample area. Comparison of our results with the simulation®?
and experimental results*® implies that an increase in the
compressive stress generated through a resistance to swelling
could be responsible for these buckling transitions. Films
cured at higher temperatures are subject to a higher stress
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Figure 16. AFM scans show the morphological evolution of storing an unbuckled 65 nm thick sol—gel film on PDMS at ~98% RH. These
films were cured at 55 °C for 30 min under ambient humidity (~47% RH) before exposure to ~98% RH. No blisters develop before

T = 10 min.

upon cooling. Therefore, the transition in the buckling states
with increase in temperature could be due to a higher initial
1D buckling stress with higher cure temperature or an
increase in the swelling stress from increased moisture pene-
tration.

The effect of moisture on the lower temperature (23, 45,
and 55 °C) cured films is more complex. For these tempera-
ture cures, the amplitude of the buckles decreases signifi-
cantly upon exposure to high humidity (Figure 15) and in
some cases it becomes difficult to observe them on the
surface. Films cured at 45 °C and room temperature show
a small decrease in amplitude when stored under ambient
conditions, ~10—20%, however this is small compared to
the decrease observed in the humid environment (a 5-fold
decrease). This decrease under ambient conditions suggests
that the sol—gel film is able to creep to relax the stress. Creep
in low temperature cured GTMS based sol—gel films has also
been observed by Atanaciao et al.” eq 3 relates the amplitude
of the buckles to the system parameters.

A = b (3)

Ecrit

Here ¢, is the prestrain and ,,;, is defined in eq 2. Assuming
that the thickness increases due to swelling and the prestrain
remains more or less constant (interfacial slip is minimized)
then the decrease in amplitude must occur due to the increase
of the critical strain. In order for critical strain to increase,
the elastic modulus of the sol—gel must decrease. Therefore,
itis likely that the penetration of water in to the sol—gel layer
reduces the elastic modulus. It appears that the humid
environment is capable of swelling the film and thus relaxing
the stress. Water vapor appears to have the opposite effect
on the films cured at higher temperatures owing to their
higher cross-linking density compared tothose cured at lower
temperatures.

The relaxation of the amplitude of the buckled sol—gel
films cured at low temperature is one of two types of
morphological changes that occur upon exposure to a high
humidity environment. The second morphological change is
dictated by the level of strain applied to the sample to induce
buckling prior to humid exposure. We will first deal with the
effect of storing films buckled initially under ~1.5% strain.
For films cured at 23, 45, and 55 °C and buckled under 1.5%
strain, droplets are formed on the surface after storage in a
humid environment. This effect is also observed occasionally
on the films cured at 65 °C. In order to better understand the
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Figure 17. AFM (left) and SEM (right) images show the effect of
storing a 300 nm thick sol—gel films coated on PDMS at ~98% RH
for 15 h The films were cured at 55 °C for 30 min at ambient humidity
(47%) before exposing to the ~98% RH atmosphere. The humidity
causes the surface to buckle and blisters to form. The blisters preferen-
tially lie in the valleys of the buckles.

origin of these surface features, the growth kinetics of the
droplets were studied in the unbuckled state on PDMS
substrates (Figure 16). Dewetting of the sol—gel layer as a
cause of these features was ruled out as no definitive long-
range order of the droplets was found via Fourier image
analysis. Furthermore, the rate of increase of the size of the
droplets (Figure 16) is much too high for it to be attributed to
the subsequent Ostwald ripening of the dewetted droplets.
The height (5 nm) of the droplets is an order of magnitude
smaller than the film thickness. The effect of storing sol—gel
coated glass substrates, cured at 55 °C and at a high humidity
(~98%) was also studied. No droplets are observed on these
surfaces after 15 h. This suggests that the droplets arenot a
low molecular weight polymer which diffuses to the surface
upon humid exposure. It is possible that these droplets are
blisters caused by the delamination of the sol—gel film from
the PDMS surface.

Films as thin as 300 nm were also studied in order to
discern the effect of film thickness on droplet formation.
These films coated on PDMS were stored under ~98%
humidity for 15 h in the unbuckled state. While the droplets
on the 65 nm thick film could not be observed due to their
small vertical height (5 nm), they were readily visible in the
SEM (Figure 17) on the 300 nm thick films. This 300 nm
thick film also exhibits buckling after exposure to ~98% RH
humidity, the pattern of which corresponds to an isotropic
stress state.

Numerous blistering patterns, from circular to telephone
cord,*® have been widely reported in the literature and are
comprehensively reviewed by Hutchinson and Suo.?” The
blisters observed in our experiments lie preferentially in the
valleys of the buckles with an orientation parallel to the
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Figure 18. Effect of prestrain on the change in buckling morphology
due to the storage of buckled sol—gel films in humid environments
(~98% RH, for 15 h). Prestrains are shown at the top of the figure.
Films buckled at € ~1.5% display circular blisters on exposure to high
humidity. Films buckled at ¢ ~4% show a decrease in buckle wave-
length. Inset: Line profiles of the films after humid exposure which were
initially buckled under and & ~4%.

direction of the buckles. Figure 16 shows that the blister size
increases with storage time, which is consistent with solvent
induced blistering phenomena in thin films.*® Interestingly,
these droplets differ in one significant way to the blisters in
the previously mentioned work,*® in that the vast majority of
the blisters in our case do not collapse upon removal from the
solvent environment. The blisters also remain in the sample
after it has been stored in a vacuum for 48 h. The presence of
these blisters in the SEM image shown in Figure 17 also
illustrates their stability under vacuum. This is counter to the
typical blisters, which collapse after the external stress is
released.

Mei et al.*” investigated the effect of simultaneous surface
buckling and blister formation in thin film systems. Both
phenomena have a characteristic critical stress below which
they do not occur. They found that whether or not a film
buckles or blisters depends on the ratio of the substrate to the
film elastic moduli and the ratio of the width of delamination
to the film thickness. For a fixed size of the debonded region,
a low ratio of elastic moduli (Ejpsare/ Efinm) favors surface
buckling, whereas a high ratio favors the formation of
blisters. As previously mentioned, the change in buckle
amplitude for films cured at and below 65 °C due to exposure
to high humidity (98% RH) suggests a decrease in the elastic
modulus (Figure 15). This raises the value of the substrate to
film elastic modulus ratio and thus it is possible that the
critical stress for blister formation is surpassed. It is also
possible that the influx of water into the film could increase
the size of the debonded region by attacking the chemical
bonds at the surface. The increase in the size of the debonded
region would also lower the critical stress required for blister
formation.

At higher strain levels, ~4%, a different change in surface
morphology is observed. Figure 14 shows approximately an
8 fold change in the flexural rigidity for films cured at 23 °C,
45 °C, and 55 °C upon exposure to high humidity. This
corresponds to a 2 fold decrease in the wavelength due to the
humid exposure. Closer inspection of these buckles in certain
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Figure 19. Schematic of secondary buckle evolution in sol—gel films
cured at low temperature <55 °C as a result of humid exposure. Case
one is where the film remains adhered to the PDMS substrate. Case two
is where the sol—gel film delaminates from the PDMS to form straight
sided blisters.

regions reveals some interesting profiles as shown in Figure 18.
It is observed from these profiles that the amplitude of the
buckles increases and decreases in a regular pattern across
the profile for the room cured and 45 °C cured samples. This
effect of alternating amplitude is uniform over the 45 °C
cured samples whereas for room cured and 55 °C cured
samples, some variation exists. The reason for this variation
is not clear. Two possibilities exist for these secondary
buckles, i.e. either the sol—gel film is delaminated from
the surface forming a straight sided blister or remains
adhered to the PDMS substrate (Figurel9).

It is not possible to state which is the actual case at this
time. However, we conjecture that these secondary buckles
are blisters formed by the delamination of the sol—gel from
the substrate due to the influx of water. The multiple blisters
observed for films stored at a lower strain strengthen this
argument as it is well documented that straight sided blisters
can become unstable and break up into small circular
blisters.*® This helps to explain the ordering of the blisters
along the buckle directions on the surface. It is possible that
some interesting surface patterning techniques could be
developed using this methodology.

From the above discussion, it is clear that the simulta-
neous buckling and delamination of the sol—gel films under
humid atmosphere is a complex situation. Irrespective of the
exact nature and formation of the blisters on the sol—gel
surface, it can be reasoned that exposure to a humid envir-
onment has a greater effect on films cured at and below 65 °C
than those cured above it.

Summary and Conclusion

The elastic modulus of a sol—gel based adhesion promoting
film has been estimated using the method of buckling instability.
For a sol—gel curing temperature of 120 °C, the plane strain
modulus of the film is independent of the film thickness and
estimated to be 1.7 & 0.2 GPa. From this result and accounting
for the uncertainty in the Poisson’s ratio we estimate the elastic
modulus to be in the range of 1.5—1.6 GPa. This value is
consistent with literature values for similar sol—gel based films.
The technique was used to characterize the modulus as a function
of sol—gel curing history and also to qualitatively describe the
effect of moisture on the film. Elastic modulus was found to be a
strong function of curing temperature up to curing temperatures
of 85 °C. Increasing the cure temperature above this value does
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not yield any substantial change in elastic modulus. Room
temperature cured films displayed no buckling at cure times
below 3 h. A plateau in modulus was reached at curetimes above
9 h. Change in the buckling morphology due to exposure to high
humidity suggests that the lower the film cure temperature the
more susceptible it is to moisture penetration and swelling. The
presence of the hydroxyl groups in the imperfectly cross-linked
film appear to facilitate the influx of water. The higher the water
concentration the greater the expected driving force for the
cleavage of cross-links via hydrolysis;*! so the films cured at
lower temperatures are more susceptible to hydrolytic attack than
their high temperature cure counterparts. Thus, the low tempera-
ture films should perform poorly in wet adhesion experiments. As
this is not the observed trend (Figure 11), it provides further
weight to the argument that the sol—gel film undergoes further
cross-linking during the epoxy cure cycle. These results call for a
study to be conducted using a room temperature cure epoxy to
determine the importance of the adhesive cure step. The buckling
technique presented here would be of great use in such a study as
the temperature effect on film cross-linking can be studied in
detail alongside a qualitative assessment of the film moisture
resistance.
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