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Video imaging was used to study large-slope folded telephone cord blister formation in solvent swollen
films of polydimethylsiloxane (PDMS) elastomers. Chlorobenzene, chloroform, heptane and toluene
were used to swell PDMS films with thickness values in the range 15 pum < h < 223 um supported on
glass substrates. Measurements of the blister width, corrugation wavelength and blister growth speed
were studied as a function of the film thickness for all four solvents. Modified theories of buckling were
shown to accurately predict the film thickness dependence of the width and corrugation wavelength
and a modified fracture mechanics approach was shown to reproduce the non-monotonic thickness
dependence of the blister growth rates. Two critical thickness values were identified for telephone cord
blisters formed on solvent swollen PDMS films-one corresponding to a lower critical thickness for
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blistering and the other corresponding to a peak in the thickness dependent blister growth rates. Blister
formation is shown to be consistent with the existence of mixed modality in the growth of the crack tip
at the film—substrate interface. Both critical thickness values are shown to depend upon the strength of
the adhesive interactions between the film and the substrate and the Young's modulus of the films. A
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1 Introduction

Blisters are often generated during the adhesive failure of thin
films. The build-up of stress in a film can arise as a result of
deposition processes” or simply due to a mismatch in physical
and/or chemical properties (e.g. thermal contraction," differen-
tial response to swelling solvent®>®). When the resulting areal
strain energy density associated with in-plane stresses exceeds
the work of adhesion between the film and substrate, delami-
nation will occur. If there is sufficient energy remaining to bend
the films then they will also buckle away from the substrate.
This typically results in the formation of either circular® or
straight-sided linear blisters.””®

The formation of linear blisters only releases stress in the
films in the direction perpendicular to their long axis. When
large biaxial stresses are present in the film, this mode of
blister formation leaves un-relaxed stress in the direction
parallel to the linear blister. If large enough, these un-relaxed
stresses can drive a further buckling instability in the already
delaminated parts of the film to create the sinusoidal structures
that are characteristic of telephone cord blisters.”” This is
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simple method of patterning surfaces with telephone cord blisters is also introduced.

particularly true in the case where the films delaminate to
create large slope folded structures where the two sides of the
linear blister adhere to one another after detaching from the
substrate.’®'* However, telephone cord blisters do not only
form in the case of these large-slope folded structures. A much
more common form of telephone cord blister involves the
buckling of films to form low amplitude “rucks”'" that subse-
quently undergo secondary buckling.

Telephone cord blisters have been studied by a number of
authors»»>7~%'271¢ and the mechanisms associated with their
formation are relatively well-understood.’®** Solvent induced
telephone cord blister formation in particular has received a
considerable amount of recent interest.>*>'® The extent of
solvent induced swelling in materials such as polymers can
be significant, with increases in linear dimensions that
range up to 40-50% of the unswollen sample dimensions."”
Solvent swelling is therefore capable of generating the large
biaxial stresses responsible for telephone cord blister for-
mation in thin films that are confined on a substrate. Velankar
and coworkers, in particular, have considered the effects of
solvent induced swelling in polydimethylsiloxane (PDMS) films
and the resulting formation of telephone cord blisters. These
authors used a range of different solvents and substrate
combinations.>*

In our recent work,'® we considered the effects of changing
the film thickness on the buckling length scales and growth
rates of telephone cord blisters in chloroform swollen films of

This journal is © The Royal Society of Chemistry 2024
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PDMS. Prior to this only a few studies had measured and
attempted to interpret the effects of changing the sample
thickness on parameters such as the width, wavelength and
rate of elongation (growth rate) associated with the blisters.
These previous studies include measurements of the thickness
dependence of the width of telephone cord and straight sided
blisters in thermally deposited silicon nitride’ and titanium
films respectively.® Yuan and coworkers® also characterised
ratios of the width and wavelength to the amplitude of blister
formation.

Here we extend significantly on our previous work and
describe an experimental study of the thickness dependence
of telephone cord blister formation in solvent swollen thin
films of PDMS supported on glass microscope slides. Swelling
of the PDMS is performed in four separate solvents, namely
chloroform, chlorobenzene, heptane and toluene. We also
provide a more detailed analysis of the buckling and fracture
mechanics phenomena that are responsible for the formation
of large-slope folded telephone cord blisters.

Each of the solvents used results in a large extent of swelling
being generated in the samples.'” When significant swelling is
coupled with confinement of the films by a substrate it results
in the generation of large in-plane stresses that drive blister
formation. The use of a wax release layer lowers the work of
adhesion between the PDMS and the glass and results in the
formation of multiple telephone cord blisters on each sample
whose characteristic dimensions are shown to be largely inde-
pendent of the solvent used. Simple analyses based upon
previously developed theories of buckling and dynamic fracture
mechanics'® are shown to agree quantitatively with the data
presented. Extension of the work to thinner PDMS films shows
that adhesion and mechanical properties play a crucial role in
determining the growth rates of the blisters. Blister growth rates are
shown to have non-monotonic dependence upon film thickness
which is attributed to a mixed modality in the fracture process at
the growing blister crack tip. We also identify two characteristic
film thickness values, 4. and A, The value %. corresponds to the
thickness below which telephone cord blisters do not grow and #,
is the thickness corresponding to a peak in the thickness depen-
dent blister growth rates.

2 Experimental
2.1 Sample preparation

Cross-linked films of polydimethylsiloxane elastomer (PDMS,
Sylgard 184, Dow Corning) were prepared on Carnauba wax
(Sigma Aldrich, Gillingham, UK) coated glass microscope slides
by spin coating. The glass slides were initially cleaned by
consecutive sonication in a surfactant solution (2% Decon
Neutracon), deionised water and acetone (HPLC grade, Sigma
Aldrich) for 15 minutes each. The glass slides were dried using
clean lens tissues and placed on the vacuum chuck of a home-
built spin coater.

Carnauba wax was dissolved at a concentration of 1 wt% in
chloroform (HPLC grade, Sigma Aldrich). This was achieved by
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heating the solution to 50 °C. Once all the wax had dissolved,
the solution was allowed to cool to room temperature and was
immediately spin coated on to the clean glass slides at a speed
of 3000 rpm. This resulted in the formation of a uniform wax
layer on the glass slides that was 8 = 1 um thick (as determined
by weighing). Sylgard 184 was then mixed in a 10:1 ratio of
resin : crosslinker, allowed to de-gas at room temperature (typi-
cally 30 minutes) and then spin coated at a range of spin speeds
between 1000 rpm and 8000 rpm. A set of films with a lower
Young’s modulus were also prepared using a 20:1 ratio of
resin: crosslinker using the same procedure. This created
PDMS films with thickness values in the range 15 ym < 2 <
223 um. All samples were annealed in air at 110 °C for 2 hours
to perform cross-linking of the PDMS. The samples were then
allowed to cool to room temperature.

2.2 Sample imaging and data analysis

The PDMS coated glass samples were placed inside a Petri dish
and illuminated from below using a 400 mW collimated white
light LED (Thor Labs, MCWHL5-C1, see Fig. 1a) passed through
a diffuser. The slides were quickly coated with a layer of solvent
(either chlorobenzene, chloroform, heptane or toluene) using a
glass pipette and the samples imaged from above using a Basler
acA800-510uc camera and a UC series lens (Edmund Optics,
UK) with a focal length of 25 mm. In each case an excess of
solvent was used to ensure saturation of the PDMS films during
swelling. All solvents were obtained from Sigma Aldrich and
imaging was performed at room temperature (20 °C).

Movies of the samples were collected at a range of different
frame rates (up to 200 frames per second) following the
deposition of the solvents. The frame rate chosen was depen-
dent upon the solvent being used as telephone cord blister
growth rates varied considerably from solvent to solvent. A few
seconds after deposition of the solvent (dependent upon film
thickness and the solvent being used) a series of linear struc-
tures were observed to nucleate at multiple locations on the
surface of the samples and to grow (see Movies, ESIt). It was
observed that (heterogeneous) nucleation occurred preferen-
tially near defects in the PDMS films (e.g. dust, scratches, other
blisters). However, blisters were also observed to nucleate more
slowly and homogeneously in the absence of any observable
defects. These homogeneously nucleated blisters are the focus
of this work.

If solvent was wicked away quickly from the samples using
lens tissue paper, closer inspection revealed that the films had
blistered away from the substrate to form large-slope folded
structures similar to those shown in Fig. 1b. These blisters were
found to be straight immediately after their formation, but
were observed to buckle to form sinusoidal telephone cord-like
structures as they grew (see Fig. 1c), in a manner that is
consistent with previous reports of solvent swollen PDMS
films.> When the imaging geometry was inverted and samples
viewed from below (illuminated from above) the path taken by
the blisters was observed to follow a sinusoidal path on the
substrate. This indicates that the whole structure buckles and
not just the delaminated parts of the film.

Soft Matter, 2024, 20, 8812-8823 | 8813
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Fig. 1 Experimental/imaging setup. Panel (a) shows a schematic diagram
of the experiment. A PDMS coated glass slide is immersed in solvent and
imaged from above using a camera at range of different frame rates. The
bottom left of panel (a) shows a diagram of the large-slope folded
structures that form during blistering of the films. Panel (b) shows exam-
ples of optical images of these large-slope folded structures that are
formed during the swelling and delamination of 10:1 (resin: crosslinker)
PDMS in all four of the solvents studied. Images were collected from an
oblique angle above the level of the glass substrate and were obtained by
gently wicking solvent away from the structures using a lens tissue. Panel
(c) shows optical images of a growing telephone cord blisterina 76 + 1 um
thick 10 : 1 PDMS film at different times as viewed from above and while still
submerged in toluene. The scale bar shown in each of these images
represents 1 mm.

Fig. 1(c) shows an example of a growing telephone cord
blister submerged in toluene. The structures in Fig. 1(b) and (c)
are of the same type. Those shown in Fig. 1b are observed from
an oblique angle, following forced removal of solvent. The
structures in Fig. 1(c) are observed from directly above and
are still immersed in solvent. What is seen in the images in
Fig. 1(c) is the top of the ridge formed by the films during
folding (see the diagram in the bottom left of Fig. 1(a)).

Isolated blisters were observed to grow at a constant speed
and this growth speed was found to be thickness and solvent
dependent. Growth at constant speed continued until neigh-
bouring blisters approached. This occurred as a result of two
blister crack tips colliding or a crack tip approaching a pre-
existing telephone cord blister. After formation, the telephone
cord blisters grew until the entire surface of the sample was
covered. Once a network of connected telephone cord blisters
had formed, lateral growth (widening) of individual blisters
occurred, resulting in the complete delamination of the PDMS
films from the glass substrate. This all happened while the
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Fig. 2 Images showing large-slope folded telephone cord blisters formed

on 10:1 (resin: crosslinker) PDMS films during swelling with chloroben-
zene, chloroform, heptane and toluene. All of the blisters are imaged from
above. The scale bar represents 1 mm in each image. Thickness values of
the PDMS films are given as insets in each panel.

films were immersed and before significant evaporation of
solvent had taken place. Fig. 2 shows examples of telephone
cord blisters that were formed by the different swelling solvents
for different thickness values of PDMS. What is clear from these
images is that the appearance and length scales associated with
the width and buckling wavelengths of the blisters are very
similar for each of the solvents used. For the most part, the
blisters were observed to grow in straight lines. However Fig. 2
shows that they occasionally form arched paths. The formation
of these arches correlates with the existence of defects, or the
presence of a nearby solvent contact line on the PDMS films.
Both of these factors influence the local stress field near the
crack tip and were observed to cause the path of the blisters to
deflect away from a perfectly straight trajectory.

Custom software was written in Python to analyse the
movies of blister growth. Each frame in the movies was
extracted, thresholded and analysed to determine the width
of the blisters, w, the wavelength of the sinusoidal buckles, A
and the blister growth speed, v. This was done using multiple
blisters on each sample. The average thickness of the samples
was determined by weighing a circle of known diameter that
had been cut from each PDMS film in the same region where
the telephone cord blisters had been imaged. These circular
sections of film were cut by placing the sample on the turntable
of a spincoater and gently scoring the film as it rotated. The

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Solvent mass uptake of 20 mm diameter, 3 mm thick, 10:1
(resin: crosslinker) PDMS disks as a function of time for chlorobenzene
(red squares), chloroform (black circles), heptane (green triangles) and
toluene (blue diamonds). Solid lines are fits to the first three terms of the
expansion in eqn (1). Values obtained for the diffusion coefficient, D, are
summarised in Table 1.

100

resulting circles were removed from the glass substrate and
weighed on an analytical balance (Fisherbrand, PS-200).
The thickness was then calculated assuming a density of
1030 kg m~* for PDMS

2.3 Solvent swelling dynamics of PDMS

Measurements of the swelling response of the PDMS were also
performed by immersing 8 mm thick, 20 mm diameter disks of
PDMS in the same solvents used in the telephone cord blister
experiments (see Fig. 3). The disks were prepared by casting
PDMS into circular polytetratfluoroethylene (PTFE) moulds and
curing under identical conditions to those used to anneal the
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PDMS films above. After cooling to room temperature, the disks
were weighed using an analytical balance (Fisherbrand PS-200)
and their dimensions measured before being immersed in the
solvents. Following immersion in the solvent they were
removed at regular intervals, their surfaces dried quickly with
a stream of nitrogen gas, reweighed and then returned to the
solvent. This process was repeated until the mass of the disks
had saturated at a level within the precision of the balance used
(£0.00001 g). At this point, the dimensions of the samples were
remeasured and the density of the swollen disks, p, and the
swelling ratio, S, were calculated for each of the solvents."” Here
S was calculated as the ratio of the swollen and unswollen
diameters of the disks. All mass uptake data is shown in Fig. 3
and the measured values of p and S obtained for each solvent
are given in Table 1.

2.4 Contact mechanics of unswollen and solvent swollen
PDMS

PDMS hemispheres having a radius of 12.2 + 0.1 mm were
prepared by casting Sylgard 184 into moulds and annealing at
110 °C for 2 hours. The cured hemispheres were then immersed
in the same four solvents used in the telephone cord blister
studies above for 48 hours. Once the PDMS hemispheres were
fully swollen, they were placed on the pan of an OHaus P-64
analytical balance. A cleaned glass slide that had previously
been coated with Carnauba wax by spin coating from chloro-
form (1 wt%, 3000 rpm), annealed and allowed to cool to room
temperature was then pressed into contact with the solvent
swollen hemispheres (see inset in Fig. 4). Images of the circular
contact patch that developed during contact between the hemi-
sphere and the glass slide were collected with the same camera
used to image the telephone cord blisters. The analytical
balance was used to determine the force being applied to the
hemispheres. All measurements were performed with the con-
tact patch receding (under decreasing load) to mimic the crack
opening process during blister formation. The contact
mechanics experiments were also performed in such a way that
the rate change of the radius of the contact patch was ~0.1 to

Table 1 Values of key parameters in the swelling of PDMS by four different solvents. Solvent diffusion coefficients (D) were determined from mass
uptake experiments and fits of egn (1) to the data in Fig. 3. Swelling ratios (S) of PDMS for each solvent were determined from measurements of the same

sample before and after mass uptake. These values were found to be in good agreement with Lee eta

LY Density (p) was obtained from measurements of

the mass and dimensions of solvent swollen PDMS disks. Values of the Young's Modulus (E) and work of adhesion (I') were extracted from fits of eqn (3) to
the JKR contact mechanics data shown in Fig. 4. These values were obtained using either glass (g) or wax coated glass (wcg) as the substrate for PDMS
and with resin to crosslinker ratios of 10 : 1 and/or 20 : 1. The parameter b was calculated using the values in this table (see main text). The value of y used
in the calculation of b was assumed to be the surface energy of PDMS (y = 20 mJ m~2)1®

1

D (x10 " m*s™") p (kg m™?) S E (MPa) I (mJ m?) b (m’ij
Chlorobenzene swollen 10:1 PDMS (wcg) 223 £17 1105 £ 6 1.23 £+ 0.01 1.14 + 0.02 172 £ 15 566 + 22
Chloroform swollen 10:1 PDMS (wcg) 231 £38 1413 £ 9 1.33 £ 0.01 3.23 £ 0.03 94+6 953 £ 36
Heptane swollen 10:1 PDMS (wcg) 329 + 32 829 £ 5 1.34 £ 0.01 2.69 & 0.07 107 £ 17 871 £ 73
Toluene swollen 10:1 PDMS (wcg) 192 £ 15 954 & 5 1.31 £ 0.01 1.87 £ 0.03 167 + 15 712 £ 29
Unswollen 10:1 PDMS (g) — 1030 £ 5 1 1.84 £ 0.08 232 £15 719 £ 50
Unswollen 10:1 PDMS (wcg) — 1030 + 5 1 1.84 £ 0.08 167 + 14 719 + 50
Heptane swollen 20:1 PDMS (g) — — 1.47 £ 0.01 1.28 £ 0.06 129 + 62 600 £ 70
Unswollen 20:1 PDMS (g) — 962 + 5 1 1.10 £ 0.06 116 + 30 556 + 68

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Contact mechanics data for 10:1 (resin : crosslinker) PDMS hemi-
spheres. The schematic diagram given as an inset shows the experimental
geometry. Contact force, F, was plotted against the cube of the radius, a,
of the contact patch that developed between the wax coated slides and
the hemispheres (see example images shown as insets). Data are shown
for unswollen PDMS in contact with glass (white circles, R = 122 +
0.1 mm), unswollen PDMS in contact with wax coated glass (white stars,
R = 12.2 £ 0.1 mm) as well as chlorobenzene (red squares, R = 15.0 +
0.1 mm), chloroform (black circles, R = 16.2 + 0.1 mm), heptane (green
triangles, R = 16.3 + 0.1 mm) and toluene (blue diamonds, R = 16.0 +
0.1 mm) swollen hemispheres in contact with wax coated glass. Solid lines
represent fits to eqn (3). Values of E and I' obtained from the fits are
summarised in Table 1.

1 mm s ' to be comparable with the measured crack growth
rates (see below).

Software written in Python was used to extract the radius of
the contact patch as a function of the applied load (see main
panel in Fig. 4). Similar contact mechanics measurements were
also performed on unswollen PDMS hemispheres contacting
cleaned glass and wax coated glass slides.

3 Results and discussion

Telephone cord blister formation in solvent swollen PDMS has
previously been shown to be the result of excess stress build up
in substrate confined films and to be limited by diffusion of
solvent through the films.'® Fig. 3 shows a plot of the time
dependence of the mass uptake of PDMS for the fours solvents
used. The solid lines are fits of the mass uptake data to the

equation for diffusion into a uniform slab of material®®
8 & 1 D(2n+ 1)*n’t
= 1—=
m(t) = m(o0) ( = ; it 12 exp( T
1)

where m(o0) is the mass at saturation and g, is the thickness
of the sample. The values of the diffusion coefficient, D,

8816 | Soft Matter, 2024, 20, 8812-8823
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obtained from the fits in Fig. 3 using the first three terms in
the summation in eqn (1) are shown in Table 1. These values
are in agreement with values obtained for the diffusion of
similar solvents in PDMS.?° What is clear from the data shown
in Fig. 3 and the tabulated values of D is that the dynamics of
solvent uptake in PDMS are very similar for all of the solvents
studied. This is consistent with the observation that blister
nucleation times were very similar for all four solvents at each
PDMS film thickness.

Once the solvent has diffused through the PDMS films it
reaches the wax release layer near the substrate. This wax layer
has previously been postulated to reduce the work of adhesion
and promote the formation of telephone cord blisters in the
case of chloroform swelling.'"® In fact, no telephone cord
blisters are observed to form when PDMS is deposited directly
on to glass and swollen with the same solvents used here.
Simple tests show that carnauba wax has a varying solubility in
the different solvents used to swell the films in the current
experiments. Toluene and chlorobenzene were found to be
marginally better solvents for the wax than chloroform and
heptane which showed very little evidence of dissolving small
quantities of wax placed in vials of the solvents at room
temperature. For reasons that are discussed below, the choice
of solvents used here has very little impact on the physical
dimensions (width and corrugation wavelength) of the tele-
phone cord blisters (see Fig. 2). However, the choice of solvent
has a significant effect upon the growth rates of the blisters.
This behaviour is shown to be dependent upon the work of
adhesion between the film and the substrate, as well as the
mechanical properties of the solvent swollen films.

3.1 Blister width

Fig. 5(a) shows a plot of the blister width, w, as a function of the
PDMS film thickness for all four solvents used. The insets in
Fig. 5(a) and (b) also show how the width is defined and
measured. In each case, a position at the midpoint between
two turning points on the telephone cord structure was chosen
to measure the width and this was repeated at multiple loca-
tions on each blister. As shown previously, this approach to
measuring the width gives values that are consistent with those
measured on straight sided blisters.’

A simple analysis can be used to interpret the thickness
dependence of the blister width shown in Fig. 3. This approach
considers the balance of energies involved in the formation of
the large-slope folded structures (see Fig. 1(b)). As shown in our
previous paper,’° this results in an expression for the width of
the blisters, w, which scales as;

E__ 3 2
~ _— N2
YN 241 = )y @)

where E and v are the Young’s modulus and Poisson ratio of the
elastomer and # is the thickness of the PDMS film respectively.
The parameter, 7y, is the interfacial energy of PDMS. The blister
w in eqn (2) therefore has the form of an elasto-capillary
length.10’11‘21’22

This journal is © The Royal Society of Chemistry 2024
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Fig. 5(a) shows the measured width data as a function of the
unswollen film thickness for chloroform, chlorobenzene, hep-
tane and toluene. It is clear from the images and data in Fig. 2
and 5 that there is little to no dependence of the blister width
on the choice of solvent. The fit of the measured width data

shown in Fig. 5(a) to a h% power law (as predicted by eqn (2)) is
shown for the combined data for 10:1 PDMS from all four of
the solvents used and for 20: 1 PDMS films (which have a lower
value of E) swollen in heptane. The fit yields a value for the
E

24m2(1 —12)y

PDMS films and b = 147 +8 m% for the 20:1 PDMS films.
Here we have assumed a value of v = 0.5 for all the PDMS
samples used.

1
prefactor b = of 193+2m™2 for the 10:1

3.2 Determination of E and I' using contact mechanics

Contact mechanics measurements of the Young’s modulus, E
and work of adhesion, I" were used to obtain a comparison
between the fit and experimentally determined values of the
prefactor in eqn (2). The Young’s Modulus, E, for PDMS hemi-
spheres was extracted from measurements of solvent swollen
hemispheres in contact with wax coated surfaces. Plots of the
applied force, F, vs. the cube of the radius, a, of the contact
patch that developed between the hemispheres and wax coated
glass were fitted using the Johnson-Kendall-Roberts (JKR)
theory.*® The data obtained are shown in Fig. 4 along with fits
to the form of the JKR equation;

1
4Ed? 8nEla*\2
F= -
3(1-1?)R ( 1 -2 ) (3)

where R is the radius of curvature of the hemisphere. In each
case the radius of curvature of the hemispheres was calculated
by multiplying the radius of curvature of the unswollen hemi-
sphere (R, = 12.2 mm) by the swelling ratio, S, of the solvent
being used. Both E and I" were used as fit parameters. Table 1
gives a summary of the Young’s modulus and work of adhesion
values obtained for each of the hemispheres studied along with
calculated values of the prefactor obtained from eqn (2). This
table also shows data obtained from 20:1 PDMS hemispheres
before and after swelling in heptane.

The values obtained for the Young’s modulus, E, are con-
sistent with those obtained by other authors for PDMS.>* Values
shown in Table 1 clearly show that the modulus of the swollen
PDMS hemispheres depends upon the choice of swelling sol-
vent. Previous work has attributed this variation in E to solvent
leaching of small molecular weight components from the
elastomers.”

The work of adhesion values that were obtained from the fits
are of a similar order of magnitude to those obtained from
similar elastomers in contact with glass surfaces.>*>” Formally
speaking, the value of I' extracted from the contact measure-
ments is the energy release rate, G (in ] m~?), and is expected to
be dependent upon the crack velocity.>**” For this reason, we
chose to perform the contact mechanics measurements on

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Thickness dependence of blister width, w, (panel a)and buckling
wavelength, /, (panel b) in solvent swollen PDMS films. Data are shown as a
function of the unswollen thickness of the 10:1 (resin: crosslinker) PDMS
films for chloroform (black circles), heptane (green triangles), chloroben-
zene (red squares) and toluene (blue diamonds). In addition, data are
shown for 20:1 PDMS swollen in heptane (green stars). The solid and
dashed lines in panel (a) are fits of egn (2) to the combined data for the
10:1 PDMS films in all four solvents and heptane swollen 20 : 1 PDMS films
respectively. A logarithmic plot shown as an inset in this panel also
demonstrates the 42 power law dependence of the blister width. The
diagram shown as an inset in panel (a) indicates how the blister width and
loop length, [oop are defined in reference to the large-slope folded
structures that form during primary buckling. The lines in panel (b) are
linear fits to the data as per eqn (4). Data and fits for chloroform are
reproduced from Sharp et al'® The diagram shown as an inset in panel (b)
defines the thickness of the large-slope folded structure used in egn (4). An
optical image (bottom right) shows how measurements of the width and
wavelength are defined.
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unloading in such a way that the rate of unloading and hence
the crack tip velocity was of a similar order of magnitude to that
observed in the blister growth experiments. Crucially, all the
contact mechanics measurements were performed at the same
rate of unloading which was also optimised to give the best
quality data.

Consideration of the values of I' obtained for unswollen
PDMS hemispheres in Table 1 shows that the presence of a wax
layer lowers the work of adhesion between PDMS and the
substrate. This is consistent with the observation that the
large-slope folded telephone cord blisters form more readily
in the presence of the wax coating than on uncoated glass
(where they dont form at all). Swelling of the PDMS also has the
effect of reducing the work of adhesion, but to differing
degrees. Solvents such as chloroform and heptane which are
poor solvents for the wax layer cause significant reductions in
I', while toluene and chlorobenzene (which were observed to be
better solvents for the wax) have a smaller influence. Presum-
ably, these better solvents increase the stickiness of the
wax layer.

The values of E from Table 1 were combined with an
estimate of the surface energy for PDMS of y = 20 mJ m >
(ref. 18) and used to calculate values for the prefactor in eqn (2),

E
b= ,/————-—. These are also summarised in Table 1.
2472(1 — v2)y

Given the approximate nature of the simple scaling analysis
used to derive eqn (2), the level of agreement between the
tabulated values and the fit value for the prefactor

1
(b =193+2 m_§> would seem to be acceptable. The value

that was used for the surface energy of PDMS was one that had
been measured in air, but the self-adhering portions of the film
are immersed in solvent during large-slope fold formation. The
use of values for the work of adhesion of PDMS when the films
are immersed in the solvents would therefore have been more
appropriate values for y. However, this data was not available
and it would be very difficult to measure for the films studied
here. In addition, the decision to use the unswollen thickness
of the PDMS films (rather than the swollen thickness S#) is
likely to influence the calculated values. This decision was
taken because parts of the large slope folded structures being
imaged were protruding from the solvent. In reality some
swelling of the films is still likely to occur even when they
protrude in this way and this will also have an influence on the
calculated values. All of these factors combined provide an
explanation as to why there are differences between the calcu-
lated values of the prefactor, » and the value obtained from the
fit to the width data in Fig. 5a. However, the fact that the
calculated values are all within a factor of ~5 of the value
obtained from the fit to eqn (2) and that the thickness depen-
dent data displays the same power law dependence gives us
confidence that the simple scaling model captures the essential
physics that determines the blister widths.

A comparison of the fits to the data for 10:1 and 20: 1 PDMS
in Fig. 5(a) enables a simple test of the validity of the scaling
properties of eqn (2). Table 1 shows that the value of E for 20:1
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PDMS is reduced relative to that of 10:1 PDMS. This is to be
expected based on the lower crosslinker density in the case of
the 20:1 composition. According to eqn (2), the fits to the
width data for the 10:1 and 20: 1 PDMS should vary by a factor
equivalent to the square root of the ratio of the Young’s moduli
of the two materials. This ratio (1.29 £ 0.09) agrees well with
the ratio of the prefactors in the fits in Fig. 5(a) (1.31 £ 0.07).

3.3 Blister wavelength

The wavelength of the sinusoidal undulations in the telephone
cord blisters can be predicted by considering the competition
between un-relaxed swelling stresses in the direction parallel to
the large slope fold and bending stresses generated when the
folded film buckles. The competition between in-plane swelling
stresses and induced bending stresses results in the wrinkling
of the folded films to create a characteristic undulation wave-
length, 4, given by ref. 10;

1 457
4= 2T”\/lz(s =) h\/3(s i W

where it is assumed that v = 0.5 for the swollen elastomers. The
thickness of the fold, ¢ is also assumed to be ¢ = 2h¢ = 25h i.e.
twice the swollen thickness of the PDMS film (see inset
Fig. 5(b)) because much of the side walls of the large-slope
folded structures structure remain immersed in solvent.

Fig. 5b shows a plot of the measured wavelength of the
telephone cord blister corrugations as a function of the film
thickness. The data shows a linear relationship for all the
solvents studied in good agreement with the predictions of
the simple buckling theory presented in eqn (4). Moreover, the
wavelength of the telephone cord blisters is only weakly depen-
dent upon the solvent used. This is to be expected based upon
the range of values of S for 10: 1 PDMS in the solvents used (see

SZ
)
predicted by eqn (4). The slopes of the plots that are predicted
by eqn (4) are 10.7 £ 0.4, 9.7 & 0.3, 9.6 £ 0.3 and 9.9 + 0.3 for
chlorobenzene, chloroform, heptane and toluene respectively
using values obtained from Table 1. The fits to the data in
Fig. 5(b) give corresponding values of 10.4 + 0.3, 9.7 + 0.3,
10.9 £ 0.4 and 10.3 £ 0.3.

Fits to data were also obtained for 20: 1 PDMS films swollen
in heptane (dashed line in Fig. 5(b)). This composition of PDMS
was shown to have a higher value of S in heptane than the 10:1
PDMS. As expected, the increased amount of swelling results in
areduction in the measured wavelengths. The slope of the fit to
the 20:1 PDMS in heptane data shown in Fig. 5(b) has a value
of 9.1 £ 0.1. This agrees well with the predicted value of 9.0 +
0.2 obtained using a value of S = 1.47 (see Table 1) in eqn (4).
The level of agreement between the fits to the data in Fig. 5b
and the predicted values of the slopes according to eqn (4) is
good and suggests that the theoretical approach applied to
determine the buckling wavelength is appropriate.

Table 1) and the relatively weak dependence </1 ~

This journal is © The Royal Society of Chemistry 2024
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3.4 Blister growth speed

Data for the crack tip speed, v, were obtained by measuring the
change in the total contour length of the telephone cord
blisters as a function of time (see Fig. 6). Only isolated blisters
were considered and these were observed to nucleate and grow
with a constant speed. In this context, an isolated blister is
defined as being one that was separated by a distance of more
than ten blister widths (10 w) from its nearest neighbours.
When two blisters approached, their growth speeds were
observed to change as a result of the overlap of the neighbour-
ing stress fields associated with the interfacial crack tips.

The main panel in Fig. 6 contains plots of the growth speed
of isolated blisters as a function of the unswollen thickness of
the PDMS films for all four solvents used. This plot shows that
the telephone cord blisters have an initial increase in blister
growth speed, but above a critical (solvent dependent) thick-
ness, ho, the growth speeds start to decay. Reductions in the
speed of crack growth with increasing thickness are intuitive
from the perspective of an energy balance approach. Increasing
thickness is expected to increase the bending energy of the
films in a manner that is proportional to ~#4?, while the in-
plane strain energy generated by the swelling stresses scales as
~h and the work of adhesion is expected to be independent of
film thickness.>® The stronger thickness dependence of the

100 ’ T
'.'w 1
g 80 ]
E
= ]
§ 60 L
A 1 30
c cr(ms’)

3 40 ]
O
o) v
B 20/ | 2R])
om
*
0 ‘ .’. ‘ °
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Fig. 6 Thickness dependence of the speed of the growing blister crack tip
(main panel) for chloroform (black circles), heptane (green triangles), chlor-
obenzene (red squares) and toluene (blue diamonds) swollen 10:1 (resin:
crosslinker) PDMS. The solid lines are generated using eqgn (5)—(11). These are
displayed over a range of thickness value where the Euler buckling condition
(h « R ~ w) is valid. The inset shows a plot of the peak value of the blister
speed, Vpeak from the main panel plotted against the calculated Rayleigh

[E
speed, cg = 0.95 3, Values of E and I' used to generate the solid lines (main
P

panel) and in calculation of the Rayleigh speed, cy (inset) were obtained from
Table 1. The diagrams given as insets show how the blister geometry is defined
in the model of Hutchinson and Suo?® (see main text).
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bending energy in the films makes it more difficult for the film
to deflect in the region of the crack tip as the films get thicker.
This is expected to result in a slower rate of crack propagation.
While this is observed for large film thickness values, there is
clearly an additional influence on the blister growth process for
thinner films. This suggests that the subtle balance of compet-
ing factors influencing crack tip opening (e.g. in-plane stress,
out-of-plane bending/buckling and adhesion) and hence the
blister growth rate are affected by the choice of solvent.

In particular, the critical thickness value at which we see a
transition from increasing to decreasing growth rates in Fig. 6
correlates with changes in E and I” for the solvent swollen films
(see Table 1).

Arguments based upon energy release rates at the tip of the
growing blister have been used to derive an expression for the
speed of a crack tip growing in a film under plane-strain
conditions.?® In this model, the crack propagation mechanism
is assumed to be largely mode I in nature (i.e. simple crack
opening) and the speed of crack growth, v, is given by;

r=a(i-am) ©

where cg is the Rayleigh wave speed, K, is a stress intensity
factor close to the crack tip and I' is again the work of adhesion
between the PDMS film and the substrate. If K, is approximated
by the fracture toughness, K. (i.e. the critical stress intensity
factor at which the crack will start to grow), then a number of
authors®* have shown that this quantity is dependent upon
the thickness of a fracture specimen. Moreover, the thickness
dependence has been shown to have two distinct regimes.** >

An expression for the fracture toughness can be obtained by
assuming that the growth of the telephone cord blisters is
similar to that of a straight sided blister. Hutchinson and Suo*®
modelled the growth by considering a straight sided blister that
is terminated at its growing tip by half of a circular blister (see
inset Fig. 6). These authors obtained the condition for deflec-
tion of the film away from the substrate by considering the
buckling of an Euler column (see inset in Fig. 6). In this model,
the maximum deflection, ¢, of the film away from the substrate
was shown to have the form ref. 28;

E= 1.833(%— 1) (6)

C

where ¢ is the stress in the film and ¢} is the critical buckling

stress given by
. E (h\*
o = 1.22351 — (ﬁ) (7)

Here, R, is half the width of the delaminated region of the
straight sided blister and also the radius of curvature at the
growing tip (see insets in Fig. 6). It is worth noting that
the expressions given in eqn (6) and (7) are valid in the limit
when 2 « R (i.e. the Euler buckling condition).

Hutchinson and Suo®® showed that fracture toughness
associated with the steady state growth of the linear blister
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can be written as:

K = £, ®
(%)
where o, is given by
n’E n\?
") .
and
f(P)=(1 — tan®*¥P) (10)

is a function that describes the mixed mode nature of the crack
formation process. The mixed mode parameter, ¥ is related to
the elastic mismatch, w, between the film and substrate by the
expression:

~0.2486(1 + v)¢sinw 4 cos

an(¥) =
an(¥) = 0 2486(1 + v)¢cos 0 —sin o

(11)

and o = 52.1 — 3ﬁ (in degrees), where H is the thickness of the
substrate.”®

The solid lines in the main panel of Fig. 6 were generated by
combining eqn (5)-(11). These are truncated because of the
range of validity of the Euler condition. Stress in the films was
calculated using ¢ = E(S — 1) and the elastic mismatch was
approximated to w ~ 52.1 because H >» h for the system
studied here. A value of v = 0.5 was assumed for the swollen
PDMS films and the width of the delaminated region was set to

be equal to the width of the blisters ie. 2R=w = bh%. It is
worth noting that only ¢z was as a free parameter when
generating the solid lines in Fig. 6. All other parameters were
determined using measured values obtained Table 1. Agree-
ment between the model and the crack speed data is
generally good.

The inset in Fig. 6 shows the measured peak growth speed,
Vpeak (as defined in the inset in Fig. 7) plotted against the

E
calculated Rayleigh speed (cr = 0.95, /53"). According to the

above model vpq should be equal to cg. However, this is clearly
not the case. While the value of vpeqx is linearly related to the
Rayleigh speed, it is approximately 300 times smaller than the
calculated value of ci obtained using the values in Table 1. The
reasons for this are not entirely clear as cz should set the
magnitude of the velocity of the blister crack tip velocity.
Despite the discrepancies in the magnitude of the crack speeds,
the functional form of the lines that are generated by eqn (5)-
(11) agree well with the experimental data over the range of
validity of the Euler buckling approach used. Modelling the
crack speed for thicker films would require a more detailed
analysis which is beyond the scope of the current work. How-
ever, we note that the general trend of decreasing crack speed
with increasing thickness observed in the data is consistent
with the intuitive predictions discussed above.

There are a number of limitations of the theoretical
approach used above that warrant further discussion and
which may account for the discrepancies identified above.
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Fig. 7 TI'/E dependence of the thickness corresponding to the peak
growth speed, hy (left axis), and the critical thickness, h. (right axis), below
which blisters do not grow for solvent swollen PDMS films. The dashed
lines are linear fits to the h. and hg data. The diagram/plot given as an inset
shows how hg, hc and vpeqi are defined.

Firstly the use of the width, w, in determining the radius of
curvature of the growing crack tip is potentially problematic. If
we look at the images in Fig. 1(b), there is some suggestion that
the radius of curvature at the growing tip is smaller that the
width of the blisters. Moreover, the expressions used for the
fracture toughness (eqn (8)-(11)) assume that the extent of
mode mixing is the same at all points on the growing blister
tip. The expression used for the crack speed also assumes that
crack opening is dominated by mode I fracture. Studies by
Hutchinson and Suo®® and Faou et al.® have both shown that
the degree of mode mixing is heterogeneous near the edge of a
growing telephone cord blister and that shear deformations
(i.e. mode II fracture) play an appreciable role in the crack
opening process. Finally, the use of a model involving straight
sided blisters is also a potential limitation. The stress field
distribution close to the tip of an undulating blister is different
to that experienced by a straight sided one.®

The data obtained for the growth speed of the blisters shown
in Fig. 6 shows that there is a lower critical thickness, &. (see
inset in Fig. 7), below which the blisters do not grow. This is to
be expected from an energetic perspective if the strain energy
stored in the film is insufficient to overcome adhesive forces
between the film and substrate. When both energies are equal

21 X
we expect that _ZEle I', where ¢ = S — 1 is the strain in the
2(1 =1?)
film. Rearranging this equation gives the result that,
2r(t=+»*) r
=—— L x—=I[ga 12
ES—1? E °© (12)

where [g4 is the elasto-adhesive length. A similar result can be
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obtained by taking the limit where the stress in the film is equal
to the critical stress ie. ¢ = ¢’ and setting R = w = bh'® in
eqn (7).

The main panel in Fig. 7 confirms that A. is proportional to

r
5 for the solvent swollen PDMS samples studied here. However,

the slope of the linear fit shown is roughly an order of
magnitude larger than that predicted by eqn (12) when the values
obtained from Table 1 are used on the horizontal axis. One
possible reason for this is that the simple analysis above neglects
the energy of bending the film which is also expected to determine
the ability of films to detach and the blister crack tip to open.
Including an additional energy term would mean that more strain
energy (and hence thicker films) is required to drive crack propa-
gation at the interface between the film and substrate.

The peak in the thickness dependent growth speed data
(Fig. 6) occurs at a film thickness, &, which is slightly larger
than A.. According to the model introduced above, the non
monotonic thickness dependence is caused by the functional
form of the fracture toughness in eqn (8), specifically through
the function f(¥). This suggests that the relative contributions
of different modes of fracture change as the thickness
increases. Note that ¥ from eqn (11) is defined in such a way

K, .
thattan ¥ = ?H i.e. the ratio of the mode II (shear) and mode I
I

(normal) stress intensity factors. A plot of the thickness depen-
dence of eqn (11) (not shown) shows that the contribution of
shear stresses peaks at & = h, and then decays, with mode II
fracture dominating crack tip propagation over the range of
film thickness values studied.

r
Fig. 7 shows that %, also scales linearly with 5 for the

swollen PDMS films. This is perhaps unsurprising given that
the same subtle balance of adhesive and elastic energies
influences crack opening. However, the slope of the fit to the
data for h, in Fig. 7 is a factor of ~ /3 larger than that obtained
for h.. This is again indicative of the increased importance of

shear stresses at 7 = h, as the shear modulus G :g (for a

material with v = 0.5°°) and the shear equivalent of the elasto-
adhesion length (g) would result in a larger thickness scale.
Again we note that shear stress plays a role at all film thickness
values according to eqn (11) i.e. crack opening is never purely
mode I. As a result we expect the values of %, to lie somewhere
in the range h. < hy < 3h. depending upon the degree of mode
mixing involved in crack/blister propagation.

Finally, we consider the role played by the wax layer in the
process of telephone cord blister formation. As discussed
previously, this layer has the effect of lowering the work of
adhesion between the PDMS and the glass, but the question
remains as to whether it influences the morphology and growth
rates of the growing blisters? The carnauba wax used in these
experiments forms a semi-crystalline layer on the surface after
spin coating and the resulting roughness of this layer might be
expected to influence blister nucleation and growth. A simple
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Fig. 8 The role of the intermediate wax layer. The top two panels show
telephone cord blisters that were formed in 45 + 5 um thick 10:1 PDMS
films. The image on the left shows blisters that were formed on wax coated
glass and the right hand image shows blisters formed on glass spin coated
with a sodium dodecylsulfate (SDS) surfactant layer. The bottom panel
shows the results of a simple patterning experiment where lines of SDS
solution were drawn on to a glass slide prior to deposition of the PDMS.

test was performed where we spin coated simple surfactant
solution (1 wt% sodium dodecylsulfate (SDS) in methanol) as
an alternative to the carnauba wax. This was shown to have the
same effect of reducing the work of adhesion relative to an
uncoated glass substrate as the wax layer. There were no
observable differences in the morphology, density and/or the
growth rates of blisters that formed on the SDS coated glass
substrates (see top panels in Fig. 8). This suggests that the wax
layer does not have a significant influence on blister formation
other than by lowering the energy of adhesion between the film
and the glass.

In hindsight, there are a number of advantages to using a
spin coated surfactant solution rather than the wax layer.
Sample preparation is easier and it removes any potential
uncertainties relating to the effects of the (crystallinity induced)
roughness. We have also shown that the use of SDS provides a
potentially interesting way of patterning surfaces with tele-
phone cord blisters. Simple experiments where we replaced
the ink in a fine-tip marker with SDS dissolved in methanol,
showed that we were able to pattern regions with a lower work
of adhesion by simply drawing the surfactant solution on to
glass prior to deposition of the PDMS. This allowed us to
pattern the subsequent formation of telephone cord blisters
(see bottom panel in Fig. 8). In addition to having interesting
patterning applications, this approach also provides a way of
controlling the formation of telephone cord blisters that will
permit the interactions between them to be studied. For
example, future measurements will look at how the width of
the patterned tracks (different sized marker tips), the angle of
approach between blisters and their separation influences their
widths, wavelengths and growth speeds.

In summary, the work presented here has considered the
effects of solvent induced swelling and telephone cord blister
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formation in PDMS films. The buckling length scales (blister
width and undulation wavelength) have been shown to be
insensitive to the choice of solvents used in this study. This is
largely attributed to the similarities in the swelling ratios
obtained for PDMS in the solvents. However, the blister growth
speeds were shown to be sensitive to the choice of solvent. The
non-monotonic thickness dependence of the blister growth
speeds allowed us to identify a critical lower thickness, A,
below which blister formation does not occur and a second
thickness, h,, where shear stresses dominate the mixed mode
fracture associated with the growing blister crack tip.

4 Conclusion

The thickness dependence of telephone cord blister formation
in solvent swollen films of PDMS was studied using video
imaging. Measurements of the thickness dependence of the
width, wavelength and growth speeds were obtained and com-
pared to theories of thin film buckling, delamination and
dynamic fracture mechanics respectively. Data for the width
and wavelength were found to be in good agreement with
previously developed theories of buckling in thin films and
insensitive to the choice of solvent. A modified theory of blister
growth was also developed and shown to be in good agreement
with the thickness dependence of the blister growth speed in
PDMS films that had been swollen in different solvents. A non-
monotonic thickness dependence of the blister growth rates
was observed and interpreted in the context of mixed modality
of fracture at the growing crack tip. Two characteristic thick-
ness values associated with interfacial fracture were identified
and found to scale with the elasto-adhesive length. Patterning
of adhesive interactions was also shown to give spatial control
over the formation of telephone cord blisters.
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