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ABSTRACT

The gradient on block copolymer concentration through film thickness as well as the
effects of casting solvents used on the nanostructuring of a thermosetting epoxy coating
modified with an epoxidized poly(styrene-b-butadiene-bstyrene) (SBS) triblock
copolymer was studied by means of atomic force microscopy and attenuated total
reflectance infrared spectroscopy. Thin coating films based on a commercial epoxy-
amine formulation consisting of diglycidyl ether of bisphenol A and a low-temperature
fast curing amine were modified with several amounts of epoxidized SBS triblock
copolymer. Toluene and a mixture of tetrahydrofuran and N,N-dimethylformamide were
used as casting solvents. With epoxidation degrees higher than 45 mol % of polybutadiene
block nanostructuring was achieved. Fast curing rate of the epoxy/amine system and the
comparatively slow evaporation rate of the casting solvent led to a gradient of
morphologies through the film cross section owing to the coalescence of small micelles
into larger micellar domains in the case of low block copolymer content. For these
reasons, different morphologies were also obtained in the midtransverse section of a film
with variable thickness. Finally, pseudolamellar nanostructure at high copolymer contents
was achieved as confirmed by parallel and perpendicular cuttings to the air/polymer
interface.



INTRODUCTION

Nanostructured polymers are a unique class of materials that are finding an increasing
number of applications.! Nanofoamed membranes,? nanoreactors,”> nanotemplates,* and
nanoporous structures’ are some of the newest applications of nanostructured materials
for microelectronics, nanomaterials synthesis, nanotube fabrication, and antireflection
coatings. Thermosetting materials based on epoxy matrices modified with block
copolymers are being used increasingly in many studies taking advantage of the capability
of generating nanostructured systems as well.>° In addition, the principal limitation of
epoxy systems, their poor fracture toughness, can also be improved by the addition of
block copolymers to the mixture.!%!3 Historically, fracture toughness improvement was
achieved by epoxy modification with thermoplastics or elastomers.'*!> However, the
worsening of other properties, such as transparency, because of the generated
macrophase-separated domains compromises the usefulness of those systems. Thus,
recently block copolymers have been used as templates for the generation of
nanostructured thermosetting matrices.!??® The preparation of these materials can further
optimize the final properties, maintaining the transparency of the neat materials.?’

Generally, to prepare nanostructured thermosetting materials using block copolymers, at
least one of the blocks must be miscible with the matrix and at least one block
immiscible.>*3°> However, in the case of styrene—butadiene—styrene (SBS) block
copolymer both blocks tend to be immiscible with cured epoxy systems, leading to
macrophase-separated material. Thus, in order to promote the compatibility of one of the
blocks with the epoxy resin, polybutadiene block must be chemically modified. Serrano
et al.! reported the synthesis and characterization of epoxidized styrene—butadiene block
copolymers as templates for nanostructured thermosets, following the procedure
previously reported by Jian and Hay,*® by using hydrogen peroxide for the oxidation of
the double bound of the butadiene units. Previous work of our group reported the effect
of both the extent of epoxidation of polybutadiene blocks and the content of polystyrene
phase on the mixture.’’*® Thus, in general, a transition from spherical micelles to
wormlike micelles and then to vesicles occurs with the decrease of the epoxy miscible
block and/or the increase of the epoxy immiscible block,?” while for epoxidation extents
of the block copolymer higher than the threshold required for miscibility with the epoxy
system,?” long-range ordered nanostructures evoluting from spherical to hexagonally
packed cylinders and even lamellas as copolymer content increased are achieved.***°

On the other hand, in the case of thin films, the influence of both solvent used for casting
and film thickness should be taken into account in the development of morphology.
Hermel-Davidock et al.2® observed morphology differences in epoxy thermosets modified
with poly(ethylene oxide)-block-poly- (ethylene-alt-propylene) (PEO—PEP) cast with
two different solvents, acetone and tetrahydrofuran. Acetone, as poorer solvent than
tetrahydrofuran for PEO block, can induce the collapse of the micelle corona chains
toward the interface to minimize the interfacial tension by adopting a cylindrical
morphology instead of spherical micelles. Furthermore, the influence of the amount of a
selective solvent in the final morphology when a mixture of solvents is used has been
reported by other authors for block copolymers showing morphology transitions from
spherical micelles to vesicles.*!"*



Because of the limited literature on the subject, the aim of this work has been the study
of the gradient on copolymer segregation through film thickness and the effects of casting
solvents on the resultant microphase-separated morphology achieved in the block
copolymer modified epoxy thin films. In this context, the effects of the selectivity of two
solvent systems, toluene and the solvent mixture tetrahydrofuran/N,N-
dimethylformamide, on the nanostructured morphology have been studied.

EXPERIMENTAL SECTION

The block copolymer was a linear SBS triblock copolymer, C540, with 60 wt % PB,
kindly supplied by Repsol-YPF. The numberaverage molar mass was 75 000 g mol!. The
epoxidation reaction was carried out using hydrogen peroxide in the presence of an in situ
prepared catalyst in a water/dichloroethane biphasic system. The details of the reaction
are described elsewhere.!*® The degree of epoxidation is represented in mol % with
respect to PB double bonds. The epoxy monomer used was a diglycidyl ether of bisphenol
A (DGEBA) with epoxide equivalent weight of 184-190, supplied by Hexion. The
hardener was an aliphatic fast curing amine mixture, composed by N-
aminoethylpiperazine, m-xylylenediamine, and benzyl alcohol, particularly suited to low
temperature conditions, Ancamine 2500, supplied by Air Products. The mixtures were
prepared with a weight ratio of 100/58 (epoxy/hardener). Toluene, tetrahydrofuran
(THF), and N,Ndimethylformamide (DMF) used as casting solvents were supplied by
Sigma-Aldrich. The mixtures were prepared in three steps.

First, the epoxidized block copolymer and DGEBA resin were dissolved in the casting
solvent with magnetic stirring. Next, the hardener was added to the mixture at room
temperature for 5 min. Finally, the samples were cured in open parallelepipedic
polytetrafluorethylene (PTFE) molds at 70 °C for 1 h and postcured at 135 °C for 1 h.

Atomic force microscopy (AFM) topography and phase images of the samples were
recorded in tapping mode in air at room temperature by using a scanning probe
microscope (Nanoscope IV, Dimension 3100 from Digital Instruments). Phosphorus (n)
doped single-beam cantilever (125 pm length) silicon probes having a tip’s nominal
radius of curvature of 5—10 nm were used. A typical scan rate during recording was 1 Hz.
Samples of cured mixtures were prepared using an ultramicrotome (Leica Ultracut R)
equipped with a diamond knife.

Infrared spectra were taken using a Nicolet Nexus 670 (FTIR) spectrometer equipped
with a single horizontal golden gate attenuated total reflectance (ATR) cell. The internal
reflection element was ZnSe with refractive index of 2.4. Spectra were recorded using a
spectral width ranging from 800 to 4000 cm™', with 4 cm™! resolution and an accumulation
of 32 scans.



RESULTS AND DISCUSSION

In order to promote chemical compatibilization between the block copolymer and the
epoxy matrix, SBS triblock copolymer was epoxidized at different temperatures and times
of reaction. Degrees of epoxidation ranging from 35 to 57 mol % of epoxidized
polybutadiene units were achieved. Milder conditions produced lower percentages of
modification. The degree of epoxidation was calculated by integration of signals using
"H nuclear magnetic resonance (‘"H NMR) spectra.’’

Before curing, all the mixtures formed by DGEBA resin, hardener, randomly epoxidized
SBS triblock copolymer, and the casting solvent were homogeneous and transparent or
translucent, indicating that micro- or macrophase separation occurred before curing for
high (>45 mol %) or low (37 mol %) degrees of epoxidation of polybutadiene block,
respectively. This fact seems to be related with the degree of miscibility of the epoxidized
PB block with the DGEBA/amine system, which is a function of the epoxidation extent.
On the other hand, as can be shown in Figure 1 for cured systems modified with 10 wt %
of epoxidized block copolymer cast with a 1:1 THF/DMF solvent mixture, a relatively
low epoxidation degree (37 mol %) in the PB block led to macrophase separation in the
cured system, Figure la, because of the larger amount of low-epoxidized PB units that
provoked their phase separation before curing. As epoxidation degree increased,
microphase-separated systems could be achieved after curing. Figure 1b shows wormlike
micelles corresponding to PS nanodomains (46 mol % epoxidized PB units). Compared
with the epoxidation degree previously reported by Ocando et al.’” needed to overcome
the miscibility threshold between epoxidized PB block and epoxy matrix, higher degrees
of epoxidation were needed to achieve microphase-separated systems, which is related
with the poorer miscibility introduced by the aliphatic fast curing amine used in this work
in comparison with the aromatic one in our previous studies.>’* Indeed, only systems
with high epoxidation degrees (46 mol % or more) showed microphase-separated
domains. As we previously reported,”* long-range nanostructuring increased as higher
miscibility of epoxidized PB block and epoxy matrix was. This fact can be seen in Figure
Ic where the coexistence of spherical micelles with short wormlike micelles due to the
larger epoxidation degrees (52 mol % epoxidized PB units) is shown.

With the purpose of evaluating through film thickness the gradient on copolymer
segregation and the influence of solvent evaporation on the morphology, two films with
constant thickness were analyzed at different regions through film thickness for samples
cured with 10 wt % of epoxidized SBS copolymer and toluene and the mixture THF/DMF
1:1 as casting solvents. Ultramicrotomed samples were used for analysis. Results are
shown in Figure 2. All samples used herein after have 46 mol % of epoxidation in the
butadiene block. In the case of toluene as casting solvent small micelles were achieved
near to the air/polymer interface, while in the midtransverse section of the film and near
to the polymer/substrate interface the achieved nanostructures corresponded to large
interconnected wormlike micelles coexisting with vesicles and small micelles. The
evolution of the morphology along the film thickness passed through several regions from
the air/polymer interface to the polymer/substrate interface. Near the air/polymer
interface, a region of about 2.2 um without nanodomains was observed. Inside the film
small micelles appeared being more noticeable at a distance of 3.7 um in depth. At 12.1
pm in depth from the air/polymer interface, small vesicles were detected. At longer
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distances, up to 18.4 pum the coexistence of small micelles and vesicles, which
progressively increased in size, was observed. Then, the beginning of short wormlike
micelles formation took place, continuing growing in length until 42.1 um, where the long
wormlike micelles began to interconnect themselves coexisting with small micelles and
vesicles. From 54.2 pum, the morphology of large-interconnected wormlike micelles
coexisting with small micelles and vesicles remained constant almost up to the interface
with the substrate. Finally, near the polymer/substrate interface a flattening of the large-
interconnected wormlike micelles was observed. The scheme in Figure 2 simplifies the
sequence of the large amount of AFM images obtained along the film thickness. For
simplicity, only the regions close to the interfaces and in the midtransverse section are
shown. Similarly, in the case of the mixture with THF/DMF 1:1 as casting solvent, a
gradient of morphologies was obtained along the film thickness, with some differences
with respect to the case of toluene. The beginning of the nanodomains, as small micelles,
started at a close, unmeasurable by AFM images, distance from the air/polymer interface.
In addition, the size of these micelles was smaller than in the case of toluene but in higher
concentration. This fact was the first evidence of the better solvent quality of the mixture
THF/DMF with respect to toluene. Continuing with the evolution of morphology, at a
distance of 9.9 um from the air interface vesicles began their appearance increasing their
size until the next region. At 25.4 um in depth the formation of short wormlike micelles
coexisting with small micelles in larger amount and vesicles in smaller quantity and size
than in the case of toluene started. Up to 37.5 um, long wormlike micelles began their
appearance increasing their size and coexisting with small micelles and vesicles until the
formation of the morphology, at 49.2 um in depth, morphology which remained constant
until the interface with the substrate. In this case, there was no noticeable flattening of the
long wormlike micelles near to the polymer/substrate interface, as in the case of toluene.
The no formation of interconnected and closed wormlike micelles appears to be the
second evidence of the better solvent quality of the mixture THF/DMF with respect to
toluene because of the favored polymer-solvent interactions instead of polymer-polymer
ones.** As conclusions for both solvents, it seemed that the morphology gradient could
be due to the increase of copolymer concentration from the air/polymer interface to the
substrate/polymer interface. The progressive increase in copolymer concentration in the
region close to the air/polymer interface up to the midsection, the largest region where
copolymer concentration was constant, caused the growing of the small micelles by
coalescence, leading to the formation of short wormlike micelles which rapidly
transformed in small vesicles to minimize the interfacial tension.?®*” As the increase of
copolymer concentration continued, larger structures were achieved. Because of the fast
curing rate of the DGEBA/amine system the structures were frozen. Furthermore, the
distances from the air/polymer interface to the regions of morphology transitions were
similar in both cases: 12.1 and 9.9 um for vesicles, 18.4 and 25.4 pm for wormlike
micelles, 42.1 and 37.5 um for long-wormlike, 54.2 and 49.2 um for constant morphology
for the casting solvents toluene and THF/DMF 1:1, respectively, indicating that the
copolymer segregation was not due to the selected solvent. Thus, we can suggest the
preparation of films by solvent evaporation does not necessarily produce the equilibrium
morphology but a gradient of morphologies through the film thickness. The higher
evaporation rate of solvents close to the air/polymer interface with respect to the
midsection of the film decreases the possibility of the small micelles to coalesce and
therefore to form larger structures. At longer distances in depth from the air/polymer
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interface, longer time in contact with the solvent and longer the structures that could be
achieved by coalescence.?®?’ From another point of view, the fast curing rate of the used
DGEBA/amine system could also freeze the structures before reaching the equilibrium
state. So, the whole process of morphology formation through film thickness appears to
be a competition of at least curing reaction, solvent evaporation, and coalescence of
micelles.

In order to corroborate the presence of copolymer close to the interfaces and also the
possible presence of residual solvent in the samples, ATR-FTIR analysis of the
air/polymer and polymer/substrate interfaces was carried out. Figure 3 shows ATR-FTIR
spectra of the individual components of the mixtures as well as the interfaces spectra and
details of the intervals of interest. Slight variation on the bands in the region 1000-900
cm’!, assigned to C=C out-of-plane bending vibration of the aromatic ring of PS block,
can be seen owing to variations in block copolymer concentration. Thus, in the case of 30
wt % block copolymer and toluene as casting solvent, a noticeable decrease in the
characteristic bands of PS (910 and 967 cm™!) at the air/polymer interface can be seen.
The band at 910 cm'! is too close to the nonreacted epoxy group, and therefore it becomes
difficult to distinguish this peak;' however, the variation in the 967 cm™ band allowed
confirming the variation in copolymer concentration. The depth of penetration of the
infrared beam into the sample was estimated supposing a refractive index of the samples
close to the neat epoxy of 1.57, as supplied by the manufacturer, and ZnSe as internal
reflection element at 45°. In the wavenumbers of interest, the depth of penetration was
found to be less than 3 um (2.75 and 2.58 pm for 910 and 967 cm™!, respectively), a value
not sufficient to reach enough block copolymer domains to be measurable in the case of
toluene as casting solvent and at the air/polymer interface. This fact supported the
conclusions extracted from AFM images in Figure 2, which shows the evolution of the
morphology through the film thickness, and in which the presence of the nanodomains
began at a distance between 2.2 and 3.7 um from the air interface. As wormlike micelles
began from the polymer/substrate interface, they are measurable by ATR-FTIR. Some
differences in FTIR spectra between samples cured with toluene or THF/DMF were
observed. Thus, for the samples cured with THF/DMF as casting solvent, there were no
noticeable differences in the region of 1000-900 cm™' between the spectra of both
interfaces, air/polymer and polymer/substrate, indicating the presence of block copolymer
close to both interfaces, at a distance less than the depth of penetration of ATR-FTIR of
3 um.

Other remarkable fact in the case of the system cast with DMF/THF was the presence of
residual DMF as confirmed by means of the appearance of new bands in FTIR spectra in
the region of 1800-1600 cm™, related to C=O group stretching vibration of DMF (Figure
3¢).

In addition, to confirm the presence or absence of copolymer at the interfaces, Figure 4
shows the morphology at the interfaces, air/polymer and polymer/substrate, for the
systems containing 10 wt % of 46 mol % epoxidized SBS triblock copolymer cured with
toluene and THF/DMF as casting solvents. Both systems showed similar results. At the
air/polymer interface no nanostructuring was achieved, indicating the absence of
microphase-separated copolymer in that interface, far in the case of toluene, 2.2 um, and
close in the case of THF/DMF, unmeasurable. However, at the polymer/ substrate
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interface, nanostructuring was suggested between mold imprinted lines, ensuring the
presence of microphaseseparated copolymer in that interface.

Thus, a conclusion that can be drawn is that AFM images and ATR-FTIR analysis
revealed that the block copolymer concentration at the near air/polymer interface was
much lower than in the near mold interface.

A similar effect can be observed in a film with variable thickness, from 30 to 240 um.
Figure 5 shows the morphology evolution in the midtransverse section of the film as a
function of the thickness for a system containing 20 wt % epoxidized SBS triblock
copolymer and cast in a 1:1 mixture of THF and DMF. Images every 10 pm from the
lowest film thickness (30 um) to the highest film thickness (240 um) were obtained. It
should be noted that images were made in the midtransverse section of each thickness of
the film.

Nevertheless, only four images are reported for simplicity. Spherical micelles coexisting
with wormlike micelles were achieved at low thickness. With the increase in thickness,
an increase in the length of the wormlike micelles, and a reduction in the amount of
spherical micelles was observed. This morphological gradient seems to be due to the
gradient in copolymer concentration through the film thickness and the different
evaporation rate of solvents. As AFM images were taken in the midtransverse section of
the film, the higher the film thickness the higher the depth from the air/polymer interface.
Thus, the lower the film thickness the higher the influence of copolymer segregation
gradient in the midtransverse section of the film. Consequently, the different
morphologies due to the copolymer segregation gradient, shown in Figure 2, would be
overlapped obtaining almost a unique morphology, which is shown in Figure 5 for the
image corresponding to 15 pm depth from the air/polymer interface, corresponding to the
midtransverse section of 30 um film thickness. In addition, the high boiling point of DMF
could ease the formation of ordered structures as the system remained longer times with
low viscosity. Longer times in contact with the solvent before freezing of the
nanostructure at system gelation led to minimization of the interfacial tension of
nanodomains. Therefore, larger wormlike micelle morphology was developed by
coalescence of spherical micelle structures.?®*” Hence, shorter domains were achieved at
low film thickness due to the faster solvent evaporation, as shown in the image of 30 pym
film thickness, as occurred at low film depth in Figure 2. Thus, films thinner than 30 pm
would lead to homogeneous nanostructured coatings.

On the other hand, the effect of using different casting solvents on the nanostructure of
systems with different amounts of block copolymer was also studied. Figure 6 shows
AFM images in the transverse section of thin films for several mixtures cast with a
THF/DMF 1:1 mixture as casting solvent. The system modified with 5 wt % epoxidized
SBS triblock copolymer showed a combined morphology in which spherical and
wormlike micelles with vesicles did coexist. The system with 10 wt % epoxidized block
copolymer exhibited the same combined morphology with longer wormlike micelles.
Addition of more block copolymer resulted in the decrease of the interfacial area, which
yielded to the formation of wormlike micelles by the coalescence of spherical
nanodomains.27,46 Coatings with 20 and 30 wt % epoxidized block copolymer showed
interconnected wormlike micelles and more compacted nanostructures than at lower



copolymer contents. Finally, microphase separation led to a pseudolamellar nanostructure
for 40 wt % triblock copolymer, as the interconnected wormlike microdomains would
reduce the interfacial tension by generating planar interfaces, and thereby the long-range
ordered lamellar nanostructures were obtained.®® Similar nanostructures were obtained
for samples cured with toluene, as can be seen in Figure 7. However, lamellar
nanostructures were achieved at lower contents, i.e., 20-30 wt % of copolymer, due to the
solvent quality and the different evaporation rate of toluene and the mixture THF/DMF.
In addition, interconnected wormlike micelles were also achieved at lower contents of
copolymer when cured with toluene. In the mixture with THF/DMF, THF should
evaporate during the first stage curing at 70 °C, whereas DMF, because of its highest
boiling point, could be reserved in the coatings until the curing reaction was completed.
Therefore, it is proposed that the rate of solvent evaporation could significantly affect the
kinetics of curing reaction, and thus the morphologies should be influenced. However,
although DMF should allow longer times to achieve ordered structures, it seemed that
toluene had poorer solvent quality than the THF/DMF mixture. In this study, the
individual evaluation of the effect of evaporation rate or the solvent quality was not
carried out, so it is suggested that both effects increased polymer-polymer interactions
instead of polymer-solvent ones, thus leading to long-range order nanostructures at lower
copolymer contents.**

In order to analyze the formed nanostructures in all directions, films were cut in two
different directions, parallel and perpendicular to the air/polymer interface, and thereafter
AFM images in the transverse section of the film were obtained. Figure 8 shows similar
nanostructures for two copolymer contents in both cutting directions for the system cast
with toluene. Lamellar nanostructures (20 and 30 wt %) appeared in both directions, thus
confirming that nanostructures were pseudolamellar instead of cylindrical.

CONCLUSIONS

A morphological study of the gradient on block copolymer concentration through film
thickness and the effects of casting solvents on nanostructuring of an epoxy thin coating
system modified with a block copolymer was carried out by atomic force microscopy. A
poly(styrene-b-butadiene-b-styrene) triblock copolymer was randomly epoxidized to
compatibilize the butadiene block with the epoxy system. A degree of epoxidation higher
than 45 mol % epoxidized polybutadiene units was needed to obtain nanostructured
materials.

Owing to the differential segregation of the copolymer through the whole thickness of the
film, a gradient of morphologies, which was fixed by the fast curing rate and the relatively
slow evaporation rate of solvents, was obtained. By attenuated total reflectance infrared
spectroscopy, the absence of block copolymer near the air/polymer interface in the system
cast with toluene was verified. Analysis of a film with variable thickness revealed that for
thin films morphology gradient was not evident due to the overlap of the different regions
with different copolymer concentrations and the faster solvent evaporation which would
lead to a homogeneous film. In addition, the poorer solvent quality of toluene in



comparison with the mixture of tetrahydrofuran and N,N-dimethylformamide allowed to
achieve pseudolamellar nanostructures at lower copolymer contents; these structures
were confirmed by parallel cuttings to the air/ polymer interface, which showed similar
morphologies which dismissed cylindrical morphology.
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FIGURE CAPTIONS

Figure 1. TM-AFM phase images of epoxy mixtures modified with 10 wt % SBS triblock
copolymer, epoxidized to different extents, cast in a THF/DMF 1:1 mixture: (a) 37 mol
%, image 10 x 10 um; (b) 46 mol %, image 5 X 5 um; (c¢) 52 mol %, image 3 x 3 pm.
Images in the midtransverse section of a 240 pm film thickness.

Figure 2. TM-AFM phase images for epoxy mixtures modified with 10 wt % of
epoxidized SBS triblock copolymer cast in toluene and THF/DMF 1:1 mixture as a
function of the location through a 240 um film thickness: (a) near the air/polymer
interface, images 2 x 2 um; (b) in the midtransverse section of the film, images 5 x 5 ym
(c) near the polymer/substrate interface, images 5 X 5 um.

Figure 3. ATR-FTIR spectra of air/polymer and polymer/substrate interfaces of epoxy
mixtures modified with 30 wt % of 46 mol % epoxidized SBS triblock copolymer cast in
toluene and in THF/DMF 1:1 within the ranges (a) 4000—800, (b) 1100—800, and (c)
1800—800 cm—1 only cast in THF/DMF 1:1 and (d) FTIR spectra of individual
components of the mixture.

Figure 4. TM-AFM phase images of air/polymer and polymer/substrate interfaces of
epoxy mixtures modified with 10 wt % of 46 mol % epoxidized SBS triblock copolymer
cast in toluene and in THF/DMF 1:1. Images 1 x 1 pm.

Figure 5. TM-AFM phase images in the transverse section of the film for epoxy mixtures
modified with 20 wt % of 46 mol % epoxidized SBS triblock copolymer cast in
THF/DMF 1:1 as a function of film thickness. Images 3 x 3 pum.

Figure 6. TM-AFM phase images for epoxy mixtures modified with 5, 10, 20, 30, and 40
wt % of 46 mol % epoxidized SBS triblock copolymer cast in THF/DMF 1:1. 3 pm x 3
pum images in the transverse section of a 240 um film thickness.

Figure 7. TM-AFM phase images for epoxy mixtures modified with 5, 10, 20, 30, and 40
wt % of 46 mol % epoxidized SBS triblock copolymer cast in toluene. Images 3 x 3 pm
in the transverse section of a 240 um film thickness.

Figure 8. TM-AFM phase images for epoxy mixtures modified with 20 and 30 wt % of
epoxidized SBS triblock copolymer cast in toluene as casting solvent for two different
directions: top - parallel and bottom - perpendicular cuts to the air/polymer interface.
Image 3 x 3 um in the midsection of a 240 um film thickness.
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