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ABSTRACT: Thermal expansion represents a vital indicator
of the processing history and dimensional stability of materials.
Solvent-sensitive, thin, and compliant samples are particularly
challenging to test. Here we describe how textures highlighted
by contrast enhanced optical microscopy modes (i.e., polarized
light (PL), phase contrast (PC)) and bright field (BF) can be
used to determine the thermal expansion of polymer films in a
contact-free way using digital image correlation (DIC). Three

different films were explored: polyetherimide (PEI), polyimide (PI), and polyethylene naphthalate (PEN). Image textural
features (e.g., intensity, size, speckle pattern characteristics) obtained by BF, PC, and PL were analyzed by two-dimensional
Fourier transform and autocorrelations. The measured in-plane CTEs of PEI, PI, and PEN films, 51.8, 20.5, and 10.2 ppm/K,
respectively, closely approached those previously reported using DIC with artificially applied speckle patterns.
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B INTRODUCTION

Thermal dimensional stability in soft materials is a matter of
paramount importance during materials characterization and
performance in different application fields such as biomaterials
and organic electronics; nonetheless, the measurement of
thermal strain is challenging due to the typically temperature-
dependent stiffness and complex geometric configurations
exhibited by soft samples. Under such conditions a contact-
free testing method is highly recommended to properly
monitor their molecular and structural response to thermal
loads without altering the structure or hindering the free
expansion of the samples. For self-standing polymeric films
with thicknesses on the order of micrometers, in spite of the
numerous methods available for thermal expansion measure-
ment only a few could be employed as shown in Figure 1.
Digital image correlation (DIC) becomes very advantageous
over other contact-free methods like ellipsometry or electronic
speckle pattern interferometry (ESPI), since it does not require
the analysis of generated fringes, and retains good resolution
with full field strain determination at different length scales.
DIC relies on the efficient cross-correlation of images
containing distinctive trackable patterns taken at different
times, as subjected to different temperatures in the case of
thermal strain determination. Such patterns are typically
introduced by paint spraying, coating, or physically modifying
the surface of testing specimens.” Finely distributed patterns
have also been obtained in samples at lower length scales by
depositing S pm titanium particles via vacuum sputtering,2
metallic thin films via chemical vapor deposition® or solution
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Figure 1. Common methods employed in thermal expansion

determination as a function of sample thickness. Samples with

thickness below ~$ ym are typically tested on a substrate (Supported)
. . L \'8-28

as opposite to thicker, non-supported samples (Self-standing).

depositing rhodamine B isothiocyanate labeled silica nano-
particles.” The capabilities of DIC measurements have been
further extended by tracking nanoscale patterns identified by
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Table 1. Comparison of CTEs for PI, PEI, and PEN Films

temp. range

material method CTE [ppm/K] [°C] image characteristics ref
Polyimide (PI) DIC - Bright Field CTEx: 18.0 + 3.2 30—100 Fine texture, low contrast, This work
CTEy: 22.0 + 3.2 HWHM: 4.4 + 1.2
DIC - Phase Contrast CTEx: 18.8 + 3.4 30—100 Fine texture, high contrast, This work
CTEy: 214 +£ 2.6 HWHM: 6.3 + 0.7
DIC - Polarized Light CTEx: 22.9 +£2.2 30—-100 Fine texture, low contrast, This work
CTEy: 19.6 £ 0.2 HWHM: $.8 + 1.0
DIC - Paint Spray CTE: 16.85 + 1.0 30-100 Stochastic, artificial speckle 13
pattern
ASTM D-696-91 CTE: 17-20 —14 to 38 NA 52
Polyether-imide (PEI) DIC- Bright Field CTEx:" 30-100 Granular-like texture, low contrast, This work
509 + 3.4 HWHM: 10.3 + 0.5
DIC - Phase Contrast CTEx: 52.1 + 2.4 30—100 Sparsely distributed, random This work
CTEy: 519 + 3.9 spots,
HWHM: 13.8 + 2.2
DIC - Polarized Light CTEx: 53.0 + 2.6 30—100 Narrow distribution random This work
CTEy: 52.1 £ 39 speckle,
HWHM: 109 + 0.2
DIC - Paint Spray CTE: 50.92 + 2.0 30-100 Stochastic, artificial speckle 13
pattern
IPC-TM-650 CTE: 52 - NA 53
Polyethylene Naphthalate DIC - Phase Contrast CTEx: 102 + 1.8 30-70 Broad distribution spaced This work
(PEN CTEy: 102 + 2.5 speckles,
HWHM: 153 + 1.7
DIC - Paint Spray CTEx: 13.42 30—-120 Stochastic, artificial speckle 15
CTEy: 13.88 pattern
Thermomechanical Analysis CTEx: 11 - 18 0-100 NA EN
(TMA) CTEy: 16 - 18

“Free expansion in perpendicular direction hindered by friction, CTE, < 20 ppm/K.

scanning electron microscopy (SEM)® and atomic force
microscopy (AFM).%”

Despite the number of patterning methods employable for
DIC samples, the pattern generation process can still be very
challenging for highly sensitive systems (e.g., solvent-sensitive,
highly compliant, or brittle films) that only allow minimal
external contact. Any thermal, chemical, or mechanical
exposure of the testing samples during pattern preparation
not only suppresses the contact-free nature of the method, but
also, if not applied properly (i.e., weak particle adhesion, defect
generation, etc.), could affect the sample integrity and the
stability of measurements. Nevertheless, materials have various
types of structural features (e.g, surface roughness, defects,
crystallinity, coatings, impurities, orientations, etc.) developed
during self-assembly, processing history, or manipulation, which
can be employed together with DIC for strain measure-
ments.”** ' Recent studies have employed polarized light to
enhance image contrast and measure strains via DIC in
sensitive systems such as cellulose nanocrystal films'® and a bat
wing skin.>> The remarkable roles played by phase contrast on
cell biology and polarized light in the study of liquid crystals
and minerals led us to explore their potentials as practical
contrast enhancing methods to generate acceptable trackable
patterns from polymer films to perform measurements via DIC.

Hereby, we study how natural structural features present in
high-performance commercial polyetherimide (PEI), polyimide
(PI), and polyethylene naphthalate (PEN) films as imaged by
bright field (BF), phase contrast (PC), and polarized light (PL)
microscopy can produce images that exhibit textural features
(e.g, fine, contrast enhanced, closely distributed speckle
patterns given by the interaction of structural features with
visible light) useful for the contact-free determination of the in-
plane coefficient of thermal expansion (CTE) via DIC. Two-
dimensional fast Fourier transform (2D-FFT) and autocorre-
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lations were applied to captured images to identify character-
istics in the DIC speckle patterns obtained by BF, PC, and PL
imaging modes. PEI, PI, and PEN films were used as case study
materials due to the existence of high quality CTE data from
DIC and other standard methods available for comparison.
Nonetheless, the method outlined in this study could be readily
extended to a large variety of polymer films and soft materials.

B EXPERIMENTAL SECTION

Materials. Three different polymer films were explored: poly-
etherimide (PEI) (Ultem1000B, Sabic Innovative Plastics), poly-
ethylene naphthalate (PEN) (Q65FA 500ga Teonex, DuPont Teijin
Films), and polyimide (PI) (DuPont Kapton SHN) with thicknesses
of 25, 80, and 125 pm, respectively. Testing films were cut to testing
dimensions (~50 X 50 mm) and thermally pretreated at 100 °C for 30
min during the first run prior to image acquisition for thermal
expansion determination.

Pattern Generation and Characterization. Testing specimens
were imaged in transmission mode using a Carl Zeiss (Axio Observer
Al) inverted light microscope (condenser NA: 0.35, WD: 70 mm).
DIC trackable patterns were obtained by studying samples under three
different modes: bright field (BF) using a SX magnification objective at
low illumination, polarized light (PL) by positioning linear polarizers
in extinction (i.e., 90° with respect to each other) before and after the
light path of the samples, and phase contrast (PC) with a 5X phase
contrast objective coupled with condenser phase stop rings within the
turret disk. Characterization of the textural features (e.g, intensity and
size of trackable speckle pattern) obtained by BF, PC, and PL imaging
modes was completed using two-dimensional fast Fourier transforms
(2D FFT) combined with autocorrelations. Images analyzed were
captured for films in their reference state (i.e., at room temperature
after thermal pretreatment). Fourier power spectra were calculated and
azimuthally averaged for one-dimensional analysis of characteristic
length-scales, and regularity,33_36 using MatLab R2012b. Further
insights about the nature of the highlighted textural features were
obtained from radially averaged autocorrelations calculated with
Image].”” Autocorrelation analysis was performed by describing the
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decay of their normalized autocorrelation intensity as a function of
distance (R) in random regions of interest (ROI) utilized in CTE
calculations (Tables S1—S3). This was achieved by identifying the
position of oscillations in the response, and calculatinog the half-width
at half-maximum (HWHM), given by(2 In 26)"23*™* HWHMs were
calculated by fitting all autocorrelation responses to a proposed
variation of the modified Gaussian function introduced by Tran et al.>*

AC(r) = 4y exp[—(%) ] + /'Llr_/12 + A3 W

where mean values were shifted to r 0 (i.e, maximum
autocorrelation) and parameters Ao A, 4, and A; describe the
autocorrelation decays.

In-Plane Thermal Expansion via DIC. Thermal expansion
measurements were performed in a method similar to Diaz et al.'®
Measurements were performed in transmission mode by using a Carl
Zeiss (Axio Observer Al) inverted microscope coupled with a heating
stage (Linkam PE94). BF, PC, and PL microscopy modes were
employed to generate DIC trackable patterns in PEI, PI, and PEN
testing specimens as described above. After increasing film temper-
ature at 10 °C/min and a 7 min stabilization time, 36 bit-2047 pixel X
2047 pixel images were captured at 30, 40, 60, 80, and 100 °C for PEI
and PI films, and 30, 40, 50, 60, and 70 °C for PEN films, representing
approximate temperature ranges of comparison to other works (Table
1). Basic processing and image conditioning (ie. regions of interest,
rotations, etc.) of all captured images were performed in both Image]
and Adobe Photoshop. Thermal expansion calculations were
performed with the open-source HighCorr package available in
MathWorks, which determines thermal strains by cross-correlating sets
of captured images via normalized gradients using the image toolbox in
MatLab R2012b.*"*

B RESULTS AND DISCUSSION

Adjusting multiple DIC parameters (i.e., subset size, number
correlation points, grid spacing, etc.) over artificially applied
speckle patterns has been a factor traditionally employed in
DIC measurements in order to obtain better correlations
between images. Here, we explored how contrast enhanced
microscopy methods can generate trackable speckle patterns in
images to be cross-correlated during contact-free DIC experi-
ments of soft samples. BF, PC, and PL imaging modes were
used to highlight different textures in PEI, P, and PEN films as
shown in the DIC pattern generation section. The distinctive
textures obtained for all testing films were characterized by the
complementary information given by Fourier and autocorrela-
tion analyses, and employed for the determination of in-plane
CTEs via two-dimensional DIC as discussed in the subsequent
sections.

DIC Pattern Generation. Classical processing methods
such as injection molding, film casting, and so forth typically
employed in soft film manufacture generate different micro-
structural features mainly governed by intermolecular inter-
actions in the bulk as during self-assembly or crystallization, as
well as at interfaces as during dewetting. In polymeric systems,
such characteristics are hardly resolved by naked eye (Figure
2a) and conventionally studied by SEM™ or optical microscopy
(OM). DIC relies on the cross-correlation of patterns found in
two different images. Such patterns can be successfully
generated by highlighting textural features from the testing
specimens via OM with a maximum resolution on the order of
~0.2 pm. Likewise, regular OM low coherence light sources can
be preferred to allow tracking of large deformations without
disrupting sample textural features for DIC** or adding the
need for interference fringe analysis of coherent light sources.
The existence of multiple phases or aggregates in soft samples
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Figure 2. (a) Photograph of polyetherimide (PEI), polyimide (PI),
and polyethylene naphthalate (PEN) ~5 cm X S cm films. (b) BF
image of a PI film. (c) PC of a PEN film. (d) PL image of a PEI film.
Scale bar 500 ym. Textures observed for PEI, PI, and PEN films under
all microscopy modes are available in Figure S1 in Supporting
Information.

will render additional textural features that can be highlighted
by different imaging modes; thus, the technique can remain
invariant and likely be benefited as the complexity of the
specimen increases. Thus, artificially introduced patterns and
further image contrast enhancement can be practically
eliminated by controlling saturation, reflection, and contrast
from the microscopy mode itself as shown in Figure 2b—d.

Textures imaged by BF are partially limited to the interaction
of visible light with present microstructural features or
thickness profiles. Although BF follows in principle the
customary light path DIC methodology, the selected
magnification together with image quality can accentuate
features that render a broader number of grayscale values.
The high intensity illumination more easily achieved in BF can
be very advantageous to highlight textural features in films with
relatively high thickness, reduced optical clarity, or colored
appearances as in the case of PI films (Figure 2b).

Much higher contrast can be obtained in PC and PL imaging
modes as shown in Figure 2¢ and d, respectively. PC increases
contrast by transforming light phase shifts through the sample
into brightness variations (Figure 2c), and in contrast to PL, the
resultant texture does not rely on domain orientations. Because
of this, PC allows the ability to create contrast in samples
without structured crystalline domains. For example, in the case
of biaxially oriented PEN films,* whose textures imaged by
bright field or polarized light would highlight only minimal
textural features, phase contrast represented a more efficient
way of distinguishing trackable patterns for DIC (see Figure
S1).

PL is similar to PC in that it also increases image contrast but
the working principle is different. PL reveals textural features
related to domain orientations, and thickness gradients present
in the samples as a function of the angle between polarizers
(Figure S2 in Supporting Information for PL patterns obtained
for ultrahigh molecular weight polyethylene, and cellulose
nanocrystals). Hence, PL can be highly beneficial for regions
exhibiting different refractive indices'®*> or even tracking
crystalline areas embedded within amorphous regions. For
example, within the explored films, polarized light highlighted
distinctive textures in PEI films, which were homogeneously
distributed over the entire film (Figure 2d), as opposite to the
plain responses obtained for PI or PEN films (Figure S1). In all
imaging modes the presence of defects, coatings, or impurities
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Figure 3. Bright field (BF), phase contrast (PC), and polarized light (PL) microscopy images of polyether imide (PEI) films (a, b, c) with their
respective 2D-FFT power spectra (insets) and azimuthally averaged one-dimensional Fourier spectra with removal of zero wavevector shown in inset
at low reciprocal space values (d). (e) One-dimensional normalized autocorrelation intensity for BF, PC, and PL microscopy images of PEI films
applied to different regions of interest (ROIs) per mode (BF(A1), PC(C3), etc.). Detailed information on all ROIs is available in Tables S1—S3,

Figure SS. Scale bar = 500 ym.
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Figure 4. Bright field (BF), phase contrast (PC), and polarized light (PL) microscopy images of polyimide (PI) films (a, b, c) with their respective
2D-FFT power spectra (insets) and azimuthally averaged one-dimensional Fourier spectra with removal of zero wavevector shown in inset at low
reciprocal space values (d). (e) One-dimensional normalized autocorrelation intensity for BF, PC, and PL microscopy images of PI films applied to
different regions of interest (ROIs) per mode (BF(D1), PC(B1), etc.). Detailed information on all ROIs is available in Tables S1—S3, Figure SS.

Scale bar = 500 ym.

from manufacturing and manipulation of the samples will affect
the resultant texture of the images to be cross-correlated in DIC
as discussed in the next sections.

Textural Characterization. The characterization of
distinctive textures in testing images becomes particularly
relevant during CTE calculations of non-artificially speckled
samples, as textural features have been found to affect the cross-
correlation of peaks*® and play a major role during DIC
#~% Different approaches could be considered
to describe image patterns, some based on image thresholding
(e.g, global mean speckle size,** Shannon entropy*®) and
others on local morphology analysis like Laplacian of Gaussian
edge detection:*® all meaning to describe the speckle
characteristics within the images to be correlated. Here, we
employ Fourier analysis (broadly used to analyze micro-
structural features in various soft materials such as collagen
fibers present in biological tissues*” and changes in morphology
in polymer blends®>**) complemented by autocorrelations to
describe the main textural features and possible repetitive
patterns‘w’so’51 obtained for PEI, PI, and PEN films under BF,
PC, and PL modes at fixed 5X magnification. This approach is
suggested as an integral description of the variety of textural

measurements.
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features present in polymer films, that can represent viable
options to the conventional speckle patterns employed in DIC
measurements, and further CTE calculation in complex testing
systems.

PEI films imaged in BF exhibited a spinodal ring in the power
spectrum (Figure 3a, inset) generated by the granular-like
texture present in the real space image (Figure 3a), extended to
different lengths (Figure 3d). Autocorrelations performed in
some representative ROIs (Figure 3e) indicated the presence of
anti-correlations (negative values),>” and speckles with sizes
around 31 um and interspacing distances on the order of 60 ym
(position of the first minimum and first maximum,
respectively).”® The global response for PEI films under BF
was therefore governed by a distribution of low contrast,
repetitive small features (HWHM ~10.3 + 0.5 ym) throughout
the images. PC highlighted high contrast and sparsely
distributed random spots over PEI films (Figure 3b). The
combination of such factors in the texture was observed with
plain responses observed in its respective 1D and 2D power
spectra (Figure 3b (inset) and d) as well as autocorrelations
(Figure 3e) with large variations in textures given by variable
highlighted patterns (HWHM ~13.8 + 22 um, features
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ranging from 35 to 80 ym). PL imaging of PEI films highlighted
a distinctive speckle pattern with high contrast, and a close
periodic distribution of sizes as seen in Figure 3¢ and d. Based
on the autocorrelations, PL imaging exhibited more uniform
responses than images taken in PC mode, also yielding an
average HWHM with lower standard deviation, 10.9 + 0.2 ym,
and lowering feature size to ~30 ym (Figure 3e).

In general, PI films exhibited much finer texture than PEI
films in all imaging modes, which can also be observed from the
plain response in their power spectra and autocorrelations. PI
films imaged under BF generated a low contrast 2D power
spectrum that only exhibited small features located at low
frequencies (Figure 4a,d). An autocorrelation average HWHM
of 44 + 1.2 pum for different ROIs also confirmed the rapid
decay and fine morphology with features size ranging from 10
to 20 pm, and spacing on the order of 25 um (Figure 4e). The
contrast enhancement provided by PC generated low intensity,
finely speckled patterns as shown in Figure 4b, with
autocorrelations revealing better pattern uniformity than that
obtained for PEI films, and small feature sizes ~20 pm,
HWHM ~6.3 + 0.7 um. Due to the absence of distinctive
thicknesses gradients and orientational domains in PI films
(Figure 4c), the textural response under PL (Figure 4d)
exposed minimal features closely approaching the one exhibited
under BF, with fine textures (~15 ym, HWHM ~5.8 + 1.0
um) and larger spacing distances ~30 um (Figure 4e). The
performance exhibited by PEN films in phase contrast can be
seen in Figures S3 and S$4 in Supporting Information.

Thermal Expansion of Polymer Films. The in-plane
coefficients of thermal expansion (CTEs) were calculated from
30 to 100 °C for PI and PEN films, and from 30 to 70 °C for
PEI films. Temperature ranges were selected to prevent
humidity effects below 30 °C, and reduce light distortions
from out-of-plane CTEs, while still being representative of the
thermal expansion of the polymers. Full field displacement
measurements of the polymer films were achieved since BF,
PC, and PL imaging highlighted textures where the cross-
correlated intensity peaks calculated by normalized gradients
had non-zero standard deviations within selected subsets.*"**
Detailed explanation of DIC algorithms can be reviewed
elsewhere.***® Thermal strains can be calculated in multiple
directions due to the full field nature of DIC. Such a
characteristic becomes very important in materials exhibiting
structural anisotropy (Figure S2 in Supporting Information), as
polarized light can contrast different regions based on
orientations to estimate displacements.lé’32 ROIs in PI, PEI,
and PEN films were cross-correlated using different subsets
sizes (Tables S1—S3) with respect to the first image (i.e., image
taken at 30 °C). Subsets of 60 pixels provided balance between
accuracy and computation times as subsets of 30 pixels
decreased correlation times and accuracy of the results, and
subsets of 90 pixels increased correlation times above 10 min
per run with minimal improvement of image correlations.
Figure Sa—c shows the thermal strain in the axial (x) and
transverse (y) directions of some representative testing films as
a function of temperature and imaging mode, where CTEs were
calculated as the slope of the curves after linear fitting the strain
responses over entire temperature ranges and summarized in
Table 1.

ROIs for CTE calculations were randomly distributed in
different polymer samples (Figures S, Tables S1—S3, Figure S6)
in order to better gauge the thermal response of the films. As
DIC parameters remained constant during thermal expansion
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Figure S. Thermal strain vs temperature plots calculated for different
ROIs (Al Bl, etc.) in (a) PI films in bright field (b) PEN films in
phase contrast and (c) PEI films in polarized light. Performance
exhibited for all films imaged in other modes can be seen Figure S6
and Tables S1—S3 in Supporting Information.

calculations and assuming minimal anisotropic expansion
gradients during thermal loads, imaging modes tended to
provide similar standard deviations (~3.0 ppm/K) created by
differences in highlighted natural textures. Although different
textural features were obtained from imaged specimens as
analyzed by Fourier and autocorrelation treatments, PEI, PI,
and PEN films exhibited isotropic thermal responses (Table 1)
that closely approached those determined by using DIC with
artificial speckle patterns''* or other standard methods**°>*?
that are available in the literature. Thus, areas containing
different textural features, under fixed magnification, can yield
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close cross-correlations between images that maintain good
precision during CTE determination.

PC provided high contrast images with relatively large
speckle sizes (Figure 2c, Table 1) which, in turn, can reduce the
randomness of the patterns.*® Conversely, BF yielded a lower
distribution of grayscale levels with closely distributed textural
features (Figures 3a, 4a, Table 1). A less generalized response
can be found for materials imaged by polarized light, as the
response is highly dependent on the material (Table 1); for
instance, high contrast regions with dense distribution can be
found for PEI films (Figure 3c), whereas an opposite response
is found in other materials like in PI films (Figure 4c). Although
cross-correlation of images of PI films can be potentially
increased by the presence of fine speckle patterns observed
under BF, PC, and PL, it will also be decreased due to low
contrast enhancement achieved in all imaging modes, aspect
that can be identified a priori. The method illustrated here
using PEI, PI, and PEN films as standard materials can be
further enhanced by the introduction of wave plates, change of
type of polarizers (ie., circular, elliptical) or increase in
magnification, and readily extended to other type of materials in
reflection mode. Likewise, the contact-free determination of
thermal strains at high temperatures (e.g, glass transitions,
softening or degradation points) and hygroscopic deformations
represent natural extensions of the proposed approach as long
as the generated textural features are preserved during the
experimental interval studied. A preliminary estimation of the
success of the technique, and the possible need for further DIC
parameter adjustments, can be achieved by a quick examination
or analysis of the textural features (e.g., feature size, abundance,
contrast) highlighted in the testing samples by a particular
imaging approach.

In cases with larger variations in texture between modes like
in ultrahigh molecular weight polyethylene (Figure S2
Supporting Information), typical DIC parameters within the
cross-correlation algorithm like subset size and grid spacing
become more relevant to properly track the displacement of
grayscale intensities.””*® Image distortions close to the edges,
minimal friction at specimen heating-stage interface, and out-of-
plane thermal expansion of samples are not entirely removed
and could affect the reproducibility of the thermal expansion
experiments,'* but could also be substantially minimized by
selecting central regions of interest for correlations, preheating
the sample during first run, and reducing image magnifications.
IMumination is also a relevant factor during image capturing as
the imaﬁe intensity can affect the quality of the correla-
tion.***™ For all testing specimens, high intensity from light
source improved image contrast in PC mode, but the formation
of halos can limit the resolution. In BF and PL modes, the effect
of increasing light intensity was not as beneficial as intensity
gradients tended to be planarized, which allows for a less
precise correlation of pixel intensity among images.

Although the microstructural features present in soft
materials are given by several factors, textural features
highlighted for DIC measurements can be controlled and
improved by the imaging method employed (i.e., PC, PL, etc.).
Depending on the type of soft material analyzed, the structures
will exhibit different distributions of speckle patterns visualized
under different modes and conventional DIC parameters (e.g.,
subset size, number of correlation points) can be adjusted to
properly determine strains in the system. The resolution in
CTE calculation via DIC could be reduced (Figure 1) due to
the random appearance of textural features (i.e., regions lacking
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distinctive textures like PEN films imaged by BF and PL; Figure
S1); nonetheless, a contact-free characterization of delicate
samples can be obtained, hence achieving a more complete
description of their fundamental properties.

B CONCLUSIONS

We described an inexpensive and practical method to generate
textures that can be subsequently used in digital image
correlation (DIC) (e.g, fine, contrast enhanced, speckle-like
patterns) for the determination of thermal expansion in soft
films. Textural features suitable for DIC were produced in a
contact-free fashion by using bright field and contrast enhanced
optical microscopy modes (ie., polarized light, and phase
contrast). The resulting textural features were characterized by
Fourier and autocorrelation analyses in terms of fineness,
intensity gradients, and pattern distributions. Three polymer
films were investigated: polyetherimide (PEI), polyimide (PI),
and polyethylene naphthalate (PEN). The resulting DIC in-
plane coefficients of thermal expansion (CTE) calculated using
contrast enhanced optical microscopy patterns were compara-
ble to those previously reported with artificially applied speckle
patterns. The method outlined in this study could be readily
extended to and is optimal for determination of anisotropic
strain fields in samples too delicate for applied speckle patterns
(i.e., solvent-sensitive, self-standing thin films, porous materials,
etc.) where conventional testing methods remain limited.

B ASSOCIATED CONTENT

© Supporting Information

PEI, PI, and PEN films imaged under BF, PC, and PL.
Polarized light patterns obtained for ultrahigh molecular weight
polyethylene and a cellulose nanocrystal film. Fourier and
autocorrelation analyses of polyethylene naphthalate (PEN)
films under phase contrast. Tables of DIC parameters
employed for CTE calculation in polymer films for all imaging
modes. This material is available free of charge via the Internet

at http://pubs.acs.org.
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