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ABSTRACT

Heterogeneous ribbed and non-ribbed carbon nanotube (CNT)-PDMS thin-film systems manufactured by large-
scale rolling exhibit large-strain and high strain-rate characteristics with favorable surface behaviors, such as
superhydrophobicity and drag reduction. However, it is not well understood how the multi-phase microstructure
and material properties of non-ribbed thin-films are related to the surface material behavior and fracture. Hence,
the objective of this investigation is to characterize the large-strain mechanical behavior and the microstructure
of various CNT-PDMS compositions to understand how the CNT loading, agglomeration, distribution, and
orientation affect the mechanical behavior and fracture of CNT-PDMS unribbed systems. Non-ribbed thin tensile
testing specimens were fabricated for neat PDMS and CNT-PDMS with different weight CNT distributions to
understand non-ribbed behavior. The ultimate strain, strength, and global stress—strain behavior were obtained
by uniaxial mechanical testing. Scanning electron microscopy (SEM) of the fracture surface was also obtained for
each sample to analyze the microstructure and relate the damage mode to the different weight distributions.
Based on these experimental measurements and observations, large-strain, hyperelastic and hyper-viscoelastic
material models were used to characterize the material behavior. The hyper-viscoelastic material model was
shown to provide the most accurate material description of the thin-film behavior of the viscoelastic PDMS with

the high-strength CNTs.

1. Introduction

Ribbed carbon-nanotube-polydimethylsiloxane (CNT-PDMS) thin-
film materials are multi-phase and heterogeneous systems that can
exhibit favorable behaviors, such as superhydrophobicity, drag reduc-
tion, and anti-biofouling [1-7]. These systems exist in the broader area
of bio-inspired materials and structures [1,7,8]. CNT-PDMS manufac-
tured with a ribbed microstructure are one such bio-inspired system that
exhibits hierarchal shark-skin-like surfaces that provide super-
hydrophobic and drag reducing properties. These heterogeneous mate-
rials are periodic surfaces that can be characterized by a ribbing
amplitude (A), ribbing wavelength (1), and film thickness (H)
[1-3,5,9,10]. The structured thin-film system can be manufactured by
large-scale rolling, which has the potential for continuous
manufacturing and cost-effective mass production. Ribbing morphology
can be designed and tailored by the manufacturing conditions, such as
the roller speed, roller speed ratio, and the roller gap [2,3,5,9]. Ribbing
microstructural parameters, such as the ribbing aspect ratio (a,) and the
ribbing length ratio (), can be used to characterize the asperity and
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texture of the ribbing structure. The ribbing aspect ratio is the ribbing
amplitude divided by the ribbing wavelength (a, = A/4); the ribbing
length ratio is the film thickness divided by the ribbing wavelength (a; =
H/?). These feature aspect ratios are used to characterize systems, such
as wrinkled thin-films and structured topographical surfaces [5,11,12].
The non-dimensional ribbing microstructural parameters provide
meaningful insights to understand and predict the film stress that ac-
cumulates during the rolling process and during extreme dynamic
behavior [5]. However, before the mechanical behavior of the struc-
tured surface can be fully understood, a physically-based and accurate
material model of non-ribbed CNT-PDMS systems must be character-
ized, such that a fundamental understanding of CNT-PDMS can be fully
understdood.

PDMS, as with most polymers, exhibits a degree of time- or rate-
dependent viscoelastic relaxation that results from the reversible
stretching of polymer chains and is capable of achieving large strains
[13-21]. The addition of CNTs increases the strength of the material by
preventing the movement of polymer chain entanglements. Most ma-
terial characterization and modeling of PDMS and CNT-PDMS has been
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limited to small-strain viscoelastic behavior using dynamic mechanical
analysis or creep tests and Prony series viscoelastic material models
[2,3,5,19,22-24]. The Prony series representation can be converted
between time-dependent and frequency-dependent forms, such that the
material model can be obtained from either creep tests (time domain) or
dynamic mechanical analysis (frequency domain), and it can then be
used to predict the behavior in the other domain [15,25].

When subjected to large strains, additional deformation modes of the
polymer chains occur that can result in hyperelastic behavior
[22,23,26-31]. Many hyperelastic material models exist in the litera-
ture, each of which is tailored for different materials or strain regimes. A
recent review [26] found that the Ogden, Yeoh, Carroll, and Shariff
hyperelastic material models have a coefficient of determination ®R?
greater than 0.98 when calibrated with uniaxial tension experimental
stress-strain curves of elastomers; other commonly used models had
lower R values with 0.65 for Neo-Hookean and 0.59 for Mooney Rivlin.
Both hyperelastic and viscoelastic contributions can be used to define
the material behavior in a single hyper-viscoelastic material model
[18,22,23,29-34] to represent the large-strain behavior and the time-
dependent relaxation of the polymer. Each mechanism depends on the
CNT weight content, the degree of CNT dispersion throughout the ma-
trix or agglomeration into CNT bundles, and the orientation of the CNTs
and CNT bundles in relation to the loading direction. Additionally, thin
samples must be characterized to obtain accurate tensile strengths and
moduli for thin films [35,36]. Thus, the challenge is to understand how
best to represent and understand the global large-strain mechanical
behavior of the non-ribbed film while accounting for the rate- or time-
dependent effects and the interaction of CNTs in PDMS for various
CNT weight fractions.

Hence, we will experimentally characterize various CNT-PDMS
compositions to understand how the heterogeneous morphology af-
fects large-strain behavior and how the multi-phase material behavior
can accurately and physically represented. Uniaxial mechanical testing
was conducted until failure for thin non-ribbed PDMS and CNT-PDMS
samples with CNT loadings between 1 wt% (wt%) and 10 wt%. Scan-
ning electron microscopy (SEM) images of the resulting fracture surfaces
were obtained to relate the agglomeration, distribution, and alignment
of CNTs in PDMS to the ultimate strain, ultimate strength, and global
stress—strain behavior. The SEM results also provide insights into how
the PDMS and CNT phases interact, and how it is affected by the
different weight percentages of the CNT distributions. Finally, a Yeoh
hyperelastic and a Yeoh-Prony hyper-viscoelastic material model was
optimized from the uniaxial testing data for each CNT-PDMS composi-
tion to determine how best to model the multi-phase, heterogeneous
material. The Yeoh model was used to describe the large-strain behavior
because it accurately captures the response from uniaxial tension testing
and requires only three parameters to describe the material behavior
[26]. This paper is organized as follows: in Section 2 the procedure for
fabricating, testing, and characterization of non-ribbed CNT-PDMS thin-
film specimens is detailed; in Section 3 the results from uniaxial testing
and SEM are discussed and the thin-films are characterized as hypere-
lastic and hyper-viscoelastic materials; in Section 4 the findings are
summarized.

2. Material and experimental procedures
2.1. Uniaxial mechanical testing of CNT-PDMS

Uniaxial tensile testing was conducted on PDMS and CNT-PDMS
samples according to ASTM D638-22. Four CNT loadings were tested:
neat PDMS, 1 wt% (wt%) CNT, 3.5 wt% CNT, and 10 wt% CNT. The
samples were prepared by mixing the Sylgard 184 silicone elastomer
with a 10:1 hardener mixing ratio and the specified weight percent of
Nanophite medium-walled CNTs with diameters between 7-12 nm and
lengths that varied between 100-200p m. in a universal planetary mixer
to ensure adequate mixing. A three-roll milling machine was also used to
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disperse CNTs in the PDMS. Aluminum molds were manufactured with
dimensions following the ASTM D638-22 Type IV standard: each spec-
imen had a nominal gauge length of 25 mm, gauge width of 6 mm, and
thickness of 1.5 mm. The uncured, mixed CNT-PDMS paste was then
poured into the molds. For the pure PDMS specimens, the material was
first degassed in a vacuum chamber for 30 min and was allowed to cure
without the top plate of the mold to avoid bubble generation. For the
remaining CNT-PDMS specimens, the mold was closed, and the material
was allowed to cure for 60 min at 125 ° C. Five specimens were made for
each CNT loading for a total of twenty specimens.

An Instron 68SC-05 single column table universal testing machine
was used to conduct the uniaxial tensile testing of the thin polymer
samples. Each specimen was clamped by standard serrated grips to
prevent slippage during testing and then subjected to an increasing
tension load at a constant loading rate of 5 mm/min until failure. The
corresponding nominal strain-rate of the uniaxial testing is 0.0033 s
based on the sample dimensions. The engineering strain and stress were
obtained for each sample.

2.2. Scanning electron microscopy (SEM) imaging

The CNT-PDMS morphology and the damage modes of the nano-
composite was characterized using SEM. A Hitachi SU8700 field emis-
sion SEM was used, which allows for ultra-high-resolution imaging at
low electron emission energies on insulating samples with no conductive
coating. Since the CNT-PDMS samples are non-conductive compared to
typical SEM samples a low voltage of 100 V with a current of 91.5 mA
and rapid image capturing was used to manage the sample charge and
minimize damage to the samples.

SEM imaging was used to investigate the distribution, alignment, and
agglomeration of CNTs within the PDMS at several length scales for
three CNT loadings: 1 wt%, 3.5 wt%, and 10 wt%. Neat PDMS was also
imaged to validate that the samples did not contain voids. The cross-
section of the fracture surface produced by the experimental uniaxial
testing in Section 2.1 was analyzed to understand the effect of CNTs on
the mode of fracture. Magnification levels between 250 and 50,000 were
used to view details ranging from the fracture surface texture to the
orientation of individual CNTs. Images were also obtained using the
electron backscatter detector of the Hitachi SU8700 instrument to better
view the sample texture resulting from fracture.

2.3. Hyperelastic and hyper-viscoelastic material models for CNT-PDMS

The Yeoh hyperelastic material model for the uniaxial stress is given
by
1 2
Oveon = 2| 41 — Z (Cw +2Co0(I — 3) +3C3o(h — 3) )«, # @
1
where 4 is the first principal stretch imposed during uniaxial tensile
testing and I; is the first stretch invariant given by I = 13 +
2/21137,38]. The parameters Cig, C20, and Csp are obtained by opti-
mizing the material model using experimental data.
The viscoelastic stress contributions are represented by Prony series,

a generalized Maxwell model consisting of exponential decaying terms,
whose n-term time-dependent relaxation modulus, Eg, is given by

Ex(t) =Eo» , (1 - giexp< - T£> >$# 2

where Ej is the instantaneous elongation modulus and g is the relaxa-
tion coefficient corresponding to the relaxation time constant 7;. Each g
is bounded between 0 (no relaxation) and 1 (full relaxation) and the sum
>t 18 is also bounded between 0 and 1.

The total uniaxial stress, o, for large-strain viscoelasticity is obtained
by
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where € is the uniaxial strain. Evaluating the integral, substituting
gr(t) = Er(t)/E, from Equation (2) as the non-dimensional viscoelastic
relaxation, and defining oy..n(€(t)) = Eo€(t), we obtain the total stress
as a function of time as

o(t) = Oveon(€(t) ) — /0t 8r(t = 7)0veon(€(7) )dr.# “

By rearranging Equation (4), the combined hyperelastic and viscoelastic
stress components gives the uniaxial stress at time t as

U(t) = UYeoh(t) — Oyisc (t)! # (5)

where oy is the viscoelastic stress dissipation [31-34]. At time ¢ + At,
this gives

O(t+ At) = Oyeon(t+ AL) — Oyiee(t+ A) = Oyeon(t+ A — Y ol (t+At)
(6)

where the contribution from the i-th Prony series term is obtained by
approximating the integral in Equation (4) as

ol (t+At) = exp< - %) 0L () + &iOveon(t) (1 — exp< - %) )

i i
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which was adapted [31].

A constrained interior-point optimization routine was used to obtain
the three hyperelastic material model parameters and the Prony relax-
ation coefficients. The relaxation coefficients were bounded between
zero and one, and the total relaxation was bounded between zero and
some maximum allowable relaxation factor, #,.a max> 1€5S than unity.
The typical long-term relaxation of PDMS is 80 % of the instantaneous
value [5,39], S0 0y max = 0.8 for the hyper-viscoelastic material model
optimization. For the hyperelastic material model, the same optimiza-
tion procedure was used with 7, mey = O to enforce no relaxation.
Constraints were not imposed on the Yeoh coefficients. The root-mean-
square-error (RMSE) between the model and the experimental uniaxial
tensile testing measurements was minimized for each CNT-PDMS
composition to obtain the material model parameters. To ensure that
the ultimate strength occurs at the ultimate strain for each material, a
weight factor was applied to the residuals of the ultimate strength.

3. Results and discussion

The non-ribbed CNT-PDMS samples were prepared for uniaxial
tensile testing with varying CNT content to understand how the addition
of CNTs affects the large-strain mechanical behavior. SEM micrographs
were captured to analyze the fracture surface of each sample, which
provided information on the mode of failure and the dispersion, align-
ment, and agglomeration of CNTs within the PDMS matrix. The CNT-
PDMS morphology of the fracture surface was related to the surface
behaviors of thin-films for multifunctional applications, with an
emphasis on superhydrophobicity and drag reduction. Each CNT-PDMS
composition was characterized as a combination of a hyperelastic and a
hyper-viscoelastic material. The hyper-viscoelastic material models
physically account for the large-strain and rate-dependent behavior of
the PDMS and CNT-PDMS thin-films than the hyperelastic material
models. Hence, as the results have indicated, this rate-dependent
behavior can be used to accurately represent the behavior of CNT-
PDMS systems.
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3.1. Uniaxial mechanical testing of CNT-PDMS thin-films

Uniaxial tensile testing specimens of each material composition were
fabricated according to the procedure outlined in Section 2.1 to un-
derstand how increasing the CNT content affects the mechanical
behavior of non-ribbed CNT-PDMS thin-film systems. Each specimen
was tested in uniaxial tension to obtain the global stress—strain behavior
to failure. Fig. 1 shows one sample of each composition after testing.

The fractured samples shown in Fig. 1 are representative of the
uniaxial tension behavior for their respective material compositions.
The neat PDMS (0 wt% CNT) sample, shown on the left, recovered much
of its original shape after fracture, as evidenced by negligible necking
through the gauge length. The 1 wt% and 3.5 wt% CNT samples also lack
a necking region. The 10 wt% sample, however, shows considerable
deformation within the gage length since it is no longer straight,
compared to the other samples in Fig. 1. The 10 wt% sample was also
elongated compared to the other samples, which suggests it had un-
dergone more plastic deformation during testing. Each tab shows small
circular imprints from the grips, which validates that the grip-strength
was high enough to prevent the specimens from slipping when sub-
jected to a uniaxial tension load.

The average ultimate engineering strain and strength were obtained
from the five specimens of each material with the corresponding stan-
dard deviations (Fig. 2). By accurately characterizing the material
strength, failure criteria for ribbed thin-film systems can be obtained to
improve the design of new material systems, such as ribbed CNT-PDMS
systems.

From Fig. 2, there is no statistically significant change in ultimate
strain with respect to CNT loading. The ultimate strength, however, had
a statistically significant increase with respect to increasing CNT
loading. The high-strength and high-modulus elastic CNT fillers
increased the overall strength of the material, and the PDMS matrix
allowed for effective stress-transfer between neighboring CNTs. At 10 wt
%, the standard deviation for the ultimate strain is one-third of the ul-
timate strain value, which suggests the difficulty with reliably incor-
porating the high weight fraction of CNTs in the PDMS matrix, and this is
an indication of as the weight percentage increases, interactions be-
tween the CNTs and the PDMS increases, which can result in inconsis-
tent load transfers [14].

The tensile strengths in Fig. 2 are up to three times larger than those
reported [40] for identical CNT-PDMS compositions, though the dif-
ference is likely attributed to different sample thicknesses which has
been reported to affect the elongation modulus and ultimate strength of
thin-films [35,36]. Since the characterization of these non-ribbed CNT-
PDMS samples will inform the design of ribbed thin-film systems, the

20 mm

Fig. 1. Non-ribbed PDMS tensile test specimens with CNT loadings, from left to
right, of 0 wt% (wt%), 1 wt%, 3.5 wt%, and 10 wt% fabricated according to
ASTM D638-22 specifications and subjected to uniaxial tension to failure.
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Fig. 2. Ultimate engineering strain and ultimate engineering strength with
respect to CNT weight percent in PDMS obtained from the average of five
samples with error bars indicating two standard deviations.

ultimate strain and strength in Fig. 2 can be used to represent the ma-
terial behavior.

3.2. CNT-PDMS surface morphology from SEM measurements

SEM was used to further understand and characterize how the
addition of CNTs in PDMS affects the deformation and damage modes
during large-strain uniaxial loading. The fracture surface of each sample
from Fig. 1 was analyzed to understand the agglomeration, dispersion,
and orientation of the CNTs for each material composition and to pro-
vide insight on the mode of fracture. Despite the ultra-high-resolution
capabilities of the Hitachi SU8700 field emission SEM, the resolution
is limited by the beam-material interaction. PDMS exhibits significant
charging challenges and is susceptible to damage from the electron dose.
This allows for high resolution images of the surface morphology at low
beam energies, which manages charging and reduces damage.

The fracture surface of non-ribbed PDMS was observed under SEM
(Fig. 3). The surface appears featureless in part due to the non-
conductive material properties that make SEM imaging difficult, but
also due to the flat fractured topography and the absence of voids
indicating the adequate molding of the PDMS thin-film due to degassing
as discussed in Section 2.1.

The fracture surfaces of PDMS with 1 wt% and 3.5 wt% CNT were
also observed at low and mid-powered magnification using SEM (Fig. 4).
The addition of CNTs provides sufficient texture on the fracture surface
and increases the conductivity of the samples to makes SEM

o

Surface
contaminant

Featureless
fracture surface

Fig. 3. Scanning electron microscopy (SEM) micrograph of fracture surface at
low magnification for neat PDMS obtained using electron beam of 100 V. The
texture of the sample is featureless apart from a surface contaminant shown to
demonstrate that the material is focused in the SEM.
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micrographs obtainable despite charging.

In Fig. 4a-b, the fracture surface of both material compositions in-
dicates brittle-like fracture, though the topography is more varied than
in neat PDMS (Fig. 3) due to the incorporation of CNT bundles. Unlike
neat PDMS, the 1 wt% and 3.5 wt% CNT materials were not degassed
during the specimen fabrication step in Section 2.1, however, there is no
sign of voids in either material. The dark regions in Fig. 4b are polymer-
rich and likely locations for local damage to initiate given the lower
relative strength of the polymer chains compared to the CNT-polymer
bundles. The fracture surface exhibits uniform deformation, similar to
other materials such as high-strength metals undergoing low strain rates
(103 s7h [41].

Fig. 4c-d provide better insights into the heterogeneity of the CNT-
PDMS system, namely the agglomeration and distribution of the CNTs.
The lighter regions, in general, are bundles of CNTs [37]; the darker
regions are PDMS. Bright horizontal streaks appear in Fig. 4c-d because
of the highly charged material, even at the low beam energy. The high
surface energy of the CNTs cause them to agglomerate into pockets or
bundles rather than disperse evenly and randomly in the PDMS. The
presence of these bundles explains why the strengthening of the CNTs is
not as high as homogenization techniques such as rule of mixtures or
micromechanical models that neglect an interphase region would sug-
gest since the bundle has a lower strength than the individual CNT
[17,24,25,42-44]. Though individual CNTs agglomerate into bundles,
these multi-phase CNT bundles can reasonably be assumed to be
distributed uniformly within the PDMS. The 3.5 wt% CNT material in
Fig. 4d shows a similar distribution as the 1 wt% CNT material in Fig. 4c,
but with a higher density of CNT bundles. This uniform dispersion
provides justification for homogenization techniques when the macro-
scale material behavior is considered.

PDMS with 10 wt% CNT had excessive charging. A micrograph was
obtained with the backscatter electron middle detector of the Hitachi
(Fig. 5) at high magnification to better understand the topography of the
fracture surface.

The backscatter electron image (Fig. 5) shows the highly irregular
fracture surface of the 10 wt% CNT material, which is indicative of a
more ductile failure mode than for CNT-PDMS compositions with lower
CNT loadings. The expanded region in Fig. 5 shows individual CNTs
being pulled from the PDMS matrix at the peaks of the fracture surface.
CNT pullout is a non-reversible mode of deformation in CNT-polymer
systems that increases the toughness and occurs when the bonding or
cohesion strength between the filler and the matrix is less than the shear
stress subjected to the CNT-polymer interface. The likelihood of CNT
pullout increases with increasing CNT content because the high con-
centration of CNT bundles, as observed in Fig. 5, begin to act as defects
rather than strengthening mechanisms [14,40]; the polymer chains are
not capable of wetting the individual CNTs fully.

Low to high magnification SEM images of PDMS with CNT contents
between 1 wt% and 10 wt% were obtained that show the CNTs are
agglomerated into well-distributed CNT bundles throughout the PDMS
(Figs. 4 and 5). The orientation, waviness, and damage of individual
CNTs, however, requires ultra-high magnification to be observed
(Fig. 6). Knowledge of the CNT orientations and misorientations pro-
vides insight into the validity of isotropic material assumptions. Exces-
sive CNT waviness or damage indicates a decrease in achievable
strengthening of the composite resulting from the fabrication process
[45].

The SEM images in Fig. 6 are consistent with the observations and
measurements [46,47] for CNT-PDMS and similar CNT-polymer systems
[24,29,45,48,49]. In Fig. 6a-c, the effect of adding CNTs to PDMS is clear
by the increase of fiber density. At low weight fractions (Fig. 6a) there
exists regions of PDMS that do not have a large presence of CNTs or CNT
bundles, in which the stress is transferred through the lower strength
matrix only. As the CNT content increases to 3.5 wt% (Fig. 6b), there are
fewer regions of pure PDMS and the heterogenous microstructure allows
for stress to transfer shorter distances through the PDMS to adjacent CNT
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Fig. 4. Scanning electron microscopy micrograph of fracture surface at low magnification for (a) 1 wt% and (b) 3.5 wt% CNT and at higher magnification for (c) 1 wt
% and (d) 3.5 wt% CNT obtained using electron beam of 100 V. The texture of the two samples is rough but suggests a brittle-like fracture of the heterogenous
material. The lighter regions in (c) and (d) indicate areas of high CNT concentration.

Fig. 5. Scanning electron microscopy (SEM) backscatter micrograph of fracture surface for 10 wt% CNT at high magnification obtained using electron beam of 100 V

showing CNT pullout.

bundles. The SEM micrograph of CNT-PDMS with 10 wt% CNT (Fig. 6¢)
demonstrates how little PDMS remains between CNT bundles, which
suggests that the material has difficulty transferring the uniaxial tensile
load from one bundle to another and that some regions may not be
encapsulated by enough polymer. The dark lines in Fig. 6¢ indicate
damage from taking images; the damage pattern is consistent with the
raster scan path—a left vertical line with rightward horizontal forks. The
damage helps demonstrate the difficultly of imaging a polymer, despite
the low electron dose enabled by using a low-voltage field emission
SEM.

At higher magnification, individual CNTs can be clearly seen
(Fig. 6d-f), which provided information on the orientation and defect
nature of the CNT-PDMS. There exists CNTs within the fracture surface
for all three CNT loadings that exhibit kinks at an angle of at least 90 °,
consistent with SEM images from [45]. Within a given CNT bundle, the
CNTs were randomly oriented. This randomness is due to the extensive
mixing process outlined in Section 2.1. The randomly oriented CNTs
validate that each bundle can be treated as an isotropic effective fiber.

SEM images were obtained to understand how adding CNTs to PDMS
affects the microstructure and strengthens the material. The multi-phase
and heterogeneous material exhibit superhydrophobic behavior from

the hierarchal topography. Though CNTs coalesce into multi-phase ag-
glomerations, the random orientation of CNTs and dispersion of CNT
bundles provide justification for treating non-ribbed and ribbed CNT-
PDMS thin-film systems as isotropic, homogeneous materials.

3.3. Large-strain hyperelastic and hyper-viscoelastic material models of
CNT-PDMS

The uniaxial tensile testing in Section 3.1 provides a description of
the global mechanical behavior of CNT-PDMS for various compositions;
SEM imaging in Section 3.2 improves our understanding of the hetero-
geneous microstructure and the fracture surface. However, it is still not
understood how to best characterize the bulk material behavior for use
in ribbed thin-film systems subjected to large strains and strain rates.
Several constitutive and phenomenological materials models have been
developed to understand the mechanical behavior of polymer and
composite materials, such as hyperelasticity and hyper-viscoelasticity.
Both material models can predict the material response to uniaxial
tension. To understand how best to represent the large-strain mechani-
cal behavior of various CNT-PDMS compositions, a hyperelastic and
hyper-viscoelastic material model was obtained for each composition to
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Randomly
oriented CNTs

protr{lding s
from surface

Fig. 6. Scanning electron microscopy (SEM) micrograph of fracture surface at high magnification for (a) 1 wt%, (b) 3.5 wt% and (c) 10 wt% CNT and at ultra-high
magnification for (d) 1 wt%, (e) 3.5 wt% and (f) 10 wt% CNT obtained using electron beam of 100 V.

determine the more physically-accurate material model.

First, a Yeoh hyperelastic material model was optimized to represent
the material behavior of the experimental stress-strain measurements.
For each material composition, the Yeoh material model was obtained
from the initialized hyperelastic material model coefficients (Cigjnir =
0.1, Ca0,nit = 0.01, C30 it = 0.001) for strains up to the ultimate strain.
The residuals were obtained for the stress predicted by the model and
measured in each of the five specimens. To force the material model to
satisfy the ultimate strength, additional residuals between the maximum
predicted stress and the average ultimate strength were added to the
residual vector with a weight factor. This weight factor was manually
adjusted to obtain an appropriate material model that adequately
accounted for the ultimate strength without obscuring the global
stress-strain behavior. The root-mean-square-error (RMSE) was ob-
tained from the residual vector and a constrained interior-point opti-
mization procedure discussed in Section 2.3 was conducted to update
the hyperelastic material model coefficients for each material
composition.

Thus, the optimization problem statement was to find Cjo, C2, and
C30 that minimize the root mean square error, RMSE =

\/ L (Cexperiments — oy@oh)z, for each material composition where the uni-
axial stress history of each sample was appended into a single column
VeCtOr, Gexperiments, and the corresponding uniaxial stress predicted by the
Yeoh material model was appended into a column vector, 6y, both of
length n. The Yeoh material model for the four CNT-PDMS compositions
are summarized in Table 1.

Similarly, the Yeoh-Prony hyper-viscoelastic material model was
optimized for each material composition. Neat PDMS has been charac-
terized as viscoelastic [5,22,23,39] so the composite material is also

Table 1

Hyperelastic Yeoh material model coefficients of four compositions of CNT-
PDMS obtained by constrained optimization routine with root-mean-square-
€error.

CNT Weight Percent  Yeoh Hyperelastic Material Model Root-Mean-Square-

(wt% CNT) Coefficients Error (MPa)
Cio(MPa)  Cy(MPa)  Cs3o(MPa)

0 0.1303 0.0185 0.0013 0.0078

1 0.2713 0.0321 0.0027 0.0111

3.5 0.5330 0.0299 0.0062 0.0043

10 0.8715 0.0082 —0.0024 0.0811

expected to exhibit viscoelastic relaxation. The same optimization pro-
cedure from Section 2.3 was used, though the material was allowed to
relax according to Equation (2) assuming a constant nominal strain-rate
as specified in Section 2.1 to account for the time-dependency of the
mechanical testing procedure. Thus, the three Yeoh coefficients (Cio,
Ca9, C30) and three Prony relaxation coefficients (g1, g2, g3) were ob-
tained for each material that minimize the RMSE. The Prony time con-
stants, 7;, were 1, 10, and 100 s. The total time of each uniaxial tension
test was between 220 and 520 s, so the choice of 7; captures the fast and
slow relaxation mechanisms that were observed during testing. The
optimized hyper-viscoelastic material model coefficients are summa-
rized in Table 2 with the corresponding RMSE for each CNT-PDMS
composition.

The first coefficient in the Yeoh material model, Cy, is interpreted as
approximately half of the shear modulus of the material [28]. Based on
Table 1, the instantaneous elongation modulus for the hyperelastic
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Table 2
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Hyper-viscoelastic Yeoh-Prony material model coefficients of four compositions of CNT-PDMS obtained by constrained optimization routine with root-mean-square-

error.

CNT Weight Percent (wt% CNT) Yeoh Hyperelastic Coefficients

Prony Viscoelastic Relaxation Coefficients Root-Mean-Square-Error (MPa)

C10(MPa) Ca0(MPa) C30(MPa) 8 82 83
0 0.2133 0.0634 0.0016 0.0654 0.1509 0.5679 0.0078
1 0.4010 0.0888 0.0016 0.1510 0.0582 0.3826 0.0111
3.5 0.6320 0.0372 0.0069 0.1487 0.0100 0.0033 0.0043
10 2.2985 0.1142 —0.0242 0.4144 0.2377 0.0004 0.0806

material models, assuming an incompressible material, ranges between
0.75 MPa and 5.25 MPa for the various compositions. These values are
slightly lower than those that have been experimentally obtained; 1 MPa
for 0 wt%, 5.7 MPa for 3.5 wt%, and 10 MPa for 10 wt% CNT [40]. The
hyperelastic material model from Table 1 underestimates the stress in
the small-strain regime, but by including the viscoelastic relaxation, the
magnitude of the hyperelastic coefficient C;o increases (Table 2) to ac-
count for the rate-dependent behavior. The estimated elongation
modulus from Cj for the hyper-viscoelastic material model is 1.28 MPa
for 0 wt%, 2.41 MPa for 1 wt%, 3.79 MPa for 3.5 wt%, and 13.79 MPa
for 10 wt% CNT, which are consistent with reported values [40]. Thus,
the hyper-viscoelastic material models accurately capture the mechan-
ical behavior in the small-strain regime because they account for the
rate-dependent relaxation of the polymer, the interactions between
CNTs and polymer chains, and the uniaxial testing quasi-static rates.

The second and third coefficients of the Yeoh hyperelastic model, Cag
and Cs, describe the stress—strain response in the mid- and large-strain
regimes. In both the hyperelastic and hyper-viscoelastic material model
formulations (Tables 1-2), C3o increases with increasing CNT loading up
to 3.5 wt%; after which, Csg is negative at 10 wt% CNT. The most likely
cause for the stress increasing in the large-strain regime is the
straightening of the curved CNTs observed in Fig. 6, that provide addi-
tional stiffness to the thin samples [50]. The 10 wt% CNT material be-
gins to plateau in the large-strain regime, which is consistent with [14]
and is likely due to poor bonding between the PDMS and CNT bundles or
the separation of large CNT agglomerations that are not properly
adhered to the PDMS, as observed in SEM images (Fig. 6).

The Yeoh hyperelastic material behavior is compared to the five
specimens for each material in Fig. 7. Here, the addition of CNTs in the
PDMS increases the ultimate strength for all compositions. All four
material models show good agreement with the experimental uniaxial
tension data. Similarly, the Yeoh-Prony hyper-viscoelastic material
model behavior is compared to the uniaxial testing results for each
material in Fig. 8. As with Fig. 7, the addition of CNTs in the PDMS
increases the initial stress-strain slope and increases the ultimate
strength for CNT loadings up to 10 wt%. Both the hyperelastic and
hyper-viscoelastic material models can predict the mechanical behavior
of CNT-PDMS for various compositions.

ESN

Y coh: OWt%CNT

+ Experiment: OWt%CNT
Y eoh: IWt%CNT

+ Experiment: Iwt%CNT
Y coh: 3.5Wt%CNT

+ Experiment: 3.5Wt%CNT
=Y e0h: 10Wt%CNT

+ Experiment: 10wt%CNT

w

o

Engineering Stress (MPa)

0 50 100 150
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Fig. 7. Yeoh hyperelastic material model for four material compositions of
CNT-PDMS optimized from five uniaxial tension experiments of each
composition.

~
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Fig. 8. Yeoh-Prony hyper-viscoelastic material model for four material com-

positions of CNT-PDMS optimized from five uniaxial tension experiments of
each composition.

The RMSE for the hyperelastic and hyper-viscoelastic material
models are comparable for each material composition. Though, since the
hyper-viscoelastic material model accounts for the loading rate of the
uniaxial tests and the rate-dependent viscoelastic material relaxation, it
is likely the more accurate prediction of the mechanical behavior and
can be used reliably for low strain-rate responses on the order of 102572,
similar to the uniaxial testing strain-rate given in Section 2.1. Thus, the
hyper-viscoelastic material models better represent the global stress—
strain behavior.

The ideal CNT-PDMS composition for multifunctional systems
exhibiting large-strain and high-strength behaviors is between 3.5 wt%
and 10 wt% CNT. Though the tensile strength increases with increasing
CNT loading, as suggested in Fig. 2, it does so with diminishing returns.
SEM micrographs indicate that CNTs agglomerate into randomly ori-
ented, well-dispersed bundles; the micrographs support observations of
hydrophobic surface behaviors because of the hierarchal CNT-PDMS
topography. The global stress—strain mechanical behavior (Figs. 7 and
8) suggests that the CNTs no longer act as strengthening mechanisms,
but as defects as the CNT loading increases to 10 wt%. Hyper-
viscoelastic material models accurately predict the large-strain rate-
dependent bulk mechanical behavior of thin CNT-PDMS systems, and
can be used to predict the behavior of ribbed thin-film systems.

4. Summary

Large-strain hyperelastic and hyper-viscoelastic material behavior of
PDMS and CNT-PDMS samples with various CNT weight percentages
were obtained to understand and characterize the effects of CNT
loading, agglomeration, dispersion, and alignment on the global and
local mechanical behavior and how to physically represent the material
behavior. Thin PDMS and CNT-PDMS samples were fabricated and
subjected to quasi-static uniaxial testing until failure. The ultimate
strain, ultimate strength, and global stress—strain behavior of each CNT-
PDMS composition was obtained and related to the CNT content.
Increasing the loading content of CNT did not affect the ultimate strain
at which the thin samples fractured, though it increased the ultimate
strength. The instantaneous elongation modulus of the CNT-PDMS
compositions were consistent with experimentally observed
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measurements. High-strength elastic CNTs additions to the viscoelastic
PDMS significantly increased the material stiffness. CNT-PDMS with
CNT loadings between 0 wt% (neat PDMS) and 3.5 wt% exhibited a high
rate-increase of stress in the large-strain regime; the stress in PDMS with
10 wt% CNT plateaued in this regime indicating that the material had
reached its loading strength of the CNTs.

The fracture surface of each sample was analyzed by SEM to un-
derstand the surface morphology and the incorporation of CNTs in the
PDMS from the three-roll shear mixing procedure. SEM images of neat
PDMS indicated that the material contained no voids. CNT-PDMS with 1
wt% and 3.5 wt% CNT content showed a near-uniform fracture surface,
indicating that the failure initiated with failure of the PDMS, whereas
CNT-PDMS with 10 wt% CNT showed CNT pullout, which indicates that
failure initiated within CNT bundles.

A Yeoh hyperelastic and a Yeoh-Prony hyper-viscoelastic material
model were shown to physically represent each material composition to
understand how best to model the large-strain bulk mechanical behavior
of the multi-phase materials. Both material model formulations can
describe the mechanical behavior in response to large-strain loading
conditions. The hyper-viscoelastic model, however, also accounts for the
rate-dependence, which would make it ideal for ribbed systems, which
are subjected to high strain-rate loading conditions during loading.

By relating the hyper-viscoelastic global behavior to SEM micro-
graphs of CNT-polymer systems can aid in establishing validated un-
derstanding of the distribution and agglomeration of CNT geometries
and orientations within polymer matrix systems. This will enable man-
ufacturers of heterogeneous, structured thin-film materials to predict
and control the mechanical and surface behavior for multifunctional
applications.
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