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Dynamic Behavior of Ribbed Viscoelastic CNT-PDMS
Thin-Films for Multifunctional Applications

Matthew Phillips, Muh-Jang Chen, Jong Ryu, and Mohammed Zikry*

Tailored ribbing structures are obtained by large-scale rolling in polymer
PDMS thin-films by adding carbon nanotubes (CNT) inclusions, which
significantly improved the mechanical behavior of systems subjected to
dynamic compressive strain rates. A nonlinear explicit dynamic
three-dimensional finite-element (FE) scheme is used to understand and
predict the thermomechanical response of the manufactured ribbed thin-film
structures subjected to dynamic in-plane compressive loading. Representative
volume element (RVE) FE models of the ribbed thin-films are subjected to
strain rates as high as 10* s~ in both the transverse and parallel ribbing
directions. Latin Hypercube Sampling of the microstructural parameters, as
informed from experimental observations, provide the microstructurally
based RVEs. An interior-point optimization routine is also employed on a
regression model trained from the FE predictions that can be used to design
ribbed materials for multifunctional applications. The model verifies that
damage can be mitigated in CNT-PDMS systems subjected to dynamic
compressive loading conditions by controlling the ribbing microstructural
characteristics, such as the film thickness and the ribbing amplitude and
wavelength. This approach provides a framework for designing materials that
can be utilized for applications that require high strain rate damage tolerance,

or abrading!?! treatments of thin polymer
or ceramic sheets, photolithography!*?! or
roller embossing,**! and inducing wrin-
kling topologies.[#1113-15] Some of these
surface treatments, however, do not pro-
duce consistent surfaces, and others
require expensive or complex process-
ing and manufacturing approaches.
Lithography-free techniques, such as
large-scale rolling or wrinkling, do not
require time-consuming processing or
complex manufacturing approaches to
create surface features with high aspect
ratios.[+®31%] Wrinkled surfaces, for exam-
ple, are typically produced by compressing
and permanently deforming the thin-film
to the desired hierarchal surface structure.
These lithography-free techniques can also
allow for the control of the wavelength, the
amplitude, and the orientation of desired
topologies or patterns, and these surface
characteristics can be directly linked to
material properties and manufacturing

drag reduction, antifouling, and superhydrophobicity.

1. Introduction

Thin-film systems can be tailored for multifunctional appli-
cations, and the surface topology of the thin-film plays a
significant role in behavior, such as superhydrophobicity,!'’!
anti-icing,>”! anti-fouling,’®?! self-cleaning,’”) optical,l®! or
electrical.1-1*] Different manufacturing approaches to obtain
these surface behaviors have been undertaken, such as plasmal!l
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conditions.[&11:13-1517]

Topologies, such as ribbed surfaces,
can have desirable multifunctional
applications.[*®1¢] Ribbing structures are

periodic surfaces that are generated by large-scale rolling, which
allows for continuous, template-free manufacturing. These
finger-like periodic structures develop in the meniscus between
the two separating surfaces when the Capillary number, Ca =
uU/y, exceeds a critical value where p is the viscosity, U is
the characteristic speed, and y is the surface energy of the
material.[*®18-23] Although most approaches have viewed mate-
rial ribbing as defects, and the general approach has been to
minimize their generation,['®-28] there are advantageous behav-
iors, such as drag reduction, anti-biofouling, self-cleaning, su-
perhydrophobicity, and anti-icing!*®1°] that can be obtained with
ribbed structures. Furthermore, roll-to-roll manufacturing pro-
cessing have been used and proposed for the development of
structured materials for use in fuel cells, batteries, and multifunc-
tional thin-films.[?"]

Large-scale, roll-to-roll manufacturing of ribbed thin-films pro-
vides the ability to control the topology by varying the manu-
facturing conditions and material properties of the film.[>¢16:30]
CNT-PDMS material systems are a potentially desirable sys-
tem because the viscoelasticity of the uncured PDMS increases
the Capillary number, which is directly related to the genera-
tion of ribbing structures during large-scale rolling. The high
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aspect ratio CNT inclusions provide strength to retain the pe-
riodic structure, such that it can be cured, and the high aspect
ratio of the CNTs increase the achievable surface texture nec-
essary for superhydrophobicity and drag reduction surface be-
haviors. There are other benefits to adding CNT or other such
carbon-based and nano-sized inclusions in a polymer matrix,
such as increased stiffness and strength,[*'*] increased thermal
and electrical conductivity,[**35-”] improved thermal stability,*®]
and flame retardant capabilities,!*”] which can make these com-
posite systems ideal for flexoelectric, piezoelectric, and other
multifunctional applications. For these materials to be benefi-
cial for multifunctional applications, however, it is important
to understand the influence of the filler size, orientation, dis-
persion, and interface with the matrix material on the effec-
tive properties of the heterogeneous systems. Analytical,**-#
experimental,!l and computational®*>*>#] approaches have
been used to account for these factors with CNT-polymer
systems.

While the effective properties of CNT-PDMS materials and the
manufacturing of ribbed CNT-PDMS structures is understood,
there is little or no understanding how the structured material
responds to extreme conditions that may be encountered while
in-use, such as high strain rate loading conditions. Experimen-
tal investigations have been conducted on thin polymer!*’~*%! and
metall®*%2] films to understand how high strain rate behavior
affects thin-films for such applications as MEMS devices, among
others. Thermo-viscoelastic materials are particularly sensitive
to extreme conditions because the temperature dependence and
loading history of the material significantly change the system’s
ability to dissipate energy and inhibit failure modes, such as
dynamic fracture. This is apparent in systems, such as rubber-
like tires, where cyclic deformation results in heating of these
viscoelastic materials!*®] thereby softening and altering the en-
ergy absorption. Similarly, highly stretchable strain sensors con-
structed from a PDMS matrix with aligned CNT inclusions ex-
hibits hysteresis during cyclic loading, resulting from the vis-
coelasticity of the matrix, which aids the device in enduring cy-
cles of high dynamic strains with minimal damage.[**} For these
structured thin-films to be functional, there must be a funda-
mental understanding of the dynamic behavior and damage-
resistance when subjected to extreme environments of high
strain-rates.

Hence, a computational framework is needed to predict the
relation between the viscoelastic material properties and ribbing
morphology on the thermomechanical response for structured
thin-films subjected to dynamic strain rates. The major goal of
this investigation, therefore, is to evaluate the response of struc-
tured CNT-PDMS thin-film materials subjected to in-plane dy-
namic compressive loading conditions, and to understand and
predict the thermomechanical behavior of these films to high-
strain rate extreme conditions. Furthermore, design recommen-
dations are developed to optimize thermomechanical behavior by
tailoring the ribbing morphology of thin-films. This work is orga-
nized as follows: in Section 2 the theory of the thermo-rheological
viscoelastic material model is detailed then the morphology of
ribbing structures is explained; in Section 3, the FE modeling ap-
proach is described; in Section 4, the thermomechanical thin-film
results are presented and discussed; and in Section 5, a summary
is outlined.
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2. CNT-PDMS Rheometry and Thin-Film Ribbing
Behavior

2.1. Viscoelastic Material Model of the CNT-PDMS Paste
Formulations

The mechanical behavior of cured CNT-PDMS can be modeled as
a viscoelastic material because the polymer chains exhibit time-
or rate-dependent relaxation.!*133] Prony series viscoelastic ma-
terial models have been used to represent the relaxation behavior
as a function of time or frequency.'>3->¢] An n-term Prony series
model for the shear storage, G’'(w), and the loss moduli, G (w),
of a material are given as a function of angular frequency (),

n 2, .2
giT,' w

G (w)=G —+G 1
(@) =G, ;HTW . M

and

G" (@) =Gy XL, {55 @)

where G, is the instantaneous shear modulus, G, is the long-
term shear modulus, and g; are the dimensionless relaxation coef-
ficients corresponding to the time constants z;. The Prony series
representation of the shear modulus in the time-domain, G(#), is

G =Gy, Y., ge +G, 3)

with the same constants and coefficients as in the frequency
domain.[* In some formulations, such as the simplified Univer-
sal Polymer Model (UPM),>*%71 G_, is specified directly and re-
quires that the summation of relaxation coefficients equals unity.
In the present study, the long-term shear modulus is not speci-
fied directly, but rather is obtained by

G =Gy (1-XL,8) “)

where the summation of g; is less than unity. The frequency- or
time-dependent elongation modulus behavior can be obtained
from the shear modulus behavior assuming a constant Poisson
ratio.

2.2. Thermo-Rheological Behavior of CNT-PDMS

Since inelastic heat generation is considered for the dynamic
loading conditions, the temperature of the material is anticipated
to increase, thereby softening the material. This softening can be
accounted for by the time-temperature superposition principle.
The Williams—Landel-Ferry (WLF) model accounts for the tem-
perature effects by the log-scale horizontal shift factor, ar, given
by

_Ga(r-1y)

logar = - C,+(1-1) )
where C, and C, are fitting coefficients and T, is some arbi-
trary reference temperature, typically given as room temperature
or near the glass transition temperature.>*6-58] The shift factor
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Figure 1. a) Scanning electron microscope (SEM) image, b) optical microscopy image, and c) morphological characterization from optical microscopy

imaging of CNT-PDMS ribbing structures.

modifies the frequency-dependent shear moduli at a given tem-
perature with respect to the reference temperature by the relation
G (o, T) = G (a;0,T,) and G’ (o, T) = G’ (a;w,T,); the time-
dependent modulus is shifted by G (t, T) = G(t/a,T,).>*

2.3. Ribbing Morphology of Thin-Films

Ribbing structures are periodic surfaces that can develop in thin
liquid and solid films during manufacturing processes, such
as large-scale rolling. The morphology of the periodic structure
can be characterized by a ribbing amplitude (A) and ribbing
wavelength (1) because the surface often rearranges into a uni-
form linear pattern along the rolling direction under certain
conditions.[*®] The thickness (H) of ribbed thin-films can also be
controlled by the manufacturing conditions.*1! These parame-
ters can be observed by scanning electron microscopy (SEM) or
optical microscopy (Figure 1).

A parametric large-scale rolling study was conducted in refs.
[4, 16] using PDMS with 3.5 wt% CNT to determine the effect
that the roller gap has on the resulting ribbing microstructure. By
adding CNT inclusions to the PDMS matrix, the viscosity of the
material increased such that it retained the ribbing structure after
rolling and allowed for the thermoset material to be cured. The
addition of CNTs also decreased the achievable wavelength com-
pared to neat PDMS. SEM measurements (Figure 1) provide de-
tailed microstructural characteristics after the PDMS was cured.

A non-dimensional ribbing microstructural parameter, the rib-
bing aspect ratio («,), was introduced in ref. [16] to characterize
the asperity of the ribbing structure, defined as the ribbing am-
plitude divided by the ribbing wavelength (¢, = A/4). The fea-
ture aspect ratio is also used to characterize other such systems
as wrinkled thin-films and structured topographical surfaces.!3>]
Based on ref. [16] a, can be used to understand and predict the
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film stress that accumulates during the rolling process. Similarly,
a second non-dimensional microstructural parameter can be in-
troduced that describes the ratio of the film thickness to the rib-
bing wavelength, called the ribbing length ratio (a; = H/A).

3. 3D Finite-Element (FE) Approach

The Prony series viscoelastic material model and the ribbing mi-
crostructural measurements were used with a nonlinear explicit
dynamic computational scheme to investigate the dynamic be-
havior of CNT-PDMS thin-film systems subjected to in-plane
compressive loading. A fully coupled thermal-stress explicit anal-
ysis was conducted to evaluate the dynamic response and ac-
count for the thermo-rheological behavior of the material and
the inelastic heat generation that will result from viscoelastic
energy dissipation. The mechanical solution is obtained using
an explicit central-difference integration scheme with a lumped
mass matrix; the heat dissipation equations are solved using a
first-order explicit forward-difference time integration rule with
a lumped capacitance matrix. The stable time increment for the
mechanical response is At ~ 2 where L, is the smallest el-

Ca
ement dimension and c¢; is the current dilatation wave speed

defined by ¢, = 4/ /1+Pz,4 where the Lame’s constants are deter-

mined at the current time-step based on the mean and incre-
mental stresses and strains. Similarly, the stable time increment

. L .
for the thermal response is At~ 2 where a = % and p is
P

a
the density, k is the thermal conductivity, and ¢ is the specific
heat.>]

The CNT-PDMS material was assumed to have homogeneous,
isotropic material properties resulting from the mixing proce-
dure. The material was assumed to exhibit similar mechanical
relaxation behavior as neat PDMS. The Prony series relaxation
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Figure 2. Arepresentative volume element thin-film model subjected to a dynamic compressive load (a) parallel to the ribbing direction and b) transverse
to the ribbing direction. Each thin-film model has a prescribed ribbing amplitude (A), ribbing wavelength (1), and film thickness (H) specified from the 16
microstructural combinations resulting from the Latin Hypercube Sampling routine. The bottom surface was simply supported, a dynamic compressive
load was applied to one in-plane face, and symmetry boundary conditions were applied to the remaining in-plane faces.

behavior was obtained from ref. [53] for neat PDMS; the instan-
taneous modulus was obtained by rule of mixtures and a constant
Poisson ratio, v, of 0.48 was used. The WLF coefficients, C,, C,,
and T,, were also obtained from ref. [53] to describe the time—
temperature superposition according to Equation (5), with a den-
sity of p = 989.5 kg m?, thermal conductivity of 0.15 W m~! K1,
and specific heat of 1460 ] kg~ K.

Three microstructural parameters were used to gain further
fundamental understanding of how the microstructure evolved
due to the three-dimensional dynamic loading conditions. These
were the ribbing amplitude, ribbing wavelength, and film thick-
ness. To understand the relation between the microstructure and
the thermomechanical response to dynamic loading, a popula-
tion of 16 RVE thin-film models with varying ribbing microstruc-
tures informed by experimental observations was introduced.
The dynamic response of each RVE subjected to in-plane com-
pressive loading for both neat PDMS and CNT-PDMS material
properties were investigated to also understand how the addition
of CNT inclusions in the PDMS matrix influences the thermo-
mechanical behavior.

Two thousand four hundred 3D 8-node linear brick elements
with full integration were used based on a convergence analysis
to model the thermomechanical response of the thin-film. Five
sinusoidal ribbing periods as a function of the film width were
modeled for each RVE with the same mesh structure: four ele-
ments per wavelength and six elements tall. Each RVE was sub-
jected to an in-plane dynamic compressive load in the direction
of the ribbing structure (parallel load) and in the other in-plane
direction (transverse load). Symmetry boundary conditions were
applied to the remaining in-plane faces. The bottom surface was
simply supported and the top surface was free. An initial temper-
ature of 298 K was prescribed on all nodes. The mesh and pre-
scribed boundary conditions of one RVE is shown in Figure 2.

Based on the material properties and mesh characteristics, the
approximate stable time step for the mechanical and thermal so-
lutions were obtained. For example, the stable time increment for
neat PDMS is 1077 s for the purely mechanical load and 1073 s
for the purely thermal load. Three strain rates were modeled for
each of the loading directions: 10%, 10%, and 10* s~!. The stable
time-step was 1077 s for 10% s71, 107® s for 10° 57!, and 10~? for
10* s~1. The ramp times were 5 X 107, 5 x 10™>, and 5 X 107% s.
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Nominal Applied Strain

Time
Figure 3. The magnitude of the dynamic compression loading for all rep-
resentative volume element thin-film models. The ramp time, t,, was de-
termined from the nominal strain rate. The final time, t was set as 10
times the ramp time (tr= 10t,).

The total time that the dynamic behavior of each RVE was ten
times the ramp time (Figure 3).

4, Results and Discussion

The proposed ribbing microstructure and FE computational ap-
proach were used to investigate the dynamic response of ribbed
homogeneous PDMS and heterogeneous CNT-PDMS thin-films
to compressive loads at various strain rates. The material model
of the cured and neat PDMS and CNT-PDMS was obtained from
ref. [53] and adapted for use in the 3D FE models. The popula-
tion of 16 RVEs was used to predict the thermomechanical be-
havioral differences resulting from the microstructure, material
properties, and nominal strain rates. Hypersurfaces of the ther-
momechanical response were developed to visualize the effect
that the ribbing microstructure had for each nominal strain rate.
A validated regression model of the characteristic response was
also obtained from the hypersurfaces to predict and optimize the
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Table 1. The 20-term Prony series characterization for cured, neat PDMS
with time constants, 7;, and relaxation coefficients, g;, based on ref. [53]
for the Universal Polymer Model (UPM) and recharacterized for use in 3D
finite element models (FEM).

Prony Time Constant Relaxation Coefficient, g;
Number i 7; (s)

UPM 3-D FEM
1 1.00 E-6 0.5061 0.3889
2 3.16 E-6 0.0000 0.0000
3 1.00 E-5 0.1276 0.0981
4 3.16 E-5 0.0755 0.0581
5 1.00 E-4 0.0661 0.0508
6 3.16 E-4 0.0568 0.0437
7 1.00 E-3 0.0420 0.0323
8 3.16 E-3 0.0356 0.0274
9 1.00 E-2 0.0258 0.0198
10 3.16 E-2 0.0190 0.0146
1 1.00 E-1 0.0126 0.0097
12 3.16 E-1 0.0110 0.0084
13 1.00 E+0 0.0040 0.0031
14 3.16 E+0 0.0062 0.0047
15 1.00 E+1 0.0023 0.0017
16 3.16 E+1 0.0029 0.0022
17 1.00 E+2 0.0020 0.0016
18 3.16 E+2 0.0017 0.0013
19 1.00 E+3 0.0009 0.0007
20 3.16 E+3 0.0018 0.0014

microstructure for design purposes when subjected to extreme
high strain rate conditions.

4.1. PDMS and CNT-PDMS Viscoelastic Material Model

The material modell®® for cured, neat PDMS was given according
to Equation (3) with the sum of relaxation coefficients, g;, equal
to unity based on the UPM.P”] The relaxation coefficients were
rescaled to be less than unity for use in the 3D FE material model
because the long-term shear modulus is not specified directly and
instead is obtained by Equation (4). These time constants and
associated relaxation coefficients for the 20-term Prony series are
given in Table 1.

The instantaneous shear modulus, G,, of neat PDMS was
3.62 MPa. The relaxation coefficients were scaled such that the
long-term shear modulus, G, was 0.84 MPa.>3l The cured
PDMS relaxes to 23% of its initial stiffness within 1000 s, after
which it has a constant shear modulus. Assuming that the PDMS
isnearly incompressible (v ~ 0.5), the associated elongation mod-
ulus was ~10 MPa; other literature values for the elongation mod-
ulus of PDMS are closer to 1 MPa.[*1#7] The material in both cases
is representative of a soft polymer, compared to other such poly-
mers as PP (1.38 GPa).[*]

The relaxation behavior of the neat PDMS is markedly differ-
ent from the behavior of uncured PDMS; uncured PDMS be-
haves closer to a liquid with no ability to resist shear deforma-
tions as its shear modulus is six orders of magnitude lower than

Macromol. Mater. Eng. 2024, 2400098 2400098 (5 Of13)
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Figure 4. The viscoelastic material behavior of the normalized time-
dependent shear modulus for cured, neat PDMS and CNT-PDMS based on
ref. [53] according to the Universal Polymer Modell>’] and recharacterized
for use in the 3D finite element models (FEM). The instantaneous shear
modulus, Gy, and long-term shear modulus, G, were obtained from
ref. [53] for neat PDMS and were obtained by rule of mixtures for CNT-
PDMS with 3.5 wt% CNT. The relaxation behavior is described by the 20-
term Prony series listed in Table 1.

cured PDMS and relaxes by nearly 100% after a second of relax-
ation time.[1%% Thus, cured PDMS will withstand harsh envi-
ronments and retain the structured shape. The same relaxation
behavior can reasonably be used for CNT-PDMS.

The rule of mixtures was used to obtain the modulus of
CNT-PDMS where the elongation modulus of CNT was 1 TPa.
The resulting instantaneous shear modulus for CNT-PDMS with
3.5 wt% CNT was 12 GPa; the long-term modulus was 2.7 GPa
according to the relaxation behavior described in Table 1 and
Figure 4. The rule of mixtures (ROM) can overpredict the mod-
ulus for CNT-filled composites because it assumes that the re-
inforcing material is perfectly dispersed and binds completely to
the matrix material.[*143-46] By interpolating experimental mea-
surements of CNT-PDMS with a CNT weight content between 2
and 4 wt%, the approximate elongation modulus of PDMS with
3.5 wt% CNT is 5.7 MPa.3] The error between the measured and
predicted modulus from ROM is of the same order of magnitude
as the error observed elsewhere.[*!] This overprediction is accept-
able because it provides a basis for strengthening the material by
the inclusion of CNTs in the PDMS matrix.

The thermo-rheological material properties of both neat
PDMS and CNT-PDMS based on Equation (5) were C; = 20, C,
= 418.86 K, and T, = 298 K, respectively.l>*| The reported WLF
coefficients are validated by ref. [47] (C; = 23.9, C, = 452.8 K,
and T, = 298.1 K), which also reports a glass transition temper-
ature of 298.1 K. Since the reference temperature of the WLF
time-temperature superposition model is the glass transition
temperature of the composite, and since the temperature of the
RVEs is predicted to increase in response to dynamic loading,
the glassy-to-rubbery transition in the polymer does not need to
be accounted for and the simplified thermo-rheological material
model can be used as presented.*”¢! The same thermal conduc-
tivity was used for PDMS and CNT-PDMS, despite reports of the
conductivity increasing with increasing CNT loading.[333¢]
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Table 2. The bounds of the three ribbing microstructural parameters, the
ribbing amplitude (A), ribbing wavelength (1), and film thickness (H)
were obtained from scanning electron microscopy measurements for non-
ribbed films (ribbing aspect ratio @, = 0) and ribbed films with a maximum
ribbing aspect ratio of 0.30. Thin-films with microstructures within these
bounds represent the range of possible non-ribbed and ribbed thin-film
CNT-PDMS systems.

Microstructure Parameter Lower Bound Upper Bound

Ribbing Amplitude [mm] 0.0000 0.0500
Ribbing Wavelength [mm] 0.1667 0.7000
Film Thickness [mm] 0.2000 0.6000

4.2. Ribbing Morphology of PDMS and CNT-PDMS Thin-Films

The morphology of ribbed thin-films was obtained by SEM im-
ages fromrefs. [4, 16] for PDMS with 3.5 wt% CNT resulting from
a parametric large-scale rolling study. The ribbing amplitude was
between 0.025 and 0.045 mm; the ribbing wavelength was found
to be between 0.09 and 0.62 mm; and, the thickness was between
0.30 and 0.54 mm. According to ref. [16] the ribbing aspect ra-
tio varies between zero (non-ribbed film) and 0.30 (maximally
ribbed film). These high aspect ratio topographies are difficult
to achieve.[*®8] Some lithography techniques can obtain a mini-
mum wavelength of only 0.150 mm!*?} and other techniques such
as the multi-step imprinting compression method in ref. [59] was
able to obtain a minimum wavelength on the order of 0.100 mm
with alumina powder in a PVA matrix, but the maximum aspect
ratio (defined as a, = A/A) was 0.20. It is possible that the small
particle size of the CNT, compared to other such fillers as alumina
powder, combined with its high strength enables the creation of
high aspect ratio structured surfaces.

A Latin Hypercube Sampling method was used to populate
the microstructure of the 16 RVE models. To ensure that the
randomly sampled microstructures stay within the range of ac-
ceptable ribbing aspect ratios, the microstructural bounds were
adjusted slightly from the observed measurements, given in
Table 2, which still capture the overall morphology of ribbing
CNT-PDMS thin-films.

The combination of microstructural parameters for each of the
16 RVE thin-film models are displayed as a hypercube in Figure 5.
Eight samples were obtained from the extreme values of Table 2;
the remaining eight RVEs were sampled according to the Latin
Hypercube scheme.

4.3. Ribbed Thin-Film Dynamic Thermomechanical Behavior

To isolate the effect that strain rates and material composition
have on the thermomechanical response of the thin-film, the sec-
ond RVE thin-film model (H = 0.479 mm, A = 0.046 mm, A
= 0.444 mm) subjected to a compressive strain in the parallel
direction at three nominal strain rates was evaluated. The dis-
placement in the loading direction of the second RVE for both
neat PDMS and CNT-PDMS material properties was obtained in
Figure 6.

The film subjected to the slowest nominal strain rate (10? s71)
linearly approaches a constant displacement according to the
loading profile from Figure 3, with negligible vibrations through

Macromol. Mater. Eng. 2024, 2400098 2400098 (6 0f13)

www.mame-journal.de

0.6
= o
£ 05- Q EsS
204 69/ 0
g O
©03
=
024
0.05
© 0.7
“py 0.025 0.5
%
%, 0.3 g‘(\(‘“@
) 0 0.1 Wavere®

Figure 5. The microstructural parameters of the 16 representative volume
element thin-film models were populated by Latin Hypercube Sampling
including the eight corners within the bounds enforced by Table 2. Each
circle shows the ribbing amplitude, ribbing wavelength, and film thickness
of each representative volume element model in the parameter space.

the film. In the second case, the RVE is loaded at a nominal strain
rate of 10° s7!: the neat PDMS thin-film overshoots the steady-
state displacement from Figure 6a before reflecting and attenu-
ating from the viscoelastic dissipation; the CNT-PDMS thin-film
exhibits the same behavior as in Figure 6a. Lastly, the PDMS
film at a nominal strain of 10* s~! overshot the steady-state dis-
placement by nearly two times before reflection. The observed
time in Figure 6¢c was not long enough for the wave to reflect
and show the viscoelastic relaxation, which would occur at the
same rate as that in Figure 6b. The oscillatory behavior of the
neat PDMS film subjected to a dynamic mechanical load resem-
bles that of,[°*) which showed a similar dynamic displacement re-
sponse in thermo-viscoelastic materials when subjected to ther-
mal shock—another extreme environment.

Based on the displacements in Figure 6 resulting from a
parallel in-plane dynamic load, increasing the modulus of the
ribbed thin-film stabilizes the film. This is apparent when con-
sidering the elastic wave speed (c = \/E/p) of the two materi-
als, which provides an approximate measure of the stress trans-
mission speed through the viscoelastic medium. Using the in-
stantaneous elongation modulus, the elastic wave speed of neat
PDMS and CNT-PDMS is approximately ¢ppys = 100 m s™! and
Cent - poms = 6000 m s71. Increasing the modulus, as in the case
for CNT-PDMS, allows for stress waves to propagate through the
thin-film at each time-step rather than accumulating. The wave
speed in neat PDMS, however, is an order of magnitude lower
than that of CNT-PDMS, so the thin-film subjected to the higher
strain rates have a more complex dynamic response from the
intersecting stress waves. Based on the difference between the
moduli obtained from ROM and experimentally from Section 4.1,
the modulus of CNT-PDMS is about three orders of magnitude
larger than the experimental values. Adjusting for this would
lower the wave speed to approximately ccyp_ ppys = 200 m s71,
so minimal dynamic effects would still be seen for the highest
nominal strain rate.

Each of the six stress components were also obtained from line
paths through the center of the mesh in the second RVE thin-film
model for neat PDMS to better understand the dynamic nature of
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Figure 6. The average z-displacement of the line path within the thin-film model with ribbing amplitude of 0.046 mm, ribbing wavelength of 0.444 mm,

and film thickness of 0.479 mm subjected to parallel loading (in the z-direction) with a nominal applied strain rate of a) 10? s=', b) 10° s

c) 10%s71.

the reflecting viscoelastic wave propagation (Figure 7). The time
in Figure 7 was normalized by the total model time for easier
visual comparison between the three nominal strain rates.

As with the displacements, increasing the strain rate increases
the stress response and results in viscoelastic waves. Since the
compressive loading is in the direction parallel to the ribbing pro-
file (the z-direction), the stresses in Figure 7c are slightly larger
than in Figure 7a,b. The three normal stresses (Figure 7a—c) are
significantly larger than the shear stresses (Figure 7d—f). Thus,
the response is governed entirely by the normal stresses. The
large magnitude of the normal stresses when subjected to only
5% nominal strain at a nominal strain rate of 10* s7!, which is

_—
fN)
N
—~

o
-

-1 and

an extreme condition. Since the strain remains below 5%, it is
unlikely that additional instability modes arise, as with linearly
periodic wrinkled thin-film systems.[811:13]

To have a better characteristic measure of the thin-film re-
sponse, the Von Mises stress normalized by the elongation mod-
ulus of the materials were obtained (Figure 8). The time was nor-
malized by the total time.

The behavior of the neat PDMS thin-film model subjected
to the three nominal strain rates is given by the solid lines in
Figure 8. At a nominal strain of 10> s7!, stress relaxation oc-
curs immediately upon deformation and continues for the whole
duration. After the RVE is loaded to the target nominal strain,

03 — 1005 0.3] —100s"! 0.3 — 100!
o =—=1000s" o =—1000s" = =—1000s"
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Figure 7. The average normal stress in the a) x-direction, b) y-direction, and c) z-direction, and the average shear stress in the d) xy-direction, e) yz-
direction, and f) xz-direction, all normalized by the instantaneous elongation modulus of the cured, neat PDMS, E,, were obtained through the center
path of the representative volume element model with a ribbing amplitude of 0.046 mm, ribbing wavelength of 0.444 mm, and film thickness of 0.479 mm
subjected to three strain rates in the parallel ribbing direction (the z-direction).
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Figure 8. The average Von Mises stress normalized by the instantaneous elongation modulus of the material, Ey, obtained from the line path within the
thin-film model with ribbing amplitude of 0.046 mm, ribbing wavelength of 0.444 mm, and film thickness of 0.479 mm subjected to parallel loading. The
solid and dashed lines show the behavior of neat PDMS and CNT-PDMS, respectively. The time was normalized by the total time, t5 of each model for

easier visual comparison.

the material relaxes smoothly in proportion to the long-term vis-
coelastic behavior. The RVE in the 10 s7! case experiences a
slight overshoot in the average stress through the line path. Much
like the displacements, the stress waves reflect several times as
the viscoelastic material behavior dampens the response. Finally,
the time delay between the displacements applied on the positive
z-face and the response in the interior line path for the 10* s7!
strain case shows the time that it takes for the viscoelastic stress
waves to travel through the RVE. The interacting 3D stress wave
reflections combine to triple the stress from the 10? s~! nomi-
nal strain rate case. The modeled time of 5 X 107° s was not
long enough to observe the stress wave relaxation based on the
Prony series time constants and associated relaxation coefficients
(Table 1).

Since the modulus of the thin-film structure increased by the
addition of CNT inclusions, the average normalized stress re-
sponse of the CNT-PDMS given by the dashed lines in Figure 8 is
characteristic of a typical viscoelastic relaxation curve. Since the
viscoelastic material model is rate dependent, the faster loading
rate allows for less relaxation to occur than the slower rate; the
maximum stress in the CNT-PDMS thin-films increases with in-

(a) (b)

creasing strain rate, whereas an elastic material model would be
insensitive to changes in the rate of loading.

Lastly, the thermal effects of the second RVE subjected to vari-
ous strain rates for the two materials was obtained (Figure 9). The
initial temperature of the thin-film was 298 K; inelastic heat gen-
eration due to viscoelastic energy dissipation was the only mech-
anism by which the temperature of the thin-film could increase.

The heat generation is a function of the applied strain rates.
It is evident in Figure 9 that the modulus of neat PDMS was too
low for any temperature increase to occur. In Figure 9a, the CNT-
PDMS temperature increases by 12 K during the loading phase
according to Figure 3 for the 10 s~! nominal strain rate, after
which the temperature remains constant. As the nominal strain
rate increases, so does the increase in temperature. The 10° s7!
and 10* s~! nominal strain rate cases also increase in tempera-
ture after the initial loading ramp due to the viscoelastic relax-
ation. The predicted temperature increase is much higher than
it would be if a more experimentally-based (rather than ROM-
based) modulus were used. Hence, the temperature predictions
give an upper bound of the temperature increase during high
strain rate loading.

(©)
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Figure 9. The average temperature of the line path within the thin-film model with ribbing amplitude of 0.046 mm, ribbing wavelength of 0.444 mm,
and film thickness of 0.479 mm subjected to parallel loading with a nominal applied strain rate of a) 102 s~', b) 103 s7', and ¢) 10* s~
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Figure 10. The maximum Von Mises stress normalized by the instantaneous elongation modulus, Ey, for a) neat PDMS and b) CNT-PDMS obtained
from each of the 16 representative volume element thin-film models subjected to a nominal strain rate of 10* s™1. The hypersurfaces were constructed

by linearly interpolating between the 16 data points obtained from FEM.

4.4. Von Mises Stress Hypersurfaces of Ribbed Thin-Films

To better understand and predict the relationship between the
microstructure and the thermomechanical response, we devel-
oped hypersurfaces of the response behavior with respect to the
ribbing microstructure at each nominal strain rate. The thermal
responses for the remaining 15 microstructures were similar to
Figure 9, and the temperature increase was not large enough
to warrant concern. Instead, we focused on the mechanical re-
sponse by constructing hypersurfaces of the Von Mises stress.
Since we wanted to understand the behavior for extreme condi-
tions, we obtained the maximum normalized Von Mises stress.
The hypersurfaces of both PDMS and CNT-PDMS thin-films are
shown in Figure 10 for a nominal strain rate of 10° s~!. Since
there are three microstructural parameters that characterize the
thin-film RVE—i.e., the ribbing wavelength, ribbing amplitude,
and film thickness—at least two 3D surfaces are needed to fully
visualize and understand the relation between the microstructure
and the resulting thermomechanical response to the dynamic
loading. Instead, the two non-dimensional ribbing microstruc-
tural parameters were used: the ribbing aspect and length ratios
(o, = A/rand a; = H/A).

In Figure 10a, the stress in the neat PDMS thin-films attained
the maximum value at small ribbing aspect ratios and length ra-
tios (i.e., large wavelengths, small amplitudes, thin films). There
is a large region in Figure 10a where the film stress was a mini-
mum, which occurred at larger ribbing aspect and length ratios.
It is in this region that thin-films should be designed to pre-
vent damage when subjected to high strain rate dynamic events.
CNT-PDMS thin-films subjected to a 10* s~! nominal strain rate
(Figure 10Db) also show a decrease in the maximum normalized
stress as a function of the ribbing aspect ratio. The maximum
stress for all microstructural combinations was lower for CNT-
PDMS thin-films than for neat PDMS thin-films, likely due to
the reduced dynamic effects.

4.5. Ribbing Microstructure Regression Model and Uncertainty
Quantification
After determining the relation between the non-dimensional mi-

crostructural parameters and the thin-film response, we wanted

Macromol. Mater. Eng. 2024, 2400098 2400098 (9 Of13)

Table 3. The coefficients from the regression model obtained by linear least
squares to predict the maximum normalized Von Mises stress in ribbed
thin-film systems with a given ribbing microstructure and nominal com-
pressive strain rate.

0;
i PDMS CNT-PDMS
1 3.42E-2 1.94E-2
2 2.55E-3 —2.00E-3
3 —2.07E-2 6.87E-5
4 —2.39E-2 6.14E-6
5 6.18E-3 6.13E-3
6 4.72E-3 1.30E-4
7 1.01E-5 —5.68E-6
8 —3.39E-6 —1.13E-8
9 —7.60E-7 —7.01E-9
10 4.90E-10 -4.91E-10

to understand how thin-film systems can withstand high strain
rate events. A polynomial regression model was chosen to char-
acterize the response of the thin-film with non-dimensional mi-
crostructural parameters a; and «, subjected to a given nominal
strain rate, €, as

w =0, + 0,a, + 0,0, + 94053 + Osa,a; + 060’[2 (6)
+0,5€) + O, €, + Og0,é) + 0,067

where 0, is the i-th regression coefficient. The regression model
was trained with 75% of the RVE results from all three strain rates
to predict the maximum normalized Von Mises stress for a given
ribbing microstructure and nominal strain rate. The remaining
25% was withheld for model testing to ensure it was not overfit.
The L2-norm residual of the training data of the regression model
was 0.03390 for neat PDMS and 0.00080 for CNT-PDMS; the re-
spective residuals of the testing data were 0.02011 and 0.00087.
Table 3 shows the coefficients of the ten-term regression model
for each thin-film material.

The regression model provided another method to understand
how to control the topography of structured surfaces compared
to the empirical relations for wrinkling given by refs. [8, 17]. The
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Figure 11. The maximum Von Mises stress normalized by the instantaneous elongation modulus of the material, Ey, for a) neat PDMS and b) CNT-
PDMS obtained from of each of the 16 representative volume element thin-film models for all three strain rates. The hypersurfaces were constructed for
each nominal applied strain rate by the regression model obtained in Equation (6).

coefficients from Table 3 indicate that all three parameters—the
non-dimensional microstructural parameters and the nominal
strain rate—will have a significant effect on the maximum nor-
malized Von Mises Stress for neat PDMS thin-films. The regres-
sion coefficients for CNT-PDMS, however, are lower for all pa-
rameters except the é2-term, which suggests that the mechanical
response of the higher modulus material is more dependent on
the nominal strain rate than the ribbing morphology. The hyper-
surface of the thin-film response from a dynamic compressive
load at a specified nominal strain rate can be visualized with re-
spect to the microstructure. Figure 11 shows the reconstructed
surfaces and the RVE predictions for both materials at the three
tested strain rates: 102 s71, 10 s71, and 10* s71.

The three response surfaces for neat PDMS in Figure 11a were
consistent with the RVE predictions where increasing the nomi-
nal strain rate increases the predicted stress in the thin-film. They
also show that there is a more significant increase in the normal-
ized Von Mises stress for thin-films with small ribbing aspect
and length ratios. The sensitivity to film thickness is also con-
sistent with experimental observations®!*2l and computational
predictions!™] pertaining to the high strain rate response of ma-
terials exhibiting inelastic behavior. At the higher strain rates, the
thin-film was closer to the material’s strength. Hence, based on
our modeling predictions, thick PDMS thin-films with large rib-
bing amplitudes and small ribbing wavelengths are ideal for dam-
age prevention in high strain rate dynamic events.

The response surface for CNT-PDMS (Figure 11b) shows al-
most no variation in the mechanical response with respect to the
microstructure; rather, the response is governed almost entirely
by the applied nominal strain rate as indicated by the regression
model coefficients from Table 3. The magnitude of the maximum
normalized Von Mises stress of neat PDMS (Figure 11a) pre-
dicted by RVE models is three times larger than that of PDMS
with 3.5 wt% CNT (Figure 11b). Since the predicted stress of
the CNT-PDMS thin-film RVE models is independent of the mi-
crostructure, the mechanical behavior of such CNT-PDMS thin
films as those fabricated and measured to obtain the microstruc-
tural parameter bounds (Table 2) are also expected to be indepen-
dent of the microstructure. Thus, the manufacturing of ribbed
CNT-PDMS thin-films can be tailored to exhibit favorable surface
behaviors due to high strain-rate behavior.

To further verify the neat PDMS thin-film response, the uncer-
tainty quantification associated with the 10* s~! nominal strain
rate was obtained in Figure 12 to characterize the bounds of the
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Figure 12. The uncertainty quantification associated with the 10% s~!
strain rate models for neat PDMS trained with 75% of the FEM predic-
tions and tested with the remaining 25%. The mean response from the
regression model at a strain rate of 10 s™' and the 2-standard deviation
bound surfaces are included.

regression surface.

Figure 12 shows the uncertainty in the regression model pre-
dictions at the higher strain rate, which is important to under-
stand the predictive capabilities of the model for the high strain
rate regime. Almost all the training and testing data provided
from the RVEs reside within the surfaces created by the standard
deviation, and since the distance between those surfaces is rea-
sonably narrow the regression model can serve as a guide for pre-
dicting the stress in thin-films with a prescribed microstructure
subjected to a compressive load.

4.6. Ribbing Microstructure Optimization for Thin-Film Design

Since the regression model is representative of the behavior of
the hypersurfaces created by the population of RVEs sampled
by the Latin Hypercube method, it can be used to optimize the
microstructure and predict the thin-film response to dynamic
loading for various compressive loadings. A constrained interior-
point optimization routine was used and evaluated for nomi-
nal strain rates between 10° and 10* s~'. For each strain rate,
the minimax normalized Von Mises stress was obtained with
the corresponding microstructure (Figure 13). The optimization
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Figure 13. The regression model was optimized to obtain the microstructure yielding the lowest maximum stress (minimax stress) for a) neat PDMS
and b) CNT-PDMS. The solid black curve gives the minimax stress of all microstructural combinations for nominal strain rates between 10° s~! and 10*
s~!. The dashed red and blue curves give the minimax stress for a non-ribbed film (a, = 0) and a maximally ribbed film (a, = 0.30), respectively.

procedure was twice repeated for each material with a constant
ribbing aspect ratio of 0 (non-ribbed film) and of 0.3 (maximally
ribbed film) to understand how the two film types behave.

Below strain rates of 10% s7!, the response of the neat PDMS
thin-film approaches quasi-static behavior, based on the regres-
sion model predictions in Figure 13a. In this regime, ribbed
thin-films have a maximum stress 1.5 times larger than a non-
ribbed film. Above the quasi-static strain rate, the maximum
stress in the ribbed and non-ribbed films increased. After a
nominal strain rate of 1200 s~! (Figure 13a), a neat PDMS
ribbed film outperforms the non-ribbed film and attained the
minimax value. Higher strain rate regimes are critical for de-
sign considerations because the predicted stress increased as
the strain rate increases.>*%?] Given that the nominal strain was
only 5% in these RVE models, all the thin-films are still far
from failure since they are in the linear viscoelastic regime; but
for larger nominal strains, as the predictions indicate, failure
would be most likely to occur in a non-ribbed film than in a
ribbed film.

In contrast, the behavior of CNT-PDMS is insensitive to
changes in microstructure. Based on the minimax stress of CNT-
PDMS and PDMS systems (solid black line in Figure 13a,b),
there is little difference in the optimal performance of neat
PDMS and CNT-PDMS. The advantage that CNT-PDMS has over
neat PDMS is that this minimax value is attainable for any rib-
bing microstructure, while it is only achieved for specific mi-
crostructures in PDMS. Thus, the design of ribbed CNT-PDMS
thin-films can be focused on maximizing other favorable sur-
face behaviors, such as drag reduction, superhydrophobicity, and
antifouling.

5. Summary

A nonlinear explicit dynamic FE scheme was used with a vis-
coelastic material model subjected to compressive high strain
rates and inelastic heat generation to understand and predict
the thermomechanical response of ribbed thin-film structures
manufactured by large-scale rolling. The shear and elongation
moduli of the CNT-PDMS were determined by the rule of mix-
tures. The dynamic response of neat PDMS was also modeled,
based on a Prony series representation, to understand how the
high strength CNT inclusions affects the thermomechanical re-

Macromol. Mater. Eng. 2024, 2400098 2400098 (11 of 1 3)

sponse. The RVE models of the ribbed thin-films were subjected
to dynamic nominal strain rates in both the transverse and par-
allel ribbing directions, with strain rates as high as 10* s71. Latin
Hypercube Sampling of the microstructural parameters, as in-
formed from experimental observations and measurements, pro-
vided physically realistic microstructurally-based RVEs.

For the CNT-PDMS ribbed thin-films, the thermomechanical
response is directly related to the effects of the nominal strain
rate. At the lower strain rate of 10? s7!, the temperature of the
CNT-PDMS thin-films increases by only 12 K. At the higher
strain rate of 10* s7!, the temperature increased by ~40 K. For
the mechanical behavior, as the nominal strain rate increases
from 102 to 10* s~!, the maximum values of the Von Mises stress
almost increases by a factor of two. The CNT-PDMS thin-film
structures rapidly attained steady-state behavior after the initial
viscoelastic relaxation. The mechanical response of neat PDMS,
in contrast, is highly dependent on both the ribbing microstruc-
ture and the nominal strain rate. There was a transition region at
a nominal applied strain rate of 1200 s~! where the wave speed
of the material is lower than the nominal loading velocity due
to wave interactions resulting in a significant increase in stress.
The non-ribbed films have lower maximum stresses for nomi-
nal strain rates lower than 1200 s™', but highly ribbed films are
advantageous for strain rates higher than 1200 s~! because they
impede the interacting stress waves. There is no significant tem-
perature increase in neat PDMS thin-films for the modeled strain
rates because the modulus is too low for sufficient heat to be gen-
erated, regardless of the ribbing microstructure. By strengthen-
ing the material with CNT5, there were reductions in stress wave
interactions due to the different material constituents, which low-
ers the resulting film stress but increases the film temperature
for all ribbing morphologies.

The interior-point optimization routine was based on a re-
gression model trained from the FE predictions to design
ribbed materials for multifunctional applications. The model
validates that CNT inclusions can be used to mitigate damage
in thin-film materials subjected to dynamic compressive load-
ings by resulting in lower stresses. The ribbing morphology
can, therefore, be used to understand and control surface be-
havior, such as superhydrophobicity, drag reduction, or antifoul-
ing, without compromising the desired mechanical behavior of
the film.
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