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Abstract of the Thesis

Strain-dependent Optical and Thermal Properties of CNT films

by
Hasitha Jeewana Hewakuruppu
Master of Science in Mechanical and Aerospace Engineering
University of California, Irvine, 2020

Professor Jaeho Lee, Chair

Passive surface thermal regulation is an area of critical interest, with many potential applications
ranging from the design of energy efficient building coatings to applications such as thermo
camouflage. The thermoregulation of a surface requires the dynamic modulation of emissivity and
reflectivity of the material; these changes are achieved via the manipulation of the surface
morphology of the material. The work presented in this thesis used a strain driven CNT film to
achieve the said morphology changes. In the experimental characterization of CNT films, a 0.047
increase in the average solar reflectivity was observed when strain up to 80%. When exposed to
direct sunlight, this change in reflectivity was manifested as a temperature change of 2.8°C.
Following the experimental work, a 3D model was developed to represent the CNT film. The
developed model was simulated using raytracing under varying levels of strain, these results were
used to develop a hypothesis. The developed hypothesis viewed the surface of the CNT films to
be composed of many pit-like structures; the shallowing of the pit depth when strained was
determined to be the driving mechanism of increased reflectivity. Later based on the developed
hypothesis a simpler periodic model was created to provide an enhanced strain-dependent

reflectivity increase of 0.145 in the solar region. This model was further improved by adding a

vii



silver backed layer to provide an increased averaged solar reflectivity of 0.6826 resulting in a

surface temperature change of nearly 61°C.
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Introduction

All objects above absolute zero are subject to atomic oscillations. These oscillations are physically
manifested as the temperature of an object. The chaotic motion of these atoms behaves like
accelerating dipoles creating electromagnetic waves [1], these waves are known as thermal
radiation. Thermal radiation can be thought of as the conversion of thermal energy of an object to
electromagnetic energy. Thus, all objects are constantly losing thermal energy in the form of
thermal radiation, this causes the object to gradually loose its temperature; provided that there is
no heat input. The relationship between temperature and emitted radiation was quantified by Max
Karl Planck in 1896, he states that the radiation spectrum emitted by an object can entirely be

determined by the temperature of the object as shown in equation 1 [2].

2mc?h
A5 (e(hc/lka) — 1)

EAT) = Eq. 1

Where E is the radiance, A the wavelength of radiation, T the absolute temperature, c the speed of
light, h the plank constant and k; the Boltzmann constant. Note the above expression is only valid
for an idealized object known as a blackbody which has maximum radiance at all wavelengths. In
order to capture the behavior of everyday objects equation 1 needs to be adjusted by multiplying
the entire expression by a weighted term know as emissivity (€). Emissivity is a spectrally varying
property €(4), i.e. the emissivity value changes with different wavelengths. Emissivity can have
any value between zero to one, with one representing a maximum blackbody radiance at that

particular wavelength, while zero represents no radiance at all.



It is important to understand that, similar to losing heat due to emanating radiation, an object can
also gain heat due to incoming radiation. The efficiency of absorbing incoming radiation is
quantified by the spectrally dependent term known as absorptivity. It can be shown by Kirchhoff’s
law that the emissivity of an object equals its absorptivity [2]. The emissivity/absorptivity of an

object can be governed by its intrinsic property as well as due to its unique structure [3].

Due to the spectral nature of emissivity, it plays a critical role in the thermal regulation of an object,
this becomes especially apparent in a planetary scale since other forms of heat transfer are not at
play. For example, the terrestrial temperature of Earth is maintained by the delicate balance
between the incoming solar radiation absorbed by the terrestrial surface and reradiation of excess

heat back into space thanks to the atmospheric transparency window.
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Figure 1: Terrestrial solar radiation on Earth from 0.2 um till 2.5 um [4].
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Figure 2: Atmospheric transparency window from 8 pum till 13 um [5].

The average terrestrial temperature of Earth is around 15°C which corresponds to a peak radiation
of 10 wm, thus it is understood if the absorptivity of Earth was less in the solar region the Earth
would be cooler and if its absorptivity was less in the transparency window Earth would be much
hotter. Hence, by manipulating the emissivity of surface within the regions of heating and cooling
we will be able to precisely manipulate the temperature of a surface. The emissivity profile of an

ideal heater and a cooler is shown in figure 3.
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Figure 3: Emissivity profile of an ideal heater and cooler with their corresponding regions of heating and cooling.



Ideal heating is achieved by achieving maximum absorptivity in the solar region and suppressing
the emissivity in other regions and ideal cooling is achieved by employing the opposite of this, it
is important to note that both these cases of heating and cooling are a completely passive
phenomena. Apart from the two extreme cases intermediate levels of both heating and cooling can
be used to achieve precise temperature control. The surface emissivity values can also be made
dynamic giving the ability to switch between states of cooling and heating allowing for more
dynamic temperature control. The associated simulated temperature profiles of an ideal heater and
cooler exposed to incident solar radiation for a period of 24 hours are shown in figure 4, (detailed

thermal analysis will be discussed in section 3.7).
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Figure 4: Temporal temperature of profile of an Ideal heater, cooler and ambient air over a period of 24 hours.

During mid-day a significant temperature difference can be observed between the ideal heater and
cooler; a temperature difference close to 100°C. This difference in temperature serves as the

temperature modulation range.



Thesis Outline

Chapter 1 introduces a brief survey of existing mechanochromic materials; materials that exhibit
change in optical properties due to applied mechanical forces. Different mechanism of
mechanochromic materials are discussed and their application as thermal switches are evaluated.
Chapter 2 focuses on the fabrication procedure of CNT films and their strain-dependent optical
properties are presented, later how these properties are manifested as a thermal response when
exposed to the Sun is presented. Chapter 3 begins by explaining how the 3D model representing
the CNT film is developed and how its change in structural behavior is governed, afterwards the
selected method of EM simulation is discussed and how it is implemented is presented to the
reader. The simulated results of raytracing are presented and a hypothesis to explain the
mechanism behind the strain-dependent reflectivity is developed, this proposed hypothesis is
verified by additional simulations. Following the previous work, a justification for the validity of
using a geometric approach compared to a more rigorous simulation approach is presented. The
chapter ends by simulating the temperature response of the simulated CNT films, the temperature
simulation model is introduced, and the simulated results are compared with experimental results
of the CNT films. Finally, chapter 4 provides the conclusive summary of the developed hypothesis
and its broader applications being beyond CNT films, the chapter then continues to acknowledge
the limitations that the author had to face and the assumptions that had to be made in order to
overcome it; the justification for all the assumptions are presented. Finally, the thesis ends by
presenting the future work that can be developed based on the current understanding of the

developed hypothesis.



Chapter 1: Literature Survey

The literature survey will begin by providing a few individual examples of existing literature work
on passive radiative cooling and heating applications, followed existing mechanochromic

materials, their classifications and their applications as smart thermoregulating materials.

The first successful application of daytime radiative cooling of a surface directly exposed to solar
radiation was first demonstrated by Raman et al. [6], where they achieved a surface temperature
of nearly 5°C below ambient temperature. The radiative cooler was designed by integrating a silver
backed surface with a Bragg reflector consisting of seven alternating layers Si0O, and HF O, with
varying thickness. The integrated design reflected 97% of incident solar radiation while strongly
emitting in the atmospheric transparency window. In the preceding years the concept of Raman
was further made more applicable and practical by Yang et al with the development of a flexible
glass-polymer hybrid metamaterial radiative cooler [7]. The flexible cooler was designed by
embedding glass microspheres randomly in a polymer matrix, the resulting design demonstrated
an infrared emissivity greater than 0.93 across the atmospheric transparency window while
maintaining full transparency in the solar radiation spectrum, thus when backed with a silver
coating, a high reflectivity in the solar region can achieved. Due to the random distribution of
microspheres, the work of Yang is more manufacture friendly compared to the stricter nano-
fabrication requirements of the Bragg reflector of Raman. However, both these publications
require the use of precious metals such as silver for increased solar reflectivity. The work of Yang

was further improved by Nie et al by the introduction of hollow glass spheres in a PDMS matrix

[8].



The addition of hollow spheres provided inherent high reflectivity in the solar region, without the
need for a silver backing while maintaining high emissivity in the transparency window. Shown

in figure 5 are the schematics of the radiative cooler references 6 and 7 respectively.

Glass spheres
embedded
inatransparent
and flexible
polymer

¢ Glass spheres
constantly emit infrared
light and release heat

Silver mirror backing
reflects visible light

Figure 5: Schematic of multilayered structure [6] (left) and glass-polymer hybrid metamaterial [7] (right)

The design of optimized surfaces for the absorption of solar radiation is comparatively easier than
a radiative cooler, thus in this literature review references will not be extensively explained. Some
of the optimized solar heaters in literature include the use of metal dielectric multilayered
structures [9], nano textured surfaces [10] as well as the combination of both multilayered and

textured nano structures [11].

The work presented thus far in this literature review consisted of materials with static optical
properties. Hence, resulting in static thermal responses, the design of materials with dynamic
optical properties are of higher interested since there is an associated change in response. May it
be a thermal, visual or other, this change in response can be used in applications such as sensors
to smart materials; responsible for regulative properties such as thermoregulation etc. Materials
capable of changing their optical properties due to different stimulus inputs can be classified as
electrochromic, thermochromic and mechanochromic materials. In this review only

mechanochomic materials are discussed.



A mechanochromic material is a material that exhibits a change in radiative properties due to
induced mechanical forces such as pressure, strain, shearing etc. This change in optical properties
can result from chemical and physical changes across varying length scales ranging from a few
nanometers; determining the molecular arrangements, to distances up to a few micrometers

between suspended particles/layers [12].

These chemical examples include mechanophore polymers; chemical reactions triggered by
mechanical forces giving rise to change in optical properties [13] these types of mechanophores
are used in the medical industry for oxygen and PH level monitoring [14] and the food packing
industry to identify damaged goods [15] and even used in novel 3D printing applications as well
[16]. Literature work on change in physiology driven mechanochromics materials include photonic
gels; these work on the principle of thin film interference. Photonic gels can be described as
photonic crystals with thin layers of different materials embedded in a soft gel matrix, as the
composite material is strained or swelled by a reagent the layer spacing changes resulting in a
different optical property [17] these types of gels have found application in the medical industry
for the detection of specific viral strains [18]. In this brief literature survey, it can be stated that the
operating mechanism of photonic gels is the most similar mechanism to the work presented here

in this thesis. Alternating layers of soft

materials with different
dielectric properties (n),
mechanical properties
(G), thicknesses (d)

Mechanical Selective layer
depressio/ \Welling

Figure 6: Schematic of a 1D photonic gel [12]. (a) Under mechanical compression. (b) Swelling due to reagent




In this literature survey it was found that while mechanochromics are extensively used in the
medical industry for the manipulation of visible light, the use of mechanochromics in thermal
applications lacks a similar interest. A few of the literature work on the dynamic manipulation of
radiative properties in the near to mid IR wavelength range include the use of strain driven
corrugated crumpled nickel as personal flexible thermal regulator for wearables [19] and
mechanical reconfigurable work on graphene, capable of broadband band emissivity control from

UV to mid IR [20], both these publications are the works of Krishna et al.

1
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Figure 7: Emissivity plot of corrugated nickel vs. flat nickel [19]

The first work of Krishna in reference 19, involves the evaporative deposition of a thin film of
nickel on a pre-strained polymer, as the polymer is relaxed and allowed to return to its normal
unstrained state, the deposited nickel forms nanoscale periodic corrugations. This surface
morphology change results in the absorptivity of nickel to change from an average value of 0.3 to
0.7 in the 0.2 - 2.5 um wavelength range, resulting a temperature response change of nearly 10°C.
The work of reference 20 is similar to that of 19, and thus will not be discussed in detail in this

review.



The development of a mechanochromic smart material for thermoregulation purposes requires two
aspects; a material capable of exhibiting a change in optical properties due to a mechanical
stimulus and an input stimulus to cause needed change. To provide the needed input stimulus an

actuating mechanism as well as a sensor to determine the needed degree of actuation is needed.

w
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Figure 8: Schematic of series connect SMA and nickel deposited VHB [21]

The work by Hernandez et al. [21] builds on the work of corrugated crumpled nickel by Krishna,
the natural elasticity of the nickel deposited polymer was coupled with a shape memory alloy
(SMA) spring in series as shown in figure 8. SMA is a smart material capable of generating
temperature driven actuation strain, this allows the material to recover from moderate mechanical
deformations, allowing the material to exhibit what is known as shape memory. Thus, in the SMA
spring functions as both a sensor and an actuator. When the system temperature rises due to
incoming solar radiation the SMA spring contracts stretching the crumpled nickel, reducing its
solar absorptivity causing a temperature drop, as the temperature drops in the system, the SMA
relaxes and the nickel becomes more absorptive again. This repetitive process continues and allows

the system to maintain a constant temperature range in completely passive manner.

10



Chapter 2: Experimental Work

Note the work presented in this chapter are not the work of the author of this thesis. The chapter
was included to educating the reader on how CNT films were fabricated, its strain-dependent
optical properties and how these properties would manifest as a thermal response. All experimental
measurements and characterizations of CNT films were carried out by my lab mate Xiao Nie from
the NTER lab here at University of California Irvine. The CNT film samples were synthesized and

provided to the NTER lab by Professor Choongho Yu in Texas A&M University.
2.1 Fabrication Procedure

A brief explanation of the polymer coating procedure used by Dr. Choongho Yu is provided in this
section. First the CNT sponge like structure shown in figure 9a is synthesized using chemical vapor
deposition (CVD) [22], later this CNT sponge is coated with a thin film of eco-flex [23]. This
secondary coating procedure is implemented to ensure large strains under repeated cycles; in the
order of thousands. This structural enhancement provides the ability to strain the new CNT sponge

driving the observed optical changes.

a CNT sponge b PDMS-hexane soak C Microwave heating d Residue removal & drying

JER=RTEN 2

PDMS-hexane
solution

Cured Void
PDMS

Figure 9: Fabrication procedure of polymer coating. Note PDMS was substituted with eco-flex in the samples used

in this thesis [23]
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As the first step 3 wt. % of eco-flex is mixed with hexane and left for 1 hour for sonification, after
wards the CNT sponge is immersed in the mixture and stirred for two hours allowing the mixture
to thoroughly penetrate in to the porous. Once fully soaked the entire beaker with the sponge is
exposed to microwave radiation for 3 seconds at 450 W via the use of a 900 W microwave oven
at 50% power. Radiation exposure is repeated 5 times while allowing for natural cooling for around
10 — 15 seconds. Microwave radiation allows the ability to selectively cure the eco-flex near the
surface of the CNTs, this is due to CNTs strong absorptivity in the microwave wavelength length
range, this causes the CNT to achieve localized heating compare to the rest of the mixture and the
beaker, allowing for localized curing. After radiation exposure the excess uncured eco-flex is
dissolved in pure hexane, resulting in an eco-flex coated CNT sponge. Finally, the coated CNT

sponge is compressed on to an eco-flex substrate as shown in figure 10, providing the platform for

stretchable CNT films.

Figure 10: Samples prepped with eco-flex substrate for straining

12



2.2 Optical Property Measurements

The optical properties of the CNT films were measured in the spectral range of 0.2 um till 2 um;
corresponding to the solar radiation spectrum. The optical properties of the strained and unstrained
CNT samples in the UV, visible and near-infrared (NIR) region are characterized by Ultraviolet-
Visible-NIR (UV-VIS-NIR) spectrometer; Cary 7000 by Agilent and Jasco V670 by Jasco
Technology were used to measure the transmissivity and reflectivity respectively. In the
reflectivity measurement a 60 mm integrating sphere was used. The diffuse reflectivity

measurements were calibrated with a standard white body.

black tape
microscope slide

I‘l

Figure 11: CNT measurement locations (left) and Stretched CNT film set up (right)

The CNT film was stretched and tightly taped on both sides with a black tape and attached to the
ends of a microscope slide to keep it in place as shown to the right of figure 11. Optical
measurements were made at 3 different points within the CNT sample and the final results are
presented as the average of all three measurements, this was done so to capture the overall optical

properties of the sample as a whole.

13



Three CNT film samples were provided by Dr. Choongho Yu, shown in figure 12 is the strained
vs. unstrained reflectivity of one of the samples, note all sample measurements exhibit a similar
trend. Since the attempt of this thesis is to explain the strain-dependent reflectivity, here only the

reflectivity measurement is shown.

08 —— Unstrained —— Strained CNT (40%)
206
=z
2
0=
(D]
~ 04
02 r
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
04 0.6 0.8 1 1.2 14 1.6 1.8 2
Wavelength (pm)

Figure 12: Reflectivity of strained vs. unstrained CNT films

A broadband reflectivity increase is seen between the unstrained vs. strained case; the mean
reflectivity increases from 0.1216 to 0.1570. It should be noted that the measurement error of Jasco

V670 is £0.003, with the measurement change at 0.0354 being well above the error range of the

instrument.
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2.3 Outdoor Temperature Measurements

The outdoor measurements were made on September 4™, 2018; a sunny cloudless day allowing for
maximum solar radiation absorption. The temperature measurements were performed on the
rooftop of Engineering Gateway at University of California, Irvine where the samples were
maintained undisturbed throughout the measurements. Temperature measurements were taken
from noon till 3 pm ensuring near normal incidence of radiation. The temperatures of the samples
and ambient air were measured by a K-type thermocouple with a resolution of 0.1°C with an
inherent measurement uncertainty of +1.1°C at a temperature range from 0°C to 55°C. A
mechanical clamp was used to hold the CNT samples, to minimized thermal conduction from the
rooftop to the clamp, it was placed in a polystyrene petri dish supported by three isolation legs.

Temperature measurements plot is available in section 3.8.

Radiation angle 8
i
=11 W{rr_l’ﬂ

1+ Ambient temperature measurement

Sample 5o
,

Sample holder

: 13.5cm

Figure 13: Experimental setup (right) and Schematic of setup (left)
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Chapter 3: Computational Work

Note all work presented in this chapter are the work of the author of this thesis, expect for SEM

images of CNT films captured by Xiao Nie.

3.1 Modeling of CNT Films

Using the SEM images of CNT films as reference a 3D model was developed in MATLAB. The
model was developed to capture the dynamic nature experienced by the CNT films on stretching.
The model was designed with a Poisson's ratio 0.5, thus as the model is strained in an axial
direction a corresponding negative lateral strain is applied in the axial cross section governed by
equation 2. Where d is the original diameter, Ad the change in diameter, L the initial length of the

fiber, AL the change in length caused due to straining and v the Poisson’s Ratio.

AL\
Ad = —d 1—(1+T) Eq.2

Iﬂﬂ nmj g

505 Il;’i‘ “%%

S/ccY SpotMagn  Det WD EXP |—| 10-“"‘ i Acc SpotMagn Det WD Exp b——{ 2pm
J l_110.0kV3.0 5000x  SE 90 1 i 100kY 30 25000x SE 9.1 1

Figure 14: SEM image of CNT film (left) and Zoomed in image (right); courtesy of Xiao Nie
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The diameter and the length of all the fibers in the model was set at 500 nm and 12.5 um
respectively, however each wire was allowed to change direction randomly 5 times at equally
spaced distances as shown in figure 15a, providing the ability to create different fiber geometries.
The location of each fiber was determined randomly, thus the fibers were allowed to overlap. The
overlapping of fibers provides the possibility of recreating the complex structure seen in figure 14,
the work of similar 3D models in literature include [24]. The 3D model shown in figure 15 was
constructed using 250 fibers confined to a cubic unit cell of side 10 um. It should be noted that the

unit cell is set to be periodic in the X and Y directions.

a.)

Figure 15: MATLAB 3D schematic of CNT films, Note all strains shows are at 100% strain, a fiber color scheme is
used to present the relative location of a fiber in the direction Z a.) Single fiber representation b.) 3D arrangement of
all the fibers in 3D space c.) Side view of unstrained case d.) Side view strained case ¢.) Top view of unstrained case

f.) Top view strained case.

17



3.2 CNT Film Expansion Modelling

The arrangement of the polymer coated CNT is determined by a series of six different points. A
circular wire of diameter 500 nm is feed into the trajectory formed by connecting the six points in
3D space. It is these points which are moved when the model is strained, as the points are moved
the trajectory is redrawn and the wire is fed again into the new trajectory. This method ensures that
the diameter of the polymer coated CNT remains unaffected. However, there is the drawback of
artificial linear expansion/contraction of the polymer coated CNT. This linear expansion and
contraction are justified by the case of unraveling of clumped up CNT fibers (as seen in the SEM
images) and clumping of CNT fibers respectively. The scaling factors of X, Y and Z positions of
the points are determined by equation 2. In the case of 100% strain along the X axis, all points in
the X direction are scaled by 2 and the all the points in Y and Z are scaled down to 0.7 times the
original spacing; this value is governed by Poisson's ratio. Note arbitrary units were used as a

reference in figure 16.

15t
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-35
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X
Figure 16: Expansion/Contraction mechanism of CNT; Unstrained fiber (left) and Strained fiber (right)
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3.3 Simulation Method: Raytracing

Raytracing was chosen as the preferred method of simulation for the explanation of strain-
dependence of reflectivity. This decision was made on account of the complexity of the simulating
structure. Simulation of complex structures such as CNT films using rigorous solvers such as
FDTD and RCWA are not computationally feasible due to the strict discretization requirements
imposed by them. Thus, the less computationally intensive method of raytracing was adopted for
the work on this thesis. Compared to the previous two methods which uses the explicit wave nature
of Maxwell’s equation for calculation of optical properties, raytracing approximates the wave
nature of EM radiation as a particle/ ray and uses geometric optics to simulate the materials
response to radiation. It should be noted that the raytracing scheme can be appropriately modified

to successfully simulate complex wave phenomena such as diffraction, polarization and thin film
interference [25-27]. Raytracing simulations are generally considered valid as long as Z—d > 100,

however this condition is a broad universal generalization, thus accurate comparable results can

be achieved under lower constrains; discussed more in detail in section 3.6. Raytracing model used

in this thesis was based on the work of Hyers et al. [28] which used the condition Z—d > 1.

Most EM simulation schemes requires the refractive index of the material as an input, however the
particular model of raytracing used in this thesis requires the input properties of the materials to
be in terms of absorptivity, reflectivity and transmissivity. These specialized input values are first
obtained by using RCWA by simulating a slab of graphite at a thickness of 500 nm, which

corresponds to the diameter of CNT fibers in the model.
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Note in this thesis the material assignment to CNT films for simulation purposes is graphite [29],
this decision was made due to the lack of measured refractive index availability of CNT/graphene

in the desired spectral range. Note n is the refractive index and k is the extinction coefficient.
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Figure 17: Obtaining material input parameters for raytracing; The n,k values of graphite (right) are converted to
absorptivity, reflectivity and transmissivity (left) by using RCWA.
Note the hypothesis of the mechanism was initially explained using the spectral range 0.2 um till
1.5 um, later this will be extended till 2.5 um to perform the temperature simulation analysis. For

the extended inputs the same procedure highlighted in figure 17 was used.

Raytracing is a Monte Carlo procedure, that uses a large sampling of randomized cases to obtain
deterministic results [28,30,31]; in this simulation 50,000 photons were shot (per
wavelength/frequency). All photons were shot normal to the yellows surface shown in figure 18.
The origin location of the photon was chosen randomly within the yellow surface. Note all surfaces
the photon strikes is considered to be optically thick, thus no transmission of photons through the
surface material is considered; in order for this assumption to be valid the input material properties

for raytracing should exhibit a optically thick (transmissivity = 0) nature as shown in figure 17.
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All photons are +——Incoming photon
shot down,
normal to the
yellow plane. The
photon origin
location can be
anywhere within
the yellow
surface.

Possible direction
of reflected

Photons reaching
the blue surface
is considered

= transmitted

Figure 18: Raytracing simulation setup (left) and how new reflected direction is determined (right)

Therefore, once the photon strikes a surface it is either reflected or absorbed, whether a photon is
reflected or absorbed is determined by the frequency of the photon and the absorptivity of the
material at that frequency. Once the photon strikes a surface, a random number is generated
between zero and one and that value is compared to the absorptivity of the material it impacted. If
the random number is larger than absorptivity of the surface the photon is considered to be

reflected.

The new reflected direction of the photon is chosen randomly (representing the diffuse nature of
reflection) in a hemispherical direction away from the impacted surface. This procedure is repeated
until either the photon is absorbed, backscattered to the yellow plane or transmitted to the blue
plane. The backscattered photon is considered a reflected photon and photon reaching the blue
plane is considered a transmitted photon; a photon can be directly transmitted (with no collision)
or transmitted via a series of reflections. Note the raytracing simulation platform used in this thesis
was completely developed from the ground up by the author alone. The detailed mathematical
mechanics of raytracing is widely available in literature [32] and hence, will not be discussed in

this thesis.
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3.4 Strain Sweep Simulation Results

Eight different raytracing simulations were run at a spectral resolution of thirty equally spaced
points between 0.2 um till 1.5 um, a broadband reflectivity response similar to the experimental
results of strained CNT films was observed. Transmissivity of the simulated CNT film was
observed to be at near zero values at all strain values; which was expected given the density of

fiber packing. Thus, interested readers can find the absorptivity by subtracting reflectivity values

by unity.
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Figure 19: Strain-dependent raytracing results

It is important to note that even though the experimental samples of CNT films were not strained
beyond 80%, the samples were simulated to a larger range to capture the broader mechanism
behind the strain-dependent reflectivity. In order to observe the trend between reflectivity and
strain, the averaged optical properties within the simulated range was compared to the degree of
strain as shown to the left in figure 20. A decreasing enhancement of reflectivity with increase
strain is observed, with the maximum reflectivity reaching a plateau at higher strain.
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Figure 20: Averaged reflectivity (left) vs. strain and reduction of pit depth vs. strain (right)

A similar trend is observed in the reduction of lateral width (Ad) in (referred to as pit depth)

equation 2 with increasing axial strain, shown to the right of figure 20.
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Figure 21: Trend between pit reduction and increase in reflectivity

Once relative increase in reflectivity as percentage is plotted with respect to pit reduction as a
percentage a clear linear relationship is observed. Thus, it is believed that the pit reduction caused

due to straining plays a critical role in the increase in reflectivity.
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3.5 Proposed Hypothesis

The surface of the CNT film can be assumed to be composed of many pits; these pits represent the
porous nature of the polymer coated CNT sponge. The simulated path of one photon near the
surface is shown in figure 22, it is clear that the behavior of the photon can be attributed to the
presence of an imaginary pit near the surface. Note that the photon path shown is not an artistic

representation, the path shown is an actual raytraed simulated path of one photon.

Reflected ray / Incoming ray
\ Polymer Coated CNT;

Shown is the zoomed-in
side view of the model
seen in figure 15 c. The
fibers were made
transparent for better
visibility.

Figure 22: Pit equivalence seen in CNT film model (cross section); shown in yellow is the traced path of one photon
and show in blue is the imaged pit structures found on the surface.

As CNT film is strained in the X direction a lateral negative strain is applied to the Y and Z

directions. The lateral straining in the Z direction causes the gap between the fibers in the vertical

direction to reduce thus causing the “pit depth” to reduce. Allowing more photons to escape the

pit by backscatterting.
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g | ¥

Figure 23: Diffuse reflection in unstrained pit (left) vs. strained pit (right)
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It is clear from the unstrained case in figure 23 the chance of a photon escaping the pit with direct
reflection is 20% whereas the chance of strained case is at 60%; the chance of indirect
backscattering (reflecting again from the walls of the pit) from a pit is comparatively less likely
due to the high absorptivity of graphite in the desired wavelength range. Thus, if the hypothesis
were to be valid, a significant increase in the number of direct reflections (backscattering with just

one collision) with increasing strain should be visible.
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Figure 24: Tabulated number of collisions before backscattering in raytracing simulations

From figure 24 it is apparent that enhancement of reflection due to straining is caused by the
increase of direct reflections and higher strain is shown to cause this increase in reflected particles
as seen from the histogram. Thus, this figure serves as a confirmation of the validity of the

proposed hypothesis.
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3.6 Validity of Raytracing

As mentioned before in section 3.3 raytracing simulations are generally considered valid as long
. d . . .
as the size parameter; HT is greater than 100 [33]. However, this is a broad generalization, thus the

accuracy departing size parameter for raytracing needs to be analyzed on a case by case basis. In
the simulation shown before the averaged size parameter was calculated to be at 2.61. The
motivation of this section is to compare raytracing with a rigorous solver such as RCWA to confirm
if the raytracing is capable of capturing the trend of the averaged reflectivity vs. strain
demonstrated by a rigorous solver. However, solving the current CNT film model in RCWA is not
practical due to the solvable geometry limitations imposed by RCWA. Thus, a new simpler model
was designed representing the complex nature of the CNT film. The schematic of the new model

is shown in figure 2.

1.1 Microns
« >
1.1 Microns
Z
I 0.5 Microns
X Top View
Side View

When Strained

Figure 25: Shown on top, the schematic of the simpler comparison model, shown below is how the model would

behave when strained, the behavior was modelled based on the concept of pit depth.
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The simpler comparison model consists of graphite cubes of side 500 nanometers (representing
the diameter of the CNT ) arranged in a cubical fashion in 3D space, each graphite cube is spaced
from one another at a distance of 1.1 um from all three-dimensional directions as seen in the
topmost images of figure 25. The model is made to be infinitely periodic in the X and Y directions,
and finite in the Z direction with only three layers of graphite cubes in the positive Z direction.
The cubes are embedded in a stretchable polymer with a Poisson’s ratio of 0.5, for simplicity of
simulation the polymers material was assigned to that of air; this assumption is valid for the
interested spectral range of solar radiation since most polymers such as PDMS exhibit very high
transmissivity in this region. Finally, the graphite cube embedded polymer is kept on a 500-

nanometer graphite substrate that does not take part in straining.

The displacement of the graphite cubes are governed by equation 2, the initial spacing of the
graphite cubes in the unstrained case was strategically spaced in order to achieve completed contact
between the cubes in the directions of Z and Y at maximum strain (400%). Note the simple
comparative model was specifically designed to mimic the proposed mechanism in section 3.5, the
widening and shallowing of the imagined pit depths are shown in blue in the lower image in figure

25.
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RCWA Results
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Figure 26: Comparison of RCWA (top) with Raytracing (bottom)

From figure 26 it is clear that RCWA is capable of capturing a more spectrally complex behavior

of reflectivity at different levels of strains compared to raytracing.
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However, in this thesis goal is to explain the averaged reflectivity dependence with strain thus the

plots shown in figure 26 was averaged for the entire solar spectral range.
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Figure 27: Comparison of averaged optical properties; RCWA (left) and Raytracing (right)

Once the spectral results in the solar region are averaged, a close resemblance between the two
simulation mechanisms is seen. Simulation results are seen to become more comparable to each
other at increasing strains; the largest deviation in the results are seen at the unstrained case and
both the simulations results being nearly identical in the maximum strained case. The improving
accuracy of raytracing is attributed to the increasing size parameter with increasing strain. Thus,
from this comparative analysis it can conclude that the use of raytracing in the development of the

hypothesis in section 3.6 can be considered valid since the trend is successfully captured.
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3.7 Temperature Prediction Model

The steady state temperature (T') of the CNT film is calculated by using the power balance shown
in equation 3. The power input to the system includes both the incident solar radiation (P, ) and
the atmospheric radiation from the surrounding air (Py¢, ), the power losses are due to the thermal
radiation emitted from the sample (P,,4) and the parasitic loss of power due to conduction and

convection lumped in to one term as (Py;).

Praa(T) — Patm(Tamp) — Psun + Pross(T, Tamp) = 0 Eq.3
P, 44 1s calculated by multiplying the blackbody radiance (/g5 (T, A)) with the simulated surface
emissivity values of the CNT (e.yr) integrated over a hemispherical dome, as shown in equation
4. Note the emissivity values beyond 2.5 um in CNT film was calculated using RCWA by
assuming the entire CNT film as slab of graphite of thickness 500 nm. This assumption is valid
since the dominance of size effect by the pores of CNT films become less significant at longer

wavelength ranges.

Praa(T) = A [ cos (0)dQ [° Ip(T, Decyr (A, Q)dA Eq. 4

2hc?
where Ipp(T,2) = “he_ Eq.4.a
AS(elka — 1)

/2 21
and fdQ = ] sin (H)dej do Eq4.b
0 0

Equation 4a and 4b represents the blackbody radiance and the angular integral over a hemisphere
respectively. Where A is the area of the surface, A the wavelength, Q the solid angle, 6 the polar

angle and @ is the azimuthal angle.
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Pgtm 1s calculated similar to P,,4 with the exception of replacing e-yr With €cnr * €4em- Where

t is the atmospheric transmittance along the zenith.

Eam(A, Q) = 1 — t(1)1/c0s (©) Eq. 5
The incident solar power P, is calculated by multiplying AM 1.5 [4] with the extended simulated

emissivity values of CNT as show in equation 6.

Pon = Af Lupr.s(D)eenr(A)dA Eq. 6
0

Finally, the loss of power due to the conduction and convection (P,s) is calculated using a

combined effective heat transmission co-efficient h, set at a value of 11 Wm™2K~1. Where P},

is written as shown in equation 7.

Pioss = Ahg (Tamb - T) Eq.7
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3.8 Simulated Temporal Temperature Profile
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Figure 29: Simulated temperature (top) vs. experimental data (bottom)

It should be emphasized that the work shown here is for the purposes of demonstrating how the
simulated temperature responses are similar to that of the measured i.e. how straining and further
straining can result in a reduction in temperature. In both cases a similar temperature diffidence
is observed; a maximum temperature difference of 2.45 °C and 2.8 °C was observed in the

simulated (400% strain vs no strain) and experimental case (80% strain vs no strain) respectively.
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Chapter 4: Conclusions and Future work

4.1 Conclusions

Based on the experimental characterization a 3D model was developed to represent the complex
structure seen in CNT films. The developed model was simulated using raytracing: a geometrical
optics method conventionally reserved for models with a very large size parameter. However,
under sufficient justification an unconventional method was used to obtain reliable results. The
simulation results obtained from the 3D model at different levels of strain were used to develop a
hypothesis. The hypothesis viewed the surface of the CNT film to be composed many pits. As the
film was strained, these pits were visualized to become shallower and broader as previously
explained by figure 23; allowing for more light rays to escape from the bottom of the pit. Note the
mechanism behind the developed hypothesis is not uniquely limited to CNT films. Hence, the
mechanism behind enhanced reflectivity with increasing strain can be broadly applied to any
material synthesized to exhibit a fibrous sponge structure similar to those of CNT. However, due
to the difference in the intrinsic reflectivity of different materials, the degree of strain-dependent
reflectivity enhancement will vary. For example, a fibrous sponge of silver will have significantly
more second-order reflections than those of CNT giving a better reflectivity enhancement on
straining. Finally, it can be concluded that the work presented in this thesis can be used by future
researchers in the design of enhanced strain-dependent photonic structures for improved

thermoregulation.
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4.2 Limitations

The work presented in this thesis was performed under certain limitations and assumptions. All
assumptions were made with sufficient justifications. However, it is important to educate the
reader on the assumptions used to overcome the limitations that had been present during the

development of this thesis.

Due to the complex morphology of the CNT film, the only feasible simulation scheme available
to the author was raytracing, this scheme was used in a domain traditionally reserved for rigorous
solvers such as FDTD or RCWA. However, a sufficient justification was provided in section 3.7.
Additionally, due to the lack refractive indexes in the desired spectral range the material
assignment to CNT was graphite; the closest available material to CNT. For the temperature
simulations in Chapter 4 the simulated results of figure 19 was extended till 2.5 pm. Once extended
beyond 1.5 um, the raytracing model becomes not applicable [28]. This was done to calculate the
absorptivity in the entire solar region. Finally, the work in this thesis was limited to the
measurement of 3 CNT samples with the comparison between 80% strain and no strain. If more
measurements of different levels of strains were available, the hypothesized trend could be

experimentally verified.
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4.3 Future Work

The increase in strain-dependent reflectivity of the simple model developed for the comparison
between raytracing and RCWA in section 3.6 was found to be better than the original simulated
CNT model. The simpler model exhibited a change of 0.145 in reflectivity between the 400%
strain case and zero strain case, whereas the original model developed to mimic the CNT changed
0.047 between similar strains. Thus, is it clear that specifically ordered arrangement of materials
can exhibit a stronger strain-dependent changed in reflectivity. Using this understanding the
dimensions of the simple model, such as the cubes spacing in X, Y and Z directions and the number
of layers of cubes in the positive Z direction were further changed for better reflectivity
enhancement. Additionally, the substrate of the simpler model was substituted for a more reflective

silver coating. Figure 30 shows the variation of optical properties vs. strain for the new silver

backed ordered design.
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Figure 30: Optical properties of the silver backed design
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Using these emissivity values, the simulated temperature variation is shown in figure 31.
Comparing with figure 3 in the introduction section it is clear that the unstrained case behaves

close to an ideal solar heater and the strained case has the preferred attributes that of an ideal

passive cooler.
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Figure 31: Temporal temperature variation of optimized design

The improved silver back design shows a large temperature modulation range of 61°C at the

maximum temperature point at noon, additionally the unstrained case exhibits cooling properties

at times departing away from noon.

In terms of continuing future work from the current understanding, the existing design can be
further improved by the use of composite textured surfaces for the improved mid-IR emissivity
allowing for improved cooling. Furthermore, a passive actuation mechanism for CNT film can be
implemented via the use of temperature dependent SMA springs [21], the proper integration of

SMA springs with CNT films will pave the way for the creation of a smart material capable of

self-thermal regulation.
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