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ABSTRACT

Electromagnetic (EM) energy-induced heating of carbon-based materials has
opened up novel routes in material synthesis and processing applications. Three-
dimensional (3D) printed parts with strengths similar to bulk polymers are now possible
due to rapid locally-induced radio frequency (RF) heating and welding of 3D printed
interfaces. Automotive and aerospace assembly lines can be improved and sped up due to
RF-induced curing to green strength of adhesives loaded with carbon nanomaterials. The
flexibility in RF applicator designs to induce heating in a non-contact manner has also
extended applications to synthesis of industrially-important ceramics such as silicon
carbide. The applicable areas are wide-ranging and continue to increase; however, the
fundamental understanding of the phenomenon is still limited and needs to be explored to
further develop and improve the efficiency of the new processes.

It is known that electrical conductivity is required for RF heating of carbon-based
materials. However, it is not well understood how RF heating rates vary with conductivity
and if the pattern is generalizable for all types of RF susceptor-loaded structures. The goal
of this work is to contribute to the fundamental understanding of the RF heating
phenomenon and also extend its applications to other relevant areas.

In this work, we first show that the RF heating of semiconducting single-walled
carbon nanotubes is significantly higher than that of the metallic single-walled carbon
nanotubes primarily due to differences in electrical conductivity. Next, we confirm using

experiments and simulation that the RF heating is non-monotonically related with the



electrical conductivity; the trend is similar at high frequencies and is universal for a range
of carbon-based nanomaterials and their composites. We also demonstrate that RF heating
response of carbon-based nanomaterials can be used to detect faults in printed carbon
nanotube circuits which allows for rapid screening of nanomaterial-based electronics.
Lastly, we show techniques to generate thermal patterns using direct current (DC) and

alternating current (AC)-based heating of carbon.
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CHAPTER |

INTRODUCTION

Carbon-based Nanomaterials

Carbon is a unique element due to its ability to form covalent bonds with various
hybridization states (sp, sp?, sp®). Diamond and graphite are both naturally occurring
carbon-based materials which have remarkable differences in their properties due to the
nature of the covalent bonds between their carbon atoms. Diamond (sp® covalent bonds)
is hard, transparent, and an electrical insulator while graphite (sp? covalent bonds) is soft,
opaque, and an electrical conductor.? Over the years, many new forms of carbon with
dimensions at the nanoscale (1-100 nm) have been identified which have expanded the
applications of carbon to a wide range of technologies. Fullerene, Ceo, was the first carbon
nanomaterial to be discovered in 1985.% Six years later, in 1991, carbon nanotubes (CNTS)
were discovered by lijima.* Graphene is the most recently isolated carbon-based
nanomaterial by Andre Geim and Konstantin Novoselov in 2004.° CNTs and graphene
have attracted the most attention due to their interesting and surprising properties.

CNTs are tubular structures and can be envisioned as rolled up sheets of graphene
with shells based on hexagonal lattice of sp? carbon atoms as depicted in Figure 1-1.% An
individual CNT and a single layer graphene have Young’s modulus of around 1.0 TPa "8
which makes them the strongest known materials. Single-walled carbon nanotubes
(SWCNTSs) have diameters around 1 nm and lengths in the micrometer scale making them

the most anisotropic materials (aspect ratio exceeding 10,000) and thus flexible.™:° CNTs
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can be double-walled (DW) as well as multi-walled (MW) with significant differences in
diameters compared to SWCNT which can also lead to differences in their mechanical and

electrical properties.*©

graphene

Figure I-1. Graphene and single-walled carbon nanotube (SWCNT).

CNTs and graphene also show unique electrical characteristics. A single layer
graphene sheet is considered to be a zero band gap semiconductor or semimetal with
carrier mobility reported as high as 2 x 10° cm? V! 51112 CNTs also share these
properties; however, in addition to the diameter, chirality (the angle between the hexagon
and the tube axis) is an important parameter to understand electrical properties of CNTSs.
Depending on the chirality, CNTs can be arranged in armchair, chiral, or zigzag
configurations with different electrical behavior and are described by integers (n,m)
related to the chiral vector. For example, armchair (n=m) CNTs exhibit metallic behavior,
chiral (n-m is a multiple of 3) exhibit semiconducting behavior, and zigzag (m=0) exhibit
either metallic or semiconducting behavior (Figure 1-2).1% 2 The high carrier mobility in
graphene and CNTs and the ability to tune the electrical properties of CNTSs is one of the

extensively studied areas in academia and industry.'*
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Figure 1-2. Schematic of the graphene sheet showing the chirality in SWCNTSs. Chiral
vector, C = na1 + maz, where n and m are integers and a: and az are the unit cell
vectors of the two-dimensional hexagonal graphene sheet. The chiral angle is the
angle between the chiral vector and the zigzag axis. Reprinted with permission from
reference 1°, Copyright 2005 Elsevier Ltd.

Most of the applications of carbon-based nanomaterials rely on the bulk properties
of the ensemble rather than that of an individual nanoparticle.’® Films of nanomaterials
provide reproducible properties due to the statistical averaging of the individuals and both
dry and wet processing methods are being employed to fabricate films.

Dry film processing methods usually involves the chemical vapor deposition
(CVD) system which provide films of high quality with low defect density; however, the
process is not scalable.’® Nerushev et al.}” was able to fabricate aligned multi-walled CNT

films of only 2.0 cm x 2.0 cm using a CVD method with iron (Fe) catalysts. Hsu et al.*8

was able to synthesize the CNT films with maximum area of 10 cm x 10 cm using cobalt
3



(Co) catalyst in a CVD system. High quality graphene sheets can also be directly
synthesized on a metal substrate with the CVVD method; however, the costs associated with
the CVD system can be significantly high.t-2°

Solution-based film processing methods are low cost and easily scalable. A
nanomaterial dispersion can be processed into films via vacuum filtration, spray coating,
or printing.t% 2! Wu et al.? fabricated a transparent SWCNT film of 10 cm diameter using
vacuum filtration of a dilute surfactant-based suspension and then washed away the
surfactant with water. Shobin et al.? spray coated SWCNT dispersions to make 5 cm x 5
cm transparent films. Additionally, printing of CNT and graphene dispersions has also
allowed for large area rapid production of nanomaterial-based devices such as
transistors,?42° sensors,® and supercapacitors.?’

Carbon-based nanomaterials may also be mixed with polymers to synthesize
composites of both high and low nanomaterial content for various applications. In the
high-nanomaterial content limit, Li et al.?® fabricated a composite by infiltrating
polyphenylene resin into a CNT buckypaper with final buckypaper loading of 60 wt.%.
The composite showed improvement in tensile strength, Young’s modulus, thermal
conductivity, and thermoelectric power compared to those of resin and bucky paper
individually. Yee et al.?® and Mehmood et al.®® synthesized CNT and graphene
buckypaper composites, respectively, by infiltrating polyvinyl alcohol (PVA) and
demonstrated that the composites with 65 wt.% CNT and 60 wt.% graphene buckypapers
can be used for strain sensing applications. On the other hand, small amount of

nanomaterials can also significantly affect the properties of the polymers. For example,
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Kashiwagi et al.’! showed that addition of 2.0 wt.% CNTs improved the thermal
degradation and flammability of poly propylene. Najafi et al.®? synthesized thin films of
poly methyl methacrylate (PMMA)-CNT and showed that 0.5 wt.% CNT-PMMA
nanocomposite film degraded slower in the UV ozone and electron beam radiations
compared to pure PMMA. Kim et al.®® improved the thermoelectric performance by 10
times of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT : PSS) thin
films by adding 2.0 wt.% graphene. Even though carbon-based nanomaterials are being
explored to enhance a wide range of material properties, the impact of nanomaterials is
often focused on these materials’ outstanding electrical properties.>*

Electrical conductivity of individual CNT and a graphene sheet can be in the range
of 108-10® S/m which is comparable to the conductivity of the two best metallic
conductors, silver and copper. However, electrical properties of the pure nanomaterial film
is affected by the type of the individual nanomaterial as well as the assembly of the
individual nanomaterials.®® There are efforts to improve the electrical properties of the
ensemble. SWCNTs can now be sorted by lengths, diameter, and chirality.*¢*” The
assembly of CNTs and graphene into films can also be tailored by controlling the
dispersion quality, by altering the conditions during the nanomaterial synthesis to increase
purity, or by adding functionalities.3°

For electrical properties of nanocomposite films, it is important to consider the
loading of nanomaterials in the matrix. As the loading increases, the electrical conductivity
does not increase linearly; instead, at a certain nanomaterial concentration, the electrical

conductivity abruptly increases and the composite transitions from an insulator to an
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electrical conductor (Figure 1-3a).° This is known as percolation, and the onset of the
jump in electrical conductivity is termed the percolation threshold.3> ! At the percolation,
the individual nanomaterials such as CNTs or graphene sheets are in contact with each
other and forms a conductive pathway (Figure I1-3b), thus significantly improving the
conductivity of the composite.*> CNTs have very large aspect ratios, and the sheet-like
structure of graphene similarly allows for very small percolation thresholds; this makes

both CNTs and graphene ideal nanofillers.344

a b
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Figure 1-3. (a) Electrical conductivity as a function of nanotube concentration
showing percolation (State 2), Reprinted by permission from Springer Nature
reference °, Copyright 2015 Springer Science Business Media New York. (b) The
dispersion of carbon-based fillers in a matrix with the percolating pathways (dashed
red lines), reprinted by permission from Springer Nature, Springer Ebook reference
3 Copyright 2018 Springer International Publishing AG.



Carbon Nanomaterials’ Interaction with Electric Fields

Alternating current (AC) electric fields can be used to induce currents in electrically
conductive films of nanomaterials and their composites, thus resulting in rapid heating of
the materials. Microwave heating is an example of electric field-induced heating which
utilizes energy in the range of 300 MHz — 300 GHz to rapidly heat the material.*>4®
Higginbotham et al.*” added 0.75 wt.% MWCNTSs to preceramic polymer and used
microwave (2.45 GHz) heating to rapidly cure the composite by reaching 500 °C within 1
min at low powers (30-40 W). Rangari et al.*® showed that adding 0.2 wt.% CNTSs to
epoxy and curing in the microwave oven for 10 min improved the strength of the cured
epoxy by 17% compared to neat epoxy cured for 8 hours in a conventional oven. Sweeney
et al.*® demonstrated that unusual heating response of CNTs in response to microwave
(2.45 GHz) exposure can be used to locally weld interfaces in the three-dimensionally
(3D) printed parts. Haile et al.>° showed enhanced microwave absorption and rapid heating
and cooling in layer-by-layer thin films of CNTs and poly(diallyldimethyl ammonium
chloride). In addition to microwave heating, frequencies in the range of 1-300 MHz can
also be used to capacitively couple electric fields with the materials for rapid heating
(Figure 1-4).5! The lower range or Radio frequency (RF) heating has mostly been used for
drying of food and wood® and for hyperthermia applications.>? However, recently, our
group has shown tremendous potential of RF heating in a range of applications such as
continuous carbon nanofiber (CNF)/epoxy and CNT/epoxy pre-preg manufacturing,

rapid curing and pyrolysis of preceramic polymers,> and thermoplastic welding.>*5®
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Figure 1-4. Schematic of (a) microwave (MW) and (b) radio frequency (RF) heating
of a sample (green). Reprinted with permission from reference !, Copyright 2009
Elsevier Ltd.

RF heating of carbon-based nanomaterial films has shown a number of surprising
features, including frequency-dependent heating and a non-monotonic relationship
between nanomaterial coverage/loading and heating behavior. For example, Sweeney et
al.%” observed that the RF heating of CNT-polylactide (CNT-PLA) composite films
increased up to a certain CNT concentration and then decreased with further increase in
concentration. These are interesting findings and it is not well understood how RF heating
rates vary with conductivity and if the trend is applicable to other types of carbon-based

nanomaterials. Remote, localized, and rapid RF heating of carbon-based materials also

present great opportunity for disrupting conventional technologies in a variety of areas.



Summary of Dissertation

This dissertation provides understanding of the underlying science associated with
the RF heating of carbon-based nanomaterials as well as show some exciting applications
of the RF heating phenomenon. Chapter Il investigates the RF heating of chirality-sorted
metallic and semiconducting single-walled carbon nanotubes. Chapter Il shows via
experiments and simulations the universal trends in RF heating associated with carbon-
based nanomaterials. Chapter IV demonstrates development of a novel method to
characterize printed carbon nanotube circuits using RF heating. Chapter V confirms that
the underlying science of RF heating is similar for MW heating of carbon-based materials

which can be used to generate thermal patterns.



CHAPTER II
RADIO FREQUENCY HEATING OF METALLIC AND SEMICONDUCTING

SINGLE-WALLED CARBON NANOTUBES®

Introduction

Carbon Nanotubes (CNTSs) possess exceptional properties such as high strength,
thermal conductivity, and electrical conductivity which have led to their widespread use
in advanced composites,®®>° energy storage devices,®%®* filtration membranes,®23
multifunctional fabrics,®*%® and most importantly high-performance electronics.%-68

Single-walled carbon nanotubes (SWCNTSs) have tunable electronic properties
which make them far more valuable in high-performance electronics compared to their
multi-walled analogues.®®"? If a SWCNT is conceived as a rolled-up sheet of graphene,
then the rolling direction is defined by chirality. Depending on this chirality, the electronic
band structure of SWCNTSs can be either metallic (m-) or semiconducting (s-).”*"°

The typical synthesis of SWCNTSs results in a complex mixture of m- and s-
SWCNTSs but many methods have already been developed to separate these fractions.”®"®
The successful purification of m- and s-SWCNTs has expanded their applications to
nanoelectronics.’? -8 The m-SWCNTSs could be used as interconnects allowing higher

current densities than copper and aluminum.®2# The s-SWCNTs with tunable energy

* Reprinted with permission from “Radio frequency heating of metallic and semiconducting single-walled
carbon nanotubes” by Muhammad Anas; Yang Zhao; Mohammad A. Saed; Kirk J. Ziegler; Micah J. Green.
2019, Nanoscale, 11, 9617-9625, Copyright 2019 The Royal Society of Chemistry.
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bandgaps could offer miniaturization of electronic devices such as transistors and
sensors.’® 8487 Although there has been interest in fabricating devices that use individual
SWCNT as components, SWCNT films are preferred in electronics as an alternative
configuration to directly-grown individual SWCNTSs due to their ease of fabrication and
reproducible characteristics.%® 88-92 For example, s-SWCNT films have already been used
in thermoelectric devices,®® field effect transistors (FETs),%% and diodes.®®
Additionally, thin films of m-SWCNT and s-SWCNT can be applied as conductive
coatings in photovoltaics %, electrochromic devices %, and flat panel displays.%®1%

All these SWCNT-based devices are either used in circuits for radio frequency
(RF) applications or could possibly interact with electric fields (E-field) at RF frequencies
during operation.®: 101 Therefore, it is of great importance to probe the interaction of m-
and s-SWCNTs with RF fields since these interactions are not well understood. Prior work
on this front is mostly focused on dilute SWCNT dispersions, particularly in medical
applications.>> 192 For example, Gannon et al.>? used RF energy to induce heating in
aqueous SWCNT samples. They injected 500 mg/L mixed SWCNTSs suspension into
rabbit tissues and applied RF power of 600 W at 13.56 MHz to heat the suspension at 8
°C/s. This locally-induced heating of SWCNTSs successfully destroyed the tumor cells.
The only study that differentiates the response of m-SWCNT and s-SWCNT when
exposed to RF fields is by Corr et al.1%2. In this study, the interaction of RF fields with
95% pure M-SWCNT and 95% pure s-SWCNT dispersions was investigated at the
operating frequency of 13.56 MHz. It was reported that 100 mg/L dispersions of m- and

s-SWCNT heated at 0.20 °C/s and 0.35 °C/s, respectively, at RF power of 500 W. The
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same study also stated that the presence of a conductive host such as NaCl in dispersions
did not enhance the heating rate but rather diminished the electric fields near m- and s-
SWCNTs.

Recently, our group has shown that multi-walled carbon nanotube (MWCNT)-
loaded polymer composites can directly couple with electric fields at RF frequencies (1-
200 MHz) and rapidly heat via Joule heating. We demonstrated different RF electric field
applicator configurations such as direct-contact, parallel plate, and interdigitated fringing-
field for heating MWCNT-loaded composites. We observed heating rates of 16 °C/s for 5
wt.% MWCNT composites at RF power as low as 10 W.>” Our RF heating technique cured
thermosets faster compared to conventional oven-based curing due to localized volumetric
heating. We also applied our technigue to rapidly cure thermoset adhesives in metal-metal
bonding and assembled an automotive structure. These findings also have applications to
curing of thermoset adhesives in plastic-plastic bonding and welding of 3D-printed plastic
structures. However, it is not yet understood how m- and s-SWCNTs would behave in the
context of RF heating. Delineating how these SWCNTSs differ would aid in understanding
the effect of m- and s- shells in MWCNTSs as well.

In this work, we investigate the heating response of m- and s-SWCNT films to
applied RF energy. We successfully separate high-purity m- and s-SWCNTSs fractions
from an initial SWCNTs mixture and fabricate thin films of low areal densities. We
measure electrical properties of the films and use a fringing-field RF applicator to heat the
films. We show rapid and non-contact coupling of RF electrical fields with the films and

observe heating with high heating rates. We find that RF heating rate scales inversely with
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the bulk DC conductivity of the film. The more conductive m-SWCNT films reflect RF
fields and heat at lower rates compared to s-SWCNT films. We also observe that the
presence of impurities lowers the overall conductivity of m-SWCNT films, which
significantly increases the heating rate. Our findings suggest that RF heating could be used
as a metric for film purity, and that RF heating may occur in SWCNT-based electronics.
Results and Discussion

We obtained high-purity m- and s-SWCNTSs by first injecting an initial SWCNT
dispersion into a Sepharose hydrogel-packed chromatography column, and then
separating the fractions through elution with different surfactant solutions. Figure 11-1
shows the diameter distribution of initial SWCNT dispersion. The m-SWCNTs were
collected first through elution with 1 wt. % aqueous SDS solution and concentrated to 5.10
ppm. A small fraction of m-SWCNTs was also obtained after SDS to DOC surfactant
exchange process and concentrated to 2.71 ppm. Finally, the s-SWCNTSs were collected
through elution with 1 wt. % aqueous DOC solution and concentrated to 11.7 ppm. Figure
11-2 shows images of initial SWCNT dispersion, m-SWCNT SDS-based dispersion, and
s-SWCNT DOC-based dispersion. The differences between these samples is clearly
noticed from different colors. The initial SWCNT dispersion has a black color, the
separated m-SWCNT dispersion has a red color, and the s-SWCNT dispersion has a green

color.
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Figure 11-1. Diameter distribution of initial SWCNT dispersion using fluorescence
analysis. Reprinted with permission from reference 1%, Copyright 2019 The Royal
Society of Chemistry.

Initial m-SWCNT s-SWCNT
SDS-SWCNT

Figure 11-2. Images of initial SWCNT dispersion, m-SWCNT SDS-based dispersion,
and s-SWCNT DOC-based dispersion. Reprinted with permission from reference 1%,
Copyright 2019 The Royal Society of Chemistry.

Figure 11-3 shows the normalized absorption spectra of s-SWCNTSs dispersed in

aqueous DOC solution, and m-SWCNTs dispersed in agueous DOC and SDS solutions,

respectively. The absorption in the S11 and Sz bands of s-SWCNTs dispersed in DOC
14



solution indicates that this SWCNT dispersion contains major s-SWCNT species. This is
because the regions labeled Si1 and S2» correspond to excitonic absorption bands of s-
SWCNTs due to first and second one-dimensional van Hove singularities (VHS),
respectively.!® In addition, fluorescence spectra (Figure 11-4) further confirms the
presence of different s-SWCNT species in the dispersion. On the other hand, the
absorption in the M11 band of m-SWCNTSs dispersed in DOC and SDS solutions indicates
that these SWCNT dispersions are concentrated with m-SWCNTSs because the M1 region
corresponds to the absorption band of m-SWCNTSs.2% The purities of dispersions were
calculated based on areas of the M1; and Sz, bands. The s-SWCNT dispersion purity is
nearly 100% while the m-SWCNT dispersions have purities of around 90-98%. The purity
can be further increased by using higher concentration of initial SWCNTSs dispersion and
selecting other high-throughput hydrogels such as Sephacryl 100 HR or 200 HR for
separation %1% Note that the absorption peaks due to s-SWCNT impurities are also

observed for the DOC-based dispersion of m-SWCNTs.
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Figure 11-3. Normalized absorbance spectra (A = 626 nm) of 11.7 ppm s-SWCNTS
dispersed in DOC solution, 2.71 ppm m-SWCNTs dispersed in DOC solution, and
5.10 ppm m-SWCNTs dispersed in SDS solution. Reprinted with permission from
reference 1%, Copyright 2019 The Royal Society of Chemistry.
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Figure 11-4. Normalized fluorescence spectra (excited at 662 nm) of 11.7 ppm s-
SWCNTSs dispersed in DOC solution. Corresponding major (n,m) types are labeled
in the figure. Reprinted with permission from reference %, Copyright 2019 The
Royal Society of Chemistry.
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We vacuum filtered m- and s-SWCNT dispersions through a 0.1 pm pore size
alumina membrane to make 200 nm thin films with the areal density of 9.6 pg/cm?. It is
also possible to make films using other more efficient techniques such as ultrasonic
spraying of CNT dispersions,®® 17 inkjet printing of CNT dispersions,*%-1%° screen
printing of CNT dispersions,t*%-1 and roll-to-roll printing of CNT dispersions,'*2114 put
our findings in this study should not fundamentally change if these other techniques were
used. Figure 11-5 shows morphological features of s-SWCNT and m-SWCNT films as
observed by SEM. It can be seen that all films have a dense and entangled network of
SWCNTSs with similar morphology. Surfactant residues are also noticeable especially in
the films made using DOC-based dispersions. The images also confirm that the structure
of bulk SWCNT film is similar to a CNT network in a composite rather than individual

SWCNTs dispersed in a medium >4

Figure 11-5. SEM images of 9.6 pg/cm? films of (a) s-SWCNT from DOC-based
dispersion, (b) m-SWCNT from DOC-based dispersion, and (¢) m-SWCNT from
SDS-based dispersion. Reprinted with permission from reference %3, Copyright 2019
The Royal Society of Chemistry.
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In order to study RF heating of m- and s-SWCNT films, we used a fringing-field
applicator to impose RF fields on the films. Fringing-field RF applicators provide benefits
of rapid and non-contact interaction of RF electrical fields with the samples, thus making
it also possible to easily apply these applicators to probe RF response of SWCNT-based
electronics.!*® Figure 11-6 shows a schematic of the fringing-field applicator. Briefly, two
13-cm long and 6-mm wide parallel copper tracks with a spacing of 2-mm were laid down
on a Teflon base. RF power was supplied to the applicator via RF signal generator and a
power amplifier. A Forward-Looking Infrared (FLIR) camera was used to monitor the
heating response. Note that the length of the applicator is much less than the wavelength
of the applied RF field; therefore, making the applicator electrically small (at 70 MHz, the
wavelength is approximately 4.0 m). Due to this, the electric field is highly uniform along
the copper tracks, and the applicator can be treated as a lumped circuit element instead of

a transmission line with standing waves.!*®
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Figure 11-6. Schematic of the fringing-field RF applicator for heating SWCNT films.
Note that alumina is non-conductive and inert to RF fields. Reprinted with
permission from reference 1%, Copyright 2019 The Royal Society of Chemistry.

The films were placed on top of the fringing-field applicator, and 1.0 W RF power
in the frequency range of 1-200 MHz was applied to determine heating rate as a function
of frequency (Figure 11-7). All films have frequency-dependent heating rates with well-
defined resonance in the range of 60-70 MHz. At the frequency of maximum heating rates,
the impedance of the RF source (50 Q) is closely matched to the impedance due to film,
applicator, and the connecting cables which leads to efficient coupling between RF energy
and films.>” Note that it is also possible to induce heating in the films by using an

impedance matching network and a fixed operating frequency that is within the defined
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industrial, scientific, and medicine (ISM) bands.>” 18 However, our data here shows that
the impedance of m- and s-SWCNT films is dependent on the frequency as indicated by
different heating rates.

It is seen in Figure 11-7 that the s-SSWCNT film has higher heating rates compared
to m-SWCNT films. This is primarily due to difference in DC conductivities as shown in
Table 11-1. Since the absorbed RF energy is directly related to the electric field magnitude
in the film and the electrical field magnitude is inversely proportional to the electrical
conductivity of the film, the s-SWCNT film absorbs more RF energy compared to the m-
SWCNT film.** 11 The absorbed RF energy induces electric currents in the s-SWCNT
film that are more uniformly distributed than those induced in m-SWCNT films. The flow
of these currents is opposed in the films due to electrical resistance caused by collisions
of electrons with the neighboring atoms or molecules; therefore, resulting in Joule heating
120 In addition, the m-SWCNT films depict a behavior similar to RF heating of bulk
metals. High conductivity metals cannot couple well with RF energy and electric fields
attenuate toward the interior of the material.2%12 Similarly, the RF fields are suppressed
inside the high-conductivity m-SWCNT films which lead to induced currents that are non-
uniformly distributed, with higher concentrations around the edges; therefore, resulting in
overall lower heating rates (Figure 11-8).

In Figure 11-7, we also notice that the m-SWCNT film made using DOC-based
dispersion has higher heating rates compared to the film made using SDS-based
dispersion. This is also correlated with DC conductivity differences as given in Table I1-

1. The difference in conductivities of m-SWCNT films is due to presence of residual
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surfactant and s-SWCNT impurities especially in the film made using DOC-based
dispersion. The DOC is not easily washed away compared to SDS during vacuum filtration
of dispersions because of its high strength of interaction with SWCNTSs. This residual
DOC creates high resistance barriers at the inter-SWCNT junctions which lowers the
conductivity of the film.1241% Additionally, the low-conductivity s-SWCNT impurities
further contributes to decreasing the overall conductivity of the film. These observations
show that it is also possible to use RF heating as a metric for m-SWCNT film purity. The
presence of DOC and s-SWCNT impurities decrease the conductivity of the film and this
leads to higher RF heating rate, whereas, a relatively pure and high-conductivity m-
SWCNT film from SDS-based dispersion show very small RF heating rates.

It is also interesting to note that even though s-SWCNT films heat up more than
m-SWCNT films at a given RF power, this is not true when individual SWCNTs are
dispersed in a dielectric medium such as a surfactant solution. Figure 11-9 shows that the
m-SWCNT dispersion heats up faster compared to the s-SWCNT dispersion. This is
because when SWCNTSs are dispersed in a dielectric, the overall conductivity, or loss
tangent, of the SWCNT dispersion is higher than that of the dielectric alone (which is
extremely small compared to SWCNTSs). Small amount of high-conductivity m-SWCNTSs
results in a dispersion with higher loss tangent than that of large amount of low-
conductivity s-SWCNTs, which leads to overall higher heating of m-SWCNT
dispersion. 120 126

It should be noted that the actual conductivity of m- or s-SWCNTs and their films

may vary based on differences in synthesis procedures (resulting in varying defect density
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or chiral distribution). Nevertheless, our data here shows that regardless of the source, the
bulk DC conductivity of the film scales inversely with RF heating rate (Table 11-1, Figure
11-10). Of course, at low areal density, this relationship would not hold. We observed a
similar behavior for MWCNT-PLA composite films in our earlier work on welding of 3D-
printed parts by locally-induced microwave heating.*® The transmitted, reflected, and
dissipated power at the films were measured and correlated with the heating response
during 2.45 GHz microwave exposure of various powers. It was determined that higher
CNT loadings increased the overall DC conductivity of films,'?> 127 which subsequently
decreased the dissipated power at the films and increased the reflected power. Since
heating is primarily due to the dissipated power, it can be concluded that the microwave
heating rate decreases with increase in conductivity. However, this was not true at lower
CNT loadings.*® Here, we confirm that this non-monotonic relationship also holds for low

frequency RF heating of CNT-based materials.

22



25
s-SWCNTSs (DOC)
————— m-SWCNTs (DOC)
20+ e M-SWCNTSs (SDS) |
@ 15
O
T
= 10 -
e}
5-
0 O A BN ANRS— 2\ S S
0 50 100 150 200

Frequency (MHz)

Figure 11-7. Heating rate, dT/dt, as a function of radio frequency for s-SWCNT film
from DOC-based dispersion and m-SWCNT films from DOC-and SDS-based
dispersions. Films were heated using 1.0 W RF power. Reprinted with permission
from reference %%, Copyright 2019 The Royal Society of Chemistry.
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Figure 11-8. Thermal images of (a) s-SWCNT film from DOC-based dispersion and
(b) m-SWCNT film from SDS-based dispersion heated via 3.2 W RF power at a
frequency of 70 MHz. Reprinted with permission from reference 1%, Copyright 2019

The Royal Society of Chemistry.
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Table I1-1. DC conductivity and maximum RF heating rate of m- and s-SWCNT
films. Reprinted with permission from reference %, Copyright 2019 The Royal
Society of Chemistry.

DC Conductivity Maximum Heating Rate at
10W
Film S/m ‘Cls
s-SWCNT" 7,800 25.6
m-SWCNT” 22,700 10.4
m-SWCNT™ 49,000 1.51

*From DOC-based dispersion, **From SDS-based dispersion.

100
o
L
o
5
E 75 +
o
o
£
(7}
-
E 50-
£ = 11.7 ppm s-SWCNTs dispersion |
=] | -2.71 ppm m-SWCNTSs dispersion |
=
.
25 ’ T . T ' T '
0 10 20 30 40

Time (s)

Figure 11-9. Maximum temperature as a function of time for a drop of DOC-based
dispersions of s- and m-SWCNTs casted on a glass slide and heated via 3.2 W RF
power and a resonance frequency of 81 MHz. Reprinted with permission from
reference 1%, Copyright 2019 The Royal Society of Chemistry.
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Figure 11-10. Heating rate as a function of DC conductivity for m- and s-SWCNT
films. Reprinted with permission from reference 1%, Copyright 2019 The Royal
Society of Chemistry.

Figures I1-11a-c show maximum temperature as a function of time for s-SWCNT
and m-SWCNT films at different RF powers and a frequency of 70 MHz. The temperature
increases with power for all films with s-SWCNT film heating more than 120 °C in less
than 5 s at a power of 3.2 W. These tests show that each system reaches thermal
equilibrium as the generated heat is balanced by convective losses to the environment. The
relationship between the heating rate and power is determined to be directly proportional
across all samples as seen in Figure 11-11d.

The high RF heating rates observed especially for s-SWCNT films is a matter of
concern when applied to SWCNT-based electronics. It is because Joule heating has been

shown to affect I-V characteristics, signal delay, output conductance, and current densities

in graphene and s-SWCNT transistors; thus, affecting their overall performance.'?812°
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Additionally, the s-SWCNT films have also attracted tremendous interest as components
of RF electronics such as transistors, antennas, amplifiers, and mixers.!%% 130-131 Sjnce
these devices utilize radio frequencies in the commercially relevant range of 40 MHz - 25
GHz, we anticipate that RF heating may occur in these devices and heat rates as high as

80 °C/s would decrease their performance and lifetime,10% 131-133
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Figure 11-11. (a)-(c) Maximum temperature as a function of time for s-SWCNT film
from DOC-based dispersion, m-SWCNT film from DOC-based dispersion, and m-
SWCNT film from SDS-based dispersion, respectively. (d) Heating rate as a function
of RF power for all films. Films were heated using 70 MHz RF fringing-fields at all
powers. Reprinted with permission from reference %, Copyright 2019 The Royal
Society of Chemistry.
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Conclusions

We investigated the interaction of electric fields at RF frequencies with m- and s-
SWCNT films using a fringing-field applicator. We observed Joule heating in all films
with m-SWCNT films heating at a much lower rate compared to s-SWCNT films. We also
confirmed the complex non-monotonic relationship between RF heating rate and
conductivity for CNT-based materials. Our results help in understanding the contributions
to RF field interactions of metallic and semiconducting shells in MWCNTSs. Additionally,
based on our findings, we anticipate that RF heating may occur in SWCNT-based
electronic devices and affect their performance and lifetime. Lastly, since impurities in the
films affect the conductivity and thus RF heating rate, it is also possible to use RF heating

as a metric for film purity.
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CHAPTER 111
UNIVERSAL PATTERNS OF RADIO-FREQUENCY HEATING IN

NANOMATERIAL-LOADED STRUCTURES”

Introduction

Capacitively coupled radio frequency (RF) heating of nanomaterial-loaded
structures in the frequency range of 1-200 MHz has shown outstanding potential in
material processing applications. This is largely due to the ability to selectively transform
electromagnetic energy into heat in a non-contact manner.>” 3413 The mechanism for this
heating is typically described in the context of Joule heating for macroscale structures
composed of nanoscale building blocks. The absorbed RF energy induces electric currents,
and the flow of these currents meets electrical resistance caused by collision of electrons
with the neighboring atoms or molecules, which results in heating. This happens over a
network of connected conductive nanofillers.103 13

A wide range of nanomaterials and their polymer composites has recently been
shown to rapidly heat using RF fields. These include multi-walled and single-walled
carbon nanotubes (CNTs)®” 1% carbon black,**® graphene,* carbon nanofibers (CNFs),>
silicon carbide,*®® and MXenes.'* RF heating rates as high as 100 °C/s at low RF powers

(<10 W) for these materials have allowed for novel material processing methods such as

* Reprinted with permission from “Universal patterns of radio-frequency heating in nanomaterial-loaded
structures” by Muhammad Anas; Mazin M. Mustafa; Aniruddh Vashisth; Eftihia Barnes; Mohammad A.
Saed; Lee C. Moores; Micah J. Green. 2021, Applied Materials Today, 23, 101044, Copyright 2021 Elsevier
Ltd.

Mazin M. Mustafa is acknowledged for simulation work in this chapter.
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continuous CNF/epoxy and CNT/epoxy pre-preg manufacturing,®® high-throughput CNT

138 and polymer surface welding.>>-%

circuit screening,

However, these RF susceptors have shown a number of surprising features,
including frequency-dependent RF heating and a non-monotonic relationship between
nanofiller loading and heating behavior. For example, we previously observed that the RF
heating of composite films such as CNT-polylactide (CNT-PLA)>" and MXene-polyvinyl
alcohol (TisC.Tx-PVA)™ increased up to a certain filler loading, but then decreased with
further increase in loading. Similarly, we also determined that the highly conductive
metallic single-walled carbon nanotubes (m-SWCNTSs) showed significantly smaller RF
heating rates compared to less conductive semiconducting single-walled carbon nanotubes
(s-SWCNTSs).X% These findings confirm that electrical conductivity is required for RF
heating, but it is not well understood how RF heating rates vary with conductivity and if
the pattern is generalizable for all types of RF susceptor-loaded structures and predictable
via simulation.

Here we use experiments and simulations to describe a unifying RF heating
perspective that applies to a wide range of nanomaterial-based systems. We find that, for
a given applicator, nanomaterial loadings affect bulk dielectric properties, which is
correlated with heating. We show that the highest heating rate observed across all
frequencies is non-monotonically related with the in-plane electrical conductivity. This
relationship has a distinct maximum at the same in-plane electrical conductivity for all

nanomaterial films studied. We also find that the point of maximum heating rate is closely

associated with the percolation threshold for both thin films and thick composites.
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Results and Discussion

Figure I11-1 shows the schematic of the fringing-field applicator used for RF
heating of nanomaterial-loaded structures. The applicator with the sample behaves like an
RLC resonance circuit. The two copper traces electrically behave as inductors (L). The
small air gap between the two traces is a capacitor (C). The sample adds a shunt resistance
(R) and changes the gap capacitance. The frequency associated with maximum RF
absorption is dictated by the dimensions of the applicator. The dimensions were selected
to obtain RF absorption in the range of 1-250 MHz. The RF electric fields are concentrated

in the capacitor air-gap and couple with the conductive sample.'4°

Thermal
camera

Conductive
film

RF source 5cm

Figure 111-1. Schematic of the RF fringing-field applicator used for heating of
conductive films in the frequency range of 1-250 MHz. Reprinted with permission
from reference %1, Copyright 2021 Elsevier Ltd.

Figure 111-2 shows the electric field intensity at 130 MHz for a sample with

surface conductivity of 0.46 mS. The capacitive coupling of fields is visible in the side

view. This coupling induces surface currents which lead to electromagnetic losses and
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thus heating. Note that this applicator is ideal for thin structures as the electric field
strength decays exponentially in the vertical direction.> The concentration of the electric
fields in the capacitor can be controlled by changing the applied RF power or the size of

the gap between the traces.

. Sideview -~ x10°Vm

Figure I111-2. Electric field distribution at 130 MHz for a sample of surface
conductivity 0.46 mS. Reprinted with permission from reference 4!, Copyright 2021
Elsevier Ltd.

We used airbrush spraying of MWCNT-COOH ink to make conductive films and
varied areal density of CNTSs to control the surface conductivity. Functionalized CNTs
were used due to their dispersibility in water which prevents use of other additives such
as polymeric binders. Figure I11-3 shows DC surface conductivity (inverse of sheet

resistance) as a function of areal density for CNT films. A percolation-type behavior is

observed where the conductivity suddenly increases with a small change in areal density
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indicating the formation of a conductive network. The applicator was used to measure

heating rates as a function of frequency for the conductive films.
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Figure 111-3. DC surface conductivity as a function of areal density for CNT films.
Reprinted with permission from reference 41, Copyright 2021 Elsevier Ltd.

Figure 111-4a shows the frequency-dependent heating response for a MWCNT
film with DC surface (in-plane) conductivity of 2.7 mS. The resonance indicated by the
maximum heating rate of 19 °C/s is clearly noticeable at around 130 MHz. This
corresponds to the maximum absorption of RF fields by the sample. Other prominent
peaks are observed at 146 MHz and 110 MHz with heating rates of 10 °C/s and 6 °C/s,
respectively. Heating is higher in the frequency range of 100-160 MHz but peaks with
smaller heating rates are also observed at 85 MHz and 176 MHz. Multiple peaks are
observed due to the non-uniformities in the sample. Since heating rates are directly

proportional to the RF power, heating rate can be increased at frequencies which show
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small heating rates at low powers. This interesting feature of frequency-dependent heating
has attracted interest for applications such as nanomaterial-based actuators.*? Note that
the heating rate was calculated using the maximum temperature observed in the heating
area at each instant in time. (Figure 111-5 confirms that similar heating rates are obtained
if the average temperature over the heating area is used for the calculation instead of
maximum temperature over the heating area.)

We used COMSOL Multiphysics finite element software to simulate the RF
absorption phenomenon as well as RF-induced heating. Figure 111-4b shows the
simulated heating rate and the reflection coefficient (|S;1|) as a function of frequency for
a conductive film. The heating rate was calculated using the initial slope of the temperature
versus time relationship for each frequency. The resonance is seen at a frequency of 145
MHz, and a minimum |S;,| parameter at the same frequency confirms that the reflection
of RF fields is minimized at that frequency; this corresponds to maximum RF absorption
resulting in maximum heating rate. The simulated RF heating behavior follows a bell
curve-like distribution of heating rates. Heating rate increases with the frequency up to the
point where the maximum heating rate of 26 °C/s is seen at around the average value of
frequency in the range. This frequency value is closely associated with the design
frequency of the applicator. The corresponding relationship between |S;,| and frequency
indicates perfectly coupled electromagnetic and heat transfer phenomena. The overall
pattern is universal for all materials because it depends on the in-plane electrical
conductivity of the sample; however, heating rates may differ due to differences in heat

transfer properties and the level of impedance mismatch (|S;;|). Note that the difference
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in the resonant frequencies for experiment and simulation is due to the non-idealities in
the fabricated applicator such as electrical connections.**® Moreover, simulated heat rates
are higher than those observed in the experiments because of the ideal nature of the
simulation where no power losses due to electrical components are present. Heat transfer

assumptions used in the simulation are other possible reasons for difference in heating

rates.
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Figure 111-4. (a) Experimental heating rate at 2.0 W as a function of frequency for
MWCNT film with DC surface conductivity of 2.7 mS. (b) Simulated heating rate at
2.0 W and |[S11| as a function of frequency for surface conductivity of 2.7 mS.
Reprinted with permission from reference 41, Copyright 2021 Elsevier Ltd.
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Figure 111-5. Initial heating rate at 2.0 W as a function of frequency for MWCNT
film calculated using average temperature and the maximum temperature over the
heating area. Sample has DC surface conductivity of 2.7 mS. Reprinted with
permission from reference 4!, Copyright 2021 Elsevier Ltd.

We also determined heating rate as a function of surface conductivity for a specific
frequency. Figure 111-6 shows experimental and simulated relationships between surface
conductivity and heating rate at a frequency of 130 MHz and a power of 2.0 W. Heating
rate is non-monotonically related with the surface conductivity for nanomaterial thin films.
This relationship is universal for all materials because surface conductivity primarily
determines the RF field absorption in the sample. It is noticed in both experiments and
simulation that there is an optimum conductivity associated with maximum heating. In
Figure 111-6a, maximum heating rate of around 20 °C/s is observed in the DC surface
conductivity range of 0.20 - 0.70 mS. In Figure 111-6b, maximum heating rate of 26 °C/s
is observed at the AC surface conductivity of 0.46 mS which is in close agreement with

the data in Figure Il11-6a. Note that for experiments the DC surface conductivity of the

samples were measured instead of the AC due to the challenges associated with in-plane
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AC measurements of thin films. These two conductivity values are correlated with one
another, which allows us to observe a similar trend. In the region of conductivities lower
than the optimum value, heat generation increases with the surface conductivity according
to equation 1. In the region of conductivities greater than the optimum value, electric field
magnitude decreases in the film due to reflection of RF fields by the conductive network
which leads to smaller heating rates.°® The maximum heating is assumed to be close to
the percolation threshold which is the onset of the conductive network and the dielectric

properties (AC conductivity and dielectric constant) increase significantly.44-14°
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Figure 111-6. (a) Experimental and (b) Simulated heating rate as a function of surface
conductivity at 130 MHz and 2 W for MWCNT films on PET. Reprinted with
permission from reference 4!, Copyright 2021 Elsevier Ltd.

For a clear universal pattern of RF heating, it is desired to obtain a full map of

heating rate as a function of conductivity and frequency. However, that is experimentally

and computationally challenging. Since |S;,| correlates with the heating rate as seen in
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Figure I11-4b, a simple and faster approach is to compute |S;;| parameter as a function
of conductivity and frequency.

Figure 111-7 shows the full map of the |S, ;| parameter with surface conductivity
and frequency using HFSS simulations. (Figure 111-8 confirms that both HFSS and
COMSOL compute similar |S;; | parameters.) Figure 111-9 shows the |S;,| parameter for
the applicator without sample and the applicator with the sample of surface conductivity
0.48 mS. The change in reflection coefficient in the presence of the sample indicates the
RF field absorption by the sample. For a given applicator, this pattern is universal and is
applicable to many materials. For the applicator used in this study, there is an optimum
frequency (152 MHz) and surface conductivity (0.32 mS) associated with minimum |S;, |
(-8.7 dB). |S;4] is non-monotonically related with both the surface conductivity and the
frequency. For a given frequency, as the conductivity is increased, RF energy absorption
increases up to the optimum conductivity. As the conductivity is increased further, electric
fields cannot penetrate the material, and the percentage of RF fields absorbed decreases,
thus leading to more reflections and higher |S;].24¢ As the surface conductivity is varied,

a small shift in resonant frequencies is also observed.
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Figure I11-7. Simulated |Si1| parameter as a function of frequency and surface

conductivity. Reprinted with permission from reference 4!, Copyright 2021 Elsevier
Ltd.
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Figure 111-8. Comparison of |S11| parameter obtained from COMSOL and HFSS for
a sample with surface conductivity of 0.52 mS. Reprinted with permission from
reference 141, Copyright 2021 Elsevier Ltd.
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Figure 111-9. |S11| as a function of frequency with sample (0.48 mS) and without
sample. Reprinted with permission from reference 4!, Copyright 2021 Elsevier Ltd.
The universal pattern fits other types of nanofillers as well such as laser-induced
graphene (LI1G) and carbon nanofiber (CNF) as shown in Figure 111-10. Figures 111-11
and 111-12 provide DC surface conductivity as a function of laser points per inch (PPI)
and CNF loading, respectively.
Note that the maximum heating rate over the frequency range of 1-200 MHz was used. A
distinguished maximum is seen at approximately the same DC surface conductivity (in the
range of 0.1-0.2 mS) for all materials. LIG@Kapton films show significantly higher
heating rates of 65 °C/s at 2.0 W compared to around 25 °C/s for MWCNT and CNF-PA
films at the same power primarily due to differences in morphology as seen in the SEM

images in Figure 111-13.
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Figure 111-10. Maximum heating rate over the full frequency range as a function of
DC surface conductivity for MWCNT films, CNF-PA composite films, and
LIG@Kapton films. All samples were heated via 2.0 W RF fringing fields. Reprinted
with permission from reference 4!, Copyright 2021 Elsevier Ltd.
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Figure 111-11. DC Surface conductivity of LIG@Kapton films as a function of laser
PPI at 15% laser power and 200 mm/s laser speed. Reprinted with permission from
reference 141, Copyright 2021 Elsevier Ltd.
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Figure 111-12. DC surface conductivity as a function of carbon nanofiber (CNF)
loading in polyamide (PA) films (50 pm film thickness). Reprinted with permission
from reference 4%, Copyright 2021 Elsevier Ltd.

Figure 111-13. Scanning electron microscope (SEM) image of LIG@Kapton (left,
scale bar: 10 pm), CNF-PA (middle, scale bar: 100 nm) and MWCNT on PET (right,
scale bar: 100 nm) films of surface conductivity 0.2 mS. Inset shows the digital images
of the films (scale bar is 1 ¢cm). Reprinted with permission from reference 4,
Copyright 2021 Elsevier Ltd.

In addition to nanomaterial-loaded thin (micro-nanometer scale) films, the
universal pattern of RF heating is also true for thick (centi-millimeter scale) nanomaterial-
loaded structures. Figure 111-14 confirms the non-monotonic relationship between

heating rate and conductivity for carbon nanostructures-polycarbonate (CNS-PC)

composites provided by Cabot Corporation. Maximum heating rate of 0.62 °C/s is
41



obtained at the DC conductivity of 0.20 S/m which corresponds to the composite with 0.50
wt.% filler loading as shown in Figure I11-15. Note that the heating rates are lower

compared to that of thin films due to difference in the sample thickness.
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Figure 111-14. Maximum initial heating rate over full frequency range as a function
of DC conductivity for CNS-PC composites. All samples were heated via 10 W RF
fringing fields (4 mm sample thickness). Reprinted with permission from reference
141 Copyright 2021 Elsevier Ltd.
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Figure 111-15. DC conductivity as a function of carbon nanostructure (CNS) loading
in polycarbonate (PC) composites (4 mm sample thickness). Reprinted with
permission from reference 41, Copyright 2021 Elsevier Ltd.
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Conclusions

We used a fringing-field applicator for RF heating of nanomaterial-loaded
structures as a function of frequency and conductivity. We showed using experiments and
simulations that the RF heating rates are non-monotonically related with the conductivity
of the structure and that this pattern is universal for many different nanomaterials. We
found that for thin films, the maximum RF heating response is observed at the same in-
plane DC surface conductivity regardless of the nanomaterial. We also determined that
this maximum is closely associated with the percolation threshold in the nanomaterial
structures. These findings show that RF heating can be optimized by tuning the bulk
dielectric properties of the nanomaterial-loaded structures. This would be useful for

improving the efficiency of the RF-based material processing techniques.
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CHAPTER IV
HIGH THROUGHPUT SCREENING OF PRINTED CARBON NANOTUBE

CIRCUITS USING RADIO FREQUENCY HEATING®

Introduction

Carbon nanotubes (CNTs) have attracted tremendous interest for high-
performance electronics due to their high electrical conductivity, mechanical integrity, and
stability.”*2 147 The two most common routes to integrate CNTSs into electronic devices
are solution-based printing and direct growth of individual CNTs on a substrate.®
Compared to using individual CNTSs in a device, solution-based printing of CNTs is a
simple approach that is also cost effective and easily scalable.®™ 18 Printed CNT structures
can be readily used to make solar cells,***%° sensors,**® 51 antennas,*® thin-film
transistors, % 152 and flexible electrodes. %315

Various printing techniques such as inkjet printing,'®1% screen printing,*% 1%
flexographic printing,**® and roll-to-roll printing*?**® have been developed to deposit
CNTs onto a substrate for rapid production of electronic devices. For example, Ha et al.*>’
used inkjet printing of CNT inks to fabricate an array of high-performance digital circuits
on a flexible polyimide substrate. Cao et al.}'° screen-printed 12 x 10 array of CNT-based

circuits on a flexible polyethylene terephthalate (PET) sheet. Lee et al.*'? demonstrated

* Reprinted with permission from “High-throughput screening of printed carbon nanotube circuits using
radio frequency heating” by Victoria K. Hicks; Muhammad Anas; Erin B. Porter; Micah J. Green, 2019.
Carbon, 152, 444-450, Copyright 2019 Elsevier Ltd.

Victoria K. Hicks is acknowledged for equal contribution in this chapter.

44



roll-to-roll printing of 20 x 20 CNT circuits on a PET sheet proving fast production of
cutting-edge electronics. All these studies show that it is now possible to easily and
quickly fabricate CNT-based devices. However, it is also important to develop high-
throughput protocols to characterize the functionality of CNT circuits and their print
quality.

Prior methods for quality assurance of CNT components in electronics are limited
to resistance measurements using a two-point probe or a four-point probe.'>* 158159 These
methods are time-consuming and provide only a scalar measure of CNT prints that may
have spatial variations in morphology and areal density of active material. Therefore, it is
important to have an efficient method that can rapidly differentiate between the passable
and faulty CNT prints for applications in circuits.

CNTs have been known to interact with electromagnetic radiation and rapidly heat
up in response to applied fields.*% 169-161 This phenomenon has been utilized in the past by
our group to detect CNTSs in biological samples,? rapidly cure thermosets by using CNTs
as nanofillers,'®3 and weld 3D-printed parts with localized heating of CNTs at the filament
interface. Recently, we have shown that CNTSs also heat up in response to electric fields
at low RF frequencies (1-200 MHz).>” We demonstrated different applicator
configurations such as direct contact, parallel plate, and fringing-field for heating the
CNT-polymer composites. We determined that the heating rate of a sample is dependent
on the frequency, and the maximum heating rate is indicative of closely matched
impedances of source and the load. We also tested a new technique for rapidly curing

thermoset adhesives in metal-metal bonding which has applications to automotive and
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aerospace industries.>” Now we apply this RF heating phenomenon to printed multi-walled
carbon nanotube (MWCNT)-based circuits. Note that MWCNTSs are easier to mass
produce and have lower cost compared to their single-walled analogs; therefore, making
them useful for large scale production of circuits. However, it is also possible to print
SWCNTSs to make circuits'®*% and we have recently shown that SWCNTSs also heat up
under radio-frequency fringing-fields. This makes it possible to apply RF heating
phenomenon to printed SWCNT-based circuits as well.

Here we demonstrate a method for reliable, high-throughput quality screening of
MWCNT-based circuits by heating in a low frequency RF field. The fields can penetrate
dielectric substrates such as the PET and remotely heat MWCNT structures. Thermal
camera allows for visual inspection of films based on heat response. Both the RF heating
and the thermal imaging are non-contact and thus high-throughput; samples can be
characterized as quickly as they are made. This could replace time-consuming
conductance measurements for quality screening. This can also potentially be extended to

other carbon nanomaterial-based inks, such as graphene.
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Results and Discussion

In order for a CNT circuit to be functional, it must have a uniform nanomaterial
density and a sufficiently high conductance. Currently, each circuit must be individually
tested for functionality in an imprecise and lengthy quality-check process. The goal of this
work is to demonstrate a high-throughput technique for screening CNT prints, which is
fast and more reliable than the current method.

Specifically, the quality metric for CNT circuits is the 2-point resistance. The
resistance across the circuit is determined using a voltmeter or a 2-point probe. If the
circuit is found to have an overall resistance above 25 k€, it is considered to be faulty
according to the manufacturer. This traditional metric is time-intensive to test and flawed
as a quality analysis tool. It can take up to 10 minutes to test a single sheet of 377 printed
CNT circuits. Additionally, circuits with small gaps in the center can still show sufficiently
low overall resistance, despite the defect in the print.

We utilized the unique thermal response of CNTs to low frequency RF fields in
order to develop a high-throughput screening technique. The setup is demonstrated in
Figure 1V-1. Briefly, a fringing-field capacitor was used to induce non-contact heating of
the circuits. The capacitor was fabricated onto a large Teflon board to have a uniform
surface for the sheet of circuits to travel along. The edges of the board were lined with
cardboard to create runners which align the sheet during testing. The sheet was placed in
between the runners on the board and a piece of tape was used to connect the sheet to a
linear stage. The stage was used to pull the sheet across the capacitor at a constant rate of

5.6 mm/s so that each circuit was exposed to the field for 1.0 second. The RF generator
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was set to a power of 10 W and an operating frequency of 60 MHz. The RF was activated
immediately before the sheet passed over the capacitor. The thermal camera was placed
directly above the capacitor so that the thermal response of each circuit could be recorded
as it passed over the capacitor. Scanning one sheet of 377 circuits took approximately 30

seconds.
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Figure 1V-1. (a) Schematic and (b) original picture of the setup to test the quality of
CNT prints using RF heating. Sheets of CNT prints are scanned over a fringing-field
RF applicator and a vertically mounted infrared camera is used to monitor the
heating response. Reprinted with permission from reference %8, Copyright 2019
Elsevier Ltd.

The faulty CNT print is a sheet of CNT circuits where some of the circuits have a
decreased areal density, varying (non-uniform) areal density, a blank spot, or a stripe of

missing active material that will cause loss of functionality. Figure 1V-2a shows an

example of a faulty CNT print and its thermal response. The thermal response of each
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circuit varies according to its areal density. The circuits that have large gaps or very low
areal density of active material appear in the thermal image with a much lower temperature
rise. Although many of these faulty circuits can be easily identified by visually inspecting
the originally printed sheet, several circuits have non-uniformities that are not visually
clear but are easily noticeable in the RF heating response.

A CNT print is considered “passable” when all of the circuits on the sheet display
a uniform density of active material and each circuit has a sufficiently high conductivity.
Figure 1V-2b shows a passable CNT print and its corresponding RF heating profile. For
every circuit on the sheet, the capacitor caused a uniform thermal reaction. In the thermal
image, each circuit appears the same, indicating uniformity in the printed sheet. The
temperature change of about 4°C is seen for each circuit. The maximum temperature
experienced by the sample is too low to cause degradation, therefore the circuits remain

functional after the testing process.
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Figure 1V-2. (a) Faulty and (b) passable CNT prints and their corresponding RF
heating profiles after scanning at the rate of 5.6 mm/s through a 60 MHz, 10 W
fringing-field. Reprinted with permission from reference 13, Copyright 2019 Elsevier
Ltd.

The original faulty CNT print in Figure 1VV-3a was also tested by the conventional
resistance measurement quality-check technique. A voltmeter was used to measure the
resistance across each circuit. The probes were placed at opposite corners of each circuit
and the DC resistance was measured. The resistance of each circuit was then used to create
a conductance map in the MATLAB® as given in Figure 1V-3b. Circuits with resistance

below 25 kQ (conductance above 0.04 kQ1) are considered functional by the conventional

method. (Note that the RF heating response is included again in Figure 1V-3c).
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Figure 1V-3. (a) Original faulty CNT print, (b) 2.0-point probe conductance map,
and (c) RF heating profile. (d) A closer image of selected circuits (#1-5). Note the lack
of thermal response from the poor-quality circuits within the array. Reprinted with
permission from reference 3, Copyright 2019 Elsevier Ltd.

Most of the faulty circuits were identified by both the traditional resistance-based
metric and the RF heating analysis. However, the traditional metric does “pass” several
circuits which are faulty. Figure 1VV-3d shows that several circuits have stripes where the
CNTs are absent. These circuits would show decreased functionality in sensing
applications and should be failed by a reliable quality metric. The thermal images of these
circuits show non-uniformities, clearly indicating that the circuits are faulty. However, the
traditional metric failed to identify some of the circuits, such as circuit #3 (0.043 kQ™?),
because CNTs run along the border of these circuits, creating a closed loop with a low

resistance (several examples are illustrated in Figure 1V-4). The flaw was identified by
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the scanning method because the break in the network changed the heating effects within
the circuit and created a distinguishable change in the heating profile; in these cases, scalar

metrics are prone to misidentify faulty circuits.

Intuitive Counterintuitive
Low resistance High resistance High resistance Low resistance
Average max(T) Low max(T) High max(T) High max(T)
= 8 =N = B = B
Resistance = 19.29 kQ Resistance = inf. Resistance = 57.97 kQ Resistance = 23.27 kQ
Max(T) = 31.65 °C Max(T) = 23.95 °C Max(T) = 38.4 °C Max(T) =37.9 °C

Figure IV-4. These images show examples of how scalar metrics, such as RF heating
temperature and resistance, can fail to unequivocally detect faulty circuits.
Reprinted with permission from reference 28, Copyright 2019 Elsevier Ltd.

Note that it is also possible to use RF heating measurements as a quantitative
metric for determining circuit quality by calculating the average temperature and variance
of the temperatures over the full area of each individual circuit. It is seen in Figure 1V-5
that faulty circuits such as # 1, 3, and 4 have higher average temperatures compared to
that of passable circuits (#5-8) and also show large variances which indicate non-
uniformities in heating. Faulty circuit # 2 has lower average temperature due to insufficient
CNT coverage. On the other hand, all passable circuits (#5-8) have similar average
temperatures at a specific power with small variances which indicate uniform heating.

Differences in variance of passable circuits may be used to indicate different quality

grades of the circuits.
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Avg. T (°C)|Variance
29.9 7.4
25.7 0.5
30.3 9.9
31.2 8.6
28.5 1.4
27.9 0.9
27.5 1.8
28.7 3.4

Figure 1V-5. Examples of how average RF heating temperatures and the variance of
the temperatures over the full area of individual circuit can be used as a quantitative
metric of circuit quality. Reprinted with permission from reference %, Copyright
2019 Elsevier Ltd.

The parameters of the fringing-field can also affect the thermal response of the
circuits. The power of the field can determine the heat generated by each circuit. Figure
IV-6 shows a single row of passable CNT circuits. These circuits were placed on the
fringing-field capacitor, and the RF was activated for 10 seconds. The thermal camera was
placed directly above the capacitors, so the image could be captured as shown. At 10
seconds, the temperature along the green line was measured. The resulting graph shows

the temperature of the circuits on that line. This test was repeated at RF powers of 2.5, 5.0,

and 10 W. The graph shows that the temperature change of each circuit can be increased
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by increasing the power of the field. This means that the method can be used at powers
low enough to prevent degradation of the circuit and high enough to generate an
unambiguous thermal response.
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Figure 1V-6. Temperature change along the single row of a passable CNT printed
sheet at different powers and a frequency of 60 MHz. (Note that the original row of
CNT print and its corresponding thermal image during RF heating is also given in
the figure.) Reprinted with permission from reference 13, Copyright 2019 Elsevier
Ltd.

For each commercial circuit, the CNT ink must be printed on top of a set of silver
(AQg) electrodes, which may complicate the analysis. Figure 1V-7 shows a sheet of
passable CNT circuits with silver electrodes and its corresponding RF heating profile after

scanning through the fringing-field. This image also shows a distinct thermal response for

each circuit, indicating that the method can be useful for analyzing circuits that are more
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developed. From this response, it is clear that the majority of the circuits are uniform and
conductive. (Note that several circuits are not as conductive as the others.) This
demonstrates that the thermal imaging analysis is directly applicable to commercial

production lines.
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Figure 1V-7. CNT circuits with Ag electrodes and the corresponding RF heating
profile after scanning at the rate of 5.6 mm/s through a 60 MHz, 2.5 W fringing-field.
Reprinted with permission from reference 28, Copyright 2019 Elsevier Ltd.

In addition to CNTSs, industry uses a variety of conductive nanomaterials to create
conductive circuits, such as carbon black (CB). The conductivity of carbon black also
makes it susceptible to low frequency RF fields similar to carbon nanotubes. Since carbon
black heats in response to a low frequency fringing-field, the scanning method can also be
used on CB-based circuits. Figures 1VV-8a and 1V-8b show two sets of CB circuits with
corresponding RF heating profiles. These samples were also created by Brewer Science
in the same manner as the CNT samples. Each sheet was passed over the fringing-field
capacitor in the same manner as the CNT sheets. The thermal image of the faulty print
clearly shows the defects in the print. Areas with insufficient carbon black coverage have
no noticeable thermal response to the fringing-field, whereas, more covered areas show a
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distinct response. The thermal image of the passable print indicates that several of the
circuits contain non-uniformities in surface coverage (dark spots) even though the circuits
were all classified as passable (resistances <25kQ) when supplied by the manufacturer.
This proves that RF heating is a superior technique that can detect facets of circuit
performance which would not have been possible with the 2-point resistance

measurements or visual inspection.
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Figure 1V-8. (a) Faulty and (b) passable CB prints and their corresponding RF
heating profile after scanning at the rate of 5.6 mm/s through a 60 MHz, 2.5 W
fringing-field. Note the lack of thermal response from the poor-quality circuits in (a).
Reprinted with permission from reference %8, Copyright 2019 Elsevier Ltd.

Finally, the same test was also performed on carbon black/Ag electrode circuits
shown in Figure 1VV-9. Compared to CNT/Ag circuits, these have significant amount of

silver under the carbon black deposit which prevents the whole circuit to heat up

uniformly. Therefore, the thermal response corresponds to areas with no silver underneath.
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However, the non-functional circuits can still be quickly and easily identified from the

thermal response.
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Figure 1V-9. CB circuits with Ag electrodes and the corresponding RF heating profile
after scanning at the rate of 5.6 mm/s through a 60 MHz, 1.6 W fringing-field.
Reprinted with permission from reference 28, Copyright 2019 Elsevier Ltd.

Overall, the results show that this technique makes it possible to remove faulty
circuits from the production line without the need to test each circuit individually, and can
significantly speed-up the production process of carbon nanomaterial-based electronics.
Conclusions

The scanning method described here can be used as a reliable, high-throughput
screening method for printed CNT structures. This method is ideal to replace previous,
time-consuming quality metrics for more efficient production of CNT circuits. It provides
a tenfold increase of speed, allowing for real-time monitoring of circuits as they are
produced. The scanning method is more reliable than the traditional metric in screening-
out faulty circuits; this method can also be employed at various stages of the circuit

manufacturing process.
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Similarly, this scanning method can be used to analyze both carbon nanotube and
carbon black-based circuits because both of these carbon materials react to the RF
fringing-field. This indicates that the method could be used to analyze circuits created with
any type of RF-responsive material, including graphene family materials. The RF field
can be tuned for each material and working geometry to adjust the maximum heat
experienced by each circuit to prevent damage.

In addition, this method can be used with any substrate that has a low enough
dielectric constant. Low dielectric materials are essentially invisible to the RF field and
does not affect the response of the conductive circuits. As long as the substrate is thin
enough that the fringing-field overlaps the path of the circuits, the method will be
successful.

Although these proof-of-concept experiments focus on rectangular and simple
circuits, this method is also applicable to complex circuit shapes because any given circuit
is heated in increments as it is scanned through the fringing-field. This allows for a
scanning and imaging technique that can find defects and inconsistencies in complex 2D

printed structures.
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CHAPTER YV
JOULE HEATING OF CARBON PIXELS FOR ON-DEMAND THERMAL

PATTERNING®

Introduction

The Joule heating effect in carbon-based conductive materials such as graphite,*®’
carbon nanotubes (CNTs),*% carbon nanofibers (CNFs),'%° and graphene!’® has allowed
for light-weight, low-cost, and energy efficient two-dimensional (2D) heaters for
thermotherapy,' defrosting and deicing systems,*% 172 and thermal displays.t’**"* The
possibility of non-contact Joule heating of carbon has also extended the applications to
characterizing high-performance electronics,*3® composite manufacturing,®® welding of
polymers,®® and 3D printing.>® Patterned heating is also possible using carbon-based
materials due to the ease of processing into thin films and their assembly into grids.}’417
The production of scalable and controllable Joule heating elements relies on the method
used for processing of carbon-based materials into thin films. Solution-based processing
of carbon such as ink printing and spraying provides a high-throughput route compared to
solid processing techniques such as array-drawing or direct-spinning.? For example,

Philip et al.1”® showed mass production of large area graphite-based heaters using screen

* Reprinted with permission from “Joule heating of carbon pixels for on-demand thermal patterning” by
Muhammad Anas; Mazin M. Mustafa; Daniel G. Carey; Anubhav Sarmah; Joshua J. LeMonte; Micah J.
Green, 2021. Carbon, 174, 518-523, Copyright 2021 Elsevier Ltd.
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printing. Hao et al.’’ used a portable commercial spray gun to make highly efficient
graphene-based Joule heaters for thermal therapy.

Additionally, the choice of applicator to transform electrical energy into heat is
crucial for scalable patterned heating. Both direct current (DC) power and alternating
current (AC) power-based applicators are promising for heating of carbon. AC fields at
high frequencies provide benefit of non-contact heating as well, which would be useful in
applications such as deicing and defrosting to avoid short circuits due to water contacting
the electronics.*8! Our group has previously demonstrated contact and non-contact heating
of various materials such as CNTSs, carbon black, CNFs, and graphene using AC fields at
radio frequencies (1-200 MHz) and microwave (2.45 GHz).>% 5355138 |t s also possible
to create large area patternable heaters using a suitable applicator that operates at a specific
frequency.

In this work, we show that a range of applicators and materials can be used for
patternable heating via thermal “pixels.” The heating of an individual pixel is a function
of both the material properties and dimensions as well as the applied power. These pixels
are quickly produced and are used to create on-demand thermal patterns. The heating of

pixels also allows for rapid damage sensing on surfaces.
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Results and Discussion
We used airbrush spraying of commercial graphitic ink to rapidly produce thermal

pixels. Figure V-1a shows the schematic of the spraying setup.

(a) (b)
Airbrush
Sprayer
“ Conductive S
S _~ink Conductive film
Masks, R Substrate
| el Metallic trace

‘ Heating bed ‘ Substrate

Figure V-1. Schematic of (a) spraying setup for making conductive thin films; (b) DC
applicator for heating a single carbon pixel. Reprinted with permission from
reference 178, Copyright 2021 Elsevier Ltd.

Different materials such as polyimide (Pl), polyethylene terephthalate (PET),
ceramic, and FR4 can be used as substrates for spraying graphitic ink to make thermal
pixels. Pixels were made in a square (2 cm x 2 cm) using a stencil while spraying. Since
surface conductivity (inverse of sheet resistance) is an important property for heating of
thin films, it is easy to control the conductivity by varying the number of spray passes
while keeping the concentration and flowrate of the ink constant. Figure V-1b shows the

schematic of a DC applicator for heating a single pixel. The metallic traces are created by

using a copper-coated substrate and etching out the copper that is not needed using an
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acidic salt such as sodium persulfate. This technique of fabricating metallic traces allows
for easy scale up and avoids the use of metallic paint, which is prone to cracking once
dried. The graphite ink is then sprayed using a mask such that the sprayed film is in contact
with the metallic traces.

Figure V-2a shows the steady-state temperature as a function of surface
conductivity (os) for graphite pixel (2 cm x 2 cm) at a constant voltage of 30 V using a DC
applicator. Figure V-2b shows temperature as a function of time at different absorbed
powers for a pixel of surface conductivity of 1.7 mS. It is also possible to increase the
steady-state temperature by tuning the power supplied. High temperatures of up to 150 °C
are obtained at DC powers as low as 2.1 W. The inset image confirms that the heating is
uniform over the area of the pixel.

The temperature increases with the conductivity due to increase in current flow
and thus absorbed power. However, the steady-state temperature reaches a maximum with
conductivity when the maximum power available from the power supply is absorbed by
the pixel. Figure V-3a confirms the non-monotonic relationship between steady-state
temperature and surface conductivity for a maximum power of 6.9 W (30 V, 0.23 A). The
highest temperature of 180 °C observed corresponds to the absorption of maximum
available power as seen in Figure V-3b. Note that the current and voltage were restricted

to 30 V and 0.23 A in the power supply to obtain the non-monotonic relationship.
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Figure V-2. (a) Steady-state temperature at 30 V as a function of surface conductivity
for graphite films on FR4 substrate; (b) Maximum temperature as a function of time
at different powers for a graphite film of 6s = 1.7 mS. Inset: Digital image and steady-
state thermal image at 2.1 W of a single graphitic pixel (scale bar: 1 cm). Reprinted
with permission from reference 1’8, Copyright 2021 Elsevier Ltd.
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Figure V-3. (a) Steady-state temperature as a function of graphite pixel surface
conductivity for maximum available DC power of 6.9 W (going from low to high
conductivity: first four data points same as in Figure 2) (b) Power absorbed as a
function of surface conductivity. Reprinted with permission from reference 78,
Copyright 2021 Elsevier Ltd.
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In addition to direct-contact heating using DC power, it is also possible to induce
non-contact Joule heating in carbon using AC power. Figure V-4 shows heating of a
graphite pixel (2 cm x 2 cm) using a patch antenna operating at 2.45 GHz. Patch antennas
are normally used to radiate communication signals. However, we modified the patch
antenna design by first introducing copper walls which confine the radiated
electromagnetic waves within the area of the patch. We then used low-loss dielectric foam
separators that prevent electromagnetic coupling between individual thermal pixels and
acts as a thermal insulator. Note that the thin films were simulated as 2D boundaries rather
than extremely thin volumetric objects to avoid numerical challenges.

It is seen in Figure V-4a that the steady-state temperature is hon-monotonically
related with the DC surface conductivity and has a maximum at DC surface conductivity
of 2.5 mS. At lower conductivities, absorption of electromagnetic waves induces currents
in the conductive film which heat via Joule effect. Therefore, as the conductivity is
increased below the optimum, the steady-state temperature also increases. However, as
the conductivity is increased beyond the optimum value, the reflection of electromagnetic
waves increases, which leads to lower absorption and reduced heating. In order to
uniformly and efficiently heat the pixel, it is important to have the surface conductivity
which corresponds to maximum power absorption. Figure VV-4b confirms that the heating
can also be controlled by changing the power of the electromagnetic waves at a constant

surface conductivity.
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Figure V-4. (a) Steady-state temperature as a function of DC surface conductivity
for graphite films on polyimide substrate using patch antenna applicator at a power
of 2 W and frequency of 2.45 GHz; (b) Maximum temperature as a function of time
at different powers and 2.45 GHz for a graphite film of 6s= 2.5 mS. Inset: Digital
image and steady-state thermal image at 2 W of a single graphitic pixel (scale bar: 1
cm). Reprinted with permission from reference 178, Copyright 2021 Elsevier Ltd.
Figure V-5 shows the simulated electromagnetic heating of a conductive thin film
using patch antenna applicator operating at 2.45 GHz. Figure V-5a shows steady-state
temperature as a function of AC surface conductivity. The simulation also confirms the
non-monotonic relationship observed in the experiments. The maximum point is observed
at around AC conductivity of 6.0 mS. Figure V-5b shows temperature as a function of
time at a power of 2 W. Note that the temperature is higher than that in the experiment at
the same power due to ideal scenario in the simulation and possible deviations in the heat

transfer parameters used in the simulations from those of the actual test materials. The

inset confirms similar heating profile to that of the experiment.
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Figure V-5. (a) Simulated steady-state temperature (at 180 s) as a function of AC
surface conductivity for conductive films using patch antenna applicator at power of
2 W and frequency of 2.45 GHz; (b) Simulated maximum temperature as a function
of time and steady-state thermal profile at 2 W and 2.45 GHz for a conductive film
of 6s= 6.0 mS (inset scale bar: 1 cm). Reprinted with permission from reference 78,
Copyright 2021 Elsevier Ltd.

Figure V-6 shows a large area DC applicator for heating multiple pixels and the
corresponding steady-state thermal image at 45 W DC power. The applicator consists of
the metallic traces and the sprayed graphite pixels. The metallic traces were fabricated
using conventional printed circuit board (PCB) manufacturing technique where the metal
that is not needed is etched away using an etchant solution such as sodium persulfate. This
technique allows for a solid metallic layer to connect graphite pixels rather than using
metallic ink which is resistive and is prone to cracking. The design of the metallic traces
allows all pixels to be connected in a parallel arrangement so that the voltage difference is

the same across all pixels. The pixels are created by spraying graphite ink using a stencil.

The equivalent 2-point resistance of the sprayed pixels was around 20 Q. If maximum
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power absorption (and thus Joule heating) is desired, it is important to spray the pixels

with a 2-point resistance value given by R = V05 / Imax, Where V4, and I,,,,, are the

maximum available voltage and current from the DC power supply.

Figure V-6. Scaled-up DC applicator fabricated using persulfate-etched copper
circuit on FR4 and airbrush sprayed graphite ink, and the corresponding steady-
state thermal image via DC power. Scale bar is 2 cm. Reprinted with permission from
reference 178, Copyright 2021 Elsevier Ltd.

Many applications require uniform heating over a full area of the Joule heater;
however, there is an interest in making heaters with temperature gradients for applications
in thermal displays as well as targeted curing of composites.”® 1”® Figure V-7 shows a
patterned ‘T’ heating with temperature gradients using a scaled-up DC applicator. The
surface conductivity of each pixel can be varied to obtain different temperatures over the
heating area. It is also possible to make these applicators flexible by using a flexible metal
coated substrate such as Kapton (polyimide). This could potentially be useful in

thermochromic structures such as tiles and displays where various colors can be obtained

by using thermal gradients.
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Figure V-7. Steady-state thermal image of patterned ‘T’ shape made using sprayed
graphite ink on FR4 and heated via DC power. Scale bar is 2 cm. Reprinted with
permission from reference '8, Copyright 2021 Elsevier Ltd.

It is also possible to scale up the patch applicator for non-contact heating of
multiple pixels. Figure V-8 shows a 2 x 2 array of patch antennas connected for heating
a 4 x 4 grid of graphite pixels. Since the pixels are not in contact with the applicator, they
can be quickly sprayed on any substrate which allows for greater flexibility. A face-like
thermal pattern is also shown in Figure V-9 using an even larger patch applicator (4 x 4
array of patch antennas). Note that a power divider is used to split the power from the
source to each individual patch antenna. Since the power divider has a specific power
rating, it was not possible to supply high power to each patch antenna for heating large
area to high temperatures. Additionally, the Federal Communications Commission (FCC)
regulates the maximum radiated power from these applicators, thereby limiting their
applications to areas where high temperatures are required, and human interaction is

frequent.
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Figure V-8. Scaled-up patch antenna applicator, array of airbrush sprayed graphite
pixels on polyimide, and the corresponding steady-state thermal image of array.
Scale bar is 2 cm. Reprinted with permission from reference 18, Copyright 2021

Elsevier Ltd.
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Figure V-9. Scaled-up patch antenna applicator and the steady-state thermal image
of a face-like thermal pattern. Scale bar is 6 cm. Reprinted with permission from
reference 178, Copyright 2021 Elsevier Ltd.

Figure V-10 shows that other carbon-based materials can also be used for
patterned heating using both DC and non-contact AC applicators to make a “TAMU”
acronym. The patterned ‘A’ is made using laser-induced graphene (LIG) on polyether
ether ketone (PEEK) and heated using 2 x 2 array of patch antennas. LIG can be coated
with polydimethlylsiloxane (PDMS) to protect it from weathering. The patterned ‘M’ is
made using CNT ink and heated via DC applicator. DC applicator can be coated with
polyimide (PI) tape to protect the sprayed pixels from weathering. The patterned ‘U’ is

made using graphite ink sprayed on polyimide and heated via a 2 x 2 array of patch

antennas.
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Figure V-10. Multiple sample types and applicators can be used in arrays to create
thermal patterns. Examples: (T) Patterned ‘T’ made using sprayed graphite ink on
FR4 and heated via DC power, same as in Figure 6; (A) Patterned ‘A’ made using
LIG on PEEK (coated with PDMS) and heated via microwave; (M) Patterned ‘M’
made using sprayed CNT ink on FR4 and heated via DC power (applicator coated
with PI tape); (U) Patterned ‘U’ made using sprayed graphite ink on polyimide and
heated via microwave. All thermal images are taken at steady state. Scale bar is 2
cm. Reprinted with permission from reference 1’8, Copyright 2021 Elsevier Ltd.
Joule heating (and thermal imaging) of conductive coatings could also be a helpful
metric for sensing damage on surfaces. This is a more reliable technique compared to
conventional resistance measurement because it allows for precise detection of spatial
variations.'® Figure V-11 shows that Joule heating is mostly uniform over the surface of
undamaged coating whereas the non-uniformities in heating due to damage are clearly

visible in the thermal image. Note that it is possible to detect damages not seen with the

naked eye using a high-resolution thermal camera.

71



Undamaged Coating Damaged Coating

| ; 1 .
n38 OC u39 OC
18 °C 18 °C 21°C

Figure V-11. Damage sensing of graphite coatings using Joule heating for 1 min.
Scale bar is 1 cm. Reprinted with permission from reference '8, Copyright 2021
Elsevier Ltd.

Conclusions

We showed that thermal pixels can be quickly produced using a portable airbrush
sprayer and a commercial graphitic ink. We demonstrated performance of DC applicator
for large area patterned heating using thermal pixels. We also showed that AC fields at
high frequencies can be used for non-contact heating via a patch antenna applicator.
Multiple patch antennas can be connected in an array to produce heating over a large area.
We found that there is an optimum conductivity of the pixel associated with efficient
heating in all types of applicators. The conductivity of the individual pixel can also be
varied to produce thermal gradients within a specific area. The applicators work with a
range of carbon-based materials and could be easily applied to create complex thermal
displays. The applicators could also be used to induce Joule heating in the conductive

coatings to sense damages.
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CHAPTER VI

CONCLUSION

In this dissertation, it is confirmed via experiments and simulations that the radio
frequency (RF) heating behavior is non-monotonically related with the electrical
conductivity of films. This trend is universal as it applies to a range of carbon-based
nanomaterials such as chirality-sorted single-walled carbon nanotubes, laser-induced
graphene, and multi-walled carbon nanotubes as well as composites such as carbon
nanofiber-polyamide and carbon nanostructures-polycarbonate. We also showed that the
underlying science is the same for high frequency microwave (MW) heating. We further
demonstrated a novel method to rapidly screen carbon nanotube and carbon black circuits
from a production line via scanning over RF fields to generate a heat signature. Finally,
we presented techniques to produce large-area thermal patterns using both direct current
and alternating current-induced heating of carbon-based materials.

Radio frequency heating of carbon-based nanomaterials is an evolving field and
there are still areas to explore for future. In this work, we confirmed that the trend between
electrical properties and RF heating is non-monotonic and generalizable; however, both
material and the type of applicator can shift this trend horizontally (left right) as well as
vertically (up down). One possible area to investigate in the future would be the effect of
different forms of nanomaterials on the interaction with electric fields. For instance, the

RF field interaction and thus heating is expected to be different for film versus aerogel of

73



nanomaterial. Additionally, the interaction of RF fields with new types of electrically
conductive nanomaterials such as MXenes can also be studied and compared with that of
carbon-based nanomaterials. These new investigations would provide a framework to
optimize integration of RF responsive materials with catalyst supports that can undergo
localized heating via RF fields to drive green manufacturing.'8!

Furthermore, as more materials that heat in response to RF fields are being
explored, it is also viable to develop RF heating response as a material characterization
technique. Each material shows a unique frequency-dependent heat signature due to its

composition, structure, and morphology; therefore, it is possible to characterize materials

by studying their RF heating response.
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APPENDIX A
DETECTION AND QUANTIFICATION OF FREE CARBON NANOTUBES IN
ABRADED POLYMER NANOCOMPOSITES USING UV-VIS

SPECTROSCOPY™

Introduction

Carbon nanotubes (CNTSs) possess unique mechanical, electrical, thermal, and
optical properties which have led to their widespread use as nanofillers in polymer
composites.>® 182184 Nanocomposites display remarkable enhancement in material
properties compared to neat polymers, and can be used in automotive, aerospace, defense,
electronics, energy, and sporting-goods industries.>" 185187

However, the increased proliferation of CNT-based products has raised concerns
regarding the potential for CNT release due to inhalation and other hazards associated with
free CNTs (CNTs that are not bound to any matrix and can be easily dispersed into a
surfactant solution).'®81% |t is speculated that CNTs may release from a product during
manufacturing, coating removal, consumer use, or in a landfill after end-of-life
disposal.®**1% Many studies have investigated and attempted to characterize the release

of free CNTs from a variety of industrially-relevant polymer matrices.?6-22 However, no

* Reprinted with permission from “Detection and quantification of free carbon nanotubes in abraded polymer
nanocomposites using UV-vis spectroscopy” by Muhammad Anas; Erin B. Porter; Alan J. Kennedy; Erik

M. Alberts; Micah J. Green, 2019. Nanolmpact, 16, 100190, Copyright 2019 Elsevier Ltd.
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studies have been able to conclude with confidence the presence or absence of free CNTSs.
In particular, proving the negative (i.e., absence of free CNTSs) is difficult but extremely
important for providing risk assessors with scientific justification for concluding there is
a lack of exposure. This difficulty is exasperated by the lack of a standard method to
quantify free CNTSs that can be readily applied by industries to evaluate their products.?*
204

The most common technique to detect free CNTSs in the debris of nanocomposites
is look-and-find microscopy, which is conceptually simple but logistically cumbersome,
expensive, time consuming, and not intrinsically quantitative.?%>-2% The techniques which
are quantitative and frequently employed are analytical ultracentrifugation (AUC)6 207
and single-particle inductively-coupled mass spectrometry (sp-ICP-MS);?%: 208 however,
these techniques have drawbacks that make them difficult to be accepted as standards. For
example, AUC characterizes samples by size only and is unable to differentiate between
free CNTs and small solid fragments. Moreover, it is also not very sensitive to detecting
low amounts of nanometer-sized fragments in the presence of other solids.?%? The sp-ICP-
MS is expensive and measures metal nanoparticles bound to free CNTSs, which is then
related to the CNT content via a calibration curve.?’! In order for sp-ICP-MS to work
effectively, it is necessary to have either initial CNTs with large amounts of metal catalyst
residues or CNTSs that are pre-labelled with metal ions prior to composite production.?°®
208 Thus, there is a need to explore methods that can quantify free CNTs rapidly and at

low cost.
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Ultraviolet-visible (UV-vis) spectroscopy is an inexpensive technique that is
widely available and can detect CNTSs at low concentrations due to strong absorbance of
CNTs in the UV-vis spectrum. It is also possible to quantify the CNT content using a
relevant calibration.?%®-2'% Previously, UV-vis spectroscopy has been used to determine
uptake of CNTs in plants?*! and biological cells,?*? and concentrations of pristine and
functionalized CNTs in aqueous environment.?*32%> Wohlleben et al.?!® used UV-vis
spectroscopy to assess CNT release from UV-weathered CNT-epoxy and CNT-polyamide
composites by measuring the absorbance of CNT. The UV-weathered composite panels
were immersed into a leaching fluid (EPA method 1311) and shaken for 24 h at 2 Hz in
an incubator to release loose fragments into the fluid. The leaching fluid was then mixed
with 1% (v.v.) sodium dodecyl sulfate (SDS) solution and bath sonicated for 1 h prior to
UV-vis analysis. Differences observed in absorption coefficients of these solutions
relative to the control samples were used as indicators of CNT release. The results from
UV-vis analysis correlated with those from the ICP-MS analysis which indicates that UV-
Vis spectroscopy is a viable method to quantify CNT release. However, in order to
determine free CNT content using UV-vis spectroscopy, it is necessary to separate out
these CNTs from the nanocomposite debris which may contain polymer fragments with
embedded or protruding CNTSs. It is also important that any calibration curve generated to
correlate the absorbance of free CNTs to the CNT content in the debris takes into account

the presence of polymer matrix in order to accurately quantify free CNTSs.
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In this work, we develop and demonstrate a rapid and easy protocol to detect and
quantify free CNTs using UV-vis spectroscopy. We show a simple procedure to generate
calibration curves which takes into account the presence of the polymer matrix. These
calibration curves allow quantification of free CNT content with low limits of detection.
In order to use this method, we generate debris of various nanocomposites by considering
different CNT release scenarios and quantify free CNT content in the debris. We find that
sanding of epoxy composites releases significant amount of free CNTs. We also determine
that the debris of sandblasted UV-weathered anticorrosive paint and abraded CNT-
polylactic acid (PLA) coatings have no free CNTs above the detection limit.

Results and Discussion
Quantification of Free CNTs using UV-vis Spectroscopy

Figure A-1 shows the schematic of the process to analyze nanocomposite debris
and quantify its free CNT content using UV-vis spectroscopy. The underlying concept is
that if the debris of nanocomposite is mixed with the SDS solution, the SDS will
selectively wrap and disperse individual free CNTs but not CNTs that are aggregated,
completely embedded in the polymer fragments, or protruding from the polymer
fragments. Simple centrifugation can then isolate the dispersed surfactant/CNT colloid,
and UV-vis spectroscopy can be used to measure the absorbance of free CNTs in the
supernatant, which is then correlated to the total free CNT content in the debris via a

calibration curve. It is possible that some free CNT aggregates are also separated out
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during the centrifugation process; due to this, the calibration correlates the absorbance of

free CNTSs in the supernatant with the total free CNT content in the debris.
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Figure A-1. Schematic of the process to detect and quantify wt.% free CNTs in the
debris generated after abrasion of CNT-polymer composites. Reprinted with
permission from reference 17, Copyright 2019 Elsevier Ltd.

In order to understand the separation process, it is important to consider different
states of CNT-polymer particles that may be present in the debris of nanocomposite and
whether or not they will be separated out during the centrifugation step. Figure A-2
provides schematics of different states of particles that may or may not get dispersed due
to the different forces acting on the particles. Many prior studies have already shown that
surfactants can wrap and disperse sonicated CNTs,?18-22! and it is also clear that if the
CNTs are completely embedded in the polymer matrix, they cannot be dispersed due to
inaccessibility of the surfactant molecules. However, the dispersion of particles in other
states (bundled or partially embedded CNTSs) depends on the balance of forces acting on

the suspended particles. If the random Brownian forces are stronger than the gravitational

forces, then the particles stay suspended in the dispersion (Figure A-2 a-d), whereas if
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gravitational forces overcome random Brownian forces, then the particles settle down and

are separated out during the centrifugation step (Figure A-2 e-g).
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Figure A-2. Schematic of the states of dispersible (left) and non-dispersible (right)
particles in the debris of abraded nanocomposite. Reprinted with permission from
reference 27, Copyright 2019 Elsevier Ltd.

The calibration curve to quantify free CNT content is generated by adding known
amounts of free CNTSs to the debris of neat polymer matrix which is then dispersed into
the SDS solution using tip-sonication. After centrifugation of dispersions, the UV-vis
absorbance spectra of the supernatants are measured and the absorbance of free CNTs at
670 nm is calculated by subtracting out the absorbance of neat polymer debris at 670 nm.
The absorbance of free CNTs is then correlated with the total wt.% CNTSs to account for
free CNT aggregates that are separated out during centrifugation. Based on prior studies,
wavelength of 670 nm was used for calibration to avoid interference from other species
since most of the polymers also absorb in the lower wavelength range associated with
maximum absorbance of CNTs.?11-212. 216 Note that care must be taken in preparing the
surfactant-aided dispersion because conditions of low pH and increased ionic strength

lead
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to agglomeration of CNTs?22-22% which would alter the slope of the calibration curves. This
would be particularly important if the debris being analyzed can alter the solution
properties.

We used our method to detect free CNTSs in the debris of: (1) sanded CNT-epoxy
composites; (2) sandblasted UV-weathered CNT-based anti-corrosive paint previously
described in Brame et al.?%; and (3) filed CNT-PLA 3D printer filament coatings. This
analysis allows for quantitative thresholds of CNT release from different CNT-based
products which would be beneficial to industries in terms of compliance to regulations,
and for hygienists to be able to estimate exposure.

Free CNT Release from Epoxy Composite

There are several scenarios by which free CNTSs can release from a nanocomposite;
these include drilling, sawing, sanding, or degradation of polymer matrix by UV-
weathering.1%® 1% 224 T represent a relevant release scenario, we used a sanding machine
which imposes high mechanical stresses on the CNT-epoxy composites. The debris

generated was then analyzed for free CNT content using UV-vis spectroscopy.

A calibration curve was first generated by adding known amounts of free CNTs to
debris of neat epoxy and relating absorbance of free CNTs in the supernatant at 670 nm,
Absero, to wt.% free CNTs, Cenr, as shown in Figure A-3. A strong linear relationship
(Abss7o = 0.467CcnT, R? = 0.99) is seen between the absorbance of free CNTs at 670 nm
and the total free CNT content in the debris which confirms that the absorbance at 670 nm

can be used for quantification of free CNTs 21, The detection limit (LOD) of free CNTs
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in 0.10 g of sanded epoxy debris was calculated to be 1.6 x 102 wt.% from the calibration
curve. Note that the absorbance of free CNTs is determined by subtracting out the

absorbance of supernatant of neat epoxy from all samples which results in an intercept of
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Figure A-3. Calibration curve relating absorbance of free CNTs in the supernatants
with total wt.% CNTs added to 0.10 g portions of the debris of sanded epoxy.
Reprinted with permission from reference 27, Copyright 2019 Elsevier Ltd.

It is also possible to generate multiple calibration curves, each associated with a
particular wavelength, as shown in Figure A-4. It is noticed that at higher wavelengths,
there is a stronger correlation between the absorbance of free CNTSs in the supernatant
with the initial free CNTs added to the polymer debris; this is associated with a lower limit
of detection (LOD). This suggests that the subtraction of UV signal of polymer debris is

more accurate at higher wavelengths because of the low absorbance of the polymer signal

in this range.
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Figure A-4. Calibration curves relating absorbance of free CNTs at different
wavelengths in the supernatants with total wt.% CNTs (same source) added to 0.10
g portions of the debris of sanded epoxy. Reprinted with permission from reference

217 Copyright 2019 Elsevier Ltd.

In order to use the method, three different CNT-epoxy composites with varying
CNT wt.% were prepared and characterized for their dispersion status. Figure A-5 shows
the scanning electron microscopy (SEM) images of the fractured surfaces of the
composites. CNT aggregates are clearly observed on the surface which indicate that the
CNTs are not well dispersed in the composites. Note that it is still not well known whether
poorly dispersed CNTs in composites would release more free CNTs as compared to well

dispersed CNTs due to the contradicting prior reports.2%® 225

118



A

CNT Aggkegate

; ¥
CNT Aggr;egate,‘

£

CNT Aggrégateg

[} -

Figure A-5. Scanning electron microscope (SEM) images of fractured surfaces of (a)
1 wt.% CNT-epoxy composite; (b) 2 wt.2% CNT-epoxy composite; and (c) 4 wt.%
CNT-epoxy composite. Reprinted with permission from reference 7, Copyright
2019 Elsevier Ltd.

The epoxy composites were sanded and the debris generated were analyzed for
free CNT content. Using the absorbance at 670 nm and the calibration curve, we detected
1.5 x 102 wt.% free CNTs in 0.10 g debris of 1.0 wt.% composite (note that the average
is comparable to the statistical LOD), 2.2 x 102 wt.% free CNTs in 0.10 g debris of 2.0

wt.% composite, and 4.2 x 102 wt.% free CNTs in 0.10 g debris of 4.0 wt.% composite as

given in Figure A-6. The data show that the wt.% free CNTs are proportional to wt.%
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CNTs embedded in the composite. Variations in free CNT content of the replicates of the
same composites were observed due to the CNT dispersion quality of the composites and
the amount of mechanical energy experienced by the composite during sanding 2°. Note
that the released MWCNTSs after abrasion of nanocomposites might be shorter than the
original MWCNTSs used for calibration. However, the calibration can still be used because
well-dispersed (free) MWCNTSs have been found to have the same absorption coefficient

independent of the CNT length 2°.
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Figure A-6. Wt. % free CNTs detected in 0.10 g debris of sanded 1.0 wt.%, 2.0 wt.%b,
and 4.0 wt.% CNT-epoxy composites. (Using calibration curve at A = 670 nm).
Reprinted with permission from reference 27, Copyright 2019 Elsevier Ltd.

120



Since the supernatant of 4.0 wt.% CNT-epoxy composite showed the highest free
CNT presence, it was also analyzed via SEM in order to provide a direct evidence of free
CNT presence. Figure A-7 shows the SEM images of vacuum-filtered film of the
supernatant in which free CNTs can be clearly seen. This confirms that the UV-vis
spectroscopy is a reliable technique to quickly detect free CNTs.
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Figure A-7. Scanning electron microscope (SEM) images of vacuum-filtered film of
the supernatant obtained using 4.0 wt.% CNT-epoxy composite debris. Note that the
porous background is due to the polysulfone filter. Reprinted with permission from
reference 27, Copyright 2019 Elsevier Ltd.

Prior reports have confirmed release of free CNTs after sanding of CNT-epoxy
composites. For example, Schlagenhauf et al.'®® used Transmission Electron Microscopy
(TEM) and found free CNTs after sanding (using Taber Abraser) of 1.0 wt.% epoxy
composite. Huang et al.??® also used TEM to observe free CNTs released after sanding
(using sandpaper and disk sander) of 1.0 — 4.0 wt.% epoxy composites and found free
CNTs in the debris of 4.0 wt.% composite. The only study that quantified free CNTs after
sanding of epoxy composite is by Schlagenhauf et al.?%, In that study, the CNTs were

labeled with lead ions prior to 1.0 wt.% composite production and the composite was then

sanded using a Taber Abraser. The sanded composite debris was immersed in 0.1 M nitric
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acid (HNOz3) and sonicated for 30 min. The concentration of released lead ions was then
measured using ICP-MS which was correlated to free CNT content via a calibration. Based
on the concentration of lead ions, the worst-case scenario free CNT content was
determined to be 4.0 x 102 wt.% in 1.0 g debris (40 ug free CNTs) of 1.0 wt.% epoxy
composite which would also be easily detected by our method because the free CNT
content is above the detection limit (1.6 X 102 wt.% in 0.10 g debris, 16 ug free CNTs).
Note that the difference in CNT contents may be primarily due to the different type of
CNTs used in this study and the study by Schlagenhauf et al.?%®. We show later that the
slope of the calibration for free CNT quantification using UV-vis spectroscopy is
significantly affected by the type of CNTSs. In addition, other factors such as the type of
epoxy matrix, nanocomposite preparation technique, and the sanding method may also

affect the amount of free CNTSs that are released during the abrasion process.

We have shown here that the epoxy matrix is prone to releasing free CNTs and our
approach is simple and quick in quantifying free CNT content compared to other methods.
Free CNT Release from Anti-corrosive Paint

CNTSs have also shown to enhance anti-corrosive properties of paints, 227-228 which
have led to their use in commercial products.?% 213 We applied our method to assess
release of CNTs from anti-corrosive paints manufactured by Tesla Nanocoatings, Inc. In
order to mimic a real-life release scenario, the paint was first UV-weathered at an

accelerated rate for a time equivalent to useful lifetime of the paint. The weathered paint
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was then removed from the steel panels via sandblasting. The debris generated contained

the paint and the sandblast media and was analyzed for detection of free CNTs.

Since the debris contained a significant amount of sandblast media, it is important
to have a calibration that can detect CNTs in large amounts of debris. Figure A-8 shows
the calibration curve for free CNT detection in 10 g debris. The strong linear correlation
(Abss7o = 88Ccnr, R% = 0.99) shows that the calibration is possible even in the presence of
significant amount of other solids. The detection limit of free CNTs in 10 g debris
consisting of UV-weathered paint and sandblast media was determined to be 1.3 x 10*

wt.%.
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Figure A-8. Calibration curve relating absorbance of free CNTs in the supernatants
with total wt.% CNTSs added to 10 g portions of the debris of sandblasted weathered
anticorrosive paint. Reprinted with permission from reference 27, Copyright 2019
Elsevier Ltd.
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The calibration curve was used to determine free- CNT content in the debris of
CNT-loaded paint. Using the absorbance at 670 nm and the calibration curve, we did not
detect any free CNTs above the LOD in all replicates of the debris of CNT-loaded paint.
(Note that the information about total embedded CNT content in the paint is proprietary).

It has been reported previously that UV-weathering of CNT-based composites
degrades the polymer matrix on the surface; therefore, exposing a densified layer of CNTs
229230 This dense and entangled layer of CNTs prevents further degradation of the matrix
underneath and has a strong resistance to release due to either strong van der Waals
interaction or the possibility that part of the CNTSs in the exposed layer are still embedded
in the matrix 23231, Since the paint was UV-weathered prior to removal via sandblasting,
it is possible that no free CNTSs are released at all or very small amount of free CNTs are
released that is below the statistical detection limit. Recently, Brame et al. 2% assessed
free CNT release from the same type of paint after sanding (using Taber Abraser) the UV-
weathered paint. Scanning electron microscopy (SEM) was used to analyze the paint
debris and no free CNTs were found after extensive SEM analysis. However, it was not
possible to conclude that free CNTs are not released at all because SEM analysis uses very
small amounts of samples and significantly large number of images need to be analyzed
before making a definitive statement about CNT release 2. In contrast to inconclusive
free CNT detection analysis, our method here rapidly gives reliable information that no

free CNTSs are present above 1.3 x 104 wt.% in 10 g debris of paint generated after end-
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of-life paint removal via sandblasting. This is useful for both industries and risk assessors
in evaluating the CNT exposure potential of CNT-based products.
Free CNT Release from PLA Filament Coating

Polymer filaments commonly used in additive manufacturing are now coated with
CNT-composites to enhance the strength of the printed structures 2332, There are huge
questions facing the three-dimensional (3-D) printing companies like Essentium, Inc. 8
about whether the free CNTs would be released from the CNT-loaded filaments during
abrasion. Therefore, as a relevant simple release scenario, we used a file for abrading
commercial CNT-PLA coated filaments and applied our method to detect and quantify

free CNTs in the debris.

The calibration curve generated by adding known amounts of free CNTSs to the
filed PLA debris is shown in Figure A-9. The absorbance of free CNTs at 670 nm and the
total free CNT content in the debris are directly correlated (Abss7o = 1.26Ccnt, R? = 0.99)
for PLA as well. The detection limit of free CNTs in 0.10 g of filed PLA debris was

determined to be 2.5 x 102 wt.%.
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Figure A-9. Calibration curve relating absorbance of free CNTs in the supernatants
with total wt.% CNTs added to 0.10 g portions of the debris of filed PLA. Reprinted
with permission from reference 27, Copyright 2019 Elsevier Ltd.

We analyzed debris of two different commercial CNT-PLA filament coatings for
free CNT presence. Both coatings are CNT-PLA composites near the percolation
threshold. (Note that the information about CNT loadings in these coatings is proprietary).
Using the calibration curve and the absorbance at 670 nm, we did not detect any free CNTs
above the LOD for both coatings.

Overall, we tested three different products and did not detect free CNT release in
two of them. These results help clarify several uncertainties associated with the method.
For example, it is possible that the debris particles with embedded CNTs may be present
in the supernatant (Figure A-2 b-c). If this is the case, then the debris with embedded

CNTs would show a different UV-vis signature than the debris without CNTs (used as a
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baseline in the calibration) and would result in a false positive if no free CNTSs are actually
present. Since no false positives were observed in two of the scenarios tested, it shows that
this uncertainty is not prominent.

Moreover, it is also possible that the tip-sonication of abraded nanocomposite
debris may release additional free CNTs during the process which would result in an
overestimation of free CNT content. However, the fact that the method gives negative
results (no detection in CNT-loaded paint and PLA) indicates that free CNTs are not being
artificially released. Note that this limitation does not affect the overall technique
significantly and given the lack of other reliable techniques for quick detection and
quantification, this method still has the potential to be accepted as an industrial standard.

In addition to the composites and commercial CNT-based products tested here,
this method is applicable to many other CNT-based products. However, a new calibration
curve is needed for each different product being tested because the calibration slope is
affected by the type of CNTs embedded in the product. Figure A-10 shows the calibration
curves generated by adding known amounts of free CNTs from two different sources to
the debris of filed PLA. These calibrations have different slopes not because of the
different absorption coefficient of CNTSs; rather it is that CNTs may vary in dispersibility
due to differences in purity, number of walls, and aspect ratio which affect the fraction of
CNTs retained in the supernatant and thus the absorbance 2. Therefore, it is important to
generate calibration curves using the same type of CNTSs as those used in the composites

being analyzed for free CNT release. Additionally, note that Figures A-11 and A-12
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confirm that the slope of the calibration is not affected by the type of the matrix and the
release scenario. This makes it possible to have a universal calibration curve that can be
used to detect free CNT release from different composites as long as the type of CNTs

remain the same.
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Figure A-10. Calibration curves relating absorbance of free CNTs in the
supernatants with total wt.% free CNTs (two different sources) added to 0.10 g
portions of the debris of filed PLA. Reprinted with permission from reference 27,
Copyright 2019 Elsevier Ltd.
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Figure A-11. Calibration curves relating absorbance of free CNTs in the
supernatants with total wt.% free CNTs (same source) added to 0.10 g portions of
the debris of sanded epoxy, PLA, and paint. Reprinted with permission from
reference 217, Copyright 2019 Elsevier Ltd.
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Figure A-12. Calibration curves relating absorbance of free CNTs in the
supernatants with total wt.% free CNTs (same source) added to 0.10 g portions of
the debris of sanded and filed PLA. Reprinted with permission from reference 2%/,
Copyright 2019 Elsevier Ltd.
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Conclusions

We have shown here that the UV-vis spectroscopy can be used to rapidly detect
and quantify free CNTSs in the debris of abraded nanocomposites. Since a calibration is
crucial to determine free CNT content, we presented a simple procedure to generate
calibration curves which takes into account the presence of polymer matrix in the debris
to accurately quantify free CNTSs.

We analyzed debris of various sanded CNT-epoxy composites and detected free
CNTs above the detection limit of 1.6 x 10 wt.% (in 0.10 g debris). We also determined
that no free CNTs are present above 1.3 x 10* wt.% in 10 g debris of CNT-based
anticorrosive paint after end-of-life removal via sandblasting. Finally, we also found that
when CNT-PLA coatings on commercially available 3D printer PLA filaments are filed,
no free CNTSs are released above the detection limit of 2.5 x 10 wt.% (in 0.10 g debris).

Overall, our method is reliable and quicker than any other method currently
available to quantify free CNT content. It offers risk assessors and industrial hygienists a
novel tool for rapidly characterizing the environmental and occupational exposure
potential of CNTs in different products. Additionally, the quantitative information
obtained regarding free CNT content can be included in the product safety data sheet
(SDS) which has not been possible so far. Lastly, this method can also be potentially used
for detecting and quantifying release of other graphene-family materials from

composites.
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