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SUMMARY

Electrically conductive polymer composites are polymer composites filled with
conductive fillers. While most polymers are insulating by nature, the addition of
conductive fillers, such as metals, carbon materials, and conductive polymers can make
the composites display a wide range of conductivity for various applications in electronic
packaging.

This dissertation discusses two important types of electrically conductive
composite, namely the silver-based electrically conductive adhesives (ECAs) and carbon-
based composites.

In the first part (Chapters 2-6), two problems are addressed for silver-based
ECA:s.

The first one is how to improve the electrical conductivity of ECAs through
surface modification of silver. ECAs are proposed as environmentally-friendly
alternatives of Sn/Pb solders, but their limited electrical conductivity restrict their
applications. However, the electrical conductivity of most conventional ECAs is still one
to two orders of magnitude lower than that of pure metals even at filler loadings as high
as 80-90 wt.%. The relatively low conductivity mainly results from the contact resistance
between neighboring fillers. Most commercial silver fillers are coated with a thin layer of
silver fatty acid lubricant, which facilitates the processing of ECAs but simultaneously
inhibits electrical conduction. In this work, based on the understanding of the surface
chemistry of the silver flakes, we are able to chemically reduce the insulating lubricant on
the flakes to silver nanoparticles during the curing process of polymer matrices; this was

achieved by either adding a small amount of reducing agent, or by modifying the polymer
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matrices with functional groups with reducing capability. Furthermore, it is found that
these nanoparticles can sinter with each other and form metallurgical bonds during the
curing of the polymer matrix, further increasing the conductivity. The findings in this
work can enhance the electrical conductivity of silver flake-based ECAs by one order of
magnitude (10°> S/cm) without sacrificing their processibility.

The second problem is how to develop stretchable ECAs that have both high
conductivity and high elasticity to meet the requirement of future flexible/stretchable
electronics. In this part, I am mainly focused on replacing the rigid conventional epoxy
matrix with flexible polyurethane (PU) and silicone rubber matrices. The chain length of
prepolymers, structures of curing agents, and catalysts concentrations etc. are carefully
optimized to achieve a good balance between electrical conductivity and mechanical
flexibility.

The findings in first part provide a better understanding of the relationship
between electrical conductivity of silver-based ECAs and the surface chemistry of silver
flakes. It will guide the production of ECAs with improved conductivity. The
development of PU-and silicone-ECAs will fill the gap between the fast-developing
flexible/stretchable electronics and conventional rigid ECAs materials and will be a
useful building block for future flexible/stretchable electronics.

The second part of this dissertation discusses the feasibility of using carbon black
(CB) or carbon nanotubes (CNTs)/polymer composites as sensors to diagnose the aging
conditions of polymer-based insulation components in nuclear power plants. The
conductive composites are “variable resistors” whose resistance decreases as the

insulation (matrix of the sensor) shrinks and densifies during thermal aging. A change in
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resistance can identify the aging situation and predict the remaining lifetime of the
monitored insulation parts. We not only demonstrate the feasibility of carbon/polymer
composites as aging sensors but also solve three practical problems occurred during the
preparation of carbon/polymer composites. These problems are the decreased thermal
stability of silicone composites induced by the cobalt catalyst residues in CNTSs, the
curing inhibition of silicone rubber by functionalized CNTSs, and the quantification of
dispersion of carbon fillers in polymers. The aging sensor study helps the launching of
commercial product AgeAlert® sensors, and the fundamental studies of the three
problems can guide the future work in carbon-based composites preparation. The
program developed to quantify the dispersion of fillers in composites can be applied to

any composite systems and therefore facilitate the processing of composites.
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CHAPTER 1 INTRODUCTION

1.1 Brief overview of electronic packaging

Electronic packaging is one major branch of electronic engineering. It refers as
the bridge to interconnect integrated circuit (IC) and other components into a system-
level board to form electronic products. Generally, it provides four functions: 1)
distribute signals, 2) distribute power, 3) thermal management (cooling), and 4)
protection of components and interconnections.

Electronic packaging is typically divided into four levels (Figure 1.1), including:

1) Level 0: semiconductor chip level (IC level)

2) Level 1: an IC die is assembled into a package carrier (substrate or lead frame)
by different interconnection techniques (wire bonding, tape automated bonding, or flip
chip assembly). The IC die is protected by either a lid or encapsulated with molding
compound.

3) Level 2: the packaged IC die is mounted to a printed circuit board (PCB) or
other substrates.

4) Level 3: board to board interconnects.
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Figure 1.1 Different levels of electronic packaging [1].

Packaging governs the size, weight and shape of the electronic products and it
also determines the functional diversification via package designs. With the fast evolution
of electronics today, electronic packaging becomes either the enabling factor or limiting
factor. Very often, packaging materials become the top priority in a package design,
because they can contribute significantly to the device performance, functionality,
reliability and cost of the final product. Yet, the emerging package types, such as 3D
packaging, die and wafer stacking, wafer level packaging, system in package, and new
device types including Microelectromechanical systems (MEMS), optoelectronics,
Radio-frequency devices (RF), sensors, and flexible/stretchable devices, pose more
stringent requirements for materials. For example, the 3D stacking of chips and silicon-

in-packaging structures needs materials with improved thermal dissipation capability;



increased input/output (1/O) density needs materials with excellent conductivity and
current carrying capability; flexible/stretchable devices needs components with high
mechanical compliance; and ever shrinking geometries of electronics needs better
fabrication and processing methods.

The present dissertation is focused on electrically conductive polymer composites
used in electronic packaging. In the following section, we will review the recent findings
and applications in electronic packaging of silver filled conductive adhesives and carbon

based conductive composites, respectively.

1.2 Silver-based electrically conductive adhesives

1.2.1 Introduction

Electrically conductive polymer composites are polymer composites filled with
conductive fillers. The polymer matrices can be thermoplastics, thermosets, or
elastomers. The conductive fillers can be any conductive elements, including metals,
carbon materials and conductive polymers. The conductive fillers provide the electrical
properties and the polymeric matrices provide the mechanical properties.

In this section, we will mainly discuss silver filled electrically conductive
composites, also known as electrically conductive adhesives (ECAS).

ECAs can be categorized with respect to conductive filler loading level into
isotropically conductive adhesives (ICAs), anisotropically conductive adhesives (ACAS)
and non-conductive adhesives (NCAs) (Figure 1.2). For ICAs, the loading level of
conductive fillers exceeds the percolation threshold, providing electrical conductivity in
all directions. For ACA, the loading level of conductive fillers is below the percolation

threshold, and they only provide a unidirectional electrical conductivity in the vertical
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direction when pressure is applied with heat treatment. For NCAs, although the name
sounds like a paradox, they are used to provide electrical interconnects by creating

mechanical tension between opposing conductors.
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Figure 1.2 Schematic illustration of ICAs, ACAs and NCA:s.

1.2.2 Isotropic conductive adhesives and their applications

ICAs, also called as “polymer solders”, have almost identical electrical
conductivity in all directions due a large filler loading. Both thermosets and
thermoplastics are used as the polymer matrix in ICAs. Although thermoplastic ICAs
have “reworkability”, the degradation of adhesion at high temperature and porosity
caused by trapped solvents limit their wide use. Most of commercial ICAs are based on
thermosetting resins. Thermoset epoxies are by far the most common binders due to the
combination of good adhesive strength, chemical and corrosion resistances and low cost.
With the development of flexible electronics and to solve the problem of high rigidity of
epoxy-based ICAs, rubbers such as polyurethane [2, 3], silicone [4-6], polyurethane
modified epoxy [7, 8], and nitrile rubber [9] are studied as polymer matrices recently. For

the conductive fillers, while silver, gold, nickel, copper and carbon are all used in ICAs,



silver are the most commonly used conductive fillers because of the highest conductivity,
the lower cost than gold, and better oxidation resistance than copper and nickel. Also in
contrast of most metal oxide that are insulating, silver oxide is conductive.

The most common application of ICAs is die attach material where bare silicon
die are adhered to lead frames in level 1 packaging. ICAs can also be used in flip-chip
interconnection and surface mount technology (SMT). Compared to solders, ICAs offer
many advantages such as lower stresses on IC die due to low material moduli, low curing
temperature, ease of use in a manufacturing environment, and environmental-friendliness
[10, 11]. However, the electrical conductivity, thermal conductivity, current carrying

capability needs to be improved.

1.2.3 Anisotropic conductive adhesives and their applications

ACAs, sometimes also called anisotropic conductive films (ACFs) provide uni-
directional electrical conductivity in the vertical or Z-axis. This directional conductivity is
achieved by using a relatively low volume loading of conductive filler (5-20 vol.%). The
low filler loading is not sufficient to form conductive network throughout the polymer
matrix. Therefore, ACAs are insulating in the X-Y direction. The conductivity in Z-
direction is achieved either by applying heat and pressure simultaneously in the Z-
direction until the particles bridge the two conductor surfaces or by alignment of
magnetic fillers under magnetic field.

Because ACAs are insulating in X-Y direction, they are well-suited for very fine
pitch interconnection and for interconnection in flat panel displays. ACAs have been
widely used in various packaging technologies for flat panel display such as tape carrier

package (TCP), chip on flex (COF) and chip on glass (COG) to achieve smaller, lighter



and thinner displays. Besides displays, it also finds applications in flex circuits and SMT

for chip-scale package (CSP)[12], and flip—chip attachment [13, 14].

1.2.4 Improve the conductivity of ECAs

One concern to replace solders with ECAs is the limited electrical conductivity.
Therefore, many studies are focused on improving the electrical conductivity of ECAs.
Generally, there are three strategies; namely decreasing the inter-particle distance,

removing the surfactants on conductive fillers, and nanoparticles sintering.

1.2.4.1 Decreasing the inter-particle distance

ECAs are basically composites with insulating matrix and conductive filler. The
resistance of a conductive composite usually consists of two main components: the
resistance from conductive fillers, and the contact resistance between two neighboring
particles [15], where the latter one is much larger than the former one [16]. For contact
resistance, tunneling is the main mechanism for conduction. According to the tunneling

model by Simmons [17-20], the composite resistance is given by
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where M is the number of conducting particles per path, N is the number of
conduction paths, m and e are the mass and charge of an electron, respectively, h is
Planck’s constant, ¢, s and a are the height of the potential barrier, the tunneling
distance and the effective cross-section area where tunneling occurs, respectively. From
this equation, it is clear that tunneling distance is one dominating factor for the
conductivity of ECAs. Therefore, several reports are focused on reducing the interparticle

distance by compressing the fillers.



Mechanical compression by heat pressing has been widely reported as an
effective way to compact the metal fillers after the pattern are printed. Chen et al, Leung
and Lam, both report an increase in conductivity after heating pressing [21, 22]. Lu et al
found that the shrinkage of thermoset matrix during curing can be another driving force
to compact the fillers. During curing, the resin shrinks and draws the conductive fillers
closer to each other. The decrease in inter-filler distance helps to reduce the contact
resistance of ECAs [23]. As a result, during formulating of ECAS, selecting resins with
higher cross-linking density and higher shrinkage after curing is favored to improve the

electrical conductivity [24].

1.2.4.2 Removing the surfactants on silver fillers

Silver flakes used in ECAs are also often coated with a layer of surfactants. These
surfactants play an important role in facilitating dispersion in ECA matrix and decrease
the viscosity of the ECA [25-27]. Considering the high filler loading level of ECAs, the
dispersion and rheology control is indispensable for the performance and printing process
of ECAs. However, the insulating surfactants become undesirable for electron
conduction; they form a large energy barrier for the electron tunneling between
neighboring flakes. Therefore, to improve conductivity, the surfactant layer should be
removed during the curing of ECA. For silver flakes, long chain fatty acids are usually
used to treat the surface and they form a silver salt complex [25-27]. Lu et al [27] studied
thermal stability of these silver salt complex. Thermal oxidation of these surfactants
during high-temperature curing can improve the electrical conductivity of ECAs [28]. But
the high curing temperature may not be compatible with some plastic substrates. Li et al

[29-31] studied replacing the long chain fatty acid salt with a short chain dicarboxylic



acid because of the strong affinity of carboxylic functional group (—-COOH) to silver and
stronger acidity of such short chain dicarboxylic acids. The short chain acid can reduce
the inter-particle distance and thus easier electronic tunneling/transportation between Ag

flakes in ECAs.

1.2.4.3 Sintering of fillers

As shown in Equation (1), the contact resistance can be reduced by cutting down
the contact spots and increasing the contact area. One approach to reduce the contact
resistance is incorporating some nanoparticles into the ECAs and sintering these
nanoarpticles [32-37]. These metal nanoparticles can be accommodated into the small
spaces between neighboring flakes and get sintered. The sintering forms some
metallurgical joints between neighboring particles, thus a significantly higher
conductivity of 10° S/cm can be observed [28, 35, 37].

Similar to silver flakes, nanoparticles are stabilized by surfactants, which act as
insulators between particles. Therefore, the resistance before sintering is very high.
Sintering under a high temperature can remove the capping agents and form metallurgy
joints between particles, but the temperature is still too high compared with the glass
transition and decomposition temperatures of most polymers. Therefore, substantial
efforts have been devoted to trigger sintering through methods other than heat treatment.

One of them is to introduce other energy sources, such as microwave, laser
irradiation, plasma and electrical sintering. Various light sources, including laser [38]
[39, 40], xenon flash lamp or even incandescent lamps [41-43] have been used to trigger
the sintering of nanoparticles. The emission spectrum can be tuned to selectively couple

with nanoparticles without directly affecting the substrate. Besides photonic sintering,



electro-magnetic heating is another efficient power source for sintering. Mark et al.
reported sintering by applying DC or AC voltage[44]. Perelaer et al. utilized the fact that
only the conductive particles rather than the polymer substrates absorb microwaves to
selectively sinter the nanoparticle filled ECA inks by microwave [45, 46]. The advantage
of microwave sintering is the ultrafast process but the disadvantage is the difficulty to
accurately control the temperature of the sintering. Reinhold et al. discussed using low
pressure Argon plasma for sintering of silver nanoparticles as the high energy plasma
species was reported to enhanced grain boundary diffusion [47]. Yet, plasma sintering
has the limitation to be applied for printing layers with greater thicknesses than the
penetration depth of the plasma species.

In addition to providing energy source, another route to triggering sintering of
silver nanoparticles is chemically destabilizing the polymers or surfactants wrapping the
nanoparticles. The destabilization can be achieved by 1) dissolution/desorption in
solvents or substrates. Wakuda et al showed that the destabilization process can be
achieved by dipping the nanoparticles into alcohol solvents where the dodecylamine
dispersant can be dissolved and removed [48, 49]. Mark et al found thatcommercial
photo paper coated with silanol groups could promote sintering by dissolving or
detaching the stabilizing ligands in silver nanoparticle-based ECAs [50]. 2) Oxidation.
Coutts et al. found that the thiol ligands protecting gold nanoparticles are easy to get
oxidized to lose part of the affinity of nanoparticles. Moreover, the exothermic oxidation
reaction would provide energy for sintering[51]. 3) Introducing destabilization
electrolytes. Grouchko et al. reported silver nanoparticles stabilized by polyacrylic acid

sodium salt (PAA Na) started to sinter after adding halides that induced detachment of



the carboxylate group of PAA Na from the Ag surface [52]. Long et al. observed that
benzoquinone stabilized silver nanoparticles also started sintering after introducing
cations [53]. Magdassi neutralized the poly(acrylic acid) stabilized silver nanoparticles
with oppositely charged polymers, and thus triggered the sintering of nanoparticles [54].
Sintering by chemically destabilizing the surfactants is promising for low-cost, large-
scale, low-temperature sintering of nanoparticles.

The methods discussed above are mainly applicable to silver nano-ink, or ECAs
with silver nanoparticles as the major fillers. For ECAs filled with flakes, which is a more
common form of interconnection in electronic packaging, silver nanoparticles are added
to assist the bonding between flakes [36]. The presence of polymer matrix, additives, and
large size flakes make many of these sintering methods difficult to take effects. For
example, silver flakes may prevent the absorption of light by the silver nanoparticles in
sintering. And the destabilization electrolytes to facilitate sintering may not be
compatible to the polymer matrix of ECA.

Moreover, dispersion of nanoparticles in the silver flakes-filled ECA is always a
problem and not all of the metal nanoparticles participate in forming metallurgical joints
between flakes. An alternative way is in-situ generation of metallic nanoparticles from
the surfactant on metallic fillers during the curing process of ECAs. Metallic fillers
usually contain a thin layer of surfactant as stabilizers. For example, the most commonly
used metallic filler, silver are generally wrapped with a thin layer of silver salts of fatty
acids [55-57]. Using the surfactant layer as the source of silver nanoparticle generation
achieves the goals of surfactant layer removal and nanoparticle generation/sintering.

Reducing agents including sodium borohydride [58], aldehyde [59], polyethylene glycol
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[60] or epoxy resin with reducing groups [61] were demonstrated to be very effective to

sinter the flakes and increase the electrical conductivity.

1.2.4.4 Surface modification of metallic fillers

Another approach for improving electrical conductivity is to incorporate transient
liquid-phase metallic fillers in ECA formulations. The filler used is a mixture of a high-
melting-point metal powder (such as Cu) and a low-melting-point alloy powder (such as
Sn-Pb or Sn-In). The low-melting-alloy filler melts when its melting point is achieved
during the cure of the polymer matrix. The liquid phase dissolves the high melting point
particles. The liquid exists only for a short period of time and then forms an alloy and
solidifies. The electrical conduction is established through a plurality of metallurgical
connections in situ formed from these two powders in a polymer binder. The polymer
binder with acid functional ingredient fluxes both the metal powders and the metals to be
joined and facilitates the transient liquid bonding of the powders to form a stable
metallurgical network for electrical conduction, and also forms an interpenetrating
polymer network providing adhesion. High electrical conductivity can be achieved using
this method [52] and [53]. One critical limitation of this technology is the numbers of
combinations of low melting and high melting fillers. Only certain combinations of two
metallic fillers which are mutually soluble exist to form this type of metallurgical
interconnections.

Yang et al. studied iodination treatment of silver flakes in ECAs [62]. After
iodination, nonstoichiometric silver/silver iodide nanoislands form on the silver filler
surface. These nanoislands are more easily oxidized than the bare silver surface and may

activate the silver filler surface.
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1.3 Carbon-based electrically conductive composites

Although the electrical conductivity of carbon-based composites cannot be
compared with silver-based ECAs, the unique combination of high-aspect ratio, low
density, mechanical robustness, high surface area, high thermal conductivity make
carbon-based composites, especially CNT or graphene based-composites find wide
application in electronics. For example, the combination of high electrical conductivity,
low density and high aspect ratio find carbon-based composites suitable to work as
electromagnetic interference (EMI) shielding materials. The nanoscale dimension and
high conductivity make CNT or graphene-based composites good candidate for
transparent conductive electrodes for displays, solar-cells and organic light-emitting
diodes (OLEDs). The combination of electrical and mechanical properties allows carbon
composites to serve as sensors and actuators. Also carbon composites are widely used as
flexible/stretchable conductors for flexible/stretchable electronics. In the following
section, we will discuss the various applications of carbon-based composites in
electronics, and how to adjust the structure of carbon-based composites to meet the

requirements in each application.

1.3.1 Electromagnetic interference shielding materials

The large demand of high-speed communication leads to the fast development of
high-frequency electronics. However, the electromagnetic waves produced from one
device may have an adverse effect on the performance of other high-frequency devices.
This effect, called EMI, has become a serious concern in modern society. EMI shielding
materials are therefore developed to protect the devices as well as the radiation sources

[63].
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EMI shielding can be achieved through three ways, namely reflection, absorption
and multiple-reflection of EM waves [64]. For reflection of the radiation, the shield must

have mobile charge carriers to interact with the electromagnetic fields in the radiation.

That is the shield needs to be electrically conducting. For absorption of the radiation by

the shield, the shield should have electric and/or magnetic dipoles which interact with the
electromagnetic fields in the radiation. For multiple reflections, the EMI materials need to

contain large surface area or interface area to have reflections at various surfaces or

interfaces.

Electrically conducting polymer composites have received enormous attention
recently compared to conventional metal-based EMI shielding materials, because of their
light weight, resistance to corrosion, flexibility and processing advantages (such as
moldability) [63].

The EMI shielding efficiency of a composite material depends on many factors,
including the intrinsic electrical conductivity of fillers, dielectric constant, and aspect
ratio [63]. Although various forms of carbon particles, such as graphite [65], CB [66],
and carbon fibers [67] have been used as fillers in the EMI shielding composites, more
recently, CNT-based and graphene-based composites stand out as more attracting
candidates. The intrinsic high conductivity, high aspect ratio of CNTs and graphene allow
a better connectivity at lower filler loading. Therefore, their composites have higher SE
and smaller skin depth. Also the low filler loading leads to better processibility,
mechanical compliance and better adhesion when used as EMI coating. Moreover, the
exceptional mechanical properties make CNTs and graphene strong reinforcement for the

composites. [68].
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Various CNT/polymer composites have been reported as EMI shielding materials,
including single-walled carbon nanotube (SWNT)/epoxy composites [69, 70], SWNT/PU
composites [71], multi-walled carbon nanotube (MWNT)/polystyrene (PS) foam
composites [72], MWNT/ poly(methyl methacrylate) (PMMA) composites [73, 74],
MWNT/PU composites [75], MWNT/polypropylene (PP), MWNT/polyaniline (PANI)
composites [76], MWNT/polypyrrole composites (PPY) [76], MWNT/siloxane/poly-
(urea urethane) composites [77]. The influences of wall defects [69], aspect ratio [69],
and alignment of CNTs on the EMI shielding have been investigated.

Graphene also has the high aspect ratio and thus good connectivity as in the case
of CNTs, therefore, more recently, graphene based composites have also been reported as
effective EMI materials. These include graphene/epoxy composites [78],
graphene/PMMA foam [79], graphene/polyvinylidene fluoride (PVVDF) foam [80],
graphene/PS foam [81], graphene/poly(ethylene oxide) (PEO)[82], and

graphene/PANI[83].

1.3.2 Transparent conductive electrodes

The second application of carbon/polymer composites is transparent conductive
electrodes. Thin, transparent, conducting films are widely used in liquid crystal displays,
flat panel displays, plasma displays, touch panels, OLEDs, and solar cells. Currently,
indium tin oxide (ITO) is the major player in these areas. However, the high cost and
scarcity of indium as well as the mechanical brittleness of ITO leads to intensive studies
of alternatives [84].

To meet minimum industry standards, such a material should have a sheet

resistance, Rs < 100 Q/[] coupled with an optical transparency of T > 90% (550 nm)
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[85]. CNT films and thin graphene films are found to be a good candidate for transparent
conductivity electrodes due to the nanometer dimension and high conductivity [86].
While most of the studies are focused on pure carbon, pure nanotube films tend to have
significant surface roughness [87, 88] that can be undesirable to certain electrode
applications. Therefore, CNT/polymer or graphene/polymer composite films are studied
as electrodes.

Most of the studies are using conducting polymers as matrices. While composites
prepared with small-ion-doped conducting polymers are unsuitable for use in applications
such as OLEDs (the presence of residual mobile counter-ions can poison the emissive
layer), composites prepared from conducting polymers doped with large, immobile
counter-ions, such as poly(3,4-ethylenedioxythiophene) doped with
poly(styrenesulfonate) (PEDOT:PSS) does not have this problem. PEDOT has been
combined with carbon nanotubes to produce composites with conductivities of up to 7 x
104 S/m [89-94].

At the same time, polymer composites with non-conducting polymer matrices are
also reported. These include CNT/PS composites with high CNT concentration [95] and

CNT/polyimide composites[96].

1.3.3 Sensors and actuator

Carbon/polymer composites have also been reported as various sensors. The
polymer matrix may swell when absorb solvents. By utilizing the changes in electrical
resistivity of the composite due to polymer swelling, the CNT/polymer composites can be
used as vapor sensors [97-99]. In addition, carbon fiber/polymer composites[100-103]

and CNT/polymer composites [104-106] are also investigated as potential strain sensors.
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From the resistance change, it is expected to diagnose the mechanical change of the
monitored structure.

In addition to sensors, the electromechanical behavior of nanotubes/polymer
composites can be used as actuators for MEMS and switches. Although most actuator
research has focused on the carbon materials such as bucky-papers in liquid electrolyte,
there has been an increasing interest in utilizing CNT-reinforced composites as potential
actuator materials both in liquid and solid electrolyte.

In these CNT/polymer composites-based actuators, CNTs can enhance the
actuator performances through two ways: 1) When the polymer used in the composites is
electroactive itself, carbon nanotubes can maintain the higher strains in electroactive
polymer actuators as reinforcement and can increase the electrochemical efficiency in the
actuation by providing high electrical conductivity [107-110]. 2) CNTSs can also be added

to common polymer matrices and serve as the active actuating part [111-113].

1.3.4 Other applications

In addition to the exceptional electrical properties, the massive thermal
conductivity and negative thermal expansion co-efficiency have helped the carbon
materials find their applications in thermal management and CTE control [114] in
electronic packaging. SWNTSs [115, 116], MWNTSs [117], graphene [118], graphite
nanoplatelets [119] were all investigated as effective fillers to improve the thermal
conductivity of polymer composites. The alignment of CNTs [117], the purity [120],
filler dispersion [121], and carbon-polymer interface [122] were found to affect the final

thermal conductivity of the composites.
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Another important application of carbon/polymer composites for electronic
packaging is power storage. Due to the large surface area and electrical conductivity,
carbon materials, such as activated carbon, carbon aerogel, CNTs and graphene have
been extensively studied as electrodes for supercapacitors or lithium ion batteries. Their
composites with conductive polymers are also promising electrode materials. The
progress of CN'T/conductive polymer composites and graphene/conductive polymer
composites as energy storage materials can be found in the recent reviews [123] and

[124], respectively.

1.4 Research objectives and organization of the dissertation

The present dissertation aims at enhancing the properties of electrically
conductive composites through the filler composition, filler surface treatment, polymer
structure modification, and understanding of the polymer curing behavior to meet the
requirements for different applications. These can be various properties, including the
electrical conductivity, mechanical flexibility/stretchability, sensitivity as sensors,
thermal stability, and dispersion of fillers. Chapters 2-6 are focused on silver-based ECAs
and Chapters 7-10 are focused on carbon-based conductive composites.

Chapter 2 and Chapter 3 aim to enhance of the electrical conductivity by
understanding the surface chemistry of silver flakes in epoxy-ICAs and magnetically
aligned ACAs, respectively. Chapter 4 proposes to use PU-ICAs to replace conventional
epoxy-ICAs in order to achieve both high electrical conductivity and good mechanical
compliance. Chapter 5 and Chapter 6 focus on the conduction development mechanism
of silicone-ICAs and use silicone-ICAs as stretchable conductors in radio-frequency

devices.
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Chapter 7 focuses on developing carbon/polymer composites-based sensors to
diagnose the aging conditions of polymers. Chapter 8, 9,and 10 aim at solving three
problems of CNT/silicone composites, namely the decreased thermal stability of silicone
composites induced by the cobalt catalyst residues in CNTs, the curing inhibition of
silicone rubber by functionalized CNTs, and the dispersion problem of carbon fillers in
polymers.

Chapter 11 suggests several areas for future work.
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CHAPTER 2 HIGH PERFORMANCE ISOTROPIC CONDUCTIVE

ADHESIVES WITH ENHANCED CONDUCTIVITY

2.1 Background

ECAs based on silver filled polymers have attracted tremendous attention. They
can achieve electrical resistivity of 103-10* Q.cm, which is orders of magnitude lower
than that of conductive polymers while maintaining the properties of polymers such as
adhesion, flowability and compliance [125, 126]. However, the electrical resistivity of
most conventional conductive composites is still two orders of magnitude higher than that
of pure metals despite a filler loading as high as 80-90 wt.%. According to previous
researches, the high resistivity mainly results from the contact resistance between
neighboring metallic fillers. The conduction mechanism is mostly based on physical
contacts (or electrical tunneling) rather than metallurgical joints between neighboring
particles [15, 127, 128].

One effective way to enhance the electrical conductivity is to incorporate metallic
nanoparticles into the ECAs [32-37]. These metal nanoparticles can be sintered at much
lower temperatures than bulk metal (~250 °C for silver nanoparticles vs. ~ 960 °C for
bulk silver) due to the large area of active surface [16, 37, 129]. The sintering forms some
metallurgical joints between neighboring particles, thus a significantly lower resistivity of
10™ Q.cm can be observed [35]. However, there are several challenges associated with
the introduction of nanoparticles: 1) these metallic nanoparticles are difficult to be
dispersed homogeneously within the polymer matrix. The high surface area renders them

great tendency to aggregate during mixing; 2) Not all of the metal nanoparticles are
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participated in forming metallurgical joints; and 3) the cost of metallic nanoparticles is
still high.

To avoid the concerns of high cost and poor dispersion of externally introduced
metallic nanoparticles and to improve the efficiency of sintering, here we introduce an
approach for in-situ generation of metallic nanoparticles by chemically reducing the
surfactant on metallic fillers during the curing process of ECAs. Silver flakes filled
epoxy composites are used as an example.

The in-situ reduction of the surfactant layer to silver nanoparticles is able to
substantially reduce the contact resistance from several aspects: 1) the removal of organic
surfactant layer decreases the electrical tunneling resistance [17-20]; 2) since the silver
salts are on the surface of silver, the generated silver nanoparticles only exist around each
silver filler, thus, all the generated nanoparticles can take effect to bridge neighboring
fillers by sintering; and 3) the removal of the surfactant layer also reduces the energy
barrier of sintering and thus enables the sintering at even lower temperatures [130]. In
addition to the reduced electrical resistance, this approach also has many other
advantages. The in-situ synthesis avoids mixing of nanoparticles in the polymer as well
as the high cost of purchasing these nanoparticles. Since this method introduces only a
small amount of reducing agents, it facilitates scaling-up processing.

This chapter includes six parts, namely 1) studying of the surface chemistry of
silver flakes and elucidates the chemical structure of the surfactants; 2) choosing the best
reducing agents; 3) Optimizing the reduction process; 4) mechanistic study of the

reduction of surface layer and generation of nanoparticles; 5) possible reaction
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mechanism of the chemical reduction of silver lubricant; and 6) possible side-effect of

reducing agents.
2.2 Materials and methods

2.2.1 Materials

The ECA in the present project uses epoxy as resin and silver flakes as conductive
filler. Epoxy resin used is a bisphenol-F type resin, cured with anhydride. Imidazole is
used as catalyst for epoxy curing. Two silver flakes, Ag-A and Ag-B, and untreated
silver particles S-7000 are obtained from Ferro. Inc. Reducing agent R-1, R-2, R-3, R-4

are obtained from Sigma-Aldrich. All chemicals are used as received.

2.2.2 Preparation of ECAs

Epoxy resin is mixed with anhydride curing agent with a weight ratio of 1:0.85,
then 1 wt.% catalyst was added to the mixture. In a typical ECA formulation, 80 wt.%
silver flakes (Ag-A and Ag-B with a mass ratio of 1:1), 20 wt.% of the epoxy mixture
and appropriate amount of reducing agents are mixed together by Vertex. To measure
the electrical resistivity, two strips of a Kapton tape (Dupont) are applied onto a pre-
cleaned glass slide and the formulated ECA paste is printed on the glass slide. Then the

pastes are thermally cured in an air-circulating oven.

ECA

Captontape l\

,\ Glass slide

Figure 2.1 Test coupons for electrical conductivity measurement.
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2.2.3 Characterization of silver flakes

Weight loss of silver flakes during heating in air is studied using
thermogravimetric analyzer (TGA, TA Instruments, model Q5000). The heating rate is 10
°C /min.

Morphologies of the untreated and treated silver flakes are observed by field
emission scanning electron microscopy (SEM, LEO 1530).

Decomposition of the lubricants on the surface of silver flakes is studied by
differential scanning calorimetry (DSC, TA Instruments, Q2000). The heating rate was
10 °C/min.

Raman spectra of silver flakes are obtained by using a LabRAM ARAMIS Raman
confocal microscope (HORIBA Jobin Yvon) equipped with a 532 nm diode pumped solid
state laser. Si wafer is used as a substrate for Raman measurements.

The nanoparticle generated by reacting silver stearate and reducing agents were
dispersed in toluene and dried in a copper grid before characterized by transmission
electron microscopy (TEM, JEOL 100CX). The nanoparticle colloidal in toluene was
also characterized by UV-VIS spectroscopy (Shimadzu UV-2450). Powder X-ray
diffraction (XRD) analysis was carried out with a Philips X-pert alpha-1 diffractometer,

using Cu K, radiation (45 Kv and 40 mA).

2.2.4 Characterization of ECAs

Bulk resistances (R) of cured ECA strips are measured by a Keithley 2000
multimeter according to a typical four-probe method. The widths and lengths of the
specimens were measured by digital caliber (VWR). The thickness of the specimen is

measured by Heidenhain (thickness measuring equipment, ND 281B, Germany). Bulk
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resistivity, p, is calculated using p = Rtw/l, where |, w, t are the length, width and
thickness of the sample, respectively.

The curing of ECA or epoxy resin and the glass transition temperature of cured
resin are performed by DSC (TA Instruments, Q2000). The heating rate was 10 °C/min.

Fourier-Transform Infrared Spectroscope (FT-IR, Nicolet, Magna IR 560) with an
in-situ heating apparatus is used to investigate the reaction between reducing agents and
silver stearate and the reaction between reducing agents and epoxy resin. The in-situ
heating program is ramping from 40 °C to 170 °C by 10 °C/min. The spectra are
collected during heating. A resolution of 2 cm™* was used over 64 scans. Background
spectra were obtained before the first analysis of each sample with only KBr pellets to
ensure that there is no contamination.

Three point bending tests are performed on the cured epoxy resins with different
concentrations of reducing agents. A rectangular shape epoxy samples are prepared by
casting and curing in a Teflon mold. The span length is 20mm and compression speed is

5mm/min.
2.3 Results and discussion

2.3.1 Characterization of the silver flake surfaces

The resistance of ECA usually consists of two main components: the resistance
from conductive fillers and the contact resistance between two neighboring particles [15].
According to our previous studies, the contact resistance is much larger than the intrinsic
resistance of conductive fillers, usually because of the insulation layer on the surface of
conductive fillers [16] (Figure 2.2). For most of the commercial silver flakes, this

insulation layer is a surfactant that protects the flakes from oxidation and also lubricates
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the silver flakes to lower down the viscosity when they are mixed with a resin [55-57].
This layer is beneficial for the processibility and stability of the ECAs. But it forms an
insulation barrier to obstacle the electrical conduction, which can be one of major

contributors to the high contact resistance.

Silverflake
— Surfactants

Matrix polymer

Figure 2.2 The contact resistance between silver flakes are much larger than the intrinsic
resistance of silver itself.

To remove these surfactants, it is important to understand the chemical structure
of these surfactants.

Figure 2.3 shows Raman spectra of the silver flakes Ag-A and Ag-B, respectively.
For Ag-B, the presence of carboxylate groups on the surface of silver flakes is verified by
the symmetric (vs(COOQ")) stretching at 1393 cm™* and asymmetric (vas(COQO)) stretching
at 1565 cm *[131]. The strong intensity of these peaks indicates that the surfactants are
acids bonded to the surface as anions. The peak at 927 cm ™ is assigned to the C-COO™
stretching [131]. The peaks at 1092 and 1149 cm™* are from the C-C backbones [132].
The peaks at 1286 and 1431 cm ™" are attributed to the twist and scissor of methylene
groups [132]. The Surface Enhanced Raman (SERS) peaks of C—H stretching of the
lubricant on Ag are well resolved in the region of 2800-2950 cm* [61]. Ag-A shows
peaks also corresponding to carboxylate groups, C-C backbones and methylene groups in
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similar positions with Ag-B. The Raman spectra indicate that both flakes are covered
with a long chain fatty acid surfactant and the fatty acid already forms a silver salt with

the silver flakes.
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Figure 2.3 The Raman spectra of Ag-A and Ag-B. The flakes are characterized as
received.

Figure 2.4 shows TGA results of the silver flakes. Ag-B and Ag-A show
significant weight losses at 215.5 °C and 190.31 °C, respectively (Figure 2.4, inset). The

weight loss of both flakes is attributed to the thermal decomposition of the surfactants on
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the flakes. The different decomposition temperatures of Ag-A and Ag-B indicates that the
two flakes are treated with different fatty acids and it is possible that the chain length of
fatty acid on Ag-B is longer than the one on Ag-A. At 450 °C, the weight losses of Ag-B
and Ag-A are 0.21% and 0.06%, respectively. That is, Ag-B has a thicker layer of
surfactants than Ag-A. The thermal decomposition of the surfactants on silver flakes is
confirmed by DSC measurements of the two flakes. Both Ag-B and Ag-A show
endothermic peaks at 243.59 °C and 228.73 °C, respectively (Figure 2.5). These
exothermic DSC peaks result from the oxidation of the lubricant layer. Lu et al. found
that silver flakes lubricated with fatty acids of a longer chain showed exothermic DSC
peaks at higher temperatures [55-57]. Therefore, it is possible that the lubricant on the
surface of Ag-B may have a longer chain than that on Ag-A, which is consistent with

TGA results.
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Figure 2.4 TGA of Ag-A and Ag-B. Inset is the first derivative of weight loss with
temperature.
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Figure 2.5 DSC of Ag-A and Ag-B.

In sum, the two commercial silver flakes Ag-B and Ag-A are coated with a thin
layer of surfactants, as demonstrated by TGA, DSC and Raman spectra. The composition
of the surfactants is silver salts of fatty acids for both flakes. Ag-B has a thicker layer of
surfactants than Ag-A, and the chain length of the fatty acid on Ag-B is probably longer

than that on Ag-A.

2.3.2 Searching for reducing agents

The next step is to find some proper reducing agents to reduce these salts to silver
nanoparticles. Although seldom efforts have been paid to reduce the silver surfactants on
the flakes in ECA systems, extensive studies have been published on synthesis of silver
nanoparticles from silver salts by chemical reduction. Many reducing agents have been
demonstrated to effectively reduce silver salts to silver nanoparticles at mild conditions.

We select four types of reducing agents in the present study. To compare the
effectiveness and select the best reducing agents, we keep the basic ECA formulation (80

wt.% silver flakes, 20 wt.% resin mixture and 1wt.% reducing agent) and curing profile
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(150 °C for 1 hour) the same while only change the reducing agents. The bulk resistivity
of the ECAs with various reducing agents and the control ECA sample (sample without
any reducing agents) are shown in the Figure 2.6. The control sample yield a bulk
resistivity of 4.44x10™ Q.cm. All the reducing agents show clear effects to reduce the
resistivity. The bulk resistivity after adding R-1, R-2, R-3 and R-4 decrease to 2.50x10™
Q.cm, 1.41x10” Q.cm, 2.37x10™ Q.cm, 2.73x10™ Q.cm, respectively. It is interesting to

find that the R-2 has a slightly stronger effect than other reducing agents.
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Figure 2.6 Bulk resistivity of ECAs without reducing agents and with 1 wt.% different
reducing agents.

Therefore, R-2 was selected as the best reducing agents and the optimization and

reducing mechanism study was focused on R-2.

2.3.3 Optimization of the reduction process
The optimization process includes the tuning of the concentration of R-2 and the
curing temperature. Figure 2.7 shows the bulk resistivity of ECAs at different

concentration of R-2. All the samples are cured at 180 °C. Generally 180 °C can yield a
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smaller resistivity than the samples cured at 150 °C. This is because higher temperature
helps with the sintering process of the formed silver nanoparticles. The resistivity
increases slightly with the concentration of R-2 from 0.5 wt.% to 4 wt%. When reaching
5 wt.%, however, the resistivity drops to 8.7x10°Q.cm. When further increasing the
concentration of R-2, the resistivity increases again. Therefore, in terms of electrical
resistivity, the optimal concentration of R-2 is found to be 5 wt.%. Then ECAs with 5
wt.% R-2 are cured at different temperatures from 150 °C to 180 °C for 1 hour (

Figure 2.8). The resistivity decreases with the curing temperature as expected,
because the higher temperature promotes the sintering process of the generated
nanoparticles. When reaching 170 °C, the resistivity gets to a plateau and raising the
temperature further does not decrease the resistivity any more. The optimal curing
temperature was thus set to be 170 °C.
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Figure 2.7 Bulk resistivity of ECAs with different concentrations of R-2. All the samples
are cured at 180 °C for 1 hour.
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Figure 2.8 Bulk resistivity of ECAs with 5 wt.% of R-2 cured at different temperatures
for 1 hour.

2.3.4 Mechanism study

Now the addition of reducing agent R-2 into the ECA formulation has been
demonstrated to be very effective to reduce the electrical resistivity of ECAs. However, it
is not clear that the reduction in resistivity follows the same mechanism as we proposed.
In this part, we investigate the interaction between silver and R-2 in order to understand
the chemical details of the reduced resistivity. Specifically, we aim at answering three
questions:

1. Are the surfactants on silver fillers removed after adding R-2?

2. Are the surfactants chemically reduced to silver nanoparticles?

3. Do the silver nanoparticles sinter with each other and form neckings/bridges

between silver flakes?

To answer the first question, the difficulty lies in that although the surfactants on
silver flakes are characterized as silver salts of long-chain fatty acids, the specific type
(such as the chain length, if it is saturated or unsaturated, the configuration, etc.) remains

unknown and varies from on type of flake to the other. Therefore, we use stearic acid as
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the representative of all the long-chain fatty acids that are used to treat silver flakes. Here
we start with untreated silver particles and treat them with stearic acid. Then the treated
silver particles are immersed in reducing agent R-2. In this way, it is expected that the
particle surface can be characterized by TGA while the structure evolution of R-2 can be

detected by FT-IR (Figure 2.9).
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Figure 2.9 Treatment and reduction of silver particles.

To answer the second question, the difficulty is that the amount of surfactant on
silver flakes (usually < 0.4wt.% of the flakes, as shown in Figure 2.4) is too small to be
extracted and analyzed. Therefore, in the second step, we directly use silver stearate to
immerse in R-2 and reacts with it directly. Although the silver stearate salts and the silver
stearate coordinated on the surface of silver flakes may be in different geometry and
state, the chemical pathway of reacting with additives may stay similar. As shown in
Figure 2.10, starting with silver stearate rather than surface treated silver can provide
large amount of reactants for structure evolution analysis. Moreover, if reduction
reaction occurs, the obtained nanoparticle colloidal will be a solid support to the proposed

mechanism.
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Figure 2.10 Reduction of silver stearate.

To observe the nanoparticle sintering, we will observe the surface morphology
changes of silver flakes after isothermal treatment with and without R-2. But considering
flakes possess different shapes and sizes, it is not convincing enough if the neckings
between flakes are formed during sintering processes or it is the original shape of the
flakes. Therefore, we also use fatty acid treated silver coated glass slide as the starting
materials. These glass slides have flatter surfaces and it would be obvious if nanoparticles

are generated (Figure 2.11).
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Figure 2.11 Treatment of silver coated glass slide.

2.3.4.1 R-2 react with stearic acid treated silver particles

We first treated the pristine silver particle S7000 with stearic acid according to

prior study [25-27]. The treated silver particles were mixed with R-2 and put in oven at
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150°C. As shown in Figure 2.12, at the initial stage of mixing, silver particles are
floating on R-2. Although silver has a much large density than R-2, the huge surface
energy support these particles floating on the liquid. R-2 has a surface tension of 47.3
mN-mat 25 °C [133] while stearic acid has a surface tension of 22.7 mN-m'[134]
(Note that the existence of silver stearate won't change the surface tension of stearic acid
significantly [134]). Even after 5 minutes, almost all the silver particles are floating on
the liquid surface. From 10 minutes, these silver particles begin to segregate into plates
while some particles settle down to the bottom of the vial. The plates become larger and
moreover, more particles settle down as heating time increases. This indicates that the

stearic acid surfactant has been gradually removed during the reaction with R-2, so the

surface becomes less hydrophobic and thus more compatible with R-2.

Figure 2.12 The surface tension change of stearic acid treated silver spheres after R-2
treatment. The treatment time is shown on the cap with a unit of minutes.

The removal of surfactants with R-2 is confirmed by TGA results (Figure 2.13).
The stearic acid treated particles contain 0.44 wt.% surfactant. This amount decreases
significantly to 0.205 wt.% after 5 minutes’ treatment. The amount further decreases with
treatment time; there is only approximately 0.1 wt.% after 80 minutes’ treatment. Also,

the maximum weight loss occurs at 200°C for untreated particles. After 5 minutes, this
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peak moves to 215°C. After 10 minutes, this peak diminished, which is consistent with
the observation in Figure 2.12.

In sum, the results of this set of experiment proves that R-2 does interact with
stearic acid (more accurately silver stearate) and helps to remove this lubricant layer, as

least as a fluxing agent.
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Figure 2.13 TGA of R-2 treated lubricated silver particles.

2.3.4.2 R-2 reacted with stearic acid treated silver particles

The second step is reacting the silver stearate with R-2 directly. After reaction, a
white color waxy part was formed, which is similar to the products in silver stearate
thermal decomposition reaction [135]. After the reaction, methanol was used to dissolve
the waxy part and dark brown color nanoparticles were precipitated after centrifuging at
5000 rpm for 15 minutes. The supernatant was dried on a KBr plate and FT-IR was
performed to investigate the chemical structure. As shown in Figure 2.14, a peak at 1720

cm’* appears, which is assigned to the carbonyl group for free acid [136]. This indicates
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that the silver stearate was reduced to form silver nanoparticles while the stearate part

does not get reduced. It gets a proton and forms fatty acid again.
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Figure 2.14 FT-IR spectra of R-2 after reacted with stearic acid treated silver particles.

The nanoparticles after centrifuge was washed and re-dispersed in toluene. UV-
visible spectra were taken on the toluene solution. As shown in Figure 2.15, there is no
plasmonic peak from Ag nanoparticles before 10 minutes, meaning no nanoparticles
generated before 10 minutes. Starting from 20 minutes' reaction, a peak around 420-440
nm arises due to the generation of Ag nanoparticles. The peak maximum shifted from
442.5 nm to 426.5 and 423.5 nm after 20, 40 and 80 minutes’ reaction, respectively. The
blue shift may suggest either a decrease in particle size, or the gradual desorption of
stearic acid. Stearic acid chemically adsorption on silver surface is demonstrated to red
shift the resonance peak and decrease the UV peak intensity, because the adsorption

changes the free electron density of silver nanoparticles and thus changes the surface
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plasmon band of silver particles (pure silver ~390nm) [137]. Therefore, the blue shift
may indicate the desorption of stearic acid.
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Figure 2.15 UV-Vis spectra of nanoparticles dispersed in toluene.

The nanoparticles dispersed in toluene were also observed by TEM (Figure 2.16)
and the particle size distribution was analyzed (Figure 2.17). For the sample obtained by
reacting silver stearate with R-2 for 20 minutes, since it is the initial stage of Ag
nanoparticle formation, some nanoparticles were wrapped inside surfactants. Increasing
the reaction time, it is obvious that the particle size distribution become wider and some
nanoparticles coarsen to form larger ones. The increasing in size excludes the possibility
that the blue shift in UV-visible spectra is from the decrease in nanoparticles sizes.
Therefore, the blue shift in UV-VIS probably results from the desorption of stearic acid
with time. It is also consistent with the TEM results shown here. As the surfactant shell is
very obvious in 20 minutes reaction sample, while no more shell in 40 minutes and 80

minutes samples.
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Figure 2.16 TEM images of Ag nanoparticles generated by reducing silver stearate with
R-2 at different time.
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Figure 2.17 Size distribution of nanoparticles obtained from Figure 2.16.

Powder XRD was also performed to confirm the formation and particle sizes of
nanoparticles. The peak at 38.2 and 44.2 resulted from (111) and (200) face of silver,
respectively. This confirmed the nanoparticles are silver nanoparticles instead of silver
oxide. For 20 minutes reaction, the peaks are broad and shallow, indicating really small
crystalline size. While after 40 minutes reaction, the peak becomes sharp, indicating the

growth of crystal size with longer reaction time. Moreover, the peak width at half
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maximum keeps constant after 40 minutes, indicating that the crystalline size does not

change with time after grow to 20 nm according to the Scherrer equation.
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Figure 2.18 XRD of nanoparticles obtained at different reaction time.

This step answers the second question of the mechanism study that the silver
stearate salt on the surface is not simply removed by the reaction with R-2; it could be

chemically reduced to silver nanoparticles.

2.3.4.3 Nanoparticle sintering and growth

The sintering process was first observed in the case of silver flakes. Ag-B was
treated with R-2 at 150°C. Figure 2.19 shows the surface morphology changes of silver
flakes after isothermal treatment with and without R-2. The original flakes show quite
smooth surfaces. After thermal treated at 150°C for 30 min, the surface of silver flakes
remained relatively smooth, yet some submicron roughness can be seen on the surface.
On the contrary, silver flakes immersed in R-2 during thermal treatment show very
clearly the growth of silver nano/submicron-sized particles on their surfaces and at their
edges. The relatively rough surface was the result of the reduction of silver carboxylate

and the formation of highly surface reactive silver nano/submicron-sized particles. These
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particles then sintered with the silver flakes to form the neckings between silver flakes.

The sintering bridges the flakes together and thus decreases the contact resistance.

2um 5 25 Apr 2012
Mag= 1000KX j——] WD= 10mm Photo No, » 3269 Time :16:32:56

R-2 treatment

1pm EHT = 5,00k Signal A= InLens  Date :2 May 2012
Mag = 10.00KX j—nef WD= 11mm PhotoNo.#27  Time :175443

Figure 2.19 SEM images of Ag-B (a) without any treatment Ag-B, (b) after heating at
150°C for 30 minutes, and (c) Ag-B immersed in R-2 and heated at 150 °C for 30
minutes.

We also performed the SEM for silver coated glass slides at different reaction
time (Figure 2.20). Nanoparticles with size of tens of nanometers were generated after
immersing the slide in R-2 for 10 minutes. Both the amount of particles and their sizes
grow with reaction time, which confirms the possibility of nanoparticle generation and

sintering in ECA as well.
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Magnification: 30K

Figure 2.20 SEM images of silver coated glass after reduced by R-2 at 150°C for different
time. Silver was pretreated with stearic acid for 24 hours. The magnification is 30Kk.

Therefore, R-2 plays a positive role to reduce the surfactants on the silver flakes
and transform them into silver nanoparticles, which sinter with each other during high
temperature curing. The addition of R-2 is favored to promote the sintering process and

decrease the resistivity.

2.3.5 Possible reaction mechanism

There are several mechanisms proposed to explain the generation of Ag
nanoparticles from silver stearate either by thermal decomposition or chemical reduction.
In one scheme, the primary products are carbon dioxide, the corresponding paraffins of
the fatty acid and metallic silver (scheme 1) [138]. In one study of metal acetate
decomposition, Ag nanoparticles, acetic acid, carbon dioxide and hydrogen and carbon
were observed as the products (scheme 2) [139]. Similar phenomenon was observed in
the thermal decomposition of silver stearate in the air, where hydrocarbon chain were

oxidized into gas [140]. While most of studies observed the generation of Ag
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nanoparticles directly, Uvarov found that stearate showed phase transitions at 397 and
426 K in air. The former transition was claimed to be irreversible leading to decreased
conductivity while the latter, accompanied by the thermal decomposition, resulted in
increased conductivity. They attributed the first transition as hydrolysis of the silver
carboxylate in humid air and silver oxide instead of silver nanoparticles were generated
(scheme 3) [141]. During chemical reduction of silver stearate, Rao et al proposed that
the silver stearate was reduced to Ag nanoparticles and stearate acid, while the reducing
agents such as DMF and aldehyde were oxidized (scheme 4) [142].

CH,(CH,),COOAg — Ag + CO, + CH,(CH,) CH, (n=0,2,4) (1)

2CH,COOAg — 2Ag + CH,CO,H + CO, + H, + C (2
(CH,(CH,),COOAg), + H,0 —2CH,(CH,),CO,H + Ag,0 (3)

2AgH(RCOO™) + HCHO + H,0 — 2(Ag” —RCOOH) 4+ HCOOH 4

From our results, XRD, UV-VIS and TEM confirm that Ag nanoparticles can be
generated by reducing silver stearate; we did not observe any generation of gas during the
reaction and the FT-IR result demonstrates that the silver stearate was transformed to
stearate acid after the reaction. Stearic acid would further serve as surfactants for the
newly formed nanoparticles until they are also consumed as silver salt source for NP
generation. Generally, the reaction mechanism could be similar with Scheme 4, although

the exact oxidation product of R-2 is not clear yet.

2.3.6 Possible side effects
The possibilities of R-2 reacting with epoxy prepolymer and anhydride curing

agents are studied by running DSC. For mixture of R-2 and epoxy prepolymer, no
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exothermic peak is observed, only one endothermic peak at around 203 °C, which
corresponds to the evaporation of R-2. Therefore, R-2 does not react with the
prepolymer. When anhydride is mixed with R-2, an exothermic peak is observed at 133

°C, which indicates the reaction between anhydride and R-2.

—— anhydride
— anhydride+R-2

heat flow (M)

30

— epoxy+R-2
% 100 150 200 w4 100 200
Temperature {"C) Temperature (“C)

Figure 2.21 DSC of the mixture of epoxy prepolymer and R-2 (left) and the mixture of
anhydride curing agents and R-2 (right).

In order to get the details of the reaction between R-2 and anhydride, in-situ IR is
used to track the structure change of R-2/anhydride mixture during heating up process.
Figure 2.22 shows the IR spectra of the R-2/anhydride mixture at different temperature.
The gradual disappearance of the two peaks at 1860 and 1780 cm™* with temperature
indicates the consumption of anhydride groups of anhydride. The peak at 1735 cm™*
corresponds to the ester groups. Therefore, we assume that the R-2 open the anhydride
ring and form one acid group and an ester group [143, 144]. The formed acid group can
further react with epoxide groups in epoxy prepolymer and form another ester bonding
and secondary hydroxyl group. The secondary hydroxyl group may again react with
anhydride and epoxide group. That is, R-2 itself becomes a catalyst for epoxy curing. But

it is not clear how it will affect the overall cross-linking density of the epoxy matrix.
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Then we conduct the curing profile tests, glass transition measurements and three point

bending tests to detect the cross-linking density change of epoxy resin after adding R-2.
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Figure 2.22 FT-IR spectra of R-2/anhydride mixture at different temperatures.

Figure 2.23 shows the curing peaks of the ECAs with different concentrations of

anhydride. The peak intensity decreases with R-2 concentration, indicating incomplete

crosslinking reaction. The glass transition temperature (Tg) of cured epoxy matrix is also

measured with DSC. The control sample have a T4 of 118 °C, while after adding 0.7%

and 1% R-2, the T, decreases to 85 and 70 °C, respectively. It is demonstrated that Ty is

proportional to the cross-linking density of epoxy [145]. The decrease in Ty suggests a

reduced cross-linking density after adding R-2. Figure 2.24 shows the three point bending

tests of control epoxy resin and resins with different concentrations of R-2. The bending

modulus does not show an obvious trend with R-2 concentration but the strain at break
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decreases dramatically with the addition of R-2. The brittleness brought by R-2 addition

also indicates a decreased cross-linking density.
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Figure 2.23 The curing peak of control ECA and ECAs with different concentrations of
R-2, measured by DSC.
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Figure 2.24 The stress-strain curve of control epoxy and epoxy resins with different
concentration of R-2.

In sum, R-2 plays a double-role in the epoxy based ECA system. On the one hand,
it decreases the resistivity by reducing the surfactants on silver flakes and generating

nanoparticles for sintering; on the other hand, it reacts with anhydride and reduced the
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cross-linking density of epoxy, rending a higher resistivity of ECAs. 5 wt.% of R-2 is the

sweet spot balancing the above two effects.

2.4 Conclusion

In this work, we have demonstrated that commercial silver flakes are coated with
a thin layer of surfactants, and the composition is silver salts of fatty acid. Mild reducing
agents can decrease the resistivity of the composites by reducing the surfactants on silver
flakes to silver nanoparticles, which are sintered together during curing. R-2 shows the
best result in decreasing the resistivity. However, R-2 can adversely affect the cross-
linking between epoxy prepolymer and anhydride curing agents and thus the
conductivity. 5 wt.% of R-2 is the sweet spot in terms of conductivity between the two

above effects.
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CHAPTER 3 ANISOTROPIC ELECTRICALLY CONDUCTIVE

ADHESIVES BY MAGNETIC ALIGNMENT

3.1 Introduction

The modern electronic industry is striving for reduced form-factor and increased
functionality, which requires higher density of interconnection and finer pitch. The
reduction in the pitch of components decreases the solder volume considerably. Smaller
solder joints will have a larger portion of inter-metallics between the solder, bump and
substrate metallization. The inherent brittleness of intermetallics makes these microjoints
more vulnerable to the mechanical stress in reliability tests [146]. As an alternative to
Sn/Pb solder, ECAs not only provide environment benefits, but also enable fine pitch
interconnection without having the above-mentioned issue.

As mentioned in Chapter 1, ECAs can be classified into three categories
according to the filler loading and physical properties, namely ICAs, ACAs and NCAs.
ICAs provide electrical conductivity in all directions, to achieve accurate electrical
interconnection in a fine pitch application, ICAs need to be precisely printed, which
could be quite challenging.

ACAs only offer electrical conductivity in between the component termination
and the pad (Z-direction) while maintain insulating in X,Y-directions. Therefore, ACAs
can be applied over the entire footprint of the device, making the material application
much easier than ICAs for fine pitch components [125]. Combined with the
environmental-friendliness and low processing temperature, ACAs have demonstrated
their application in LCD panel packaging [147, 148], flip-chip interconnection [149],
chip-on-flex packaging [150], and chip-on-glass packaging [151].
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Conventionally, the directional conductivity in Z-direction of ACAs is achieved
by using a relatively low loading of conductive filler (5-20 vol.%) [125]. The low
volume loading is insufficient for inter-particle contact and prevents conductivity in the
X-=Y plane of the adhesive. The Z-direction conductivity is achieved by simultaneous
application of heat and pressure in Z-direction until the particles bridge the two conductor
surfaces. But this process requires specialized tolling and may have the coplanarity issues
because of the surface variations in the component and pad during pressure application.

Therefore, an alternative way to make ACAs was proposed, that is, using
magnetic particles as fillers and enhancing the anisotropic conductivity by field
alignment (Figure 3.1). The idea has been demonstrated in AT&T bell lab in 1990s [152-
154]. More recently, this magnetic aligned ACAs have been applied as chip-to-chip
interconnection in microwave applications, RF System-in-Package applications and
wireless biomedical sensor applications [155-157], and as surface-mount interconnection
in PCB level assembly[158].

However, no previous report has systematically study the approach to enhance
the conductivity in Z-direction while maintain the insulation in X-,Y-directions. In this
study, silver coated nickel core-shell particles are used as fillers to achieve magnetic
alignment. Nickel is chosen as the magnetic core because it is ferromagnetic, the curie
temperature is 355°C, much higher than the processing temperatures of ECAs, and its
own resistivity is 6.93x10° Q-cm, higher than iron and cobalt. The silver shell enable us
to extend the interface study results from ICA (chapter 6) to lubricate and reduce the
surface of silver coated nickel, and hence achieve a high conductivity and processibility

at the same time.
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Figure 3.1 Schematic illustration of ECAs filled with (a) silver particles and (b)
silver coated nickel particles in a magnetic field. (c) The conduction direction of the

anisotropic ECAs can be tuned by changing the direction of applied magnetic field.

3.2 Experimental

3.2.1 Materials

The ECA here uses epoxy as resin and silver coated nickel as conductive filler.
Epoxy resin used is a bisphenol-F type resin, cured with anhydride. Imidazole is used as
catalyst for epoxy curing. Silver coated nickel particles Conduct-O-Fill® type 147-71
and type 147-061 were obtained from Potters industries Inc. Stearic acid, iodine was

obtained from Sigma-Aldrich and used as received.

3.2.2 Preparation of silver flakes and ECAs samples

The lubrication treatment of silver coated nickel particle was performed by adding
these particles into stearic acid (5:1 by weight ratio) ethanol solution at room temperature
for 24 hrs.

The iodination treatment was performed by dispersing the lubricated filler

particles in the ethanol solution of iodine (0.5umol L™ for silver flakes and smaller
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concentration of silver coated nickel particles as shown in the context) for surface
modification. The reaction times were varied by 10 min ~ 72 hrs. Then a simple filtration
was performed to wash out remaining iodine and the flakes were dried in a vacuum oven
[62].

To prepare the ECA sample, epoxy prepolymer is mixed with anhydride with a
weight ratio of 1: 0.85, then 1wt.% catalyst was added to the mixture. In a typical ECA
formulation, silver coated nickel particles were mixed with the mixture by vertex and
then put into a 1lcmx1cmx1.2mm Teflon mode. The ECA pastes were thermally cured at
150 °C for 1 hr. A plate type, N48 rare-earth Neodymium magnet (1 inch in diameter, 1/8

inch thick) was placed under the Teflon mode to provide the magnetic field.

3.2.3 Characterization

The Z-direction resistance was measured by sandwiching the sample between two
1.5cmx1.5cmx1mm copper plates and measured the conductivity from top plate to the
bottom plate. The bulk resistance (R) of the cured ECA was measured with four-wire
method by a Keithley 2000 multimeter. The thickness of the specimen was measured by
Heidenhain (thickness measuring equipment, ND 281B, Germany). Bulk resistivity, p,
was calculated using p=Rtw/l where I, w, t are the length, width and thickness of the
sample, respectively.

Weight gain resulted from oxidation of silver coated nickel particles during
heating was studied using TGA (TA instrument, model 2050) with the heating rate of 5

°C/min to 1000°C and kept in 1000°C isothermally for 600 minutes.
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Morphologies of the silver coated nickel particles were studied by field emission
scanning electron microcopy (SEM, LEO 1530) and element analysis was performed by
the energy dispersive X-ray spectroscopy (EDS).

XRD analysis was carried out with a Philips X-pert alpha-1 diffractometer, using
Cu K, radiation (45 Kv and 40 mA).

The thermal diffusivity (o) of anisotropic ECAs was measured by the laser flash
method using a LFA 471 (Netzsch). The thermal conductivity was calculated by x =
aCpp, in which p and C,, are the density and heat capacity of mhBN—-epoxy composite.
The C, was measured using DSC (Q-600 TA Instruments). All thermal measurements

were carried out at room temperature.

3.3 Results and discussion

3.3.1 Tuning the magnetic field

In the present study, the magnetic field is provided by a magnet. During the
alignment process, the magnetic force needs to be balanced with other resistance forces,
including the gravimetric force, the dragging force resulted from the viscosity matrix, and
the surface tension from the interface between polymer and air. The magnetic field needs
to be carefully tuned to reach such a balance. Because the magnetic field near a magnet is
inversely proportional to the square of the distance from a pole of the magnet, the
magnetic field is controlled by changing the distance between the sample and the magnet
pole. As shown in Figure 3.2, when sample is too close to the magnet (12.45mm), the
magnetic force is too strong, the magnetic aligning force overwhelms the surface tension
force at the top surface of the ECA, and the columns continue to grow into dendritic

structure above the surface. Therefore, the top surface is very rough. On the other hand, if

50



the magnetic field is not strong enough (14.85 mm), many columns fail to reach to the top
surface of the ECA. As a result, some of the conductive fillers are wasted and the column
density is thus decreased. Both cases of are undesirable and a proper magnetic field
strength is a key factor for optimized alignment. Here an optimized field is achieved

when the sample is placed 13.65mm away from the magnetic pole.

14.85mm

Top view

Side view

Figure 3.2 Cross-section (upper row) and top-down views (lower row) of Ag-coated
spheres (70 um diameter, 5vol.%) in epoxy resin after magnetic alignment. The effect of

alignment is strongly affected by the magnetic field strength, which is controlled by the
distance from the magnet here.

3.3.2 Effect of filler loading

After optimizing the magnetic field, we tested the ECAs with different
concentration of Ag coated Ni fillers (Figure 3.3). The particles used are 70um size
particles. For all the samples, the particles form vertical columns under magnetic field.
The columns are well-separated from each other with a fixed distance, which is attributed
to the repulsion force from neighboring columns of the same magnetic polarity. With
increasing the filler concentration, the column density per unit area increases and the

inter-column distance decreases, indicating more conduction pathways are formed. But
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thanks to the repulsion force between columns, the dispersion of columns is relatively

homogeneous.

0.68 vol.% 1.43 vol.% 3.17 vol.% 5.31vol.% 8.02 vol.%

Top view

1
B

Side view

Figure 3.3 Cross-section (upper row) and top-down views (lower row) of Ag-coated
spheres (70 wum diameter) with different filler loading in epoxy resin after magnetic
alignment.

For all the above samples, they are all insulating horizontally and electrically
conductive vertically. We calculated the electrical conductivity in the Z-direction and
compared it with the isotropic conductivity of the randomly dispersed samples (i.e.
without magnetic field). As can be seen in Figure 3.4 (a), the randomly dispersed samples
become conductive at a high loading of 22.07vol.%. For the aligned samples, however, it
is still conductive even when the filler loading is 0.68vol.%. In addition, the conductivity
of aligned ECAs is much higher than that of randomly dispersed samples at each filler
loading. That is, we dramatically reduced the necessary filler loading for achieving the
same conductivity by filler alignment. Similarly, it is also found that the thermal
conductivity at Z-direction of the aligned samples is higher than that of the randomly
dispersed samples (Figure 3.4b). While there is an obvious percolation threshold hold for
the randomly dispersed samples, the electrical and thermal conductivity of aligned

samples follow a linear incremental trend.
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Figure 3.4 (a) Electrical conductivity and (b) thermal conductivity of Ag coated Ni filled

epoxy composites with different filler loading. The blue data points represent samples
with random filler distribution while the blue data points represent the samples after
magnetic alignment (Z-direction resistivity).

distance Y and column density per unit area Ng can be calculated according to
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Since the columns are well-separated with a certain distance, the inter-column
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where Ng: particle column density (# of columns/ mm?);

Y: inter-column distance (um);

vol%: volume fraction of particles;

D: diameter of particle (um);

t: thickness of composite (mm).
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Figure 3.5 Schematic illustration of samples after alignment.

The column density and inter-column distance can also be measured from the
images shown in Figure 3.3. The results are shown in Figure 3.6. The measured value and
the calculated value from Equations 2 and 3 are quite consistent when the filler loading is
moderate. When the loading is too low, there are very small amount of columns formed.
Because the magnetic field is formed by placing the sample above a magnet, it is not
homogeneous. The field is stronger at border and weaker at the center. The columns are
thus more concentrated in the borders, leading to the observed deviation from the
prediction. For highly loaded samples, the sterical hinderance overcomes the magnetic
repulsion force, leading to some local aggregation. Therefore, there are more columns

formed than predicted.
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Figure 3.6 The intercolumn distance Y (left) and column density Nq (right) obtained from
model predication and microscopic observation.
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It is well known that the resistance of the ECA consists of the particle resistance
Rp and the contact resistance between particles Rc. The current ECA can be considered as
a big resistor composed of small parallel resistors with the same resistance. Each column
is a small resistor. The resistance of each column is t/Dx(R¢+R,) and the total resistance

can be calculated as

t
R = (M—1)Rc+MRy ~ M(Rc+Rp) _ 5(Rc+Rp) % 10 = 5tD(R¢+Rp)
Ngx100 Ngx100 Ng 3 vol.%
t
R= (M—1)Rc+MRy ~ M(Rc+Rp) _ 5(Rc+Rp) % 10 = S5tD(Rc+Rp) (@)
Ngx100 Ngx100 Ng 3v0l%

3vol%
5D (Rc+Rp)

Or the total conductivity of ECA samples isc =

3 vol.%
0= ®)
51D (Rc+Ryp)

where Rc: contact resistance of particles;

Rp: resistance of particles;

Nd: particle column density (# of columns/ mm2);

M: particles number per column;

D: diameter of particle (um);

t: thickness of composite (mm).

From EQ.5, it is understandable why the electrical conductivity is linearly
proportional to the volume percentage of filler loading. Also we are able to calculate the
sum of individual particle resistance and contact resistance R¢+R,. For the ECA sample

prepared with 70 um particles, this value is around 46.1 with a standard deviation of 19.3
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3.3.3 Effect of particle size
We also tested the alignment and resistivity when using Ag coated Ni particles

with smaller sizes. The SEM images of the two particles are shown in Figure 3.7.

70 um 8 um

Figure 3.7 SEM images of silver coated nickel with a diameter of 70um (left) and 8um
(right).

As shown in Figure 3.8, the smaller particles are also well-aligned under magnetic
field. Three concentrations were tested, 1.43 vol.%, 3.17 vol.%, and 5.31 vol.%. The
decreased particle size enables more columns to form at the same concentration of fillers,
i.e. more conduction paths to decrease the total resistance. However, smaller particle size
also means more particles in each column, and therefore a larger contact resistance for

each column.

1.43 vol.% 3.17 vol.% 5.31 vol.%

Top view

Side view

Figure 3.8 Cross-section (upper row) and top-down views (lower row) of Ag-coated
spheres (8 um diameter) with different filler loading in epoxy resin after magnetic
alignment.
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Figure 3.9 shows the inter-column distance Y and column density Ny at different

filler concentration when using 8 um and 70 um particles. The inter-column distance

decrease to 1/8 when using smaller particles and the column density increased around 80

times. However, when we measure the electrical conductivity, it is one order of

magnitude smaller than that of the ECAs prepared with 70 um particles. We calculated

the sum of contact resistance and the particle resistance (Rc.+Rp) according to Eq. 5, the

sum of these two is around 2x10*Q.cm. This explains the higher resistance of the ECA

with smaller particle fillers. That is the contact resistance effect to increase the total

resistance exceeds the trend to reduce the resistance by forming more columns.

Therefore, a larger size of particle is preferred in the current system.
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Figure 3.9 The intercolumn distance Y (left) and column density Nd (right) with different
filler size. The data were obtained from model predication.
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3.3.4 Effect of silver layer thickness

From EQ.5, it is clear that to enhance the electrical conductivity, we need to
decrease the particle resistance R, or to decrease the contact resistance Rc. The particle
resistance R, can be reduced by adding thicker layer of silver while the contact resistance
can be reduced by interface treatment such as iodination as in our previous work in
isotropic conductive ECAs.

To investigate the effect of silver shell thickness, 1.5¢g of the original Ag/Ni core
shell particles are immersed in 20ml commercial Ag plating solution with stirring for 5
min at 65 °C. The particles with thicker layer were then characterized by SEM and TGA.
The silver coating is quite homogeneous from the SEM images. In the TGA tests, silver
is thermally stable while nickel can be oxidized to nickel oxide at elevated temperatures.
As shown in Figure 3.11, the pure nickel will have a weight gain of 24.6 wt.% because of
the oxidation. The original Ag coated Ni and the particles after a second coating shows a
weight gain of 13.5% and 5.7%, respectively, which indicates a much thicker coating of

silver after plating.
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Figure 3.10 SEM of pure silver and nickel flakes (left) and silver coated nickel particles
with different silver shell thickness (right).
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Figure 3.11 TGA of pure silver and nickel flakes (left) and silver coated nickel particles
with different silver shell thickness (right).

The electrical conductivity and thermal conductivity in Z-direction of the original
particle filled epoxy composites and particles with thicker silver coating were then
measured. As shown in Figure 3.12, the electrical conductivity increases linearly with
filler loading for both samples. This is consistent with previous prediction (Eq.5). By

putting a thicker layer of silver, we can decrease the particle resistance and therefore the
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total resistance. As shown in Figure 3.12, the totally conductivity increased by
approximately two times when adding a thicker layer of silver. We reverse calculated the
sum of average contact resistance and particle resistance (Rc+R;) from Equation 5 and
this value deceased from 46.1 Q to 15.7Q.
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Figure 3.12 Electrical conductivity in the Z-direction of original particles and particles
with thicker Ag layers filled epoxy composites.

Similarly, the thicker layer of silver also enhances the thermal conductivity. As
shown in Figure 3.13, the thermal conductivity of composites also increased linearly with
volume percentage of particles. The increasing rate increased 50% when we have thicker

layer of silver.
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Figure 3.13 Thermal conductivity in the Z-direction of original particles and particles
with thicker Ag layers filled epoxy composites.
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3.3.5 Effect of iodination treatment

The iodination treatment of silver flakes have been demonstrated a very effective
way to reduce the contact resistance in ECAs [62]. To reduce the contact resistance R
here, the iodination treatment of the silver shell in the Ag/Ni particles was studied. The
iodination process for silver coated nickel particles is much faster than that for silver
flakes. After immersion in iodine ethanol solution (0.5umol/l) for only 1 minute, the
white color powder immediately turned into yellow (bulk Agl is also yellow) (Figure
3.14). From the SEM images (Figure 3.15), we found that nanoparticles formed on the
surface of Ag coated Ni particles even after 1minute reaction. In contrast, the flake
surfaces are relatively smooth even after iodination process, and no obvious nanoparticle
formation can be observed (Figure 3.15). It is possible that the plated silver is formed
from coalescence of silver nanoparticles and they may have higher surface energy and
larger tendency to get oxidized by iodine. To confirm the composition of these formed
nanoparticles, a series of XRD was performed (Figure 3.16). For silver flakes, after
iodination treated for 3 hours, although a significant enhancement in electrical
conductivity was observed for the flakes-filled ECA, the silver flakes themselves contains
very small amount of Agl. As shown in XRD result, the Agl peaks cannot be detected.
For the silver coated nickel particles, as expected, we observed peaks from Ag FCC
structure and Ni FCC structures. For silver coated nickel particles treated with iodine

solution for only 1 minute, obvious peaks formed at 26 = 21°, 23°, 39°, and 43°,

representing the (100), (002), (110), (013) planes of B-Agl, respectively.
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Figure 3.14 Pictures of Ag coated Ni particles before (left) and after iodination for 1
minute (right).

Ag coated Ni Before iodination After iodination-1min

Figure 3.15 SEM of Ag coated Ni particles and Ag flakes before and after iodination. The
iodine concentration is 0.5pmol/l and the treatment time is 1 minute for the particles and
3 hours for flakes.
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Figure 3.16 XRD of silver flakes 26 iodinated for 3 hours and silver coated nickel
particles iodinated for 1 minute. The iodine solution concentration is 0.5umol/l in both
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Previous study showed mild iodination treatment (short treatment time and low
concentration of iodine) would enhance the electrical conductivity whereas overtreatment
with iodine would decrease the conductivity [62]. One possible reason is that small
amount of Agl on the Ag flake surface can be in-situ decomposed to generate Ag
nanoparticles while too many insulating Agl will obstacle the electrical conduction.

Because the iodination treatment time is already reduced to 1 minute, to avoid
over-treatment, the iodine concentration is reduced from 0.5umol/l for flake treatment to
below 50nmol/I for Ag coated Ni. The Ag coated Ni particles are treated with stearic
acid/ethanol solution for 24 hours to get a lubricant layer. Then the particles are treated
with iodine/ethanol solution at different concentrations before mixing into epoxy resin.
The effect of iodine concentration during iodination treatment is investigated.

Figure 3.17 shows the electrical conductivity at Z direction of the Ag coated Ni
filled ECAs. Similar to the situation for silver flakes, only lubrication with fatty acid
would reduce the electrical conductivity because they form an insulating layer on the
surface of Ag coated Ni. But after iodination treatment, the electrical conductivity gets
improved compared with just lubricated particles. To be noticed that the concentration of
iodine used here is less than 50 nmol/Il, which is 1/10 of the concentration used to treat
silver flakes. The improvement by iodination is more significant when the particle
loading is larger. At 10.82vol.% loading, the conductivity can be enhanced by 4 times
after treated with 50 nmol/I iodine solution. This is possibly because more contacts are
formed at higher loading and iodination facilitates reducing contact resistance. There is

no obvious trend that which concentration of iodine works best.
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Figure 3.17 Electrical conductivity of ECAs filled with Ag coated Ni particles with
iodination treatment at different concentration of iodine.

Lubrication of the particles will increase the contact resistance, and thus increase
Rc+Rp (Figure 3.18). The iodination treatment can reduce the contact resistance R,
therefore the Rc+R,, can be reduced to below 20Q. Moreover, this value decreases with
loading because the reduction of R by iodination is more significant at higher loading. At

10.82 vol.%, the R+R}, value can be reduced below 10 Q.
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Figure 3.18 Rc+Rp value of ECAs filled with Ag coated Ni particles with iodination
treatment at different concentration of iodine.
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We also measured the thermal conductivity of the iodinated particles, as shown in
Figure 3.19. The iodination process may improve the thermal conductivity slightly,
probably due to the silver nanoparticle formation from Agl decomposition. Moreover,
for thermal conductivity, there is an obvious trend that at lower concentration of
iodination, the thermal conductivity is higher. This trend is observed at all the filler
loading tested. At a loading of 10.82 vol.%, the thermal conductivity can be improved

from 0.85 W/m.K to 0.98 W/m.K after treatment with 2 nmol/l iodine solution.
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Figure 3.19 Thermal conductivity of ECAs filled with Ag coated Ni particles with
iodination treatment at different concentration of iodine.

3.3.6 Effect of iodination treatment and silver shell thickness

It has been demonstrated that a thicker silver shell can reduce Rp while iodination
treatment can reduce Rc. The current step is to combine the iodination treatment and
deposition of a thicker silver shell to further enhance the electrical and thermal
conductivity. Figure 3.20 shows the electrical conductivity of ECAs filled with silver
coated nickel particles with thicker silver shell and treated with iodine (red) in
comparison with ECAs filled with particles with thicker Ag shell without iodination
treatment (black), and ECAs filled with particles with iodination treatment but without

thicker shell (blue). It can be seen that the combination of thicker shell and iodination
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treatment yields a better conductivity than that of single step treatment. But this effect is

more obvious at higher loadings (7.2 vol.%).
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Figure 3.20 The electrical conductivity of ECAs filled with Ag coated Ni particles treated
with iodine at two different concentration (blue), Ag coated Ni particles with thicker Ag
shell (black), and Ag coated Ni particles with thicker Ag shell and treated with iodine
(red).

Besides the electrical conductivity, the thermal conductivity was also investigated
(Figure 3.21). The effect of iodination treatment of Ag coated Ni particles with thicker

Ag shell on thermal conductivity is not very significant though.
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Figure 3.21 The thermal conductivity of ECAs filled with Ag coated Ni particles treated
with iodine at two different concentration (blue), Ag coated Ni particles with thicker Ag
shell (black), and Ag coated Ni particles with thicker Ag shell and treated with iodine
(red).
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3.4 Summary and future work

Anisotropic ECAs are successfully prepared with silver coated nickel particles as
fillers and aligning these fillers in a magnetic field. Anisotropic ECAs have higher
electrical and thermal conductivity at Z-direction compared with that of isotropic ECAs,
while maintain electrically insulating at X-,Y-directions. To achieve higher conductivity
at Z-direction, larger particle size, thicker Ag shell and iodination treatment at very low
concentration of iodine are preferred.

Future work include using Ag coated Ni flakes or wires as fillers to further reduce

the filler loading, or using Ni nanoparticle decorated Ag flakes as fillers.
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CHAPTER 4 HIGHLY CONDUCTIVE, FLEXIBLE
POLYURETHANE-BASED ADHESIVES FOR FLEXIBLE AND

PRINTED ELECTRONICS

4.1 Introduction

Modern consumer electronics are striving for increased functionality. Mechanical
flexibility becomes an important trend for electronics because of the natural integration
and increased functionality impossible within the confines of rigid, planar substrates. For
example, flexible electronics enable applications where circuits are wrapped conformal
around complex shapes or rolled up for storage, such as flexible displays [159, 160],
flexible and conformal antennas [161], thin film transistors [162, 163], sensors arrays
[164], electronic solar cell arrays [165, 166], and flexible energy storage devices [167,
168]. However, flexible electronics impose stringent requirements for interconnect
materials [169-172]. In addition to the conventional functions of providing sufficient
power, ground and signal transmission, interconnects for flexible electronics are required
to maintain excellent mechanical robustness and electrical interconnectivity during
mechanical deformation.

While metal wires with elegantly designed structures [171, 173-178] or ink-jet
printed metal patterns [161, 179-181] have been demonstrated to wire-bond chips to
flexible substrates, there are considerably fewer reports on the adhesive materials to
support the flip-chip interconnects or SMT for flexible electronics. Sn-based eutectic
solders cannot be used in flexible electronics, because the high process temperature will
damage flexible, low cost substrates such as paper and poly(ethylene terephthalate)

(PET). Conventional epoxy-based ECAs suffer from the rigidity while silicone-based
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ECAs usually have limited conductivity (resistivity > 2.0 x 10™ Q-cm) [4, 182].
Therefore, ECAs with high electrical conductivity, low process temperature, good
mechanical compliance and strong adhesion are needed to enable SMT and flip-chip
interconnection on flexible and low-cost substrates in flexible electronics.

In this chapter, we describe a novel approach to develop PU-based flexible ECA
that can meet all of the above requirements. By selecting the appropriate resin, the PU-
ECA exhibits excellent electrical conductivity (resistivity ~ 1.0 x 10° Q-cm) and the
resistivity does not change when bending at a 2.64 % flexural strain, rolling at a radius of
8 mm or pressing under 250 kPa. Additionally, the adhesion strength is much better than
that of a commercial ECA (Abletherm® 3188) and pure PU resin. The PU-ECA in this
study demonstrates many other advantages, including a low curing temperature (150 °C),
which enables printing and curing on low-cost flexible substrates; simple and cost-
effective processing, by eliminating the use of any expensive silver nanoparticles [28, 35]
or additives [9, 183] to achieve high electrical conductivity; and environmental-
friendliness. These excellent material properties will be very promising for the exiting

conductive adhesive interconnection and emerging flexible electronics.
4.2 Experimental

4.2.1 Synthesis of PU-ECA

Polyethylene glycol (PEG, Sigma-Aldrich) was put into a vacuum pump for 6
hours before mixing with hexamethylene diisocyanate (HDI, Bayer AG) and various
amounts of silver flakes (Ferro Corp.). The two flakes with different sizes were added
with a ratio of 1:1. The mixture was homogenized with for 5 minutes. Then the paste was

kept in the vacuum oven for 12 hours to evaporate the solvents in the HDI prepolymer.
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The PEG chain length was optimized for a low modulus, high electrical
conductivity and low glass transition temperature. The Young’s modulus was measured
by tensile test with extension rate of 50 mm/min (Instron Microtester 5548). The glass
transition temperature and crystallization temperature were measured by DSC (TA
Instrument Q2000). The bulk resistivity measurement is detailed in the following

characterization section.

4.2.2 Characterization

To measure the electrical resistivity, the paste was cast in a Teflon mold (22 mm
x 7. mm x 0.5 mm). After cure at 150°C for 1 hour, the bulk resistance of the film was
measured by four-wire method with a Keithley 2000 multimeter. The thickness was
measured by a profilometer (Heidenhain ND 281, Germany). Bulk resistivity p was then

calculated by

wt
p=R—

where |, w, and t are the length, width and thickness of the film, respectively.

Raman spectra of silver flakes were obtained by a LabRAM ARAMIS Raman
confocal microscope (HORIBA Jobin Yvon) equipped with a 532 nm diode pumped solid
state (DPSS) laser. Si wafer was used as a substrate.

The dimensional change of PU-ECA paste during thermal cure was measured by a
thermomechanical analyzer using the macroexpansion mode (TMA, TA instruments,
Q400) [23]. A small amount of the paste was sandwiched between two microscope cover
glasses. The sample was cured in the TMA and dimensional changes during cure were
recorded. The static force of the probe was kept at 0.02 N to ensure that the adhesive

paste was not squeezed out during heating. The heating rate was 5 °C per minute.
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Decomposition of the lubricants on the surface of silver flakes with and without
PEG was studied by a modulated DSC (TA Instruments, Q2000). The heating rate was
1°C min™.

PEG treated silver flakes were prepared by immersing silver flakes in PEG at
150°C for 30 minutes. Silver flakes lost their luster after being treated. Then PEG and
surfactant reduction products were removed by adding acetone and centrifuging for five
cycles. Finally, the silver flakes were dried in vacuum before SEM observation and TGA
tests. Morphologies of untreated silver flakes and silver flakes treated with PEG were
observed by field emission SEM (LEO 1530). Weight loss of untreated and PEG-treated
silver flakes during heating was studied using TGA (TA Instruments, Q50) with a heating
rate of 5 °C/min.

The storage modulus of a PU-ECA film was measured with a dynamic
mechanical analyzer (DMA, TA Instruments, 2980), in tension mode. The sample is
heated from 0°C to 100°C at 5°C/min with a constant frequency of 10Hz.

The lap shear test was performed according to ASTM D1002. To eliminate the
effects of the thickness of adhesives on the adhesion strength [184], 0.5 wt.% of glass
beads with uniform diameter of 75 pm were added to the adhesives to serve as “spacers”.
When applying compression force during the curing of the adhesives, the thickness of all
the samples were kept around 75 pum.

A DC power supply (Hewlett-Packard 6553A) was used to power the LED chips

(Lite-On, 160-1458-1-ND).
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The simulation of antenna performance was conducted by high frequency
structural simulator (HFSS,Ansys Inc.). The S11 parameter was measured by a vector

network analyzer (VNA, Agilent, 85052D).

4.3 Results and Discussion

4.3.1 Optimization of PU-ECA Formulation

The PU-ECA is prepared by a facile process. The PU resin used is
methylethylketoxime (MEKO) blocked HDI cured by PEG. Two silver flakes with
different sizes (0.8-2 um and 1.9-5.5 pm, respectively) are used because the bimodal size
of fillers is reported to enhance the packing efficiency and thus decrease the viscosity of
the paste [5, 28, 61]. The optimal chain length of PEG is found based on three aspects;
the low bulk resistivity of the PU-ECA, low Young’s modulus and low glass transition
temperature (Tg) of the PU cured with PEG.

The bulk resistivity of PU-ECA prepared with PEG of different lengths is shown
in Figure 4.1(a). The resistivity increases with the PEG chain length at the same filler
loading, especially with a molecular weight up to 1000.

The Young’s moduli decrease with the increase of PEG molecular weight from
200 to 600 (Figure 4.1(b)). PEG forms the soft segment of the PU resin and the increase
of soft segment usually leads to a lower Young’s modulus. However, the Young’s
modulus shows a sudden increase when the molecular weight reaches 1000. This is
because the long PEG segments forms crystalline structures, and the melting point of the
crystalline for PEG with molecular weight of 1000 is around 37°C (Figure 4.1(c)). At
room temperature, the partially-crystallized PU thus has a much higher modulus than

other formulations with amorphous structures do.
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The DSC results of cured PU with different PEG chain lengths are shown in
Figure 4.1(c). PEG with molecular weights of 200 and 400 do not form crystalline while
PEG 400 has a lower Tg (-25°C) than that PEG 200 (6 °C). The lower Tg renders a
consistent mechanical properties in a larger temperature window. Therefore, PEG 400 is

selected in an optimized formulation for PU-ECA.
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Figure 4.1 (a) Bulk resistivity of PU ECAs as a function of silver loading for PU resin
prepared with PEG of different molecular weights. (b) Young’s modulus of PU resin
prepared with PEG of different molecular weights. (¢c) DSC results of PU resin prepared
with PEG of different molecular weights.

4.3.2 Properties of PU-ECA

4.3.2.1 Bulk resistivity and the conduction mechanism

The bulk resistivity as a function of curing temperature is shown in Figure 4.2(a)
and the obtained resistivity can be as low as 1.0 x 10™ Q-cm at 80 wt.% silver loading
when cured at 150°C or above. The resistivity of PU-ECA (1.0 x 10™ Q-cm) is one order

of magnitude smaller than that of silver/polydimethylsiloxane (PDMS) [5] and
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silver/MWNT/PDMS composites [183], 2/3 less than that of silver-MWNT/nitrile
butadiene rubber (NBR) composites [9] and 1/2 less than that of epoxy ECA at the same
process-temperature [28, 61]. It is also even lower than the reported resistivity of some
printed silver-ink [161, 179]. It is noted that in prior studies these high electrical
conductivities are usually obtained by introducing silver nanoparticles [28, 35] or silver
nanoparticle-decorated CNTSs [9, 183], because these nanoparticles can be sintered at
relatively low temperatures (~250°C or below) to decrease the contact resistance [35].
However, the dispersion of metallic nanoparticles into the polymer matrix is quite
challenging and the cost of nanoparticles is still high. In the case of PU-ECA, the
ultrahigh electrical conductivity can be achieved simply by optimizing the formulation of
the PU resin, instead of the use of expensive nanoparticles or complex preparation
methods. Two possible factors contribute to the high conductivity of PU-ECA. The first
factor is the significant shrinkage during curing of PU-ECA, which leads to an increased
volume percentage of silver after curing. As shown in the TMA result (Figure 4.2(b)), the
PU-ECA experiences significant volume shrinkage from 35°C to 110°C. Volume
shrinkage during curing was also observed for epoxy-based ECA in previous reports
while silicone-based ECA does not show obvious shrinkage (Figure 5.1). According to
previous studies [23, 185], such shrinkage can generate a compressive force to draw the
silver flakes together and decrease the bulk resistivity. Here, the shrinkage of PU matrix
reduces the bulk resistivity of PU-ECA from the upper limit of the measurement at 20°C
to as low as 10 Q at 110°C. After reaching 110°C, thermal expansion exceeds the curing
shrinkage while the resistance continues to drop at around 140°C, indicating that factors

other than the matrix shrinkage contribute to the improved conductivity at temperatures
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over 110°C. The second possible factor is that the hydroxyl groups in the polyether
chains can in-situ reduce the silver salts on the surface silver flakes to produce silver
nanoparticles, which can be sintered during the curing of PU-ECA to form metallic
bridges between neighboring flakes. As demonstrated by the Raman spectra (Figure 2.3),
the commercial silver flakes in use are coated with a thin layer of silver salts of fatty
acids. This insulating layer helps to improve the processibility but dramatically increases
the contact resistance between silver fillers inside ECAs [26, 27, 127]. Polymers with
hydroxyl groups such as PEG [186] and polyvinyl alcohol [187] have been extensively
reported to reduce silver salts to silver nanoparticles effectively at mild conditions. PEG
used as a curing agent in this study can also serve as a reducing agent to reduce the silver
carboxylate and generate silver nanoparticles during curing at 150 °C. Indeed, the DSC
results (Figure 4.2(c)) of pure silver flake shows a small peak at 201 °C, corresponding to
the thermal decomposition of silver carboxylate [61]. When adding PEG to silver, the
peak at at 201 °C in the DSC curve disappears; instead, an exothermic peak is observed
at 130 °C, indicating the reduction reaction of silver carboxylate by PEG. In the TGA
tests (Figure 4.2(d)), the untreated silver flakes shows a weight loss of 0.20% when
heated to 450°C in a dynamic run due to the decomposition of surfactants on the silver
flakes while the PEG treated silver flakes shows a significantly smaller weight loss of
0.10%, implying partially removal of surfactants by PEG. The formation of nanoparticles
by reduction reaction is confirmed by SEM. The untreated flakes show smooth surfaces,
while after heating at 150°C with PEG for 30 minutes, the silver flakes clearly show some
roughness owing to the growth of silver nano/submicron-sized particles on their surfaces

and edges (Figure 4.2(e)). Moreover, these grown submicron/nano particles on the silver
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flake surfaces are sintered forming neckings between silver flakes. These neckings
metallically bridge the neighboring flakes and thus significantly reduce the contact
resistance between silver flakes, which corresponds to the resistance drop at 140°C in
Figure 4.2(b). While the reduction of the silver carboxylate on the silver flakes by PEG
acts similarly to the introduction of silver nanoparticles or silver nanoparticles decorated
CNT, the silver carboxylate reduction process is more cost effective and efficient to

improve the electrical conductivity.
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Figure 4.2 (a) The bulk resistivity of PU-ECA compared with other interconnect
materials for flexible electronics. (b) The bulk resistance and dimension change of PU
based ECA as a function of temperature. (c) DSC results of silver flakes and silver flakes
with PEG. (d) The weight loss of untreated and PEG treated silver flakes. (e) SEM
images of untreated and PEG treated silver flakes.

4.3.2.2 Conductivity under mechanical deformation

In addition to high electrical conductivity at static state, ECAs for flexible
electronics need to maintain their conductivity under mechanical deformation. The
storage modulus of a PU-ECA film at 25°C is 1098 MPa as measured by DMA,
indicating a flexible structure. Figure 4.3 shows the electrical conductivity change of
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PU-ECA film under various forms of mechanical deformations. First, the bending
deformation of a free-standing PU-ECA film is made by three-point bending fixture. The
resistance change is less than 10% when bending at flexural strain up to 2.64%.
Moreover, the resistance stays constant even after 1,000 cycles of bending. The same
sample is also tested by rolling at different radii in a setup similar to a previous report [9].
The resistance does not change significantly when the radius is larger than 7 mm, though
the resistivity does increase to 3.3x107°, 4.2x10™ and 6.8x10™ Q-cm when rolling at 7.5,
5 and 3.5 mm respectively. The rough surfaces of silver flakes and the neckings between
neighboring flakes from PEG treatment (Figure 4.2(d)) help to maintain the contacts
between fillers and thus the resistivity during moderate deformation. When the
deformation increases to a certain level, the resistivity increases due to the loss of
contacts. The increased resistivity in the rolling test, however, is still lower than that of
most silver based composites reported [179, 183]. A further cycling test shows that the
resistivity is invariant after rolling at 8 mm for 1,000 times. The normal pressure test on
the PU-ECA film up to 250 kPa exhibits no change in resistivity. It should be noted that
the thickness of PU-ECA film tested here is around 360 pum, which is much larger than
some previously-reported bendable conductive materials (60 um [9] and 20 um [161]). In
addition, the PU-ECA samples tested here are free-standing films while the samples
tested in [161] and [9] are printed on a flexible substrate. Since the bending stiffness of a
thin sheet is proportional to the cube of its thickness [188], the PU-ECA could have the
potential to exhibit even better flexibility and electrical properties under deformation than

the results shown in Figure 4.3 if the thickness of the samples is decreased.
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Figure 4.3 (a) The schematic illustration of three point bending test of the PU-ECA film.
(b) The electrical resistivity as a functional of flexural strain. (c) The electrical resistivity
as a function of bending cycles at a flexural strain of 2.64%. (d) The schematic
illustration of rolling test of the PU-ECA film. (e) The electrical resistivity as a functional
of rolling radius. (f) The electrical resistivity as a function of rolling cycles at a radius of
8mm. (g) The schematic illustration of high pressure test of the PU-ECA film. (h) The
electrical resistivity before and after high-pressure test.

4.3.2.3 Adhesion strength

The adhesion of PU-ECA to a photo paper, poly ethylene terephthalte (PET) and
polyimide (PI) substrates is measured by a standard tape test. No noticeable ECA
materials are removed by the tape, indicating good adhesion of PU-ECA to these flexible
substrates (Figure 4.4(a)). Moreover, a lap shear test is performed on two Cu strips
bonded with PU of different silver loadings. Compared with pure PU, the adhesion

strength increases from 0.12 kg mm™ to 0.14 kg mm™ when the silver loading increases
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to 60 and 70 wt.% loading. This increase may result from the increased modulus that
helps with the interfacial strength. When the loading further increased to 80 wt.%, the
adhesion decreased to 0.125 kg mm™ due to reduced flowability of the ECAs which
causes incomplete asperity filling on bonding surfaces and loss of contact area by
inorganic fillers. However, this value is still higher than that of either the pure PU resin or

the commercial PU based ECA (0.07 kg mm™, labeled 3188).

0.25

(c)

—~
o
~

o
N

0.15

- Force
AR . !
ECA A Cu strips K ’ I |
0
PU

PU,60%Ag PU,70%Ag PU,80%Ag 3188

o

Adhesion strength (kg mm-?)
e
(9]

Figure 4.4 (a) The adhesion of PU-ECA to different flexible substrates is investigated
using scotch tape. (b) Die shear test result of PU-ECA with different silver loading and
commercial ECA Abletherm® 3188 as a benchmark material. (c) Lap shear test result of
PU-ECA with different silver loading and 3188 (a commercial PU based adhesive).

4.3.3 Demonstration of PU-ECA in flexible electronics

The PU-ECA in this study meets the requirements of interconnect materials in
flexible electronics, such as high electrical conductivity, low process temperature, good
mechanical compliance, and strong adhesion, which enable PU-ECA to be applied in a

variety of flexible electronics.
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4.3.3.1 PU-ECA as interconnection materials

PU-ECA can be used as die-attach materials for flexible electronics. LED chips
are attached to a PU-ECA pattern on a photo paper substrate. The brightness of these
LED chips is invariant for the flat (Figure 4.5(a)), and rolling state (Figure 4.5(b) and
Figure 4.5(c), radius = 18.5 and 15 mm, respectively), indicating the excellent adhesion

and power transmission of the PU-ECA.

Figure 4.5 (a) LED chips are attached to photo paper substrate by PU-ECA. The
brightness of the LED chips does not change when rolling at radius of 18.5 mm (b) and
15 mm (c).

Furthermore, the PU-ECA can increase the circuit integration density by
providing multiple-layer structures. As shown in Figure 4.6(a), a three-layer structure is
built by drilling Vias through the substrate and using PU-ECA as polymer bumps and via
filling materials. Each layer powers two LED chips. With the 3-D structure, six LEDs in
all three layers can be illuminated to provide a more intense light per area (Figure 4.6(b)).
Additionally, this package can withstand large deformation while maintaining its

electrical functionality (Figure 4.6(c)).
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Bl Flexible substrate

Figure 4.6 (a) Configuration and (b) photo of a three-layer structure built by drilling vias
through each layer and using PU-ECA as Z-direction interconnects. Six LED chips are
powered with two in each layer. (c) The brightness does not change when the three-layer
package is bent.

4.3.3.2 \Wearable antennas

The flexible PU-ECA may also be used as flexible RF-devices. A flexible antenna
is fabricated by stencil printing PU-ECA on various substrates such as photo paper and
bandage. As shown in Figure 4.7, PU-ECA printed on bandage can be bent and twisted
without damaging the antenna pattern. From the simulation, within a range from 500
MHz to 5 GHz, the resonant frequency of the antenna is around 1.9 GHz. The resonant
frequency of a free-standing antenna is measured to be 2.01 GHz, while when the antenna
is wrapped around a human wrist, the resonant frequency shifts to 1.53 GHz. The shift in
resonant frequency may result from the influence of the electromagnetic properties of the
human body as well as the physical deformation. In both cases, the S11 parameter is

below 10 db, indicating good performance of the printed flexible antenna.
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Figure 4.7 (a) Flexible antenna made of PU ECA can be printed on bandage and wrapped
around a finger. (b) Testing the antenna on a wrist by a VNA. (¢) The S11 parameter of
the antenna in the frequency range of 0.5 to 2.5 GHz.

4.4 Conclusions
In summary, the PU-ECA in this study offers a high electrical conductivity
achieved by the polymer shrinkage and in-situ formation of silver nanoparticles. The
electrical resistivity reaches 1.0 x 10° Q-cm and remains stable when bending at 2.64 %
flexural strain, rolling at a radius of 8 mm or pressing under 250 kPa. It also has good
adhesion to various flexible substrates and Cu surfaces. The combination of these
properties will make PU-ECA a very promising interconnect material for flexible and

printed electronics.
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CHAPTER 5 CONDUCTION DEVELOPMENT MECHANISM OF

SILICONE-BASED ELECTRICALLY CONDUCTIVE ADHESIVES

5.1 Introduction

ECAs have been intensively studied as an alternative to solder in electronics.
Compared with solder alloys, ECAs are more environmentally friendly, are easier to
process, have lower processing temperatures, and allow for higher-resolution printing.
ECAs are usually composed of a thermoset resin (usually epoxy, polyurethane, or
polyimide) filled with metallic particles. With the rapid development of
flexible/stretchable electronics, elastomers such as silicone-based ECAs (Silo-ECAS)
have recently seen a tremendous growth in interest due to their unique combination of
elasticity, biocompatibility [189], patternability [182, 190], and thermal stability [182].
Silo-ECAs have enabled exploration into various new applications, including
microfluidic devices [191, 192], stretchable RF devices [193, 194], sensors [195],
biomedical devices [196], flexible interconnects [5, 183], etc.

In spite of their excellent mechanical properties, the limited electrical
performance of Silo-ECAs hinders wider use. The bulk resistivity of Silo-ECAs is
usually above 2x10™ Q-cm with 80 wt.% silver [4, 5, 182, 191], while epoxy- and PU-
based ECAs have been reported to achieve electrical resistivity of 2.5x10° Q- cm [37,
61] and 1x10™° Q-cm [60], respectively, at the same level of filler loading. Moreover, it
has been found that even increasing the loading level cannot reduce the resistivity of Silo-
ECAs below 2x10™ Q-cm [4].

This limited electrical conductivity deteriorates the performance of Silo-ECAs in

flexible/printed electronics. For example, as device interconnects, a resistivity larger than
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1x10™ Q-cm leads to severe resistive loss [197]; as printed signal transmission materials
in radio frequency identification (RFID) antennas, a low conductivity decreases the
quality factor as well as the reading distance [22]. Thus, enhanced electrical properties of
Silo-ECA will expand its applications in a variety of flexible/printed electronics.

It is worth revisiting the conduction mechanisms of ECAs in order to explore the
methods of enhancing the electrical conductivity of Silo-ECAs. In prior studies on epoxy-
and PU-based ECAs, several conduction mechanisms have been proposed. In these
studies, the correlation between resin shrinkage during curing and conductivity
development is used to explain that the compaction of fillers by shrinkage provide a
major driving force for conductivity development [23, 198, 199]; surface chemistry
studies also discuss the decomposition of the surfactants on the silver flakes [35, 61,
200], as another reason for the conductivity development.

Compared to epoxy resins, silicone experiences much less curing shrinkage and
has a lower elastic modulus. Therefore, the shrinking force in silicone is not as influential
as in epoxy resin for filler compacting and it is questionable that Silo-ECAs would follow
the conductivity development mechanisms proposed previously. In the present study, we
discuss the conduction development mechanism of the Silo-ECAs based on newly-
proposed chemical reactions on the silver flakes’ surface and on the resulting silver flakes
morphology changes, and present a novel way to a breakthrough of Silo-ECA

conductivity.
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5.2 Experimental

5.2.1 Materials

The silicone matrices for Silo-ECAs are a mixture of vinyl-poly(dimethyl)
siloxane (Vinyl-PDMS) and hydride-terminated PDMS (H-PDMS). Mono hydroxy-
terminated PDMS (OH-PDMS) is used as a reference for FT-IR. The details of these
materials are listed in Table 5.1. Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane
complex (Sigma-Aldrich Co.) and PT88 (Wacker Chemie AG) are used as the catalyst

and the curing inhibitor, respectively. Silver flakes are donated from Ferro Co.

Table 5.1 Silicones used in this study.

Abbreviation Commercial name Functional groups Functional group% MW

Vinyl-PDMS  Wacker® V1K Vinyl 2.6% 18,000
H-PDMS-1 Sigma-Aldrich Hydride Chain-end 580
H-PDMS-2 Sigma-Aldrich Hydride Chain-end 24,000
H-PDMS-3 Gelest® H41 Hydride Chain-end 63,000
OH-PDMS Sigma-Aldrich Hydroxide Chain-end 4,670

5.2.2 Preparation of ECAs

Vinyl-PDMS and H-PDMS are mixed with a molar ratio of 1:1 and platinum
catalyst is added to the mixture. In a typical ECA formulation, 80 wt.% silver and 20 wt.%
of the above silicone mixture are homogenized for 5 minutes. The electrical conductivity
measurement specimen is made by casting the ECA in a Teflon mold (22 mmx7 mmx0.5

mm) and then curing at 160 °C in an air-circulating oven (Thermal Scientific) for 1 hour.
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5.2.3 Silver flake treatment and characterization

H-PDMS treated silver flakes are prepared by immersing silver flakes in H-
PDMS-3 at 160 °C for 30 minutes. The treated silver flakes are washed with toluene in
three centrifuge cycles in order to remove the remaining H-PDMS and with acetone in
another three cycles to remove the products of the surfactant reduction reaction. Note that
the surfactant on the silver flakes cannot be washed off by acetone or toluene during this
process [25]. Finally, the silver flakes are dried in vacuum before characterization. The
H-PDMS before and after treatment are studied by FT-IR (Nicolet, Magna IR 560).

Morphologies of untreated and treated silver flakes are observed by SEM (LEO

1530). Weight loss of untreated and treated silver flakes during heating is studied using
TGA (TA Instruments Q50) with a heating rate of 5 °C/min. Raman spectra of silver
flakes are obtained by using a LabRAM ARAMIS Raman confocal microscope
(HORIBA Jobin Yvon) equipped with a 532 nm diode pumped solid state laser. Si wafer

is used as a substrate for Raman measurements.

5.2.4 Characterization of ECAs

The dimensional change of the Silo-ECA paste during thermal curing is measured
using a TMA in a macro-expansion mode (TA instruments, Q400) [23]. A small amount
of the paste is sandwiched between two microscope cover slides and cured in the TMA.
The dimensional changes during curing are recorded. The static force of the probe is kept
at 0.02 N to ensure that the adhesive paste is not squeezed out during heating. The
heating rate used is 5 °C min ™.

For the in-situ resistance measurement during curing, two strips of polyimide

tape are placed onto a glass slide with an 8 mm distance between them. The ECA paste is
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spread between the gap by a doctor blade. Four Cu/Ni wires are bonded to the ECA as
four electrodes. The specimen is then placed in an air-circulating oven. Electrical
resistances during heating are recorded at 10 seconds intervals using a Keithley 2000
multimeter.

Bulk resistances of cured ECA strips are measured by a Keithley 2000
multimeter. The widths and lengths of the specimens are measured by a digital calliper
(VWR). The thickness of the specimen is measured by Heidenhain (thickness measuring
equipment, ND 281B, Germany). Bulk resistivity, p, is calculated using p = Rtw/l, where
I, w, t are the length, width and thickness of the sample, respectively.

FT-IR (Nicolet, Magna IR 560) with an in-situ heating apparatus is used to
investigate the curing of the PDMS matrix. A drop of the resin is sandwiched between
two KBr pellets and heated from 40°C to 160°C at a ramping rate of 5°C/min. The
spectra are collected during heating. A resolution of 2 cm ™ is used over 64 scans.

The Young's modulus is measured by tensile testing with an extension rate of
100 mm min™* (Instron Microtester 5548). The curing temperatures are measured by DSC

(TA Instrument Q2000) with a ramping rate of 5°C /min from 40°C to 250°C.
5.3 Hypothesis

5.3.1 Shrinkage of polymers

Curing shrinkage was found to be the prerequisite for achieving conductivity in
epoxy-based ECAs [23]; the shrinkage leads to closer compaction of silver fillers, which
can dramatically decrease the contact resistance according to the electron tunnelling
theories [17-20]. Figure 5.1 shows the curing shrinkage of epoxy-, PU-, and silicone-

based ECA (V-PDMS and H-PDMS-3 molar ratio 1:1, with 500 ppm platinum catalyst in
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terms of silicone resin) as measured by TMA, and the in-situ electrical resistance change
with temperature. It is clear from the TMA results that epoxy- and PU-based ECAs show
an obvious dimension change of approximately 20-30 microns due to curing shrinkage.
The conductivity development also synchronizes with this resin shrinkage. In the case of
Silo-ECAs, an initial dimension decrease below 50 °C results from the spreading of Silo-
ECAs. Above 50 °C, only thermal expansion is observed, corresponding well with the
previous report that the curing shrinkage of silicone is around 0.5% [201], which can
hardly be detected by TMA. It is doubtful that such a small shrinkage would produce

effective compaction force for silver flakes, as in the case of epoxy- or PU-based ECAs.
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Figure 5.1 Left column: (a) curing shrinkage of epoxy-based [23], (b) PU-based [60], and
(c) silicone-based ECAs as measured by TMA. Right column: (d) the resistance change
as a function of temperature of epoxy-based [23], (e) PU-based [60] and (f) silicone-
based ECAs (inset is the conversion of the silicone curing reaction calculated by the
consumption of Si-H group in FT-IR spectra; details shown in section 5.4.1). (a), (b), (d),
(e) are adapted from ref. [23] and [60] as a courtesy of the authors.

To further investigate the effect of the low curing shrinkage of silicone on the
resistivity, the bulk resistivity of the same Silo-ECA formulation cured at 60 °C and
160 °C are compared (Table 5.2). Although both samples are completely cured and
similar curing shrinkage is expected, they yield highly dissimilar conductivities: while the

sample cured at 60 °C remained insulative, the one cured at 160 °C developed a
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resistivity of 1.6x10™* Qecm. Moreover, the same formulation without the curing agent
(such that it cannot be cured and no curing shrinkage can occur) achieved a resistivity of
2.9x107° Qecm after holding at 160 °C for the same time required for curing. Thus, it may
be seen that curing shrinkage is not a prerequisite for conductivity development in Silo-
ECAs unlike the case of PU- or epoxy-based ECAs.

Table 5.2 The bulk resistivity of Silo-ECA cured at different temperatures

Samples Bulk resistivity (Q-cm)
Cured at 60°C insulative
Cured at 160°C 1.6x10™
160°C without catalyst (not cured) 2.9x10°

Interestingly, the Silo-ECA shows a sudden resistance drop during heating at
approximately 160°C (Figure 5.1(f)), which coincides with the temperature at which
curing is completed, as tracked by the in-situ FT-IR (Figure 5.1(f), inset). This abrupt
conductivity development differs from the gradual decrease of electrical resistance
observed during the curing of epoxy- and PU-based ECAs. This indicates that shrinkage
may not be a major cause of the conductivity development; instead there might be

another reason for the sudden change.

5.3.2 Removal of silver surfactants

The unusually high conductivity of Silo-ECAs heated at 160°C without curing
leads to the consideration of another possible conduction mechanism, such as the removal
of surfactants from the silver flakes. Most commercial silver flakes are lubricated with
long-chain fatty acid, whose carboxylic group coordinates with silver and forms a silver

carboxylate complex layer [25-27]. This surfactant layer helps to prevent oxidation and to
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facilitate the dispersion of silver flakes in high filler-loading ECAs [25-27]. However,
they are undesirable for electron conduction, as they form a large energy barrier for
electron tunnelling between neighbouring flakes. Therefore, removing the surfactant
layer during or after curing becomes one important way of making highly conductive
ECAs. Various methods have been reported to efficiently remove these surfactants,
including thermal oxidation during high-temperature curing [27, 28], replacement of the
long-chain fatty acid salts with a shorter dicarboxylic acid [29-31], surface iodination of
silver flakes [62], and addition of reducing agents to reduce the silver salts to metal
nanoparticles [58, 60, 61]. This last method is especially effective, because it not only
removes the surfactants, but also generates silver nanoparticles from silver-fatty acid
complex that will later be sintered during curing to bridge between neighbouring flakes.
Conventional reducing agents for silver nanoparticle synthesis, such as sodium boron
tetrahydride, ethylene glycol, and poly(ethylene glycol) display the capability to reduce
silver carboxylate surfactants and generate nanoparticles in epoxy- and PU-based ECAs
[58, 60, 61]. Recently, H-PDMS, which is a silicone curing agent, has also been
demonstrated to reduce silver salts to silver nanoparticles [192, 202]. Hence, it is possible
that the reduction of silver surfactants is the main reason for conduction development.

To investigate this possibility, silver flakes are mixed with H-PDMS and heated at
160 °C for 30 minutes. Then H-PDMS treated silver flakes are compared with pristine
silver flakes and the flakes thermally treated at 160 °C for 30 minutes in terms of TGA

profiles, SEM morphologies, and Raman spectra.
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Figure 5.2 (a) Weight loss and (b) first derivative of weight loss over temperature of the
untreated silver flakes (black line) and the H-PDMS treated silver flakes (red).

In the TGA results, the pristine flakes show an obvious weight loss at
220.92 °C (Figure 5.2 (b)), which is attributed to the decomposition of the surfactants.13
The total weight loss of the pristine flakes is 0.22% when heated to 450°C in a dynamic
run (Figure 5.2 (a)). In the case of the H-PDMS-treated silver flakes, the weight loss
around 220°C almost disappears and a significantly smaller total weight loss of 0.09% is

observed after reaching 450°C, implying partial removal of surfactants by H-PDMS.
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Figure 5.3 SEM images of original silver flakes, silver flakes treated at 160 °C for 30
minutes, and flakes treated with H-PDMS at 160 °C for 30 minutes.

SEM images are used to confirm the formation and sintering of silver
nanoparticles by H-PDMS reduction. As shown in Figure 5.3, pristine and thermally-
treated silver flakes show relatively smooth surfaces, while the H-PDMS-treated silver
flakes clearly show in some degree roughness owing to the growth of nano- and sub-
micrometer-sized silver particles on their surfaces and edges. Moreover, these grown sub-
micrometer-, and nano-sized particles on the silver flake surfaces are sintered, forming

necking between the silver flakes (highlighted by red circles in Figure 5.3).
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Figure 5.4 (a) Raman spectrum of the silver flakes without any treatment. (b) Raman
spectra of the silver flakes with various treatments.

Figure 5.4(a) shows the Raman spectrum of the pristine silver flakes. The
presence of silver carboxylate surfactants on the silver flakes is verified by the symmetric
(vs(COO")) stretching at 1393 cm ! and asymmetric (vas(COQ")) stretching at 1565 cm .
The strong intensity of these peaks indicates that the surfactants are acids bonded to the
surface as anions [131]. The peak at 927 cm* is assigned to the C—-COO" stretching,
those at 1092 and 1149 cm ™" are from the C-C backbones, and the peaks at 1286 and
1431 cm ™ are attributed to the twist and scissor of methylene groups [132]. The surface
enhanced Raman scattering (SERS) peaks of C—H stretching of the surfactant on the
silver are well resolved in the region of 2800-2950 cm *[61]. After thermal treatment, the

appearance of sub-micron roughness (Figure 5.3) exhibits the SERS effect of an almost
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twenty-fold increase in intensity. Interestingly, although more nanoparticles and sub-
micron sized particles are generated, the intensity of H-PDMS-treated silver flakes is
actually smaller than that of the original flakes (Figure 5.4 (b)). This indicates that the
amount of the surfactant on the silver flake surfaces is dramatically reduced, so the total
surfactant concentration is too small to be detected even by SERS effect. Therefore, it is
confirmed that H-PDMS reduces the surfactants to nanoparticles during curing.

To further understand the chemical reaction between silver surfactant and H-
PDMS, the chemical structure of H-PDMS before and after treatment are characterized
by FTIR. H-PDMS-1 is chosen here because of its low viscosity, which allows the silver
flakes to precipitate and form a free-standing film after treatment (Figure 5.5). The
supernatant is thus extracted by a pipette and dried on the KBr pellet for FTIR analysis.
As shown in Figure 5.5(d), after heating with silver flakes, H-PDMS-1 has seen a clear
decrease in absorption of Si-H group (2130 cm™ and 913 cm™)[203] and correspondingly
a growth in Si-OH group (3314 cm™ and 863 cm™) [203], making the spectrum very
close to that of OH-PDMS. The IR results indicate that during reducing the silver
surfactant, the Si-H group is oxidized to Si-OH. Note that pure heat treatment of H-
PDMS-1 (without silver flakes) does not show such obvious oxidation of Si-H, although
some Si-H may get oxidized in open air by post-cure reaction [190]. This is consistent
with previous studies observing that the Si-H groups can reduce the metal salts to metal

nanoparticles while getting oxidized themselves [192, 202].
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Figure 5.5 The mixture of silver flakes with H-PDMS-1 (a) before and (b) after thermal
treatment; (c) the silver flakes form a free-standing film after treated with H-PDMS at
160°C. (d) The FTIR spectra of H-PDMS-1 at room temperature (black), after heating at
160°C for 30 minutes (blue), after heating at 160°C for 30 minutes with silver flakes (red),
and hydroxide-terminated PDMS as a reference (green).

5.3.3 Hypothesis about the conduction mechanism of Silo-ECAs

Two conclusions can be drawn from the above observations: 1) In Silo-ECAs, the
silver surfactant removal is the main contributor to the resistance drop during curing; 2)
The electrical resistance drop occurs at the same point that the curing reaction finishes,
indicating that it is likely that the shrinkage kinetically controls the conduction change.
We combine these two factors and propose the hypothesis for the conduction
development mechanism of Silo-ECAs.

The electrical resistance drop mainly results from the removal of the surfactants
and sintering between neighbouring silver flakes, but this process can only occur before
the curing process is completed. This results from the fact that when the curing finishes,

the viscosity is so high that the transport of H-PDMS is prevented, or H-PDMS is
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completely consumed. At the same time, the relatively small shrinkage of the silicone
matrix "pulls” all of the flakes together, resulting in a dramatic drop in resistance; this

resistance becomes the final resistance of the ECA.

5.4 Hypothesis demonstration and improvement

If the above hypothesis holds true, in order to improve the electrical conductivity
of Silo-ECAs, the reduction and sintering processes need to take place completely before
the cross-linking reaction causes an insurmountable increase in the viscosity. That is, we
need to postpone the curing process without changing the curing temperature.

To validate the hypothesis, and also to improve the electrical conductivity,

three approaches to "postpone™ the curing of the silicone matrix are examined. These
three approaches are: 1) using long chain H-PDMS; 2) using lower concentration of the

platinum catalyst; and 3) adding curing inhibitors.

5.4.1 Using long chain H-PDMS

The rationale of this first approach is that the bulkier the molecule is, the slower
the molecule can move to find the reaction sites. Here, the vinyl-PDMS is fixed and three
H-PDMS with different chain lengths (Table 5.2) are used as curing agents. The platinum
catalyst concentration is 500 ppm, and the curing profile is 5 °C /min to 160 °C, where it

is held isothermally for 1 hour.
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Figure 5.6 (a) FTIR spectra of the silicone matrix before curing; the consumption of H-
PDMS-3 with temperature increases (inset); (b) The conversion percentage as a function
of temperature of three different formulations; (c) The elastic moduli of cured silicone
matrix with three different H-PDMS; (d) The bulk resistivity of Silo-ECA cured with H-
PDMS of different chain lengths and different concentrations of platinum catalysts.
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Figure 5.6(a) shows the curing kinetics of the three Silo-ECAs tracked by in-
situ FTIR spectra. The peaks at 2130 cm™ and 1261 cm™ are attributed to the stretching
of the Si-H group and the CH3; symmetrical deformation of Si-CHjs, respectively [204].
The Si-H group is gradually consumed, while the peak intensity of Si-CH3 remains level
during curing. Therefore, the 1261 cm™ peak is used as reference peak and the peak
intensity ratio 1 (2130cm™)/ I (1261cm™) is used to calculate the conversion of the curing
reaction. As can be seen in Figure 5.6 (b), the initiation of the curing reaction is faster for
shorter chain molecules. This means that, in the case of long-chain H-PDMS, it takes
longer to cure, which allows a more complete sintering process.

As expected, the electrical resistivity decreases from 6x10™ Qscm, to 1x107
Qecm, to 2x10™ Qecm, as the H-PDMS molecular weight increases (Figure 5.6 (d)).
Usually, the increased molecular weight means a decreased cross-linking density, which
is also confirmed by the decreased Young’s modulus shown in Figure 5.6 (c). If the
conduction mechanism is purely the result of the shrinkage of the polymers, a decreased
cross-linking density would lead to less shrinkage and a higher bulk resistivity [185].
However, here the opposite is observed, which confirms that shrinkage is not the main
mechanism of conductivity development in the case of Silo-ECAs. Instead, the high
electrical conductivity results mainly from the reduction of silver surfactant and
subsequent sintering of the generated silver nanoparticles from the reduction reaction.
That is why, in the case of H-PDMS-3, a longer time before complete cure allows for

more sintering and improves the electrical conductivity.
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5.4.2 Using lower concentration of platinum catalysts

According to previous reports, the concentration of platinum catalyst can
influence the kinetics of PDMS curing; the larger the concentration of catalyst is, the
faster the reaction speed will be [190]. Encouraged by this finding, the second strategy to
improve the conductivity of Silo-ECA is to reduce the concentration of platinum catalyst
to slow down the curing.
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Figure 5.7 DSC of PDMS matrix cured by H-PDMS-3 with different concentrations of
platinum catalysts.

Figure 5.7 shows the curing profile of a matrix cured by H-PDMS-3 with
different catalyst concentrations. As expected, the peak curing temperature increases
from 90.23°C, to 119.79°C, to 156.37°C, when the catalyst concentration decreases from
500ppm, to 300ppm, and further to 50ppm, respectively. At lower concentrations of
catalyst, the slow curing allows a more complete reduction of silver surfactants and silver
nanoparticle sintering, and thus results in a higher conductivity. Indeed, the resistivity of
Silo-ECA (cured by H-PDMS-3) decreases from 1.59x10™ Qscm to 8.82x10° Qecm
when the catalyst concentration decreases from 500 ppm to 50 ppm. It should be noted
that simply by adjusting the catalyst concentration, we are able to achieve a resistivity of
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8.82x107° Qecm, 55% lower than the best value reported up to this point. The effect of
the platinum catalyst on the conductivity of Silo-ECA is also clearly shown for other two
formulations. Silo-ECAs prepared with H-PDMS-1 and H-PDMS-2 have much lower
resistivity of 3.38x10™ Qecm and 1.47x10™ Qecm, respectively, when the concentration
of catalyst drops from 500 ppm to 50 ppm. The effect of the platinum catalyst on Silo-
ECA resistivity is more significant for H-PDMS-1 than for H-PDMS-2 and H-PDMS-3,

which also indicates that this is a kinetically-controlled process.

5.4.3 Using curing inhibitors

Another approach to slow down the curing reaction is to add a small amount of
inhibitor. Inhibitors can temporarily deactivate the platinum catalyst at room temperature.
During thermal curing, the inhibitor evaporates at elevated temperatures, after which the
silicone resin can be cured. Therefore, the curing rate of silicone can be easily controlled

by adjusting the ratio of the inhibitor to the platinum catalyst [190].
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Figure 5.8 (a) DSC of PDMS matrix cured by H-PDMS-3 with and without the curing
inhibitor PT88. (b) The electrical resistivity of PDMS-ECA cured with and without
curing inhibitor.

Figure 5.8 shows the curing profile of silicone (prepared with H-PDMS-3) with

and without the inhibitor PT88. In both cases, the platinum concentration is 500 ppm.
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After 4% PT88 is added, the curing peak temperature moves from 90.23°C to 99.39°C.
Correspondingly, the resistivity decreases from 2.86x10™* Qecm to 1.08x10™ Qecm, as a

longer curing time enables a more thorough reduction reaction.

5.5 Conclusions

In summary, we propose a new conduction development mechanism for Silo-
ECAs, which is different from the polymer shrinkage theory proposed for epoxy- and
PU-based ECAs. The reduction of surfactants on silver flakes by H-PDMS and
subsequent sintering of the silver nanoparticles generated is the driving force behind the
increase in conductivity; however, the curing process kinetically controls the conductivity
development, as the reduction and sintering cease when the curing is completed.
Following this new mechanism, by prolonging the curing process of silicone, we can
decrease the electrical resistivity of Silo-ECAs to 8.82x10-5 Qecm, which is 55% lower

than the best value reported for Silo-ECAs so far.
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CHAPTER 6 RATIONAL DESIGN OF PRINTABLE, HIGHLY
CONDUCTIVE SILICONE-BASED ELECTRICALLY
CONDUCTIVE ADHESIVE FOR STRETCHABLE RADIO-

FREQUENCY ANTENNAE

6.1 Introduction

Research and development in modern electronics strives for increased functionality and
reduced form factor. Stretchable radio-frequency (RF) electronics are gaining popularity
as a result of the increased functionality they gain through their flexible nature,
impossible within the confines of rigid, planar substrates. Stretchable RF electronics not
only enable applications in which circuits can be wrapped conformally around complex
curvilinear shapes or biological tissues, such as in body-worn wireless sensor nodes [205],
and RFID [206], but also allow facile tuning of the resonance frequency by mechanical
deformation[207]. However, the field of stretchable RF electronics is still in its infancy,
and like other emerging electronics technologies, new materials and processing methods
are the two driving forces for their continued development.

There are currently two general approaches to the fabrication of stretchable electronics.
The first utilizes conventional rigid materials, but employs elegantly-designed wavy or
arc-shaped structures that are capable of accommodating applied strains of 100% or more
[171, 173-178]. The second approach is to maintain the conventional circuit layout, but
embed stretchable or flowable conductive materials, such as conductive polymers [208,
209], conductive polymer composites[5, 194, 210], and liquid metal alloys [211, 212] as

stretchable conduction lines. For antennae, this second approach is usually preferred
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because of its relative simplicity in circuit design and fabrication. However, this approach
imposes stringent requirements for the conductive materials, including 1) The material
must have a very high electrical conductivity to achieve high-efficiency for the RF
devices [213]; and 2) the material needs to be highly elastic to provide a tunable resonant
frequency [212], and must maintain a similar electrical conductivity under applied strain.
Conductive polymers and carbon-based conductive composites have conductivities at
least three orders of magnitudes lower than those of metals, leading to an inferior
efficiency [209]; while liquid metal alloys usually present the fundamental problems of a
high melting temperature (limiting their usage in cold weather), thermal expansion
coefficient mismatch with dielectric substrates, and a tendency towards leakage.

In this chapter, we report the use of stretchable silo-ECAs as conductor and pure silicone
elastomers as substrate to fabricate stretchable antennae. Silicone rubbers have the unique
combination of high elasticity, biocompatibility[189], patternability[182, 190], and low
dielectric constant and low dissipation, making them an excellent candidate for
stretchable antenna substrates. The silicone substrate selected in the present study,
Elastosil® M 4642, has an elongation of break of 787%, suitable patternability by soft-
lithography, and a low dielectric constant ca. 3 and dissipation factor <0.01 for 10MHz-
1GHz (Figure 6.1). More importantly, the silo-ECA conductors can be rationally
designed to achieve 1) a high conductivity at both static state and stretching state for a
high radiation efficiency; 2) a proper viscosity to enable stencil printing or soft-
lithography for high-resolution and large scale fabrication; and 3) cross-linking with the
silicone substrate to eliminate delamination and leaking issues. We use these materials to

fabricate a quarter-wavelength bow-tie antenna that can be tuned from 3.45GHz to

104



2.42GHz by simple mechanical stretching to 60% strain, while maintaining a high

reflection power below -15dB.
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Figure 6.1(a) The dumbbell shape for the tensile test of silicone substrate Elastosil® M
4642. (b) The tensile test result of the silicone substrate. (c) The circle pattern and (d) the
line pattern formed by soft-lithography on silicone substrate. (e) The dielectric constant
and (f) dissipation factor of the silicone substrate from 10MHz to 1GHz.

6.2 Experimental

6.2.1 Synthesis of silo-ECA

The silicone matrix for the silo-ECAs is prepared by mixing vinyl-modified PDMS
(Wacker® V1K) and hydride-terminated PDMS (Gelest® H41) with a molar ratio of 1:1
and 50 ppm platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex (Sigma-
Aldrich Co.) as catalyst. The iodination treatment of silver flakes was performed by
dispersing the flakes (Silflake® 144) in an ethanol solution of iodine (0.5pmol L™) for 1
hr. Then a simple filtration was performed to wash out remaining iodine, and the flakes

were dried in a vacuum oven for 24 hr [62]. In a typical ECA formulation, 80 wt.%
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treated silver flake and 20 wt.% of the above silicone mixture were homogenized for 5

mins.

6.2.2 Characterization

The mechanical properties of the silicone substrate were tested in a typical tensile test
setup (Instron microtester 5548). Samples were cut into a dumbbell shape (Figure S1a)
and tested at a rate of 10 mm/min. The dielectric properties were measured by an RF
impedance analyzer (Agilent E4991A).

To measure the electrical conductivity, the paste was cast in a Teflon mold (22 mm x 7
mm x 0.5 mm). After curing at 160°C for 1 hour, the bulk resistance of the film was
measured by the four-wire method with a Keithley 2000 multimeter. The thickness was
measured by a profilometer (Heidenhain ND 281, Germany). Electrical conductivity ¢

was then calculated by

Where R is the bulk resistance and I, w, and t are the length, width and thickness of the
film, respectively.

Raman spectra of silver flakes were obtained by a LabRAM ARAMIS Raman confocal
microscope (HORIBA Jobin Yvon) equipped with a 532 nm diode pumped solid state
(DPSS) laser. Si wafer was used as a substrate.

Decomposition of the lubricants on the surface of silver flakes was studied by TGA (TA
Instruments, Q50) with a heating rate of 5°C min™ in nitrogen.

The nanoparticles generated by reacting silver stearate and hydride-terminated PDMS
were dispersed in toluene and dried in a copper grid before being characterized by TEM

(JEOL 100CX). The nanoparticle colloidal in toluene was also characterized by UV-VIS
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spectroscopy (Shimadzu UV-2450). Powder XRD analysis was carried out with a Philips
X-pert alpha-1 diffractometer, using Cu K, radiation (45 Kv and 40 mA).

The complex viscosity of uncured silo-ECA was measured using a discovery hybrid
rheometer (TA Instruments, HR2).

The dimension change of the fabricated quarter-wavelength antenna during stretching
was simulated using COMSOL multiphysics®. A  rectangular  substrate
(35mmx30mmx0.7mm) was stretched in the simulation, with the assumption that
silicone substrate has a Poisson's ratio of 0.49 [214].

The simulation of antenna performance was conducted by high frequency structural
simulator (HFSS, Ansys Inc.). The S11 parameter was measured by a VNA (Agilent,

85052D).
6.3 Results and discussion

6.3.1 Enhancement of the electrical conductivity

High conductivity is one of the most critical requirements for the silo-ECAs to be used in
stretchable antennae, because it will affect the conduction loss and thus the radiation
efficiency. The conductors in conventional antennae are built with copper, which has a
conductivity of 5.96x10° S/cm. Elastomers filled with conductive polymers or carbon
materials can be easily stretched but they can hardly achieve the same level of
conductivity even at static state [209, 215-224], which inevitably leads to a reduced
radiation efficiency[209]. Therefore, silver-filled silo-ECAs are used here as the
conductor. ECAs, especially epoxy-based ECAs, have gained widespread popularity as
an environmentally friendly alternative for Sn/Pb solders due to their satisfactory

conductivity [126]. Although the silicone matrix cannot provide sufficient curing
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shrinkage to pack the silver fillers more tightly and enhance the electrical conductivity as
in the case of conventional epoxy-based ECAs [23], the conductivity can still be
improved through surface modification of the silver fillers. The first modification is the
introduction of long-chain hydride-terminated polydimenthyl siloxane (H-PDMS) to the
silo-ECA matrix, which we have extensively studied in Chapter 5. The high molecular
weight of long-chain H-PDMS not only provides a high elasticity due to its low cross-
linking density, but also allows for a slower curing of the silicone matrix, providing more
time for the generation and sintering of silver nanoparticles before the completion of
curing [6]. The second modification made to the filler particles is the iodination of the
silver flakes before mixing with the silicone matrix. It was found that nonstoichiometric
Ag/Agl nanoislands sparsely form on the silver flake surface after immersion of the
flakes in dilute iodine/ethanol solution. The continuous decomposition of Agl and
oxidation of Ag initiate the reconstruction of the silver flakes surface [62]. The exposure
of fresh silver at the flake surface further facilitates the sintering between silver flakes
during curing. After combination of these two surface modification methods, the silo-
ECA can provide an initial conductivity of 1.51x10* S/cm filled with 80 wt.% silver
flakes, which is comparable with conventional epoxy-based ECAs and in the same order

of magnitude with as many metals [28, 37, 61].

6.3.2 Maintaining the conductivity during stretching

The more challenging part lies in maintaining a high conductivity of silo-ECA during
stretching. Polymer composites loaded with conductive fillers usually experience
significant conductivity decrease under mechanical strain. This response, called the

piezoresistive effect, results from the displacement of fillers within the matrix. Analytical
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models of the piezoresistance of polymer composites filled with carbon black [225, 226],
CNTs [15, 227], and metal spheres [228] have been extensively studied and the
conductivity after stretching is given by

01 = 0pgexp [M ;m(p (so — 51) (1)

where, & and a7 are the conductivity before and after stretching, h is Plank’s constant, ¢
is the height of the tunneling potential barrier, m is the mass of an electron, and sy and s;
are the average interparticle distance between fillers before and after stretching,
respectively. According to this equation, in order to maintain the conductivity after
mechanical deformation, either the tunneling potential barrier ¢ should be reduced or the
interparticle distance s; during stretching should be minimized. The surface modification
methods mentioned above remove the insulating lubricant on the silver flake surfaces and
thus reduce the tunneling potential barrier ¢ between the silver flakes only benefiting the
initial conductivity but also mitigating the conductivity change upon stretching.

To minimize the interparticle distance s;, the shape and morphology of the silver fillers
used in silo-ECA are carefully engineered. To maintain the interparticle distance, fillers
with a high aspect ratio are usually preferred and previous studies have mostly focused on
1-D high aspect ratio fillers, such as CNTs and silver nanowires [9, 176, 183, 195, 215,
216, 218-220, 222, 223]. However, in the case of aligned fillers, such as ultra-long
SWNTs [215, 216], the conductivity is maintained only if the applied stress is in the
longitudinal direction of the fillers, whereas extension in other directions only causes the
conductivity to deteriorate. In the case of the randomly dispersed 1-D fillers, though they
begin with a random network, they will become aligned under the applied stress during

stretching. The contacts will be maintained in the stretching direction, but the loss of a
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number of the conduction paths in the other two directions may decrease the overall
conductivity of the composite [229]. Therefore, 2-D silver flakes are selected as fillers in
this study. Silver flakes are stacked on each other parallel by the shear force in the
printing process, as shown in Figure 6.2(a). As a result, even after stretching the 2-D
stacking allows silver flakes to keep the tunneling distance almost unaltered within a
certain strain, because the sliding between parallel flakes in the X-Y direction does not
alter the distance between these flakes. As such, the resistance in the X-Y direction can
be kept similar at a certain range of tensile strain. In addition to the shape design,
secondary textures due to the in situ formation of silver nanoparticles from chemically
reduction of the lubricant are another important factor to reduce the interparticle distance.
As illustrated in Figure 6.2(b), these secondary textures could reduce the tunneling
distance without changing the filler loading. This texture not only enhances the electrical
conductivity of ECAs in the static state but also shortens the interparticle distance in the

stretched state.
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Figure 6.2 (a) A cartoon illustrates the silver flake displacement during stretching at
different strain. (b) Scanning electron microscopic (SEM) images and schematic drawing
showing the roughening process of the silver flakes can decrease the interparticle distance

between neighboring flakes. (c) Conductivity change of the silo-ECA as a functional of
tensile strain, as compared with the values from previous studies. (d) The conductivity of
silo-ECA after cycling at 50% strain and 100% strain.

To measure the conductivity during stretching, a stripe of silo-ECA is printed on silicone
substrate and cut into a dumbbell shape, as shown in Figure 6.3. The sample is then
mounted on a tensile tester (Instron microtester 5548). Real-time electrical resistance
change is measured by a typical four-wire method with all the wires “soldered” to the
silo-ECA stripe with additional silo-ECA and the applied strain is simultaneously
recorded by the tensile tester. The conductivity of the silo-ECA drops to 5030 S/cm after

embedding in the substrate, yet it is still higher than most previously reported stretchable
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conductors. Figure 6.2(c) shows the conductivity change as a function of applied tensile
strain of the silo-ECA as compared with previously reported stretchable conductors. A
general trend is visible where in the metal-filled conductive composites [183, 191, 195,
230] have significantly higher conductivity than carbon-filled conductive composites
[215-220], while some CNT-based composites can maintain a high conductivity at larger
elongation due to their high-aspect ratio [218]. The conductivity of the silo-ECA is two
orders of magnitude higher than conventional silver/PDMS composites [191] due to the
surface  treatments mentioned above, and is comparable with gold
nanoparticle/polyurethane composites [230]. More importantly, silo-ECA has better
elasticity than previously reported metal/polymer composites and can maintain high
conductivity at large deformations. For example, even at a strain of 240%, the
conductivity is still as high as 1107 S/cm, indicating that the external stress only leads to
sliding between overlapping flakes and does not change the tunneling distance
significantly. In addition, the conductivity change is within 25% after 1000 cycles of
stretching at 50% applied strain (Figure 6.2(d)). When we increase the tensile strain to
100%, the conductivity remains almost invariant over the first 500 cycles, and then even
increases to double its previous value. The increase in conductivity may result from the
further alignment of flakes in X,Y-direction by the mechanical stretching, giving rise to a
better conductivity in the X,Y-direction. Maintaining the resistance at a very large strain
is essential to have an impedance match for the antenna in the stretching state.
Apparently, with a relatively slight change of resistance at large strains, these silo-ECAs

are highly suitable for building stretchable antennae.
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Figure 6.3 The illustration of the setup to measure conductivity change during stretching.

6.3.3 Fabrication of stretchable antennae

Another advantage of the current silo-ECA is the printability of the material as fine
patterns, which is critical for the fabrication of stretchable antenna. For liquid-metal-
based antennae, the antenna pattern is formed by injecting liquid metal into pre-patterned
PDMS substrate with micro-fluid channels [212], a method by which it is difficult to
fabricate complex patterns and has leakage concerns. CNT paste can be printed by screen
printing, but the weak adhesion to PDMS substrate may limit the resolution of the printed
patterns [216]. With a suitable viscosity of ca.366 Pa.s at room temperature and potential
chemical bonding to the silicone substrate during cross-linking, the silo-ECA is eligible
for high-definition stencil-printing as well as soft lithography to fabricate stretchable
antennae. Figure 6.4(a) and (b) illustrate the two processes to fabricate the antenna
pattern. In the stencil printing process, ECA is stencil-printed on a PTFE board and is
half-cured. Then the silicone substrate is applied to cover the ECA pattern. After curing

the ECA and silicone substrate, the silicone substrate and ECA are both peeled off from
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the PTFE board as one piece and form the stretchable antenna. It should be noted that
during the curing process, cross-linking occurs at the interface between ECA and silicone
substrate, eliminating the delamination issues. In the soft-lithography process, a master
mold is fabricated by patterning a silicon wafer via photolithography. Then silicon wafer
is treated with 1H,1H,2H,2H-perfluorododecyltrichlorosilane to make it hydrophobic and
to facilitate the peeling of the silicone substrate from the silicon wafer. Silicone
prepolymer is poured onto the master mold and is cured to form an elastomeric mold.
After peeling off the silicone elastomeric mold, the silo-ECA is dispensed into the cavity
of the silicone substrate to form the conductive pattern. Figure 6.4(c)-(f) shows the
printed lines and circles created by the two methods. Patterns on the scale of hundreds of
microns can be accurately replicated through both methods, though the soft-lithography

process can duplicate shapes with clearer definition and more uniform thickness.
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Figure 6.4 (a) Stencil printing process to fabricate a stretchable antenna. (b) Soft-
lithography process to fabricate a stretchable antenna. Lines printed by (c) stencil printing
and (d) soft-lithography. Circles printed by (e) stencil printing and (f) soft-lithography.

114



6.3.4 Performance of the stretchable antennae

High conductivity and elasticity, as well as facile fabrication, make our silo-ECA a
promising building block for stretchable RF devices. As a demonstration, one half-
wavelength bow-tie antenna (Figure 6.5(a)) and one quarter-wavelength bow-tie antenna
(Figure 6.5(b)) are fabricated through the soft-lithography process (Figure 6.5(c) and (d)).
It is clear that the fabricated antenna samples have a high fidelity to the original design.
The reflected EM power of these two antennae are measured by a VNA and compared
with the simulated data. If the antenna radiates efficiently, the majority of incident EM
power is radiated into space with little reflected power. For the half-wavelength antenna
shown in Figure 6.5e, the measured resonance frequency locates at 1.75GHz at the range
of 50MHz-3GHz, slightly lower than the simulated value of 1.85GHz. The reflected
power, also known as |S11|, is -18.5dB, which is higher than the simulated value of -
13.1dB, indicating a high radiation efficiency of more than 99%. The band width of the
actual antenna is larger than that of the simulated data, which may result from
environment interference and the conductivity loss. For the quarter-wavelength antenna
(Figure 6.5(f)), the measured resonance frequency lies in 3.50GHz at the range of
50MHz-4GHz, very close to the simulated value of 3.45 GHz. The |S11| of the real
antenna is -17.7dB, also slightly higher than the simulated value of -16.9dB, indicating a
better radiation efficiency than the simulation value. Similar to the half-wavelength
antenna, the actual bandwidth of the fabricated quarter-wavelength antenna is larger than

the simulated result.
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Figure 6.5 (a,b) The design of bow-tie antenna with two different sizes; (c,d) Bow-tie
antenna fabricated by soft-lithography process; (e,f) The measured and simulated
reflected EM power as a function of frequency. The upper row shows the results of half-
wavelength antenna and the lower row shows the results of quarter-wavelength antenna.

Figure 6.6 illustrates the performance of the quarter-wavelength antenna under different
tensile strain. The dimension change of the antenna is simulated by finite element
analysis and then loaded into the HFSS to predict the reflected power of the deformed
antenna. In order to determine the actual antenna performance under strain, the prepared
quarter-wavelength antenna is mounted on the tensile tester and its reflected power is
measured by the VNA during stretching. As shown in Figure 6.6(a), the resonance
frequency decreases monotonically from 3.45 to 2.42GHz as it is stretched to 60% strain,
demonstrating the tunability of the fabricated antenna over a wide range of frequency by
simple mechanical modulation. The consistent agreement between measurement and
simulation suggests the frequency tuning can be well-predicted. Figure 6.6(b) shows that
the reflected power of the antenna is kept below -15dB when the antenna is stretched by
up to 60%, indicating that the high-quality radiation efficiency is maintained during

stretching. After releasing the strain, the resonance frequency returns to 3.45 GHz. It
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should be noted that the antenna could be stretched to a strain larger than 60%, but the
connections with the SMA become weak and the antenna pattern is severely deformed,

making the performance unpredictable.
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Figure 6.6 (a) The simulated and measured resonance frequency of the quarter-
wavelength antenna as a function of tensile strain; (b) The simulated and measured
reflected power of the quarter-wavelength antenna as a function of tensile strain.

6.4 Conclusion
In conclusion, we have developed silo-ECA materials that have a conductivity of
1.51x10%S/cm and can maintain conductivity above 1.11x10%S/cm, even at a large stain
of 240%. By using the stretchable silo-ECAs as conductor and pure silicone elastomers as
substrate, stretchable antennae can be fabricated by stencil printing or soft-lithography.
The resulting antenna’s resonance frequency is tunable over a wide range by mechanical
modulation. This fabrication method is low-cost, can support large-scale production, has
high reliability over a wide temperature range, and eliminates the concerns of leaking or
delamination between conductor and substrate experienced in previously reported micro-

fluidic antennae.
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CHAPTER 7 CARBON /POLYMER NANOCOMPOSITES: SENSING
THE THERMAL AGING CONDITIONS OF ELECTRICAL

INSULATION COMPONENTS

7.1 Introduction

Insulation failure represents a significant contribution to the reliability issues of
electrical components, including motors, aircraft, electrical generators, and cables.
According to the Electric Power Research Institute, 37% of motor failures result from
winding failures, which are frequently tied with insulation systems failures [231].
Although strict materials qualification tests are required before insulation materials are
put to use, common operational conditions are more complex than standard aging tests.
These polymer-based insulation materials are exposed to various deteriorative
environmental stressors in operation, including elevated temperature, radiation (seen in
nuclear power plants), humidity, and corrosive chemical environments. Moreover,
unforeseen conditions and accidents such as excessive mechanical/electrical loads,
reduced/blocked component cooling situations and high humidity conditions due to water
or steam leaks or reduced ventilation may further increase the temperature and humidity.
Therefore, a diagnostic condition monitoring (CM) method is currently in great demand.

CM is a technique that utilizes the changes and trends of the monitored
characteristics to predict the need for maintenance before serious deterioration or
breakdown occurs. The commonly monitored characteristics include 1) Ultimate tensile
elongation, which has been widely accepted as an industry standard to predict remaining
lifetime [232, 233]; 2) Cross-linking density of polymers, which can be measured by

indenter modulus measurements [234, 235], swelling test [236], or the NMR relaxation
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time T, measurements [237, 238]; 3) Density: the density of most cable materials will
increase with aging due to volume shrinkage, which can provide an indication of the
aging process [239]; 4) Oxidation induction time (OIT) and oxygen induction
temperature (OITP) testing, which evaluates the resistance of polymers to oxidative
thermal degradation according to DSC results [240]; 5) Chemical structure evolution:
Fourier transform infrared spectroscopy (FTIR) has been employed to monitor the
increasing amount of carbonyl groups (~1730 cm™) present in a polymer material due to
oxidative degradation [236]. Table 7.1 summarizes the pros and cons of the traditional
CM methods in terms of sensitivity, wide applicability, the amount of samples needed for
testing, whether or not the method is destructive, cost of measurements (i.e. if any
specific instrument or expertise is needed). As can be seen from Table 7.1, these
conventional methods suffer from many problems. Indenter modulus, NMR, OIT and
FTIR measurements need expensive testing equipment and trained personnel. Cross-
linking density measurements cannot be applied to highly crystalline polymers while
OIT/OITP tests are mainly applicable to polyolefin type polymers. Density tests may
have the low signal to noise ratio as some polymers do not experience significant density
change after aging. Moreover, all methods except indenter modulus profiling are
destructive and none of them can achieve in-situ monitoring. Therefore, a non-
destructive, facile and in-situ CM method is highly demanded to monitor the aging of

insulation systems.
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Table 7.1 Comparison of developed CM methods

Sensitivity Wide applicability Amount of sample Destructive Cost

Elongation High Yes Large Yes Low
Indenter Modulus High No None No High
NMR High No Small Yes High
Swelling High No Large Yes Low
Density Low No Small Yes Low
OIT/OITP High' No Small Yes High
FTIR High No Small Yes High

1. OIT/OITP tests become insensitive at the late stage of aging.

In our previous report [241, 242], we developed aging sensors based on carbon
black (CB)/polymer composites. The electrical resistivity change of aging sensors can
provide real-time signals and realize non-destructive monitoring. Also, the substantial
electrical resistivity change of sensors gives a much higher sensitivity than conventional
CM methods. However, the sensor signals cannot be used to predict the remaining
lifetime because a direct relationship between the electrical resistivity of the sensors and
the aging time of the monitored insulation system is lacking. Therefore, in this report, we
investigate the kinetics of thermal aging obtained from sensor signals and correlate that
with the kinetics obtained from typical tensile tests, which allows quantitative prediction

of the remaining lifetime with sensor signals.

7.2 Experimental

7.2.1 Materials

Three polymers, ethylene propylene diene monomer rubber (EPDM), silicone
rubber (SR) and epoxy were used as composite matrices for the aging sensors. EPDM,
SR and peroxide cross-linking initiator were all provided by RSCC Wire & Cable LLC.

The EPDM and SR are currently used as cable jackets. Antioxidant was removed from
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the original EPDM resin and SR resin to eliminate the incubation period of aging. Epoxy
is often used as encapsulates for motors, transforms and stators etc. Here a diglycidyl
ether of bisphenol A (DGEBA, E500, Elantas PDG Inc.) is used as epoxy resin and a
cyclic anhydride (C25, Elantas PDG Inc.) is used as curing agent. The molar ratio of
epoxy resin and curing agent ratio is 1:0.84. Carbon black (CB) XC-72 was obtained
from Cabot Corp, USA. The specific surface area and structure are 143 m%/g and 174
cm®/100 g based on an adsorption number of dibutyl phthalate (DBP). Multi-wall carbon
nanotubes (MWNTS) of 10-20 um in length and 10-20 nm in diameter are obtained from

Chengdu Organic Chemicals Co.
7.2.2 Methods

7.2.2.1 Composite preparation

The fillers and polymer matrices are mixed in a three-roll mill. The optimal
number of roll milling cycle is 100 for the best filler dispersion [243]. The obtained
homogenous mixture is transferred to a Teflon mold and cured by heat pressing at 150°C
for 1 hour for EPDM-based and SR-based composites, and 150 °C for 1 hour and 180 °C
for 8 hours for epoxy-based composites. The sample thickness is kept around 300 um to
mitigate the diffusion limited oxidation effect (DLO) [235, 244] (Detailed calculation of

thickness to eliminate DLO is available in Appendix A).

7.2.2.2 Thermal aging
Thermal aging is carried out in a commercial air-circulating oven with a
temperature variance less than 1°C. For EPDM-based sensors, isothermal aging at 136°C,

150°C, and 170°C are performed respectively. For SR-based sensors, isothermal aging at
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180°C, 190°C, and 210°C are performed respectively. For epoxy-based sensors,

isothermal aging at 190°C, 210°C, and 230°C are performed respectively.

7.2.2.3 Electrical Resistivity measurement

The sensors are prepared by casting into a Teflon mold with dimensions of 3.25
mm x 1.7 mm x 0.3 mm before curing. Two electrode wires (0.16 mm in diameter, Ni
plated Cu wires) are embedded in each sample, as shown in Figure 7.1. Then the sensors
are encapsulated with pure epoxy resin. Electrical resistance of the sensor is tested by a

multimeter (Fluke 289). The values are taken from an average of ten specimens.

1.6 mm

Figure 7.1 (a) The schematic illustration and (b) image of an aging sensor.

7.2.2.4 Mechanical properties measurement

The samples for mechanical measurements are without electrodes. Tensile tests
are performed to the EPDM and SR composite samples, according to International
Standard IEC 62582-3. They are cut into a dumbbell shape (Figure 7.2) and tested in a
typical tensile test setup (Instron microtester 5548). The testing speed is 10 mm/min. The
epoxy composite samples are rigid, especially after aging. Thus flexural properties are

measured using a three point bending fixture according to ASTM D790-10. The samples
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are made into a rectangular shape by casting into a Teflon mold with dimensions of 34

mm x 8 mm x 0.3 mm. The values are taken from an average of five specimens.
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Figure 7.2 The dimensions of the dumbbell shape samples for tensile tests.

7.3 Results and discussion

7.3.1 'Working principle of the aging sensors

The aging sensors are conductive composites made of the same polymer as the
insulation component and placed in close proximity to the component under monitoring,
so that they age in the same manner under exactly the same environment as the monitored
insulation component. The sensing mechanism of the aging sensor in this study is based
on the so-called “percolation” effect of conductive composites. Near the percolation
threshold (PT) point an extremely large change (several orders of magnitude) in
resistivity can occur by very small variation (several percentage points) of volume
fraction of the conductive filler [245]. During aging, the polymer matrix shrinks and
densifies as a result of several mechanisms including polymer chain cross-linking, chain
scission, and loss of light volatile fractions while the conductive particles remain intact
[246]. The shrinkage of the polymer during aging results in an increase in volume
fraction of the conductive particles and hence a dramatic decrease in resistivity of the
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conductive composite. Therefore, the resistivity change can be correlated with the

polymer shrinkage and thus the equivalent aging time of the insulation system.

7.3.2 Formulation of sensors

The percolation behavior of the all the composite is investigated first. Figure 7.3
shows the percolation behavior of all the composite and the percolation threshold
calculated by the scaling law [247]. For all three resins, the percolation threshold of CNT
composites are much lower than their corresponding CB based composite, due to the high
aspect ratio of CNTSs. This is beneficial in sensor fabrication because the reduced filler
concentration can lead to a better ductility of sensors, especially approaching the end of
lifetime. In sensor manufacturing, we want to keep the initial resistance of the sensors in
the range of 1-10 MQ, so that it is lower than the upper measuring limit of most
commercial multi-meters. The real concentration of fillers in sensor fabrication are also

listed in Figure 7.3.
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Figure 7.3 The percolation curve of EPDM, epoxy and SR composites.

Figure 7.4 shows the resistivity change of EPDM composite-based aging sensors

as a function of aging time at different temperatures. To accelerate the thermal aging,

elevated temperatures are used. The overall aging time is twice of the lifetime of pure

EPDM resin. The composites display a continuous resistivity drop with aging time at all

temperatures. The entire resistivity drop is dramatic- more than four orders of magnitude

for the CB/EPDMS sensors and five orders of magnitude for CNT/EPDM. This

resistivity change is very fast at the initial stage, and gradually slows down. The large

drop in resistivity during aging provides a more sensitive signal than any other CM

technique, including elongation change [232, 233], density change [239] and OIT change
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[240]. In addition, the resistivity change obeys general Arrhenius trends of aging

reactions; that is, at higher temperatures, the aging is faster, and thus the resistivity drops

more quickly.
EPDM sensors
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Figure 7.4 The electrical resistivity of CNT/EPDM composite-based sensors as a
function of aging time.

The epoxy composite-based samples shows similar trend with the EPDM
composite-based samples (Figure 7.5). The resistance drop is more than two orders of
magnitude during the lifetime of epoxy while the resistance change becomes mild after
that. The CB/epoxy sample shows a slightly more significant resistance drop than

CNT/epoxy samples, probably due to the better antioxidant capability of CNTs [248].
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Epoxy sensors

$ «CB-190C
1E+05 ©&CNT-190C
mCB-210C
& OCNT-210C
e CB-230C
m o0 CNT-230C
@ Q
@ 1E+04 { 4
3 P o
8 .
] ¢ s
E ﬁ@m @
L] ? @ ¢
1E+03 -
o ¢ *
% gﬁ? ; foa e ®
o
o Thayt $0 0 oo *
LI “ e,
1E+02 : ; ; ;
0 500 1000 1500 2000 2500
Aging time (hours)

Figure 7.5 The electrical resistance of epoxy composite based sensors as a function of
aging time.

The resistance change of SR based composites shows very different trends with
the other sensors (Figure 7.6). Within the lifetime of SR, the resistance drop shows a
similar trend with EPDM and epoxy sensors- the resistance decreases monotonically and
the change is faster at the beginning and slows down. However, after the lifetime, the
resistance suddenly increase for both CB and CNT based samples at all temperatures. It is
possible that the degradation mechanism changed after the lifetime, some other reactions

replace the dominating reaction within the lifetime.
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Silicone sensors
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Figure 7.6 The electrical resistance of SR composite based sensors as a function of aging
time.

Arrhenius analysis is employed to predict the rate of aging and remaining
lifetime. The basic idea underlying the Arrhenius approach is that the thermal oxidative
aging reactions can be accelerated by raising the temperature. In the Arrhenius equation,

the rate constant k of the degradation reactions is dependent on the absolute temperature

T given by
E
k = Aexp(——2
p( RT)
where

a = activation energy
A = pre-exponential factor

R = ideal gas constant
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Traditional Arrhenius analysis usually picks out the time corresponding to a
certain amount of degradation (for example, 50% elongation in the tensile tests) and plots
the log of these values versus inverse absolute temperature. However, using a single data
point at each temperature will waste most of the obtained data. Therefore, the “time-
temperature superposition method”, which uses all of the experimental data at each
temperature, is adopted for the Arrhenius analysis of the electrical resistivity results
[249]. The “time-temperature superposition method” has been successfully utilized to
diagnose the aging conditions in the elongation measurements [249]. Its rational is that if
the same degradation reaction occurs at two different temperatures, the degradation
curves at these two temperatures should have the same shape and should be related by
multiplication with a constant (a.).

We performed the “time-temperature superposition” on the data shown in Figure
7.4 to Figure 7.6 by considering the lowest temperature as the reference temperature
condition and shifting the data at each higher temperature horizontally by the constant
multiplicative factor that gives the best overall superposition with the reference curve (a:
= 1 for the reference temperature). Figure 7.7 to Figure 7.9 shows the time-temperature
superposition of the data. It is clear that the resistivity change curves at different
temperatures do have the same shape and show an excellent superposition. Once the
empirically determined shift factors are determined, they can be tested with the Arrhenius
equation. The Arrhenius equation shown above is transformed as below.

ref
The slope of log (ar) versus inverse absolute temperature yields a linear curve

with the slope representing the activation energy (right column of Figure 7.7 to Figure
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7.9). The Arrhenius behavior is confirmed for all sensors within the temperature range of

the present study.
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Figure 7.7 Time-temperature superposed resistance results for EPDM composites based
sensors from Figure 7.4 at a reference temperature of 136°C (left column). Arrhenius plot
of the shifting factors (right column).
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7.3.4 Elongation versus aging time

The traditional method of elongation measurements is used to verify the results
obtained by the resistance change of the composite-based sensors.

Figure 7.10 shows the elongation at break from the tensile tests of EPDM
composites aged for different time. The elongation at break decreased with the aging time
for all samples with a faster rate at the beginning of the aging process and gradually
slows down after the lifetime. Also, the degradation rate increases with aging
temperature. For EPDM composites aged at the same temperature, CNT composites aged
faster and the degradation of mechanical properties is also faster. This is because the
specific CNT used here have a slight acceleration effect on the degradation of EPDM, as
demonstrated by the thermal gravimetric results shown in Figure 7.11. The acceleration
effect may result from the metallic nanoparticles that were used for CNT growth but not

completely removed during the CNT purification [250].
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Figure 7.10 The elongation at break of CB/EPDM and CNT/EPDM composites aged for
different time at three different aging temperatures.
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Figure 7.11 TGA results of the CNT/EPDM and CB/EPDM composites. CNT/EPDM
shows a lower thermal stability than the CB/EPDM, which will lead to faster degradation.

Figure 7.12 and Figure 7.13 show the bending strain and elongation at break of
epoxy composites and silicone composites respectively. All the composites show the
same trends; the mechanical properties degrade with aging time and the degradation is
faster at higher temperatures. The filler loading required for CNT-based composites to
achieve the same resistance is much smaller than that of the CB composites, therefore,
the elasticity of CNT-based composites are better than the corresponding CB composites

throughout the aging process at various temperatures.
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Figure 7.12 The elongation at break of CB/epoxy and CNT/epoxy composites aged for
different time at three different aging temperatures.
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Figure 7.13 The elongation at break of CB/silicone and CNT/silicone composites aged
for different time at three different aging temperatures.

The elongations of the composite materials are also recorded to correlate with the

resistance change of the corresponding aging sensors. Again, to make full use of the data
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in the aging tests, the “time-temperature superposition” method is employed to obtain the

activation energy, as shown from Figure 7.14 to

Figure 7.16. The mechanical test data also confirms the Arrhenius behavior of all

three composites.

1000
ne +136C
m150C
A170C
= 100 §
=
CB/EPDM £ =
= »
H N
T 10 4 ’b‘ A
1 T . —
100 1000 10000
Shifted aging time (hours)
1000 5
E‘ +136C
1 Aw m150C
& 100 A170C
=
2
= -y,
CNT/EPDM g U
T 10 4 “m .
] ‘|
s,
1 T T —
100 1000 10000

Shifted aging time (hours)

=y
=
=

.
810 4 *
S ] e
g e
£ Tl
= S
o 13 Ea=1208 kiimol *
0.1 : :
22 23 24 25
1000/T (K1)
100 |
5
510 4 h
&7 ~.
=] .
£ .
£ .
A E e
Ez=112.7 kJ/imal
0.1 : :
22 23 24 25
1000/T (K1)

Figure 7.14 Time-temperature superposed elongation results for EPDM composites
based sensors at a reference temperature of 136°C (left column). Arrhenius plot of the
shifting factors (right column).
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Figure 7.16 Time-temperature superposed elongation results for SR composites based
sensors at a reference temperature of 180°C (left column). Arrhenius plot of the shifting
factors (right column).

7.3.5 Correlation between elongation and resistance

The activation energy represents the minimum energy needed for the aging

reactions to occur. By obtaining the activation energy from the accelerated aging tests

and assuming the aging reaction remains the same at lower temperatures, the lifetime can

be predicted for the low-temperature, long-term aging conditions. The activation energy

values obtained from the electrical resistance and the elongation test are listed in Table

7.2. For EPDM, the lifetime of pure EPDM at different aging temperatures is 116.6+6.2

kJ/mol measured by the manufacturer according to IEEE standard [251]. For the

CNT/EPDM composites, the activation energy obtained from sensors and elongation tests

are 110.3 kJ/mol and 113.7 kJ/mol, respectively, which has 5% and 2% variance from

manufacturer’s data sheet. Similarly, the CB/EPDM composites have an activation
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energy of 120.6 and 120.8 kJ/mol from the resistance measurements elongation tests,
which are only 3% higher than the manufacturer’s data. The similar values of activation
energy obtained from different methods indicate that the resistance change can be

correlated with the aging time of the insulation system under monitoring.

Table 7.2 Activation energy obtained from different measures

Ea, Resistance Ea, Elongation Ea, Data sheet

(kJ/mol) (kJ/mol) (kJ/mol)

CB/EPDM 120.6 120.8 116.6+6.2

CNT/EPDM 110.3 113.7 116.6+6.2

CB/epoxy 86.3 79.9 84.2+0.9

CNT/epoxy 86.8 78.2 84.2+0.9
CB/SR 114.3 111.3
CNT/SR 108.5 108.5

Indeed, Figure 7.17 shows the relationship between the resistance and aging time
of CNT/EPDM composite-based sensors as an example. The designed lifetime for the
EPDM insulation material is 1,873 hours, 675 hours and 175 hours at 136°C, 150°C and
170°C, respectively. No matter which temperature they are aged at, all the sensors have
the same resistance of 55Q when the end of lifetime is reached. Similarly, the half
lifetime remaining and 75% lifetime remaining correspond to 600 Q and 80kQ of the
sensors, respectively. By obtaining a curve shown in Figure 7.17, we can track the “age”
of the insulation system at every single moment by reading the resistance of the aging

sensors, regardless of the aging temperatures. Therefore, the electrical resistance signals
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from the sensor can be used to accurately predict the remaining lifetime of the monitored

insulation system.
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Figure 7.17 Sensors’ response, i.e. resistance can be related to different aging time and
be used to predict remaining lifetime of the insulation system.

Similarly, for epoxy, the activation energy from the manufacturer’s data sheet is
84.2+0.9 kJ/mol. For CNT/epoxy sensors, and the activation energy obtained from the
resistance measurements and mechanical tests are 86.8 kJ/mol and 78.2 kJ/mol,
respectively. For CB/epoxy sensors, the activation energy obtained is 86.3 and 79.9
kJ/mol. Because the activation energy derived from the aging sensor signals is within 5%
variance of that derived from lifetime tests, the sensor signals can effectively represent
the aging time at each stage of aging. The lifetime for the epoxy insulation material is
2,000 hours, 850 hours and 400 hours at 190°C, 210°C and 230°C, respectively (Figure
7.18). For the CNT/epoxy-based sensors, the lifetime corresponds to a resistance of

450Q. Similarly, the 50% lifetime remaining and 75% lifetime remaining correspond to
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9500 and 3500Q, respectively.
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Figure 7.18 The resistance value of CNT/epoxy sensors can be related to different aging
time of epoxy insulation system.

For the SR-based sensors, because the degradation mechanism changes during
aging, as shown in the abrupt increase of resistance during aging (Figure 7.6), the

resistance data from sensors cannot be used to predict the lifetime remaining of this SR

cables.

7.3.6 Limitations of the current aging sensors and future work

The sensor mechanism is based on the assumption that the composite has similar
degradation kinetics with the monitored insulation polymer. This explains why the same
polymer as the monitored insulation system is used as composite matrix, and only a small
amount of CNTs is added. However, in some cases, CNTs can retard the thermal
degradation of polymer materials due to their anti-oxidation effect [248], or may
accelerate the thermal degradation of polymers due to the catalytic effect of metal

nanoparticle residues (details in next chapter) [250]. The composite-based sensors could
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have different degradation kinetics from the pure polymer in the insulation system, and
thus would no longer represent the aging situations of the insulation system. At this
moment, composites with different conductive fillers that will not affect the thermal
degradation kinetics need to be considered in the formulation of the aging sensors.

The future work of current research also includes the attaching of passive RFID

devices to the aging sensors, which allows the wireless monitoring and control.

7.4 Conclusion

The carbon/polymer conductive composite-based aging sensors in this study are
“variable resistors” whose resistance decreases as the polymer matrix of the sensor
shrinks and densifies during thermal aging. Since the sensor is made of the same polymer
matrix as the monitored insulation system, the thermal degradation kinetics obtained from
the sensors is very close to the degradation kinetics of the insulation system. We
demonstrated that in the two illustrated polymers, a change in resistance can identify the
aging situation and predict the remaining lifetime of the monitored insulation parts. These
sensors have many advantages over conventional monitoring techniques, including a lack
of damage to the insulation system, real-time monitoring of the insulation system, facile

operation without complex equipment or specialized personnel, and low cost.
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CHAPTER 8 METAL CATALYST RESIDUES IN CARBON
NANOTUBES DECREASE THE THERMAL STABILITY OF

CARBON NANOTUBE/SILICONE COMPOSITES

8.1 Introduction

CNTs have attracted broad attention from various fields, of which CNT/polymer
composites exhibit most promising applications. CNT/polymer composites have many
advantages over conventional carbon/polymer composites (e.g. carbon black, diamond,
diamond like carbon, graphite and carbon fibers) through improvements in mechanical
properties and electrical and thermal conductivity. CNT/polymer composites have formed
a new class of superior functional materials for aerospace applications [252], energy
storage [253], molecular sensors [254], electronic and optoelectronic devices [255, 256],
electromagnetic interference shielding [257], membrane [258] and thermal management
[259, 260]. However, as CNT/polymer composites become commercialized, some
potential problems need to be addressed, including nano-toxicity [261], the impact on the
ecosystem [262] and the reliability- mechanically, chemically and thermally. The present
study is focused on the thermal stability of CNT/polymer composite, which is a key
factor in determining the reliability of CNT/polymer composites.

Many groups have conducted studies on the thermal stabilities of various
CNT/polymer composites. Table 8.1 summarizes some of the representative work. The
majority of these studies reported improved thermal stabilities of the CNT/polymer
composites compared to pristine polymers, which is not surprising considering the
intrinsically good thermal stability of CNTs [263], their network structure [264] and free

radical trappping capabilities [248]. However, contradictory results were also presented.
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For example, Kashiwagi et al. [264, 265] found that both SWNTs and MWNTSs
significantly enhanced the thermal stability of PMMA so that these CNT/PMMA
composites could potentially function as fire retardants, whereas Dervishi et al. [266] and
Liu et al. [267] observed decreased thermal stability of MWNT/PMMA composites when
the MWNT loading level was large enough. MWNT/atactic PP showed increased
stability in N, in Yang’s study [268], whereas a decreased onset degradation temperature
of MWNT/ polypropylene in air and an increased degradation temperature in N, was
reported by Kashiwagi et al. [269] and Bikiaris et al. [270]. Such discrepancies between
these reported results can be attributed to the differences between CNT fillers used by
different researchers. One key difference is the metal impurity present in the CNTSs. In
most cases, metal impurity comes naturally with CNTSs as catalysts for CNT synthesis
and differs in composition and quantities depending on synthesis and purification process.
The impact of the metal impurity on the thermal stability of CNTs based polymer
composites has rarely been discussed. In most of the work on CNT/polymer composites,
the effect of the metal impurity is not distinct, because of the pretreatment of CNTs via
acid purification [271-274] or the low loading of CNTs [255, 264, 265, 269, 275, 276].

In both cases, the concentration of metal nanoparticles in the polymer matrix is too low to
result in a significant difference in thermal stability of the composite. While some cases
do notice the CNT induced decrease in thermal stabilities of CNT/polymer composites,
an explanation for such a phenomenon is lacking. For example, in Dervishi et al.’s work,
the CNT fillers in the MWNT/PMMA composites were synthesized by a Fe-Co/CaCOs
catalysis recipe, which may introduce Fe and Co nanoparticles into the composites.

Instead of considering the decreased thermal stability as a result of impurities, they
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attributed it to the formation of agglomerates of CNTs in the composite [266]. Yang et al.
[277] proposed that the SWNTSs accelerated the thermal degradation of a SWNT/ABS
composite by participating in the radical initiation process and called for further
investigations into how SWNTs promote the radical initiation. Xu et al. [278] and
Kashiwagi et al. [269] hypothesized that the remnant catalysts might play a role in the
accelerated thermal degradation of the polymer matrices without providing solid evidence.
In this chapter, we demonstrate that the thermal stability of CNT/silicone
composites depends significantly on the metal catalysts that were used for CNT synthesis.
CNTs synthesized with cobalt catalysts lead to the accelerated thermal degradation of
silicone. Through the analysis of degradation products, we found that the silicone
thermally decomposed into cyclic oligomers through a Si-O bond scission in a folded
cyclic conformation. Cobalt catalyzes the depolymerization reaction by providing free
radicals during degradation, while CNTSs can trap some of the free radicals. Based on this
degradation mechanism, the role of purification and its efficiency were also discussed. As
of now, this is the first analysis specifically intended to elucidate the effect of metal
catalyst residues within CNTs on the thermal stability of CNT/polymer composites. Such
an analysis provides insight for future research on the thermal stabilities of CNT/polymer
composites as well as for possible industrial applications of CNT/polymer composites,

primarily in high temperature environments.
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Table 8.1 Previous work on thermal stability of CNT/polymer composites

CNTs ., To,poly (°C) ? To.comp (°C) *
Polymer matrix Ref.
Type Synthesis  Catalyst Purification Ti(°C) Tw(°C) Ti(°C) Tm(°C) CNT %
MWNT Vapor grown - No Silicone 468 523 1wt.% N,  [275]
SWNT HiPco - HCI PMMA (M,,= 100,000) 311 372 05wt% Air [271]
MWNT Arc-discharge - No PMMA (M,,= 49,000) 320 350 26 wt.% N, [279]
SWNT HiPco - No PMMA (M= 100,000) 365 367 1wt.% N, [265]
MWNT cvp! Fe/Co No PMMA 330 230 8wt%  Air [266]
PMMA 337 326 Air
SWNT - - No 50 wt.% [267]
(Mw=95,000-150,000) 388 386 N,

MWNT CVvD Fe HNO; PAN (M,,= 86,000) 268 292 5wt.% N, [272]
CNT CVvD Fe No PANI 230 600 N/A N, [280]
MWNT CVvD Fe/Ni HCI PE 400 420 10 wt.% N,  [273]
MWNT CVvD Fe No PP 230 205 2vol.%  Air [269]
MWNT - - No PP (M= 41,402) 360 430 5 wt.% N, [268]
SWNT Laser ablated Ni/Co  Purified Pl 444 ° 479* 1vol%  Air [281]
MWNT CVvD - H2S04-HNO3 Waterborne PU 315 341 2.5 phr N, [274]
SWNT Arcdischarge  Ni/Y No PVDF 425 200 49vol.% N, [278]
SWNT CoMoCAT™ Co/Mo HCI & HF PVA (M,,=150,000) 284 281.2 1wt.% N, [282]
SWNT  Laser grown - Purified® ABS (50% butadiene) 443/623° 414/587° 10wt% N, [277]
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1. Abbreviations: PMMA: poly(methyl methacrylate); PAN: polyacrylonitrile; PANI: polyaniline; PE: polyethylene; PP:
polypropylene; PU: polyurethane; PVDF: Polyvinylidene fluoride; PVA: polyvinyl alcohol; ABS:Acrylonitrile—butadiene—styrene; CVD :
chemical vapor deposition;

2. Tppoly: Characteristic temperatures of the thermal degradation of the polymer matrices; Tp comp: Characteristic temperatures of the
thermal degradation of the corresponding CNT/polymer composites; T;: temperatures at which the thermal degradation initiates; Tp,:
temperatures at which the maximum thermal degradation rate is reached.

3. Purified refers to the cases where authors stated that the CNTs were purified without the description of the purification process.

4. 444°C and 479°C are the temperatures that 5% weight loss occurred for the polyimide and SWNT/polyimide composite
respectively.

5. The thermal degradation of ABS and its composite is a two-step process. The two temperatures correspond to maximum

degradation rate in step 1 and step 2.
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8.2 Experimental

8.2.1 Materials

Six types of MWNTSs were used in this study. The abbreviations, product
information and the vendors are listed in Table 8.2. Two silicones were selected as
polymer matrices. One is a peroxide-curable methyl phenyl silicone gum (SR) provided
by Rockbestos-Surprenant Cable Co. The other is Dow Corning HIPEC® Q1-4939 (Q1-
4939), a two-part platinum curable polydimethylsiloxane (PDMS). Other materials used
include Co (1) acetylacetonate (ACAC), Co (I11) ACAC, Fe (1) ACAC, Fe (I11) ACAC,
Ni (I1) ACAC and antioxidant N,N'-diphenyl 1,4-phenylenediamine (DPPD), which were

all purchased from Sigma-Aldrich and used as received.

Table 8.2 Product information and vendors of MWNTS

Product information
CNTs i : Vendors
Length (um) Dia. (nm) Purity Catalyst

A 10-20 8~15 >95 % Co Chengdu Organic chemistry Co., China
B 10-20 >50 95 % Ni Chengdu Organic chemistry Co., China
C 0.1-10 10-15, >90% Fe Sigma-Aldrich, US

D 1-10 10-30 >90%  Ni-Fe Sun Nanotech, China

E 5-15 10-20 >98 % Co Nanotech Port, China

F 300 ~10 N/A Fe Synthesized by the authors

8.2.2 Sample Preparation
Composite preparation: Unless otherwise mentioned, the CNTs in CNT/silicone
composites were used as received without any purification processes. For CNT/ Q1-4939

composite, CNTs were dispersed in Q1-4939 by ultra-sonication (Sonicator 3000, from
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Misonix Inc.) for 1 hour and high shear blendering (Talboys model 134-1) for 3 hours.
The mixture was then cured in a Teflon mold at 1500C for 1 hour. For the CNT/SR
composite, the SR gum was first dissolved in toluene by the high shear blender for 1 hour
while the CNTs were dispersed in toluene by ultra-sonication simultaneously. The CNT
solution was then poured into the silicone part and mixed in the high shear blender for
another 3 hours. The obtained homogenous mixture was then cast in a petri dish and dried
under a fume hood for 12 hours. The resulting film was pressed into a Teflon mold and
cured for 1.5 hours at 150 °C under 1.6 MPa pressure. Pure silicone matrices were cured
following identical procedures.

CNT purification: 1) HNOj3 treatment of CNTs: 5g of the CNTs were mixed with
a 250 ml 35% HNOj solution and refluxed for 1 hour at 100 °C. The obtained solution
was filtered and washed with DI-water. The treated CNTs were then dried under a
vacuum for 20 hours at 70 °C before being used. 2) HCI treatment of CNTs: 1g of CNTs
were placed in a 500 ml round bottom flask and 200 ml of HCI was added. The mixture
was stirred using magnetic stirrer for 2 hrs. The filtration, washing and drying procedures

are identical with HNOj treated CNTSs.

8.2.3 Characterization

TGA (TA Instruments, Model 5000) was used to characterize the thermal stability
of the CNTs and all the CNT/silicone composites. In a typical TGA test, approximately
10mg sample was placed in a platinum pan and tested with a ramping rate of 5°C/min
from 30°C to 800°C in N,. An isothermal mode in air was also used to mimic the aging
process of the composite sample. Samples were heated at 25°C/min to 210°C, and held

isothermal at 210°C for 10-24 hours.
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Perkin Elmer Optima 7300DV inductively coupled plasma optical emission
spectrometry (ICP-OES) was used to detect the metal catalyst residues in each of the
CNT samples. The ICP sample digestion was performed according to ref. [283]. 20 mg of
as-received CNTs were placed in a crucible and ashed in a muffle furnace at 550 °C for 4
hours. The ash from each sample was extracted with concentrated nitric acid (1:1) and
bath heated at 80 °C for 2 hours to dissolve metal residues. The solution was then
centrifuged at 5000 rpm for 30 minutes and 5 ml of the supernatent was collected for
ICP-OES analysis. The plasma and auxiliary argon flow rates were 15 and 0.2 L/min,
respectively. The nebulizer argon gas flow rate was 0.68 L/min for the glass concentric
nebulizer. The forward RF power was 1500 W. Of the 18 scanned elements (Ca, Cd, Co,
Cr, Cu, Fe, Mg, Mn, Mo, Ni, Pb, Sb, Se, Sr, Ti, Tl, V, and Zn), only a few elements were
found in measurable concentrations in these samples.

The thermal degradation of CNT-A/SR composite was carried out in a glass
apparatus (Figure 8.1) isothermally at 210 °C for 24 hours. Liquid nitrogen was used to
condense the volatiles and the gas products in a trap tube. The products collected in the
trap tube were then dissolved in toluene and analyzed by gas chromatography-mass
spectrometry (GC-MS, HP 6890 chromatograph coupled with a Micromass Autospec
mass spectroscopy with an Rxi®-5ms column). Chromatograph heating began at 30 °C
and was ramped at 15 °C/min to 300 °C. The solvent retention time was 4 minutes. Mass

spectroscopy scanned from 900 dalton to 35 dalton with a rate of 0.5 dalton/s.
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,/ Water out

Figure 8.1 CNT-A/SR composite thermal degradation apparatus.

FT-IR (Nicolet, Magna IR 560) with an in-situ heating apparatus was used to
investigate the gas products from the thermal degradation of CNT-A/SR composites. An
ultrathin composite film was prepared and dried in an oven for 1 hour at 100 °C before
being sandwiched between two KBr pellets. The in-situ heating program was identical
with the TGA isothermal mode, ramping from 30°C to 210°C by 25°C/min, and
isothermally holding at 210°C for 24 hours. The spectra were collected every 5 minutes
for the first 3 hours and every other hour afterwards. A resolution of 4 cm™ was used over
128 scans. Background spectra were obtained before the first analysis of each sample
with only KBr pellets to ensure that there was no contamination.

The CNTs as purchased were imaged by a SEM (LEO 1530) with an accelerating
voltage of 5 kV. Surface functional groups of CNTs were characterized by FT-IR and X-
ray photoelectron spectroscopy (XPS, Thermo K-Alpha XPS). Raman characterization
was carried out using LabRAM ARAMIS, Horiba Jobin Yvon with a 532 nm wavelength

laser.
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8.3 Results and discussion

8.3.1 CNT-induced decrease of thermal stability

Figure 8.2 shows the TGA results of pure SR and CNT-A/SR composites under
N2. The pure SR has a degradation peak at 574 °C. For low loading samples (i.e. less
than 3 wt.% CNTSs), their weight loss appears more abrupt than that of the pure SR above
500°C. The composites with CNT loadings below 3 wt.% show a degradation peak at
561°C while a shoulder at 517°C begins to emerge. As the loading increases above 3
wt.%, the shoulder begins to protrude and the degradation peak becomes weak. When the
filler loading reaches 6 wt.%, the previous degradation peak is replaced by the shoulder
that then grows into a broad peak centered at 372°C. Compared to pure SR, 6 wt.% CNT-
A shifts the major weight loss temperature region by 200°C lower, leading to a much

earlier onset of thermal degradation.
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Figure 8.2 TGA (a) and the derivative (b) results of a CNT-A/SR composite at different
CNT loadings.

The reduced thermal stability leads to undesirable consequences such as
accelerated aging and a shortened lifespan. Figure 8.3 shows the weight loss of all

samples held isothermally at 210°C for 10 hours in air to mimic the aging process. The
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SR resin loses 5% of its initial weight in the beginning of the aging test, while no further
weight loss is observed afterwards. For the composite with 6 wt.% CNT-A, the weight
decreases linearly to 87.4% of the original weight at the end of the 10-hour aging. In the
case of 9.5 wt.% CNTs, 34.9% of the composite is decomposed within 10 hours.
Therefore, it is seen that increasing the CNT-A loading accelerated the aging of SR

polymer and resulted in a shorter lifetime.
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Figure 8.3 Isothermal degradation at 210 oC in air of SR without CNT fillers, SR with 6
wt.% CNT-A, SR with 9.5 wt.% CNT-A and uncured SR.

60
0

There are three possibilities for the observed decrease in thermal stability of
CNT/SR composites. The first one is that CNTs or included impurities retard the free
radical polymerization of SR. As a result, SR is not completely cured and may be less
stable than fully cured SR. Secondly, CNTs or their surface functional groups could react
with SR and accelerate the degradation. The third possibility is that the impurities within
CNTs react with SR, where the thermodynamics and Kinetics are heavily dependent on
the category and quantities of the impurities.

For the first possibility, it was found that even uncured SR did not show
noticeable weight loss at 210°C (Figure 8.3). Thus the curing level has negligible

contribution to the thermal stability at 210 °C. Moreover, Pt catalyzed PDMS Q1-4939
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and its CNT composite (CNT-A/Q1-4939 composite) were also analyzed in an isothermal
mode of TGA (Figure 8.4). Although Q1-4939 curing does not involve free radical
reactions, aging acceleration was also observed. Therefore, the decreased thermal

stability is not from the extent of cure of SR.
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Figure 8.4 Isothermal degradation of pure PDMS Q1-4939, CNT-A/Q1-4939 composite
and CNT-A/Q1-4939 composite with 1 wt.% antioxidant DPPD at 210 oC in air.

To address the second possibility, the thermal stability in N, was investigated for
CNT/SR composites with 6wt.% loading of different CNTs. As shown in Figure 8.5,
CNT-A/SR shows much lower thermal stability than other CNT/SR composites. Bikiaris
et al. [270] reported that the functional groups especially the carboxylic acid groups on
the surfaces of CNTs could accelerate the thermal degradation of CNT/PP composites. In
our case, none of the CNTSs exhibit obvious peaks corresponding to carboxylic acid
groups at ca. 1700 cm™ in the FTIR spectra (Figure 8.6); moreover, CNT-A is not the
only one with the largest amount of carboxylic acid groups or the one with the most
oxygen containing functional groups according to the XPS results (Figure 8.6, Table 8.3).
Therefore, neither CNTs nor the functional groups on the surface are responsible for the

decreased thermal stability.
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Figure 8.5 TGA results of CNT/SR composites with CNTs from different vendors shown
in table 1. All the measurements were performed in N2 where only untreated CNT-A led
to the dramatic decrease in the thermal stability of CNT/SR composites.
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Figure 8.6 High resolution XPS of C1s peak of CNTs A to E and the FTIR of different
CNTs. Deconvolution of the C1s peak showed a main peak at 284.5 eV, attributed to the
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graphitic structure. The peaks at 286.2, 287.0 and 288.9 eV, correspond to C-OH, C=0,
and O=C-OH functional groups, respectively. The n—n* transition loss peak was detected
at 291 eV [284, 285]. For the IR spectra, the peak at 3440, 1630, 1250 and 800 cm-1
correspond to —OH, C-C, C-OH and C-H in the ring, respectively. The peaks at 2916 and
2847 cm-1 signify the existence of -CH3 or -CH2, and the peaks at 1020 and 1098 cm-1
signify the C-O bonding from hydroxyl groups [286].

Table 8.3 The C/O ratio and -COOH content of different CNTs from XPS

CNTA CNTB CNTC CNTD CNTE
ClIO 35.10 122.41 14.68 24.71 91.59
COOH% 4.71 4.71 3.65 4.69 4.19

For the third possibility, based on SEM images (Figure 8.7) and Raman spectra
(Figure 8.8), CNT-D has more amorphous carbon than any of the other CNTSs, but does
not exhibit any decrease in thermal stability. Therefore, amorphous carbon is not the
reason for the accelerated degradation, which leads to an in-depth look at the metal
catalysts used for CNT growth. ICP-OES was used to detect the metal content of each
CNT sample. The results show that each of the six CNTs was synthesized with different
metal catalysts (Figure 8.9 and Table 8.2). Interestingly, the two types of CNTs (CNT-A
and CNT-E) that lead to the acceleration of CNT/SR composites are the CNTs
synthesized with Co catalyst. CNT-A shows a more pronounced destabilization effect
than CNT-E, which may result from the purification process of CNT-E performed by the
vendors as evidenced by the higher purification of CNT-E. Considering that only CNT-A
and CNT-E lead to the decreased thermal stability of SR composites, we assume that the
residues of Co catalysts within CNTs could be one of the major sources for the observed

decrease in thermal stability.
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CNT A CNTC CNTD

Figure 8.7 SEM images of CNT-A, -C and -D with magnification of 40,000. CNT-D
contains more amorphous carbon than CNTs from other vendors.
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Figure 8.8 Raman spectra of CNTs A to E. Raman scattering is a well-accepted method
for evaluating the degree of structural order of MWNTSs by using the ratio of the
integrated intensity of D band (Ip) at 1334 cm ™™ to that of G band (lg) at 1570 cm *[287].
Among all the CNTs, CNT-C and CNT-D are more defective than others as evidenced by
the larger Ip/lg ratios.
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Figure 8.9 ICP-OES results showing the different metal elements in each of the CNT
samples. Only elements with considerable concentrations were listed. Notice that the
peak intensity here does not represent the exact concentration.

8.3.2 Mechanism for the decreased thermal stability

To clarify the role of Co containing CNTs in the thermal degradation of SR, it is
necessary to understand the mechanism for SR degradation. Camino et al. showed that
PDMS degradation occurred through two competing mechanisms [288]. At 800°C and
during rapid heating, degradation occurs through a homolytic Si-C bond scission as the
dissociation energy of the Si-C bond (327 kJ/mol) is lower than that of the Si-O bond
(452 kJ/mol). The products of PDMS degradation following this mechanism include
methane gas and ceramic silicon-oxycarbide (Figure 8.10 (a)). At 400°C and during slow
heating, molecular splitting mechanism takes place through the formation of cyclic
oligomers (Figure 8.10 (b)). In this case, an intramolecular cyclic transition state is
formed. Scission of cyclic dimethylsiloxane is favored in terms of chain flexibility and
the assistance of the empty silicon d-orbitals [289, 290]. The products of PDMS

degradation following this mechanism are smaller cyclic oligomers, dominantly cyclic
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trimers (D3). The degradation products are the same in air and in Ny, but in air, the cyclic

siloxanes in gas phase can be further oxidized to CO,, H,O and SiO,.
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Figure 8.10 PDMS thermal degradation mechanisms. (a) at 800°C and during rapid
heating; (b) at 4000C and during slow heating [288].

Figure 8.11 and Table 8.4 show the resulting liquid products from the CNT-A/SR
composite (6 wt.% filler loading) thermally degraded at 210°C in air. Cyclic trimers (D3)
were the most abundant degradation products along with decreasing amounts of tetramer
(D4), pentamer (D5) and hexamer (D6). Because the SR used in this study is a methyl
phenyl siloxane, the degradation products include both cyclic methyl siloxane and cyclic
phenyl siloxanes. The formation of cyclic siloxanes demonstrates that the degradation of
SR in a CNT-A/SR composite obeys the second mechanism. This mechanism is further
supported by the evolution of CO, (2350cm™) and H,O (3400cm™ and 1600cm™) in the
in-situ IR measurements (Figure 8.12). The reoccurring strong CO, and H,0 peaks from
the beginning of degradation to 80 minutes indicates that the CO, and H,O gas come
from the degradation reaction rather than the desorption from the surface of the

composite.
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Figure 8.11 Gas chromatogram of the liquidified degradation products from CNT-A/SR
composite with 6 wt.% CNT filler loading. The degradation was carried out at 210°C in
air for 24 hours.

Table 8.4 Relative amounts of liquid products of CNT-A/SR composite thermal
degradation at 210°C in air for 24 hours.

Retention time (min) Compound Relative intensity (%)
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Table 8.5 Continued
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Figure 8.12 The in-situ IR spectra of CNT-A/SR thermal degradation at 210°C for 24
hours. The spectra include the weak signals from CNT-A/SR composite and strong
signals from the H,O and CO, products.

160



Camino et al. compared the thermal degradation of PDMS in both air and N, and
found that although the degradation mechanism was the same for both cases (i.e.
molecule splitting mechanism), the initiation temperature was lower in air than in N,
[289]. They attributed this difference to the catalytic effect of oxygen through the free
radical reaction. Since Co catalyzed thermal degradation of SR also follows the molecule
splitting mechanism, it can be assumed that Co residues may also take on a similar role as
oxygen to provide large amounts of radicals. Cobalt compounds were reported to
accelerate the degradation of polymers and organic compounds such as polypropylene,
low-density polyethylene and cyclohexane [291-293] due to their ability to produce
radicals by electron transfer in the 3d subshell [291]. Although other transition metals
such as Ni and Fe also have the potential to participate in the radical formation reactions,
cobalt compounds show the strongest catalytic effect in certain environments [294, 295].
In order to demonstrate that the accelerated degradation is also a free radical reaction, a
typical anti-oxidant called DPPD was added into the CNT-A/Q1-4939 composite to
scavenge the radicals produced by Co nanoparticles. Q1-4939, a Pt cured silicone was
selected to exclude the radical scavenging effect by DPPD on the free radical curing
process of peroxide cured SR. As shown in Figure 8.4, incorporating CNT-A into Q1-
4939 polymer led to a faster degradation, whereas the addition of DPPD retarded this
accelerated degradation. Therefore, Co residues indeed increase the rate of degradation
through free radical reactions.

The effect of Co nanoparticles and their composition on the thermal stability of
SR was further investigated by looking into the degradation of metal nanoparticle/SR

composites. The metal nanoparticle/SR composites were prepared by in-situ
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decomposing metal acetylacetonate (ACAC) compound inside SR. Controlling the
decomposition atmosphere can produce nanoparticles with different oxidation state.
Decomposition in N2 will produce nanoparticles in both metallic and oxide forms [296],
while the decomposition in a reducing environment (20 vol.%H,, 80 vol.% Ar at 300°C
for 2 hours) guarantees the nanoparticles in the metallic form [297]. Among the three
metal nanoparticles tested, only Co plays a significant role in decreasing the onset
degradation temperature of SR in N, (Figure 8.13). Both metallic nanoparticles and oxide
nanoparticles of Co shows a two-step degradation process. The first degradation peak
locates at the same temperature with the degradation peak of CNT-A/SR, i.e. 2000C
lower than the pure SR matrix. In comparison, Fe/SR and Ni/SR have only one
degradation peak, occurring above 5000C. Comparing the Co nanoparticles/SR
composites with and without H2 treatment, the weight loss during the first step of
degradation is 6.3% in the former and 31% in the latter. Therefore, only Co shows a
significant free radical generating capability in the present system, and the oxide form of
Co nanoparticles may be more reactive than the metallic form.

Interestingly, the Co (I11) ACAC/HNO; treated CNT-A/SR three-phase composite
shows less weight loss than the Co (I11) ACAC/SR or Co (I1I) ACAC/SR two-phase
system in the first step, indicating that CNTs interfered with the free radical reaction.
Both density functional theory calculation [298] and experimental studies [248, 299]
demonstrated that CNTs could act as free radical scavenger. In our case, some of the free
radicals generated by Co species may be trapped by CNTSs. As a result, the weight loss

due to free radical degradation is reduced in the presence of HNOj treated CNTSs.
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Figure 8.13 Effect of Co, Fe, and Ni nanoparticles on the thermal stability of SR in N,. (a)
(b) Nanoparticles are synthesized by in situ decomposition of corresponding metal
ACAC salts in N, and are in both metallic and oxide forms. (c) (d) Nanoparticles are
synthesized by in situ decomposition of corresponding metal ACAC salts in Hy/Ar and
are in metallic form.

8.3.3 Methods to eliminate accelerated degradation

One way to avoid the reduced thermal stability of CNT/SR composites is to avoid
using Co catalyzed CNTSs; however, this would be difficult as Co is a popular catalyst for
CNT growth via CVD. A preferential approach then is to remove the Co residues through
acid purification of CNTs (Figure 8.9).

Figure 8.15 shows TGA results of acid treated CNT-A/SR composites. HCI-
CNT/SR and HNO3-CNT/SR both show a major degradation peak at 478.7 °C and 505.2
°C respectively, which is comparable to the thermal stability of pure SR. However, both

of them also show a shoulder peak lower than the pure SR degradation peak. The
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appearance of the shoulder may result from the introduction of more oxygen-containing
functional groups [284]. The FTIR spectra of HCI-CNTs and HNO3-CNTSs show a peak
at 1740 cm™, corresponding to the carbonyl groups; whereas the peak is absent in the
case of the untreated CNTs (Figure 8.14). On the one hand, these oxygen-containing
groups can enhance the free radical scavenging capability of CNTs [298, 300, 301] and
thus improve thermal stability; on the other hand, these oxygen containing groups,
especially carboxylic groups may accelerate the degradation of the polymer following an
acid-catalyzed degradation mechanism as reported by Zeng et al [302] and Bikiaris et al
[270]. Therefore, we hypothesize that the degradation peak at a higher temperature
represents the enhanced thermal stability by scavenging the free radicals while the
shoulder peak at a lower temperature results from the acid-catalyzed degradation of acid

treated CNTS.
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Figure 8.14 FTIR spectra of original and acid treated CNTSs. The peak at 3440, 1740,
1630, and 1260 cm™ correspond to —~OH, C=0, C-C in graphitic structure, and C-OH,
respectively. The peaks at 2916 and 2847 cm™ signify the existence of -CH3 or -CH,, and
the peaks at 1020 and 1098 cm™ signify the C-O bonding from hydroxyl groups [286].
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Figure 8.15 (a)TGA results and (b) the derivative of weight loss with temperature of SR,
CNT/SR , HCl treated CNT/SR and HNOj; treated CNT/SR with a ramping rate of
1°C/min.

8.4 Conclusions
CNTs synthesized with cobalt catalysts were found to dramatically decrease the
thermal stability of silicone in CNT/SR composites, while CNTs synthesized with other
metal catalysts did not show expected degradation. The cobalt residues within CNTs
accelerate the degradation of silicone through free radical reactions. It is recommended
that to gain an increase in CNT/silicone composite stability, another metal catalyst should
be used. If that is not possible, further processing CNTs via acid-washing can improve

the thermal stability of CNT/silicone composites.
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CHAPTER 9 CARBON NANOTUBES INHIBIT THE FREE

RADICAL CROSS-LINKING OF SILOXANE POLYMERS

9.1 Introduction

Since their discovery in 1991, CNTSs have attracted great interest from various
fields, the most promising of which is the field of CNT/polymer composites. The
exceptional physical and chemical properties of CNTs make them ideal candidates for
advanced filler materials in composites. For example, their high electrical conductivity
and high aspect ratio can greatly decrease the percolation threshold of conductive plastics
[303]. Their massive thermal conductivity may also be exploited to create thermally
conductive composites [260]. In addition, their low density, superior Young’s modulus
[304], and tensile strength [305] can dramatically enhance the mechanical properties of
CNT-reinforced composites.

The prerequisite to preparing a CNT/polymer composite for these applications is
that the CNTSs do not interfere with the polymerization or cross-linking of polymer
matrix. For many years, this was simply assumed to be the case, given the graphitic
nature of CNTs [306]. However, further studies on CNTs determined that they were not
always inert. With a large area of sp®-hybridized structure and a high electron affinity,
CNTs actually exhibit strong reactivity towards free radicals. This unique property has
since been used in side-wall functionalization of CNTs [307-310], elongation of polymer
lifetime as free radical trapping agents [248], and antioxidant treatment for pathologies
[311]. Yet, itis not clear whether this reaction between CNTSs and free radicals may
affect free radical cross-linking. The present study is aimed at understanding how the
structure of CNTSs could affect free radical cross-linking in a CNT/polymer composite. A
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composite of MWCNTSs and vinyl-terminated PDMS composite is used as a model

compound.

9.2 Experimental

9.2.1 Materials

Two types of MWCNTSs were obtained from Chengdu Organic Chemistry Co.,
China. Both types were 10-20um long and had purity above 95%. CNT-A had a
diameter of 8-15nm while CNT-B had a diameter of more than 50nm. Graphite 230U was
donated by Asbury Carbons. Wacker® V-20000 (average molecular weight: 48000; vinyl
content: 1.3% ) was used as the PDMS matrix with dicumyl peroxide as the cross-linking
initiator. Unless otherwise mentioned, the CNTs in CNT/PDMS composites were used as
received, without any additional purification processes. HNO3 treatment of CNTs were
performed by mixing 5g CNTs with a 250ml 35% HNO3 solution and refluxed for
different time at 100°C. The obtained mixture was filtered and washed with deionized
water. The treated CNTs were then dried under vacuum for 20 hours at 70°C and denoted

as HNO3-CNTs.

9.2.2 CNT/PDMS composite preparation

To prepare the CNT/PDMS composite, 2g of PDMS and 0.03g of dicumyl
peroxide were first dissolved together in 20ml toluene, while the CNTs were dispersed in
toluene (8mg/ml) by ultra-sonication (Aquasonic 75HT) for 1 hour. The CNT dispersion
was then poured into the PDMS and mixed by ultra-sonication for an additional 3 hours.
The homogenous mixture was then cast in a petri dish and dried under a fume hood for

24 hours. The resulting dry film was pressed into a Teflon mold and cross-linked at
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150°C for 1 hour under 1.6MPa pressure. Pure PDMS matrices were cross-linked under

an identical procedure to the filled composites.

9.2.3 Characterization

Tensile strength and modulus were measured using a typical tensile test setup
(Instron microtester 5548). Samples were cut into a dumbbell shape (28.75mmx4.75mm,
narrow portion 8.25mmx1.5mm). The testing speed was set at 50mm/min. The same
setup was also used to measure the cross-linking density; however, a smaller extension
rate of 10mm/min was used to guarantee that the deformation reached equilibrium at any
instant of the extension.

Swelling tests were performed by immersing 20mmx5mmx2mm rectangular
pieces of PDMS or CNT/PDMS composites in toluene for 5 days to allow
thermodynamic equilibrium to be reached. The samples were then taken out of the
solvent and placed in the fume hood for 10 days to dry. The weight and dimensions
before swelling, after swelling, and after solvent evaporation were measured.

The glass transition temperature of cross-linked CNT/PDMS and pure PDMS was
measured by DMA (TA instrument 2890) using the film-tension mold. A
5mmx3mmx2mm film was initially cooled to -150°C using the liquid nitrogen cooling
system, and then heated to room temperature at a rate of 5°C/min. The sample was
oscillated at a constant frequency of 10Hz with amplitude of 20um. The DMA Tg is
determined to be the intersection of two tangent lines from the storage modulus curve.

Raman spectra of CNTSs in the composites were obtained by a LabRAM ARAMIS
Raman confocal microscope (HORIBA Jobin Yvon) equipped with a 532nm diode-

pumped solid state (DPSS) laser. Si wafer was used as a substrate.
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The XPS of CNTs was carried out with a Thermo K-Alpha XPS.

9.3 Results and discussion
Free radical reaction is the oldest and one of the most widely-used schemes in

preparing PDMS elastomers. Vinyl-terminated PDMS can be cross-linked with a

peroxide-based catalyst at elevated temperature via free radical reaction according to the

reaction shown in Figure 9.1. The peroxide catalyst decomposes and generates free

radicals that can react with vinyl groups and initiate the cross-linking.

CHs (",H3 CHy
—Si—O0— + —Si—0— —Tl—o— + o
HC CH CH,
3
\CH2 \ HaC CHs
| CH,
o CHy }
[
HaC —s8i—0—
CH4

Figure 9.1 Cross-linking mechanism of vinyl-terminated PDMS through free radical
reaction.

Carbon-based reinforcements are often added to the elastomers to improve their
mechanical properties. CNTSs are reported to be more efficient reinforcement than
conventional fillers, due to their high aspect ratio and intrinsic mechanical robustness

[312]. The Young’s modulus and tensile strength of a CNT/PDMS composite usually
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increases with increasing loading of CNTs. For CNT-B, it is indeed this case (Figure 9.2
(b)). The tensile strength and Young’s modulus increase by 1.5 times and 2.5 times,
respectively, when increasing the CNT loading from 1wt.% to 20wt.%. However, for the
CNT-A/PDMS composite, a totally opposite trend is observed (Figure 9.2(a)); the tensile
strength and Young’s modulus decrease with increasing CNT loading. This leads to an

investigation into the possible adverse effects of CNT-A on the cross-linking of PDMS.
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Figure 9.2 Tensile stress-strain curve of (a) CNT-A/PDMS composite, and (b) CNT-
B/PDMS composite with various CNT loadings. The concentration of CNTSs refers to
weight percentage, which is used throughout the whole text.

The cross-linking density of CNT-A/PDMS composites is measured by swelling
test, equilibrium stress-strain measurement, glass transition temperature measurement and
Raman spectroscopy. In a swelling test, CNT-A/PDMS composite samples are immersed
in toluene. The samples absorb toluene and swell, until an equilibrium between the
thermodynamic tendency to swell and the retractive forces from the cross-linked network
is reached. The cross-linking density can be calculated from the swelling phenomenon by
Flory-Rehner equation [313]:

_ 1 In(1-Vp)+Vp+xVy2
N = T AT (1)
S T T

170



where N is the moles of effective cross-links in a unit volume; Vs and V, represent
the molar volume of toluene and the volume fraction of PDMS in the swollen gel,
respectively. y is the polymer-solvent interaction parameter. For PDMS and toluene, y is
0.465 and the molar volume of toluene Vs is 106.29 mi/mol [314]. With CNT fillers, the

volume fraction of PDMS in swollen gel is given by:

Sp_ Se (ﬂ)
— (a-9)~ 1
Vs ) ?

1

where | is the initial weight, S is the swollen weight, F is the final dry weight, S,
is the initial specific volume of the composite, Se is the specific volume of the extract, S
is the specific volume of toluene solvent, and ¢ is the volume fraction of the filler [315].
The effective cross-linking density of CNT-A/PDMS composites with different CNT

loadings is calculated according to Equations (1) and (2) and the results are shown in

Figure 9.3(a).
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Figure 9.3 Effective cross-linking densities of CNT-A/PDMS composites with different
filler loadings determined by (a) swelling test, (b) equilibrium stress-strain
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measurements. (c) Glass transition temperature of the CNT-A/PDMS composites as a
function of CNT concentration. (d) D* wavenumber in Raman spectra of CNTs in CNT-
A/PDMS composites.

In cases where the fillers do not affect the curing process, the measured cross-
linking density of the composite will be slightly higher than that of the pure resin. This
can be explained by several mechanisms: (1) the fillers can pose steric hindrance to
polymer chain movement during swelling; (2) the physical interaction between the fillers
and matrix contributes to the total retraction force of the polymer network[316]; and (3)
the polymer chain and fillers (especially CNTs) form physical entanglements that restrict
the swelling displacement[317]. However, as shown in Figure 9.3(a), the effective cross-
linking density of the composites decreases with increase in the amount of filler. Even
with 0.5wt.% CNT-A, the cross-linking density decreases 1/3 from 90mol/m® to
59mol/m®. When the CNTs’ concentration increases further to 10wt.%, the cross-linking
density drops to 26mol/m?, 1/3 of the original value. This dramatic decrease in the cross-
linking density indicates that the carbon fillers may have a negative role on the cross-
linking process of a PDMS resin.

Equilibrium stress-strain measurement is another way to determine the cross-

linking density from the Mooney-Rivlin equation:
o =Gt ®3)

where o and A represent the engineering stress and the extension ratio,
respectively [313]. C; and C; are two elastic constants. C; is proportional to the effective
cross-linking density N given by

C1 = N.RT 4)

172



g

where R is the gas constant and T is temperature. Thus a plot of 20

1
VErsus P

can be used to determine the constant C; and thus the cross-linking density. To guarantee
that the deformation is reaching equilibrium at any instant, a small extension rate of
10mm/min was used in tensile tests, and only the data approaching the break point was
analyzed. The results are shown in Figure 9.3(b). The values of the cross-linking density
from stress-strain measurements are quite consistent from those of the swelling test. The
cross-linking density drops 1/3 with 0.5wt.% CNT-A, then stays relatively stable from
0.5wt.% to 5wt.% CNTSs, likely due to a trade-off between an increase in physical
entanglement and the loss of chemical cross-links. When the CNT loading is above
5wt.%, the cross-linking density continues to drop to 33mol/m* and 6mol/m? for 10wt.%
loading and 20wt.% loading, respectively.

Ty can be used as an indicator of the cross-linking density, where elastomers with
higher cross-linking density usually have a higher Tq. Here, Tq of CNT/PDMS
composites with different concentrations were measured by DMA and the result is shown
in Figure 9.3(c). For pure PDMS, it has a T of -108°C, but with adding CNT-A into the
composite, the Ty decreases monotonically with increasing the CNT-A concentration. Ty
decreases to -110°C, -118 °C and -121°C after adding 5%, 10% and 20% of CNT-A,
respectively. The decrease in T4 suggests a decreased cross-linking density after adding
CNT-A, which is consistent with results shown in Figure 9.3(a) and Figure 9.3(b).

Raman spectroscopy has also been used to characterize the cross-linking in
CNT/polymer composites. The second-order overtone of the D band, the D* band, is very
sensitive to any perturbation in the load transfer at the interface between the CNTs and

the polymer matrix [318, 319]. Zhao et al. took advantage of the Raman shift induced by
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polymer contraction in the cross-linking process and found a positive correlation between
the D* band up-shift and the cross-linking density[318]. For this study, the D* shifts of
the CNT-A/PDMS composites of different filler loadings were compared (Figure 9.3(d)).
A filler loading as low as 2wt.% will lead to a 22 cm™ up-shift of the D* band, resulting
from the contraction of the PDMS matrix after cross-linking, which imposes a
compression force to the individual CNT. With the increasing CNT concentration, we
observed a down-shift of D* band rather than an up-shift, indicating that the cross-linking
density actually decreases with more CNTSs.

All the above results suggest that CNTs may adversely affect the free-radical
cross-linking process of the PDMS matrix. This result is not surprising considering
fullerenes have also been reported to retard the free-radical polymerization reaction of
methyl methacrylate, styrene, vinyl acetate, etc.[320-322] The retardation was attributed
to fullerene’s strong electron affinity of approximately 2.65eV, and to its ability to
accommodate free radicals by forming stable radical adducts [323, 324].

With a similar sp>-hybridized structure and even stronger electron affinity than
fullerene [325], CNTs are expected to show a similar spin-trapping capability. As early as
2003, Watts et al. proposed that CNTs could act as antioxidants, i.e. radical-trapping
agents, to retard the aging of polystyrene, polyethylene, polypropylene and
poly(vinylidene fluoride) [248]. In addition, intensive studies have been conducted to
modify the CNTs’ surface using free radicals [307-310]. Researchers make use of the
addition reaction of radicals with CNT double bonds to graft various functional groups to
the CNTs. These radicals include alkyl radicals and peroxide radicals, indicating that

CNTs can accept a wide range of radicals. The PDMS in this study is cured via a free
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radical reaction. Therefore, it is reasonable to assume that the decreased cross-linking
density of PDMS results from the trapping of free radicals by CNT-A during curing.

However, only some CNTs (such as CNT-A in Figure 9.2) demonstrate this
effect, whereas others (such as CNT-B) do not. This raise the question, what structural
characteristics in CNTs determine their reactivity towards free radicals?

One possible determining factor is the functionality of CNTs. CNTs contain
functional groups either from the synthesis and/or the purification processes. It has been
reported that the functional groups, especially hydroxyl and carboxyl groups, increase the
free radical trapping activity with respect to pristine CNTs [300, 301]. To demonstrate
that the functionality in CNTs may increase the reactivity towards free radicals and
decrease the cross-linking density of PDMS, CNT-A was treated with HNOj3 at 100°C for
different durations (10mins, 30mins, and 120mins). The XPS results (Table 9.1) show
that longer acid treatment time does introduce more oxygen content, i.e. functional
groups in CNTs. The effect of the amount of functional groups is evident (Figure 9.4).
The cross-linking density decreased dramatically with increasing the acid treatment time.
The cross-linking density also decreases with increasing CNT concentration. That is, the
cross-linking density is strongly dependent on the total amount of functional groups in
the CNTs. For CNTs treated longer than 30mins, the CNT/PDMS cannot cure, even at a
low CNT loading of 2wt.% (the composites completely dissolved in toluene during the
swelling test). Therefore, functional groups on the CNT surfaces can significantly hinder
the free radical polymerization of a PDMS matrix. When preparing CNT/polymer
composites, over-functionalizing CNTs during purification should be avoided if they are

to be used in polymer matrices that cure by free-radical reactions.
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Table 9.1 Carbon/oxygen atomic ratio of CNTs measured by XPS

Treatment time (mins) C/O
CNT-A 39.16
CNT-B 24,71
CNT-A, HNO3-10min 35.10
CNT-A, HNO3-30min 22.53
CNT-A, HNO3-120min 4,99
100 _ 120
‘E 0 ~4=HNO3-0min (a) E . ~+-HNO3-0min (b)
3 80 -8-HNO3-10min 2 100 -#-HNO3-10min
E 70 HNO3-30min E & HNOS3-30min
g 50 T 60
g) 40 g
K 5"
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Figure 9.4 Effective cross-linking densities of CNT-A/PDMS composites determined by
(@) swelling test and (b) equilibrium stress-strain measurements. The CNT-A is treated
with HNOj at different durations.

Another possible determining factor is the curvature of the CNTs.[326] Peng et
al. observed less reactivity of the CNTs with free radicals than that of fullerenes, which
was attributed to the smaller curvature of CNT sidewalls built from graphene cylinders
[309]. In one study of cyclopolyenes, a high curvature was found to lead to the
stabilization of the Lowest Unoccupied Molecular Orbital (LUMO) and an increase in
electron affinity [327]. If we regard CNTs as large-area cyclopolyenes, increasing the
curvature of the graphene sheet in the CNTs will increase the electron affinity and hence
increase the addition reaction rate. In addition, during the study of fullerene’s reaction

with benzyl radicals, it was found that the curved surface of fullerenes may facilitate the
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bulky benzyl groups in shielding and stabilizing the radicals [326]. In the present study,
three fillers with different curvatures were investigated. CNT-A with a diameter of 8-
15nm represents the highest curvature; CNT-B with a diameter of more than 50nm
represents the medium-curvature; and graphite represents the lowest, i.e. zero curvature.
The cross-linking densities calculated by the swelling tests and stress-strain
measurements of PDMS composites with these three fillers are shown in Figure 9.5. As
theorized, CNT-A demonstrates the highest reactivity to trap the free radicals and
decrease the cross-linking density of PDMS. Graphite has little influence on the cross-
linking density due to its zero curvature. CNT-B/PDMS composites show increased
cross-linking density when the filler loading increases, indicating that large-diameter
CNTs have little effect on the curing of PDMS and the “physical entanglement” between
PDMS chains and CNT-B increases the total cross-linking density. Note that the
comparison is predicated on the assumption that all parameters other than the diameter
are the same for the three fillers. However, in real cases, the functionality cannot be so
precisely controlled. XPS results show that CNT-B has a C/O ratio of 24.71 while CNT-
A has a C/O ratio of 39.16, indicating that CNT-B may contain more functional groups
than CNT-A does. Since CNT-A still shows a more significant reactivity towards free

radicals, the determining factor here may be the curvature of CNTSs.
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Figure 9.5 Effective cross-linking densities of CNT-A/PDMS, CNT-B/PDMS and
graphite/PDMS composites with different filler loadings determined by (a) swelling test
and (b) equilibrium stress-strain measurements.

9.4 Conclusion
In conclusion, this study found that CNTs inhibit the curing process of matrix polymers if
the polymerization is based on free radical reactions. The inhibition effect is more

significant for CNTs with more functional groups and smaller diameters.
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CHAPTER 10 AUTOMATIC QUANTIFICATION OF FILLER

DISPERSION IN POLYMER COMPOSITES

10.1 Introduction

Filler dispersion plays a critical role in determining various properties of polymer
composites, including electrical conductivity [328], dielectric constant [329], heat
transfer [330], mechanical strength [312, 331], optical transparency [332], wear
resistance [333], etc. Uniform filler dispersion has become one of the ultimate goals in
the preparation of composites. Although methods to improve filler dispersion have been
intensively explored [334-336], it is hard to compare their dispersion quality and thus
select the best method due to a deficiency of objective and universal metrics for filler
dispersion.

In most prior studies, the dispersion status is characterized by the evaluation of
the physical properties of composite materials, including the electrical conductivity,
rheology, mechanical properties, etc. [334, 337-339] In the meantime, some other
dispersion evaluation techniques were also proposed for specific categories of
nanocomposites, such as Raman mapping and microscale DMA mapping of carbon
nanotube (CNT) based nanocomposites [319, 340]. However, these indirect approaches
cannot provide adequate dispersion information because not only filler dispersion but
also many other factors could affect the measured properties. For example, in the case of
a filled composite with a loading level near the percolation threshold, even if the filler
dispersion keeps constant, slight difference in filler loading could lead to orders of

magnitude change in the electrical conductivity and viscosity. Therefore, direct
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assessment of filler dispersion through visualization will be favored in terms of reliable
data interpretation.

Direct assessment usually includes three steps. Firstly, images representing the
microstructure of composites are captured by microscopes, such as optical microscope,
SEM, TEM, etc. Secondly, the fillers are identified from the obtained photo images.
Thirdly, certain statistical analyses are made to give a numerical value that indicates the
level of dispersion. While most of the previous researchers took such a procedure, the
bottleneck lies in the correct identification of fillers from the obtained images [341-347].
There are several challenges associated with filler identification from the images.

The first challenge is that many studies neglected the step of filler identification,
namely it was often assumed that the positions of the fillers had been obtained, in many
cases, manually. Unfortunately, given the large number of fillers that may exist in the
image, manually picking them out is an extremely tedious work. Thus it is impossible for
such an analysis to be extended to a high throughput scale, which is necessary for more
data sets and statistically more robust results. In addition to the time consumption, an
even more fundamental problem lies in the subjectivity induced by such a manual tracing
process. Therefore, in more recent papers, identification of the fillers is given more
weight. For instance, Pegel et al. set a threshold for the input image so that pixels in the
image with higher intensity values than the threshold are identified as fillers. Based on
that, the spatial statistics is computed as an indication of dispersion [348]. Using a similar
way to identify the fillers, Sul et al. set a global threshold and extract the particles from
the original image. After that, the Delaunay triangulation is computed based on which the

Lennard-Jones potential is calculated as the dispersion measurement [349]. In the work of
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Glaskova et al, the brightness threshold is optimized by the so-called isodata algorithm
before subsequent analysis [350]. However, all the above methods take advantage of the
strong contrast between fillers and the polymer matrix and set a threshold to separate the
fillers from the background. Due to the noise in the imaging devices and spatial
difference in electrical conductivity/topography, the images in many cases may display
inhomogeneous brightness. Under such scenarios, a single threshold is not sufficient to
correctly extract the fillers in the entire image and a more accurate method is needed.

The second challenge is that for high-aspect-ratio fillers, such as CNTs, they
exhibit different morphologies from dots to tubes of different lengths, depending on their
orientation relative to the observation plane. This complexity of shapes and dimensions
increases the difficulties of filler identification. During filler identification, they cannot
be simplified as points, as in the case of particulate fillers, because such a simplification
will inevitably lose some key information present in the original image, such as
orientation.

The present study aims at addressing the above two challenges and presenting an
automatic, high-throughput, subjective way to quantify the filler dispersion in composite
system. For the first challenge, we present an entire pipeline for the analysis of the filler
dispersion with more accurate filler identification and dispersion evaluation processes. In
the filler identification step, the images are divided into finite elements and a local
comparison in each element is used to separate the fillers from matrix. By doing so, we
promote the tolerance of inhomogeneity and noise in the image. With the filler positions
obtained, in the dispersion step, the well-developed measurement in probability theory is

used to evaluate the (dis)-similarity between two sets of samples. Specifically, the fillers
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in the image are considered as realizations of a random variable distributed in the image
field of the view. Then, the probability density function (PDF) is estimated and the
mathematically rigorously defined “distance” between two PDFs is employed to measure
the (dis-) similarity between the filler dispersion under investigation and a uniform
distribution. It not only represents a rigorous definition for the dispersion index, but also
can reflect the filler size and the aggregation of fillers in the composites, which have
rarely been achieved in previous dispersion metrics involving comparison with uniform
distribution [343]. For the second challenge (i.e. high-aspect-ratio fillers), we measure
the tube-shape characteristics with Hessian matrices for each pixel in the image. With this
shape recognition function, the identification of CNTs no longer relies on the brightness
assumption, and thus the result is much more accurate.

The developed technique enables convenient quantification of filler dispersion in
composites and is of great use to correlate the microstructure of CNT/polymer
composites with their processing conditions and properties. Here we used CB/SR
composites as the model compounds for composites with particulate fillers. The
dispersion efficiency of three commonly used processing methods was compared and the
best processing method was identified. CNT/SR composites were used as the model
compounds with high-aspect-ratio fillers, the developed filler dispersion method was

used to correlate the microstructure of the composites with their electrical properties.
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10.2 Experimental

10.2.1 Composite preparation and characterization

10.2.1.1 CB/SR composites preparation

CB/SR composites were used as the model compound with particulate fillers. CB
(Vulcan XC72, Cabot) has an aggregate density of 1.8 g/cm® and a surface area of 254
m?/g (tested under N5). SR resin is a peroxide-curable methyl phenyl silicone gum
provided by Rockbestos-Surprenant Cable Co.

Generally there are two strategies to promote dispersion of carbon fillers in a
polymer matrix, namely the surface modification of fillers or the optimization of
processing conditions [351]. For many industrial applications, chemical modification
may be undesirable due to the possible change in the properties or performance of the
material. As a result, enhancing dispersion through the processing optimization is
preferred. The fabrication processes of carbon/polymer composites can be generally
divided into four categories, namely 1) no fluid mixing by shear force, 2) melt mixing
through extrusion, 3) dispersion-dissolution-precipitation, where polymers and fillers are
dissolved/dispersed in solvents for mixing and then evaporate the solvents, and 4)
dispersion reaction, which is applied to liquid monomers with a low viscosity [334].

In the case of the SR used here, three of the above dispersion processes were
tested.

1) No-fluid mixing by three roll mill. Dry CB powders were dispersed in SR by
shear force provided by three roll mill (Torrey hills technologies LLC). The dispersion
level was set by the number of rolling cycles. The initial ten cycles of mixing was used to

incorporate all the CB fillers into SR.
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2) Dispersion-dissolution-precipitation via ultrasonication. The CB fillers were
dispersed in toluene for 1 hr under ultrasonication (Misonix 3000) while the SR was
dissolved in another beaker with toluene. Then the two solutions were combined and
further mixed by ultrasonication for various durations (0-4 hrs). The mixture was then
dried under vacuum for 12 hrs before curing.

3) Dispersion-dissolution-precipitation via high shear blending; This method is
basically the same with the previous one, except that all the mixing was performed by
high shear blending (Talboys laboratory stirrer 104A). Also different time intervals (0-4
hrs) of high shear blending were examined to compare the effect of mixing intensity.

All the samples had a constant filler loading of 15 wt%. In the end, the mixture

was pressed into a Teflon mold and cured for 1 hr at 180 °C under 1.6 MPa pressure.

10.2.1.2 CNT/SR composites preparation

CNT/SR composites with a filler loading of 15 wt% were used as the model
compound with high-aspect-ratio fillers. CNTs (Chengdu organic chemicals Co.Ltd) are
10-20 um by length and 50 nm by diameter. The dry CNTs were dispersed in SR by
three roll mill over various times. The dispersion level was set by the number of rolling
cycles; the initial ten cycles and analyzed to give the average dispersion/orientation index.

The vertically aligned CNTs (VACNTS) composite was used as an extreme case
to test the orientation index. It is prepared by infiltrating the VACNTSs with low viscose

monomers. The details were described in our previous work [260].
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10.2.1.3 Composite characterization

Fractured surfaces of the cured specimens were obtained in liquid nitrogen. Three
fractured surfaces per specimen were imaged and analyzed to give the averaged
dispersion index. SEM observation was conducted in LEO 1530 FE-SEM with an
acceleration voltage of 15kV.

Dynamic mechanical measurements were performed on a DMA (TA instruments
2980) tension mode. Frequency sweep was performed at 50 °C with a strain of 0.5%.

Samples for electrical measurements were prepared by embedding two Ni coated
Cu wires into the composite before curing. Then the electrical resistance was measured
by a fluke 289 RMS multimeter after curing. Although the two-point measurement
scheme includes the resistance of wires and contacts, this added resistance is negligible

compared to the resistance of the composite films.

10.2.2 Filler identification for particulate fillers

Usually, the image is contaminated by the noise from the imaging process. Hence,
it is pre-processed to remove the noise by passing through the median filter with a
neighborhood size of 3 x 3. Then, denote the (noise removed) image as I(x; y) : R &R
and discretely, it can be written as a matrix: 1(i,j), wherei=1, ..., Nyandj=1, ..., Ny.
Subsequently, the task of filler identification is to obtain a set of points c,,...,.c,, = R?,

where each c; represents the coordinates of a single filler element.

Conductive fillers such as CB appear to be bright spots in SEM at high
accelerating voltages while the insulative polymer matrix remains dark [352, 353].
Indeed, this is also the insight behind the thresholding technique described previously

[348-350]. However, due to the qualities of the sample material, imaging device, or both,
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often times the brightness of the field is not as homogeneous as expected. In such cases,
using a single threshold to determine the filler location would fail. Actually, the brighter
intensity of one filler is only relative to its neighboring region. Hence, an adaptive
threshold is necessary as the filter marches through the image. That is, the filter takes the
input grayscale image | and outputs another image H in which the particle regions are

highlighted. Mathematically it is defined as:

{1, if1Gi, j)= max I(u,v)
H(i, §) = 05D ®

0, otherwise

where B(i, j) is a neighboring region around the position (i, j): B(i,j) = (x, y; |x-
i|<5, |y-j|<5).

In the image H, each particle is represented as an island of value 1. But it can be
seen in Figure 10.1 that the islands do not always consist of a single point. Indeed, there
are some very bright regions in the original image where the image intensity is all
saturated. In the segmentation process, each of those regions is considered as a single
particle. In order to identify different islands, a distinct label needs to be assigned to each
of the islands. To this end, the connected components (CC) are computed in the H image

and we denote the total number of CCs as M. Then, the center-of-mass (CoM) for each
CC is computed. The M center points c,,...,C,, = R? are the output of the filler

identification process, which are shown in Figure 10.1(c).
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(b)

Figure 10.1 (a) the original synthetic image. (b) the binary image of extracted fillers. (c)
identified fillers are shown as crosses in the image.

10.2.3 Filler identification for high-aspect-ratio fillers

The high-aspect-ratio fillers can be characterized by the Hessian of a gray-scale
image. Mathematically, the image intensity can be regarded as a two-dimensional (2D)
function I(x, y). Furthermore, near the location (X, y), the function I(x, y) can be written
using the Taylor expansion as:

[ (X+AX, y+Ay) = 1(X,y) + (AX, AY)VI(X, ¥) + (AX, Ay)H (X, y)(AX]

Y@

where VI(X,y) is the image gradient and H(x, y) is the Hessian matrix. In this

Taylor expansion, the eigenvalues of H(x, y) at each point reveal the shape of the object

around that pixel [354]. This is illustrated in Figure 10.2.
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(b) (¢)

(a)
Figure 10.2 The intensity patterns and the eigen vectors of the Hessian matrix. The
lengths of the vectors indicate the magnitudes of the eigen values. (a) Small bright blob in

the image gives to two large eigen-values. (b) Large bright blob furnishes to two small
eigen values. (c) Tubular shape corresponds to one large and one small eigen values.

It can be seen that a tubular object in the image may be characterized via a large
eigenvalue and a small eigenvalue of the Hessian matrix, while a spherical shape gives
rise to two eigenvalues of similar magnitude. Note that, although in the above examples
that the objects are brighter than their surroundings, this discussion can be also applied to
the case where objects are darker than the background by simply taking the absolute
value of the eigenvalues. With this observation, an indicator function V for the tubular

object is defined as:

V (%, y) = exp(— 22 ) (L exp(~ (A7 + A2))
% 3)

where A1 and X, are the two eigenvalues at the position (X, y) with the order

| 4| <|4,|. As aresult, the closer the function value V (x, y) is to 1, the more likely (x, y) is

on a tubular shaped object in the image. Therefore, with such processing, the original
intensity image I(x, y) is converted to a “tube measure image” V (X, y). The filler regions
in the image can then be obtained by thresholding the V (x, y) function. In this work, the

threshold is fixed at 0.2 for all the images and the performances are consistent.
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Furthermore, the centerlines of the fillers are extracted by using the
morphological thinning operator [355]. Essentially, the regions containing the fillers are
‘eroded’ until the remaining region has a width of one-pixel. In order to mitigate the
variations resulting from the implementation, we use the morphological operation
function bwmorph in Matlab®.

After these, the CNTs have been extracted and are represented as an image B(X,
y), with pixel values of zero or one. If B(x, y) = 1 for the position (X, y), it means at least
one filler passing through this point, whereas B(x, y) = 0 indicates no filler is passing
through.

In the step above, all the fillers in the B(X, y) image have been identified.
However, the B(x, y) image only provides the information whether any filler passes
through a certain pixel; it does not answer the question regarding which particular filler
passes through this pixel location. In order to estimate the dispersion of the CNTs, we
first identify each single filler in the B(x, y) image computed above.

To answer this question, for each pixel in B(x, y) with value 1, the 8 neighboring
pixels are checked to see if they have value 1. If one neighboring pixel has value 1, then
it is grouped with the original pixel as a connected component. This process repeats until
no neighboring pixel has the value 1. As a result, all the pixels from the same filler are
grouped into one connected component and pixels from different fillers form different
connected components. After this step, we obtain an image L(x, y) where pixels
belonging to the same filler are marked with a label distinct from all the other fillers.
Consequently, if we denote the total number of fillers in the image as M, then the location

of the j-th filler in the image is given by pixels: (xi, yi) such that L(xi, yi) = j.
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Consequently, in order to determine the spatial dispersion of the fillers, we take
the CoM of each filler as the representative of its spatial location. That is, for the j-th
filler, its CoM, (u;, vj), is computed as the average position of all the pixel locations with
the same label j. As a result, we totally have M CoMs (us, V1), ..., (um, V) representing the

locations of the M fillers.

10.2.4 Dispersion computation

After the centers of the fillers having been identified, the fillers in the image are
viewed as a random variable in the image field of the view. Specifically, all the center
points ¢, ,...,c,, — R* are treated as M samples drawn from a random variable S. The

more evenly the fillers are distributed, the more such a random variable S is similar to the
uniform random variable, denoted as U. In order to estimate the PDF of S, the kernel
density estimation method is used. The kernel density estimation is a widely used method
to infer the PDF from samples in cases where no prior information of the PDF is
available [356]. The PDF is computed as the sum of a series of kernels--usually Gaussian
functions. More explicitly, the PDF for S is estimated as:

(X C)

f(x)= Z )

2no

where the standard deviation of the kernel ¢ is computed with the method
proposed in [357].

Then the discrepancy between the PDF obtained and that of the uniform random
variable is computed by measuring the L distance between them (In the area of
functional analysis, the L2 distance is one of the most widely used distance for measuring

the discrepancy between two functions [358].):
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1

d(f,9)=([ (£ -g00) o ®

where we have g(x)=1/(area of the image), to represent a random variable
uniformly distributed on the image area. While the Euclidean distance defines the
distance between two points apart in space, the above defined L: distance gives such a
“distance” between two functions. Many previous analyses investigated certain aspects of
the distribution of the fillers [343, 348, 349, 359], however, either the analysis stops at
providing the distribution histograms which need further human assessment, or the final
dispersion index is computed through some heuristics. Contrastingly, with the L distance,
we give a mathematically more rigorous framework that outputs a single value to
measure the discrepancy between the fillers in the current image with the ideal uniform

distribution. Its capability and benefit will be shown in the next section for both the
synthetic and real images. Intuitively, when centers of the fillers, c,,...,C,, are distributed

evenly, its corresponding random variable S is more likely to be close to uniform
distribution and thus the L, distance d is close to 0. On the contrary, the more non-
uniform the fillers spread, the larger d will be obtained. The MATLAB® code to perform
the above computation can be downloaded from the following website:

http://tinyurl.com/autodispersion.

10.2.5 Orientation computation for high-aspect-ratio fillers

In addition to the spatial dispersion, the orientations of high-aspect-ratio fillers
such as CNTs also play an important role in determining various properties of the
composites. In order to estimate the orientation of fillers, we first identify each single

filler in the B(x; y) image. This can be achieved from the label image L(x; y) computed
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above. In L(x; y), the pixels in the same filler are given the same label, whereas different
fillers have different labels.

Then, for each filler, the pixel locations of this filler are extracted and a line
section is fitted to them. Mathematically this is a linear regression problem: denote the
points in the j-th filler as {(xi; yi) - i = 1,..., Nj}. Then, we find the slope k; and intercept b;
(the intercept is not used for the orientation estimation) for the j-th filler with the
minimum fitting error E;:

N;
Ej(kj,by) =D (kyx; +b; —y)°
(6)

Then, naturally, the angle g; of this filler is

0, =tan'(k;) @

After the orientation angle for each filler is computed, we get an array of angles
6;; i = 1,..., M. The histogram of the distribution of the 6;’s is then computed, which gives
the distribution of the filler orientations. This distribution clearly shows which angles the
majority of fillers are aligned at. In the meantime, a further step can be performed to give
a more quantitative analysis in a similar fashion as those in the dispersion analysis. The
different angles of fillers in an image can be viewed as the realizations of a random
variable A. By comparing it with a uniform distribution on the range of -90° to 90°, we
give a single-valued index for the orientation distribution of the fillers. Again, the closer
the obtained orientation index is to zero, the more randomly the fillers are oriented. In

contrast, a larger orientation index suggests alignment of fillers in the matrix.
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10.3 Results and discussion

10.3.1 Filler identification at inhomogeneous background

Figure 10.3 (a) is a synthetic image with inhomogeneous background and Figure
10.3 (b) shows the fillers extracted by using the local information based adaptive method.
As a comparison, the single threshold method is also tested (Figure 10.3 (c) and (d)). As
can be observed, it is very difficult, if not impossible, to find a suitable global threshold
to characterize all the spots. In Figure 10.3 (c), a global threshold at 150 is able to
identify about two thirds of the spots; however a large region around the center region is
erroneously included because of the brighter background there. Similarly, a higher
threshold at 200 helps differentiate the spots near the center, but misses too many

relatively darker spots around the image boundary, as shown in Figure 10.3 (d).

(a) (b) (c) (d)

Figure 10.3 An example demonstrating using a local threshold versus a global threshold
for extracting filler. (a) the original (synthetic) image. (b) the binary image for extracted
fillers using the local threshold. (c) the binary image for extracted fillers using a single
threshold at 150. (d) the binary image for extracted fillers using a single threshold at 200.

Since filler identification using a global threshold will probably miss or add some
fillers in the image, these artifacts in the identification process will further lead to
inaccurate assessment in the dispersion analysis. In Figure 10.4 (a), 1024 particles are

uniformly dispersed in the 1000 x 1000 grid; the corresponding dispersion index is 0.33.
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When randomly taking away 10%, 20%, 40% to 60% of the total number of particles, the
dispersion index increases almost linearly and the corresponding dispersion index is 0.49,
0.65, 1.05 and 1.38, respectively. Similarly, introducing extra particles will also increase
the dispersion index, indicating a non-uniform distribution. Although the effect of
missing or adding particles on the ultimate dispersion assessment shown in this example
seems trivial when comparing with the effect of real aggregations shown later, this effect
can become significant in real cases. This is because in the synthetic images, the removal
and addition of particles is still random, whereas missing or adding particles caused by
manual counting or by using universal threshold is caused by brightness difference and is

probably not random any more.
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Figure 10.4 (a) The original uniform dispersion is composed of 1024 particles in a
1000x1000 grid. The effect of adding (c) 10%, (d) 20% or missing (e) 10%, (f) 20%, (g)
40%, (h) 60% random particles to the original image. (b) the corresponding dispersion
index of each image.
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Having illustrated the filler identification for synthetic images, we show an
example on a SEM image of CB/SR in Figure 10.5, where CB fillers can be clearly

identified even with a non-homogenous background.

(a) (b) (c)

Figure 10.5 Filler identification for CB. (a) original SEM image. (b) the output image H.
(c) final extraction result for the centers of fillers (CB).

10.3.2 Synthetic samples with particulate fillers

10.3.2.1 Verification of the present dispersion analysis

To test the developed dispersion assessment method, a series of images were
generated to simulate the situation of real images of the polymer composites. Since an
ideal dispersion of fillers usually includes both the randomness at both global and local
levels, we synthesized three sets of images to represent the effect of dispersion locally
(Figure 10.6), globally (Figure 10.7), and a combination of both (Figure 10.8),
respectively. In each set, four cases with different levels of filler dispersion are shown. In
particular, in order to more faithfully represent the real photos, we made the background
of these images with highly inhomogeneous brightness.

In Figure 10.6, the fillers are distributed in a rectangular grid. The differences
among Figure 10.6(a), (d), (g) and (j) lie in the degree of the local uniformity. In the

middle column, the identified fillers are represented by red markers. Although the
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background of the images is very inhomogeneous, the synthetic fillers are correctly
identified. After that, the right column shows the estimated PDFs obtained from the
identified fillers. Such density functions are then compared with the uniform distribution
to determine the level of dispersion. Similar experiments are conducted to show the effect
of dispersion globally in Figure 10.7 and a more general case in Figure 10.8. Figure 10.9
shows the quantified results of all the 12 cases that the dispersion indices increase
monotonically as the dispersion gradually gets worse. The dispersion index can provide
sensitive response to the dispersion status of fillers at both local and global levels, while
the failure of random dispersion in both levels can give rise to an even larger dispersion
index. The results are consistent with visual assessment, confirming its applicability to

composites with different dispersion states.
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Figure 10.6 The first set of synthetic images, illustrating the effect of local dispersion.
The left column (a,d,g,j) shows four synthetic images. In the middle column (b,e,h,k), the
fillers are identified and are represented as red markers. The right column (c,f,i,l) shows
the estimated PDFs obtained from the identified fillers, which is to be compared with
uniform density function to assess the dispersion. From the top row to the bottom row,
the dispersion is getting worse locally.
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Figure 10.7 The second set of synthetic images, illustrating the effect of global
dispersion. The left column (a,d,g,j) shows four synthetic images. In the middle column
(b,e,h,k), the fillers are identified and are represented as red markers. The right column
(c,f,i,1) shows the estimated PDFs obtained from the identified fillers. From the top row

to the bottom row, the dispersion is getting worse globally.
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Figure 10.8 The third set of testing images, illustrating the effects of the combination of

local and global dispersion. The left column (a,d,g,j) shows four synthetic images. In the

middle column (b,e,h,k), the fillers are identified and are represented as red markers. The
right column (c,f,i,1) shows the estimated PDFs obtained from the identified fillers.
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Figure 10.9 Dispersion measurements for all the 12 cases in Figure 10.6, Figure 10.7 and
Figure 10.8.

10.3.2.2 Sensitivity to particle size

One of the drawbacks of many previously developed filler dispersion analyses is
that they are unable to identify the effect of particle size, because these methods are
established on the comparison of sample images against a “uniform distribution” that is
independent of any measurement of the density of dispersion [343]. This limits their
application in predicting the mechanical properties of composites, which is very sensitive
to the particle size [312]; Moreover, these methods would also be incompetent to provide
the information of the agglomeration of the particles. To solve this problem, Burris et al.
utilized the distance between neighboring particles as the computation metric [343]. In a
constant filler loading, the smaller particle size means larger numbers of particles (i.e.
larger density of particles) and thus a smaller interparticle distance. In our case, since we
are using the PDF, the smaller particle size will directly be reflected in the density of
particles. That is, our method is able to recognize the difference of particle size. To
illustrate this, two images (Figure 10.10 (a) and (d)) with an identical filler loading but
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different particle sizes are compared. Although both the cases display a perfectly uniform
distribution, larger particles form individual density peaks in the PDF while smaller
particles construct a more flat and continuous PDF. Therefore, the obtained dispersion
index is 56.74 of larger particles and 16.27 for smaller particles, indicating a better
“dispersion” in the case of smaller particle sizes. This will correspond to the real case that
breaking up agglomerates during processing renders a smaller particle size and better

dispersion.

(d) (e) (f)

Figure 10.10 Effect of particle size on the dispersion index. The two synthetic images (a)
and (d) have the same filler loading but different filler size. The filler size in (d) is 1/3 of
that in (a). The middle column (b, e) shows the identified fillers in each image and the
right column (c, f) shows the PDF of fillers in each image, respectively.

10.3.3 Synthetic samples with high-aspect-ratio fillers
Figure 10.11 shows the results of the proposed method applied to synthetic
images. Four synthetic images are generated to represent four different situations: (1)

uniform dispersion and alignment (Figure 10.11 (a)); (2) uniform dispersion and random
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orientation (Figure 10.11 (e)); (3) non-uniform dispersion and alignment (Figure 10.11
(1)); (4) non-uniform dispersion and random orientation (Figure 10.11 (m)). Specifically,
in Figure 10.11 (a) and (e), the fillers are placed on a uniform grid whereas in Figure
10.11 (i) and (m), the fillers are made to concentrate in the top-left 2/3 corner. On the
other hand, the orientations of the fillers in Figure 10.11 (a) and (i) are controlled to be
normally distributed around 30° with a standard deviation of 10°. In contrast, the filler
orientations in Figure 10.11 (f) and (n) are uniformly distributed from -60° to 60°. In all
of the cases, the intensity of the background is simulated to vary gradually to mimic the
inhomogeneous background present in real images. The method identifies the fillers in
the synthetic images, which are shown in red color in the second column. As can be seen,
in spite of severe background inhomogeneity, all the fillers can be correctly identified.
The third column shows the dispersion density function with the dispersion indices on the
top-right corner. From this, it is verified that the dispersion index correctly characterizes
the spatial dispersion of the fillers. That is, the more uniformly the fillers are distributed,
the smaller the dispersion index is. Finally, in the fourth column, the distribution of the
filler orientations and their orientation indices are displayed. The alignment can be easily

identified by the much larger orientation index.
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Figure 10.11 Test on synthetic images. First column: four synthetic images. Second
column: identified CNTs in red. Third column: CNT dispersion density functions and the
dispersion index. Fourth column: the CNT orientation distribution and orientation index.

See text for detail.

10.3.4 Application to real composite systems — CB/SR composites
Besides the synthetic images, CB/SR is used as a model compound to validate the
developed dispersion assessment method. With the help of the dispersion index, we aim

at selecting the best processing methods among the three and also elucidate the dispersion
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as a function of mixing intensity. In the meanwhile, the mechanical properties of all
samples are measured to correlate with the dispersion index.

Figure 10.12 shows the typical cross-sections of the samples processed by three-
roll mill at different mixing intensities. Compared to the simplified synthetic images, it is
even more difficult to manually pick out all the CB fillers from these real images. Thus it
IS necessary to utilize the automatic filler identification and dispersion analysis for the
real cases. The dispersion indices obtained from the developed method are shown in
Figure 10.13. For all three processing methods, there is a general trend that the dispersion
index decreases with a longer mixing time. This is intuitively understandable since a
longer mixing time would result in better filler dispersion. A comparison among the three
mixing methods clearly shows that the sequence of dispersion efficiency is
ultrasonication > three-roll mill > high shear blending. The dispersion index of
ultrasonication for 0 hour is lower than any roll mill or high shear blending samples,
suggesting that even without any further mixing after combining CB and dissolved SR
together, the pre-dispersion of CB in solvent is already efficient enough to give a good
dispersion in the final composite. In contrast, high shear blending is not able to break
down CB aggregate in solvent in the premixing stage, therefore fails to obtain a good
dispersion of the composite. In the case of three-roll mill, the breakdown process is
facilitated by the large shear force during roll milling as well as the gel formation in the
interface between SR and CB [360]. Hence, the dispersion efficiency of three-roll mill is
better than that of high shear blending but inferior to that of ultrasonication.

The storage modulus at a frequency of 0.01 Hz and 50 °C well corresponds to the

dispersion index results (Figure 10.14). Because ultrasonication is able to break down the
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aggregation of CB and leads to a good dispersion, the storage modulus of ultrasonicated
samples is almost 50% higher than those made by the other two methods. For each
individual processing method, a slight increase can be observed of high shear blending
samples and three-roll mill samples in the first 400 cycles, while this trend is not very
obvious for the ultrasonication samples. The sudden drop of storage modulus after 400
rolling cycles in the three-roll mill processing probably results from the degradation of
polymer chains of the fierce mechanical mastication [361].

Overall, the ultrasonication shows the best dispersion and thus the best
mechanical properties among the three processing methods. The dispersion indices can
well represent the efficiencies in dispersion and can also be used to predict the
mechanical properties of nanocomposites when no interfering factors such as polymer

degradation exist.
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Figure 10.12 The images before and after filler identification of the samples processed
by three roll milling. The inset textboxes show the number of cycles that the composites
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Figure 10.14 The storage modulus of samples processed by different methods and at
different mixing intensity.

10.3.5 Application to real composite systems — CNT/SR composites

10.3.5.1 Verification of the present dispersion and orientation analysis

In addition to synthetic images, the proposed technique was applied to a total of
81 SEM images of model compounds. These images include compounds prepared with
different conditions and observed at different magnifications. As shown in Figure 10.15,
the CNTs are extracted from the images and marked as red threads. The figures show that

our method works robustly for various magnifications from 7k to 20k.
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Figure 10.15 The extraction of the CNT in the SEM images of model compounds
prepared at various mixing intensity. The red threads in the images indicate the CNT
identified by the proposed algorithm. The identification algorithm works well for various
magnifications from 7K to 20K.
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To test the accuracy of the dispersion analysis, the images of one well-dispersed
composite sample (Figure 10.16(a)) and one barely dispersed sample (Figure 10.16 (d))
were analyzed using the proposed dispersion index. Despite the same filler concentration,
in Figure 10.16 (d), the CNTs were seriously agglomerated, leaving some blank polymer
part; in contrast, the good dispersion in Figure 10.16 (a) was illustrated by the even
dispersion of CNTs over the whole field of view. The calculated dispersion index of
Figure 10.16 (a) is 5.32 while the dispersion index of Figure 10.16 (d) is 15.70, which
agrees well with the visual observation. Therefore, the dispersion index reasonably

represents real dispersion situations.

Figure 10.16 Validation of the dispersion analysis by comparing the dispersion of two
CNT/SR composites. (a) The original image of a well-mixed sample. (b) Identification of
the CNTSs in the image of (a). (c) The PDF of the image in (a). The inserted number is the

calculated dispersion index. (d) The original image of a barely dispersed sample. (e)
Identification of CNTSs in the image of (d). (f) The PDF of the image in (d). The inserted
numbers represent the dispersion index.

Similarly to the dispersion analysis verification, two extreme cases of orientation,

namely a VACNT-based composite and a random CNT-based composite were used to
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show the effectiveness of the orientation index. Figure 10.17 shows the images of the two
samples and the histogram of their statistic distribution at different directions. The
calculated orientation of VACNT based is 0.065 and that of the random CNT-based
composite is 0.04. The VACNT orientation index is much larger than the random CNTs,

which well represents the orientations of the two samples.
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Figure 10.17 Validation of the orientation analysis by comparing the dispersion of two
CNT/SR composites. (a) The original image of a VACNT/SR sample. (b) Identification
of the CNTs in the image of (a). (¢c) The histogram of the orientation distribution of
image in (a). The inserted number is the calculated orientation index. (d) The original
image of a random CNT/SR sample. (e) Identification of CNTs in the image of (d). (f)
The PDF of the image in (d). The inserted number is the calculated the dispersion index.

10.3.5.2 Structure-properties relationship of the model compounds

After validating the proposed dispersion and orientation methodology, we now
consider a model compound prepared with different mixing intensities.

Figure 10.18(a) shows the calculated dispersion indices as a function of rolling
intensity. A significant decrease of dispersion index occurs in the first five rolling cycles,

indicating a substantial improvement of dispersion at the beginning. Further rolling did
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not show a significant effect, as the slightly increased dispersion index may result from
the statistical fluctuation of data. A final dispersion index as low as 6.78 can be achieved
after intensive mixing of 400 rolling cycles. The general trend of a decreasing dispersion
index with mixing agrees with our/common observation that a longer mixing time would
result in better filler dispersion. A detailed analysis of the decreasing rate determines that
5-10 rolling cycles are enough for a good dispersion, which makes it possible to avoid
the damage to the polymer chain or CNT fillers induced by fierce mechanical

manipulation.
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Figure 10.18 The calculated (a) dispersion indices and (b) orientation indices of
CNT/SR composites prepared at different rolling cycles.

Due to the insufficient filler identification technique, only a few previous studies
are able to characterize both the CNT dispersion and orientation analysis [348]. In our
algorithm, the orientation index can be obtained simultaneously with the dispersion
index, as shown in Figure 10.18(b). The first 5 rolling cycles also contribute to the
randomization of orientation of CNTSs, as indicated by the decreased orientation index.

However, after 100 cycles, the substantial increase in the orientation index was observed,
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suggesting the alignment of CNTSs by the strong and consistent shear force from the roll
milling.

After the dispersion and orientation indices of samples prepared with various
mixing intensities are obtained, they may be used to predict the properties of the obtained
composites. In the present study, the electrical properties were measured as an example.

Due to the high-aspect-ratio and possible alignment in the premixing stage, all the
obtained composites show anisotropic properties. As shown in Figure 10.19, the
resistivity measured in direction 1 is at least one order of magnitude smaller than the
resistivity measured in direction 2. Therefore, direction 1 is more likely the direction in
which the CNTSs are aligned. The resistivity ratio further decreases with rolling cycles,
especially after 100 cycles. This may result from the CNT alignment by shear forces
during rolling as demonstrated by the orientation index analysis [362]. In addition, it is
found that the standard deviation of resistivity ratio decreases with rolling cycles: the
standard deviation is 0.04 without rolling while after 50 cycles, it is lower than 0.004. It
is assumed that a better dispersion by intensive mixing is one important contributor to the
reduced deviation. According to the dispersion index analysis, the dispersion improves
with longer mixing time. A better dispersion quality could enhance the reproducibility
and reduce the variation between parallel specimens. Therefore, after 50 cycles, the
standard deviation is dramatically reduced. Above all, using the proposed image analysis
technique, one can fully disclose the distribution and morphology of CNT fillers in the
composites, which will be very useful to explain and predict various properties of the

composites.
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Figure 10.19 The ratio of the resistivity measured at direction 1 over the resistivity
measured at direction 2.

10.3.5.3 Discussion on the CNT orientation.

Sometimes CNTSs exhibit wavy or curved shape in the composite. This can be
seen in both the original images and the detected CNTSs in Figure 10.15 to Figure 10.17.
However, during the quantitative correlation between orientation of CNTs and the
material properties, one has to define a certain value to represent the orientation of the
curved CNT. To solve this problem, in this work we use the line fitting technique which
find the ‘major axis direction’ of the curved CNT, the distribution of which has been
correlated with the rolling cycles and electrical properties. Nevertheless, it is also realized
that in some cases the ‘major axis direction’ may have some limitations. For example, it
was found that the reinforcement in CNT/rubber composites is strongly dependent on the
persistence length; i.e., the more straight shape CNTs exhibit, the higher the persistence
length and the better reinforcement [363]. When we use the major axis direction to
represent each CNT in the orientation analysis, we lose the information of how tortuous

the CNTs are. Therefore, we are unable to correlate the mechanical properties change
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induced by the persistence length evolution with the current dispersion and orientation
analysis.

One possible solution to this problem is to further utilize the wellness of the
fitting: when finding the major direction using line fitting, we can measure the wellness
of such fitting. The more tortuous a CNT is, the worse it can be fit by a line. Therefore,
by measuring quantities such as R? coefficients, such wellness can be estimated.
Consequently, for those highly tortuous CNTSs, either a scheme similar to [363] can be
adopted by cutting the CNTs to smaller but more linear section; or we can use higher
order polynomial to model the shapes of the CNTs. Evidently, such analysis will lose the
concept of ‘orientation’. Therefore, a combination of the orientation analysis and the
tortuousness of CNTs is preferred for problems such as the reinforcement of

CNT/polymer composites.

10.4 Conclusion

A quantitative and automatic analysis has been developed in the current study to
estimate the dispersion of fillers in polymer composites. The importance of automatic
filler identification is stressed and a local threshold is used to separate the fillers from the
background in order to eliminate the interference from inhomogeneous background. The
dispersion metric is based on the distance between the PDF function of the sample image
and the PDF of uniformity. This metric can not only represent the distribution status of
the fillers but also reflect the filler size, as demonstrated by a series of synthetic images.
Application of the method to the model composite also shows that it can accurately
predict the dispersion and mechanical properties of model composites. This method is

applicable to different scales of filler reinforced composites.
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CHAPTER 11 FUTURE WORK

11.1 Silver nanowire-based electrically conductive adhesives to reduce filler loading

In Chapter 2, we successfully increased the electrical conductivity of silver flake-
based ECAs by one order of magnitude (10° S/cm) without sacrificing their
processibility. Based on our understanding of the surface chemistry of the silver flakes,
we were able to chemically reduce the insulating lubricant on the flakes to silver
nanoparticles during epoxy curing; this was achieved by either adding a small amount of
reducing agent to the epoxy matrix. Furthermore, we found that these nanoparticles can
sinter with each other and form metallurgical bonds during the curing of the polymer
matrix, further increasing the conductivity.

However, the silver flake-based ECAs studied previously generally require high
filler loadings (~80wt.% or ~30vol.%) for optimum performance. The high loading
increases the overall density, weight and of course the total cost of the composite.

From classical percolation theory, the percolation threshold and the electrical
conductivity of conductor-filled composites is significantly dependent on the filler shape.
Computational studies have shown that fillers with high aspect ratios can dramatically
decrease the percolation threshold and thus increase the conductivity at lower loadings
[364]. In addition, some recent studies also experimentally demonstrate the potential of
using silver nanowires (AgNWSs) to decrease the percolation threshold [159, 364-366]

Although extensive evidence has verified the effectiveness of replacing Ag
particles with AgNWs to decrease the percolation threshold, there is a paucity of
information concerning AgNW-based ECAs that can achieve conductivity at 10°> S/cm

levels. This likely results from two main factors.
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First, the aggregation of AgNWs poses significant difficulties in dispersing large
amounts of AgNWs into a polymer matrix. The high surface area and high aspect-ratio
of AgNWs cause them to have a tendency to aggregate. Moreover, AgNWs are
hydrophilic while epoxy resins are hydrophobic. The polarity difference further promotes
the aggregation of AGQNWs even after they are mixed into epoxy matrix [367]. To solve
this problem, prior studies conducted surface treatments with silane coupling agents on
AgNWs to increase the compatibility between AgNWs and epoxy [367]. However, it is
not clear if these surface treatments would detract from the conductivity and mechanical
properties of ECAs.

The second challenge is the large contact resistance between silver nanowires.
Some studies attributed the contact resistance to the loose contact between Ag NWs [368-
371]; in other examinations, polyvinylpyrrolidone (PVP) layers, which are used to coat
the AgNWs for directional growth and dispersion during AgNWs synthesis [372, 373],
are considered as the main culprit behind an increased contact resistance between NWs
[374-377] (Figure 11.1). As a result, researchers are apt to partially remove the PVVP
layers before mixing them into an epoxy matrix, because PVP seriously inhibits electron
conduction in the ECAs. However, complete removal leads to the segregation of the
AgNWs even during pretreatment processes, and these segregated AgNWs cannot be
redispersed again. Therefore, prior studies have been focused on a subsequent step to
remove the PVP layers and sinter the AgNWs after mixing into the epoxy matrix. These
treatments include high temperature and long-duration thermal annealing (200-350°C)
[376, 377], applying extra pressure [369-371], and burning PVVP under high intensity light

[375]. Although these may be functional treatments for pure AQNWs, they may lose their
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efficiency in the ECA composites due to the composites’ limited heat transfer (for heat
treatment), micro-scale load transfer (for pressure treatment) and light transmittance (for
intense light treatment).

In Chapter 2-6, we have developed a comprehensive procedure to guarantee both
the facile processbility and elevated conductivity of silver flake-based ECAs. In this
procedure, silver flakes are lubricated with long-chain fatty acids so that the flakes can be
well dispersed in the polymer matrix even at 80 wt.% loading. The lubricant layers may
then be easily removed during epoxy curing via the iodination of silver flakes or the
addition of reducing agents, such as ethylene glycol to the epoxy matrix.

This process will be modified and applied to the AgNW-based ECAs, which is
very promising to solve both of the challenges mentioned above. We propose to gradually
replace PVP with long-chain fatty acid by washing the as-synthesized Ag NWs with
long-chain fatty acid ethanol solutions. PVP is highly soluble in ethanol, and hence
washing with ethanol was demonstrated to be a most efficient way to remove PVP from
Ag NWs [374]. At the same time, carboxylate groups can form strong coordination bonds
with the silver surfaces [378-380]. In our previous studies, even immersing silver
particles in a fatty acid ethanol solution can coat a fatty acid layer on the silver surface.
By washing the as-synthesized AgNWs with fatty acid ethanol solution, a silver-fatty
acid layer will form immediately after the PVP is removed. This lubrication process
provide three obvious advantages: 1) The removal of PVP is accompanied by the coating
with fatty acid, which supports homogeneous dispersion of the AgNWs and thus
eliminates aggregation concerns [137, 381]; 2) The fatty acid layer contains a long alkane

chain, which makes the surface hydrophobic and thus compatible with the hydrophobic

218



epoxy resin. In this way, the role of this layer is similar to that of the silane treatment of
AgNWs in the aforementioned study [367]; 3) The fatty acid layer has much lower
thermal decomposition temperature than that of PVVP, which is a considerable advantage
for the sintering of AgNWs during ECA curing (Figure 11.1). PVP, as a polymeric
surfactant, has a thermal decomposition temperature around 400°C, and moreover the
PVP adsorbed on the surface of the Ag could be even more stable according to previous
studies [382, 383]. On the contrary, fatty acids have thermal decomposition temperatures
of approximately 200°C (though this value may change with the chain length and specific
structure) [135, 140]. More importantly, our previous work shows that the iodination
treatment and addition of ethylene glycol could even decrease the surfactant
decomposition and sintering temperature to below 150°C (i.e. the curing temperature of
the current epoxy matrix). With the coating of fatty acid to AQNWSs, we can perform the
in-situ reduction of silver fatty acid layer to silver nanoparticles to achieve the increased

conductivity as demonstrated previously.
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Figure 11.1 TGA of commercially available Ag NWs (black) and NWs treated with
stearic acid (red). The pristine NWs have a degradation peak around 390°C due to the
decomposition of PVP layer, while lubricated NWs show a degradation peak below
200°C due to the decomposition of lubricant.

The surface treatment of AQNWSs will be characterized with Raman spectroscopy

and TGA. The processilibity of the composite will be characterized by measuring the
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viscosity of the AQNWs in epoxy at room temperature. The decomposition of fatty acid
and nanoparticle sintering will be observed by SEM before and after curing, and the
electrical conductivity will be measured to determine whether the method is applicable to
the AgNWs system. The concentration of fatty acid, treatment time, and curing

conditions will be varied to achieve the best conductivity.

11.2 Using silver dendrites for stretchable ECAs

In Chapter 6, we introduced using 2-D silver flakes as fillers in stretchable ECAs
to mitigate the dependence of tunneling distance on the applied strain, because the
shortest interparticle distance will not change if the local displacement of fillers is in the
same plane with flakes. The tunneling distance will only increase when separating the
flakes in the direction perpendicular to the flakes themselves. Therefore, we see a
lessened dependence on applied strain with the increasing “dimensionality” of the filler
particles. Drawing from this conclusion, we propose to use the 3-D dendritic structures,
which have high aspect ratio branches in every direction, so that a low tunneling distance

is maintained regardless of the deformation direction (Figure 11.2).
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Figure 11.2 Schematic illustration of fillers with different shapes under lateral extension.

Figure 11.3 shows the preliminary results of silver nanosphere-, silver nanoflake-
and silver dendrite-filled stretchable ECA at the same filler loading [384]. Here
commercial PDMS, Sylgard® 184 was used as the ECA resin while silver nanospheres,
silver nanoflakes were obtained from Ferro and used as received. The silver dendrites
were synthesized according to previous report [385]. For the 0-D spherical particles, the
resistance increases exponentially with strain, as expected from the above analysis. The
resistance increases by two orders of magnitudes within 20% elongation and becomes
insulating after reaching 30% elongation. Moreover, it is found that the resistance change
follows the relation R, « s.exp(s) within 20% elongation as shown by the fitting curve
in Figure 11.3. After 20%, this resistance increases dramatically, indicating that after this
point the inter-particle distance may be out of the range of electronic tunneling. For the 2-
D flake-filled silo-ECA, the resistance increased at a much lower rate than that of sphere-
filled silo-ECAs. The resistance increase remains within 5 times its original value, even
at strains as large as 80%. This relatively small change in resistance may result from the
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fact that most of the displacement occurs as sliding between overlapping flakes, which
will not greatly affect the inter-particle distance and leads to little resistance change. For
the dendrite-filled silo-ECAs, the resistance decreases with strain when the strain is
below 30%. One possible explanation is that extension in one direction would lead to
shrinkage in the other two directions; such shrinkage may compact the dendrites and
produce more contact points than the ones lost due to extension. However, further work is
needed to confidently elucidate the reason for the resistance drop. At strains greater than
30%, the resistance gradually increases, yet the total resistance change from the original
value is still below 0, meaning that the resistance does not increase at all under stretching.
The comparison in Figure 11.3 demonstrates the feasibility of the suggested work. It is
important to note that the dendrites shown here are 2-D branched structures with a length
of 5-10um and aspect ratio of 100. The resistance could be maintained at even larger
strains when using 3-D branched structures and when the length of dendrites and the

aspect ratio of the branches are optimized.
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Figure 11.3 Electrical resistance change under stretching for silo-ECA (right) and the
SEM images corresponding to the fillers of different shapes (left).

11.3 Application of stretchable silo-ECAs for 3D electrically small antenna

Modern mobile electronics are striving for miniaturization and increased
functionality. Considering that antenna is probably the largest component in a typical
wireless device, design and fabrication of so called electrically small antennas (ESAS)
has attracted enormous attention.

An antenna is considered as an ESA when ka<0.5, where k=2n/A is the free space
wavenumber and a is the minimum radius of a sphere that circumscribes the antenna.
Unlike the other electronic components, decreasing the size of an antenna may sacrifice
its performances including the gain, efficiency, system range and bandwidth. A majority
of efforts on ESA studies are focused on improving the efficiency and bandwidth as
much as possible while shrinking the size; however, there is a fundamental restriction on
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the maximum achievable bandwidth. The bandwidth of ESA is inversely proportional to
the radiation quality factor Q (which is defined as the ratio of energy stored to energy
radiated) and as the dimension decreases below a wavelength, the minimum attainable Q
rapidly increases following the equation below, a phenomenon commonly referred to as
Chu’s limit [386-388]:

Qchu = Ueff(ﬁ + K—la) 1)

where nesf IS the radiation efficiency. One approach to overcome the problem of
narrow bandwidth is to optimize the use of the volume that the antenna occupies within
the Chu-sphere. A 3-D spherical antenna covers the entire surface of the Chu-sphere, and
thus providing a very efficient way to minimize the Q-value. Hemispherical helix
antennas can achieve a similar efficiency with spherical antenna and reduce the
interference from the surrounding coupling structures due to the presence of a ground
plane, so it has been demonstrated with good performance as ESAs [389].

While the research on 3D ESA design has been reported for decades, most of
those designs are fabricated by manually bending wires into desired shapes [390-392],
which is inaccurate, tedious and time-consuming. Recent advances in materials science
have enabled a series of new fabrication methods. Adams et al. reported conformal
printing of silver nano-ink onto contoured 3D surfaces [393]. This method can provide
accurate patterns but the process is still slow and cannot support large scale fabrication.
Bhattacharya et al. printed antennas onto a flexible printed circuit board using
conventional photolighography, and then deform the circuit board into desired shape
[394]. Yet a potential concern is that the metallic line may crack during the mechanical

deformation. Toriz-Garcia et al. used holographic photolithography to achieve 3D
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patterning, but this method needs expensive instrument and clean room environment
[395]. Pfeiffer et al. introduced direct pattern transfer onto a 3D surface by a conformal
polymer stamp, but the transfer process relies on forming a cold-welded bond between
the stamp and substrate, which requires extremely clean and smooth surface of the
substrate [396]. Also the metal conductor may delaminate from the substrate.

Considering the limitations of above methods, Jobs et al. introduced the
fabrication methods to build stretchable antennas to construct a 3D antenna [397].
Basically, a planar liquid alloy filled microfluidic antenna is built first and then is inflated
into a hemisphere 3D antenna. They also demonstrate that the central frequency of the so-
built antenna can be tuned by the height, i.e. inflation extent.

In chapter 6, we successfully demonstrated stretchable antennas could be built by
embedding silo-ECAs in pure silicone elastomer substrates. Compared to liquid metal-
based antennas, the ECA-based ones have many advantages, including: 1). ECAs have a
wide operation temperature window. In contrast to the liquid metal alloy that can only be
operated at room temperature and above (e.g. eutectic Galn alloy, T~ 15.5°C [212]),
silicone-ECA based RF devices can be used in extreme environment (T4<-100 °C,
T¢>400°C). 2). ECA can be co-cured with the silicone substrate, the strong interfacial
bonding between the conductor and substrate eliminate the delamination issue and
leakage of liquid metal alloy. 3) Soft lithography technique can enable large scale
production and fine pitch.

Here, we can extend the fabrication method of stretchable antennas with ECA as
conductors to build 3D ESAs. The process is shown in Figure 11.4. The pattern is first

formed on a silicon chip using conventional lithography. Silicone prepolymers are
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applied onto the silicon chip and get cured to form the patterned substrate. ECAs are
dispensed into the cavity in the silicone substrate and get cured. Then the planar pattern is

inflated to form the hemisphere 3D antenna.
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Figure 11.4 The fabrication method of 3D ESA by silicone ECAs.

In addition to the advantages listed above, using ECAs and soft-lithography
fabrication method solve some fundamental problems that cannot be achieved previously,
including 1) enable large-scale, fast fabrication; 2) the excellent conductivity of ECA and
easily tunable thickness of ECA conductive microstrips can make it easy for impedance
matching; 3) the high resolution of fidelity of soft-lithography can print more conductive

microstrips with smaller microstrip width. More conductive microstrips allows a more
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complete filling of the shpereical volume and thus a low Q[393]; while narrower strips
could enhance the reflection coefficient [395].

After the antenna is fabricated, its reflection coefficient, tunable range, input
impedance and resonance frequency will be measured by a vector network analyzer. The
radiation pattern will be measured in an anechoic chamber and compared with the
simulation results. Antenna’s radiation efficiency will be measured by the wheeler cap
method and the gain comparison method [394, 398]. The radiation quality factor Q will
also be obtained by the measured input impedance according to the equation [399]

dz(wo)
dw

Q(wy) = —2

2R,

(2)

Where oy is the resonant frequency of the antenna, Ry is the input resistance and

% is the frequency derivative of the input impedance evaluated at the resonant

frequency.

11.4 Graphene-based conductive composites with ultra-low percolation threshold

In Chapter 7-10, we discussed the CNT or CB-based conductive composites. As
another important member in carbon family, graphene can provide many benefits as
fillers in the composites as well. The outstanding properties of graphene, especially the
high thermal conductivity (~5000 Wm™K™)[400], large surface area (2630 m?/g,
calculated value)[401], and excellent mechanical properties (Young’s modules
~1100GPa)[402] have great potential to produce composites with exceptional
thermal/mechanical/chemical properties.

Integration of single layer graphene into macroscopic three dimensional

structures is essential to achieve high performance of graphene based composites.
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Compared with graphene/polymer composites made of randomly-dispersed graphene, a
pre-formed graphene network infiltrated with polymer resin would dramatically decrease
the percolation threshold and have much higher electrical and thermal conductivity with
equivalent loading. There have been great interests to fabricate 3-D graphene structure,
such as Langmuir—Blodgett films [403], porous carbon films [404], hydrogels [405],
graphene foams [406] with chemically modified graphene. However, the graphene used
here are mostly reduced graphene, which has inferior thermal and electrical conductivity
compared to intrinsic graphene. There are also efforts to develop 3D graphene by CVD
methods [407]. Basically, a 3D metal template (usually Ni foam) was used as growth
substrate for 3D graphene. However, CVD method cannot be used for large-scale cost-
effective growth.

Here we propose a new idea to form 3D graphene, which can also be extended to
other 2D materials such as BN, MoS et al. The scheme is shown in Figure 11.5. Graphene
or other 2D materials can be obtained by liquid exfoliation [408-410]. Polymer latex
solution or silica solution was added to the graphene solution. The polymer microspheres
or silica spheres serve as templates for graphene assembly. The solvents are removed by
either filtration or evaporation. The concentration of graphene increases and graphene
could no longer to disperse in solvents. They tend to aggregate and attach to the surface
of polymer spheres. After the complete removal of solvents, the spheres are coated with a
layer of graphene. The microspheres themselves also self-assembled and packed into a
densely packed HCP structure. The graphene coating on the spheres also packed together,
forming a network structure. Then polymer resins, such as epoxy or silicone is filtrated to

form a composites.
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The composites prepared with this method would have the similar structure with
CVD grew-3D graphene, but with much facile preparation and it can be extended to other

2D materials.

—_— \a —
\55 >\ } \S} AL S ~ '-\\U\}
R I LN SN = N SRS g B
Exfoliated graphene Adding polymer latex Solvent removal

!

Graphene adsorbed on

Infiltration of matrix resin Spheres self-assembly polymer spheres

Figure 11.5 Preparing 3D graphene/polymer composites by assembly of graphene on
spherical particles.
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APPENDIX A
CALCULATION ON MINIMUM THICKNESS TO ELIMINATE DLO

EFFECT

A.1 DLO effect

When air surrounds the insulation system during aging, oxygen will dissolve in
the insulation materials. Aging consumes the dissolved oxygen via oxidation reactions. If
these reactions occur faster than diffusion processes from the surrounding air, the
concentration of oxygen in the polymer interior will be reduced from its equilibrium
value to lower or even non-existent levels. This effect can lead to diffusion-limited
oxidation (DLO) effects, where the rate of oxidation is reduced or eliminated in such
regions. The importance of DLO effects depends upon the material, its geometry
(thickness) and its aging environment. It is critical to note that for most insulation
systems, DLO effects will likely be unimportant under the slow oxidation conditions
occurring for ambient aging. In such instances, equilibrium oxidation should occur
uniformly across the entire cross-section of the polymer materials. But for short-term
accelerated aging in laboratory conditions, DLO may occur. If we assume DLO effects
are negligible when the integrated oxidation across a sample cross-section is greater than
90% of what it would be for a homogeneously oxidized material, the following

expression gives the maximum sample thickness that guarantees 90% oxidation.

(1) [411]
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The partial pressure of oxygen p surrounding the sample is 15.96 cmHg and the
oxygen permeability coefficient P,y and the oxygen consumption rate @ are determined

by the polymer in use.

A.2. EPDM

A.2.1 EPDM oxygen consumption rate calculation

Oxygen consumption rate of EPDM at different temperatures were reported
before [412]. The reported data (shown in black in Table 1) are used to calculate the
activation energy of the oxidative thermal degradation. The activation energy is 112
kJ/mol below 111°C, and 75 kJ above 111°C. The oxygen consumption rate at 25°C,
100°C and 200°C are then calculated from the Arrhenius equation (shown in red in Table

1).

Table 1 EPDM oxygen consumption rate calculation according to Arrhenius equation

TCC) T(K) “1/(RT) Ln(®) @ (mol/gls)
160 433 -0.00028 -21.23 6.00E-10
140 413 -0.00029 -22.62 1.50E-10
125 398 -0.00030 -23.54 6.00E-11
111 384 -0.00031 -25.33 1.00E-11
200 473 -0.00025 -18.49 9.31E-09
111 384 -0.00031 -25.33 1.00E-11
96 369 -0.00033 -26.02 5.00E-12
80 353 -0.00034 -27.22 1.50E-12
52 325 -0.00037 -29.53 1.50E-13
100 373 -0.00032 -25.89 5.67E-12
25 298 -0.00040 -32.00 1.27E-14
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A.2.2 EPDM oxygen permeability coefficient calculation
Oxygen permeability coefficient data are obtained from Ref. [244, 411] and

summarize in Table 2.

Table 2 EPDM oxygen permeability coefficients

T (°C) Pox (cC STP/cm-s-cm-Hg)
200 6.00E-08
100 1.90E-08
25 2.00E-09

A.2.3 Maximum sample thickness for EPDM
The maximum sample thickness Lo at 25 °C, 100 °C and 200 °C can be then

calculated from equation 1 and it is summarized in Table 3.

Table 3 Maximum sample thickness for EPDM at different temperatures

T (°C) @ (mol/g/s) Pox (ccSTP/cm-s-cm-Hg) Lgo (mm)
200 9.31481E-09 6.00E-08 3.58E+01
100 5.67472E-12 1.90E-08 8.17E+02

25 1.26843E-14 2.00E-09 5.61E+03
A.3 Epoxy

If @ and P, both obey the Arrhenius equation with the respective activation
energies Eqx (thermal oxidation) and Ep (diffusion), the Lgo must vary with the

temperature according to

ED

Lo = (L) XPL5 0] @)

Eox and ED is 99 kJ/mol and10.4 kJ/mol, respectively, according to Ref.[413].
The experimental obtained Lgo at 200°C is 22 um [413]. The Lgo at 100°C and 25°C can

then be calculated according to Equation 2.
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99000-10400

L —22
(Lgo)zoo c (Lgo)o eXp[2x8314><47315] -

99000-10400
2x8.314x373.15
99000 -10400

= ex =742.44 .. =16.33um
(Loo)sec = (o) p[2><8.314><298.15] * (o) #

(Loo)gp0c = (Lao)o €XPL 1=20.45x(Lyy) 50 =450um

Table 4 Maximum sample thickness for epoxy at different temperatures

T (OC) Lgo (m m)

200 0.022

100 0.45

25 16.33
A.4. Summary

It is to be noted that all the oxidation rates and the diffusion rates, along with their

activation energies are obtained from references, which may be different with the

materials we used in the present study. However, it can provide a general idea that a

sample thickness of 300 um would be probably be thin enough for EPDM-based sensors

to avoid DLO. But in the case of epoxy-based sensors at current aging temperatures, there

may be some oxygen diffusion issue, which may affect the accuracy of the epoxy-based

Sensors.
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