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Abstract

Quantum Tunnelling Composites (QTC) have attractive mechaglieetrical
properties and have found applications in a number of advanced technologies such
as the touctsersitive fingertips on the gloves of the NASA space suits. There was

a demand to apply QTC materials to consumer products such as creditvvizaads,
conventional printing process. The challenge, however, was that QTC materials
only functioned properly ahigh solid loadings (thus very high viscosity) and as
thick films. Hence, the aim of the study described in this thesis was to develop a
series of QTC inks that would be printabi@ conventional printing teclatogies

such as screen printing, meanwhileese inks would be potentially applied an
electrical switchin the RFID card sportswegr games anatc To date, several
screen printable functional inks, each containing a combination of conductive spiky
like nickel particles, three grades of seamducting titanium dioxides particles and

a range of watebased binders, ke been formulated and used to study the
electrical properties of the QTC inks. Relevant experimental designs, interpretation
of the propertycomposition relationships, modellingf the electricaimechanical
properties anc strategy for the optimisation of the QTC inks, are all presented in
this thesis.

When QTC materials are quiescent, the metal particles are well separated
from each other. This leads to the QTC material behage an insulator. An
increase in applied compression on the QTC material results in a lower electrical
resistance through it. This is because the electrons from the metal particles can
Ahopod from one to the other wist hii goura nwiutn
tunnel effecto, arising because the nic

field on the spike tips.

Detailed in this thesjsare a series of comprehensive investigations of the
pressuresensiive response of a printed film, anthe contribution of each
component to the formulation in terms of printability, electrical property, rheology,
thermal stability and the mechanical properties. It was found that the printed film
behaved as an insulator in the absence of external compressem,when the
nickel filler content was well above the expected percolation threshold. The
electrical resistance of the printed film decreased, up to 10 orders of magnitude,

with an increase in external compression. This dramatic resistance variaion wa



explained by the quantum tunnelling mechanism and percolation mechanism, which
were mainly dependent on theckel loading, thalistribution of the nickel particles

and nickel aggregates, the morphology of the nickel particles and the elasticity of a
polymer matrix. Furthermore, it was found that at least one grade of titanium
dioxide could be used to reduce the sensitivity of electrical resistance of the printed

film.

Moreover, a model of the response of the electrical propatieternal
compressio of the pinted QTC films hasbeen successfully developed. This
permit quantification of the relationship between the electrical pragseand the
structure of the composite. This model was most applicable to the printed
composite film for the predin of the electricamechanical propedds of the
nickel particles randomly dispersed in a polymeric matrix.
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Chapter 1. General introduction

Recent advances in éghfield of printed electronics have enabled a significant
revolution in electronic technology to take place. Printed electronics cover a series
of printing methodsfor fabricaton of electronic devices on a variety of substrates.
Printing processes, espally screen printing, reduce the costs of manufacture, the
number of processing steps and contamination of the environment dramatically,
compared with traditional electronic fabrication proceddgs These electronic
devices or parts are lightweight, small and thin, flexible, cheap and disp§2able
However, despite rent developments in printed electronics, the technology is still
not sufficiently advanced. The use of printed electronics in daily life is expected to
increase in value to more than $300 billion by 203®]. Printed electronics have
seen application in a variety of areas. Examples include mobile devicjess,
flexible displays, sports equipment, apparatus and sportswear, healthcare
technologies, toyggyames and security produ¢g13]. Hence, the combination of

an efficient printing process and improved electronics technoligjiesvisaged to

facilitate an increase in the productivity and valuthimuse of such materials.

Quantum Tunnelling Comptte (QTC) materials were invented by Lussey
in 1996 and commercialised, in 2006, by the-bé&&sed company, Peratech Lid].
A QTC is an elastic material that is designed to be extremely sensitive to a large
number of different types of mechanical pressure that can be applied either directly
or by remote ranipulation[8]. When QTC materials are quiescent, they behave as
electrical insulators. When mechanical pressure isexh change is effected and
the materials become electrically conductive. With such properties, QTC materials
have the potential to be employed in a vast range of applications commercial,
industrial and scientific, including switches or sensors. Orleeomore widespread
applications of QTC materials is in wearable electronics as a switch. Contemporary
applications include the newly designed Samsung Navikey mobile telephone for
menu navigationf9], radiofrequency identification (RFID) chip security protection
[10], and applications as tactile sensors for robotic hghtid3] used by NASA
[14].



1.1 Printed electronic devices

The printing of fabricated objects has the potential to revolutionise the electronic
applications of nearly everyonsumer good, due to a number of inherent benefits
[15, 16]. They can be used in a vast number of areas, such as confilgtosemi
conductors [15], dielectrics [17], Iuminescent [18], electrochromic [19],
electrophoreti¢20] and other functional materials. With these various applications,
electronic technology is emerging our daily life, such as small games on the

packageg?21], intelligent displays on the magazines and beled&book readers

[4].

Printed Electronics Conventional Electronics

low cost high cost

sextremely short switching times
sextremely high integration density

*Jlong switching times
*low integration density

ssmall area
srigid substrates
=sophisticated fabrication

+large area
*flexible substrates
*simple fabrication

sextremely low fabrication costs *high fabrication costs

low end high end

Figure 1.1 Printed electronics and conventional silicorbased electronics as
complementary technologie$2]

Printed electroni are not a replacement for conventional silicbased
electronics, howevethey are antipatedto open a new area of low cost printed
circuits and also it acts as a complementary technology to conventional -silicon
based electronics. Figure 1.1 compares printed electronics wittbnventional
electroncs [2]. Electronic devices are usually fabricated using catiased or
organic materials, rather than traditional expensive and complex to produce-silicon
based or inorganic materia]22-24]. Thus, the uses of printed materials in the
production of printed electronics lead to significant advantames traditional

electronic fabricatiorprocessese.g. low production costs, largarea electronics,



greater productivity, more rapid printing process, superior resolution and a reduced

environmental impadtl5, 25-27].

1.1.1 Predicted growth of printed electronics market

The printed electronics market mainly consists of lighting, sensors, photovoltaic

integrated displays and smart packaging. The predicted bugimeffor printed

electronics has clearly attracted a number of industries, such as HX®WF,

Corning, DuPont Microcircuit Materials, Evonik Fujihilm Dimatix, Henkel, InkTec

Co Ltd. Thin Film Electronics, NovaCentrix, Soligie, Ceradrop and soRnmted

electronics enter into new, diverse applications, for instance, in consumer goods, in

healthcare products, electronics, media, mobility and architecture.

electronicswill grow rapidly to $35 billion in 2020 and $300 billion by 208§].

Figure 1.2 displays the predicted growth of major components for the printed
2021
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Figure 1.3 shows the growth of flexible applications based on printed

f

IDTechEx,

market researchgr estimated that the market for printed, flexible and organic

or

electronics technologies from 2015 to 2020. As can be seen, the world market for



flexible electronics applications should be significantly greaty 2020 than ivas
in 2015, particularly with respect to OLED lighting system and displays, sensors and
electronic paper29].
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Figure 1.3 Landscape for the growth of applications using printing processes
for flexible electronics from 2014 to 202029

1.1.2 Advantages and challenges of printed electronics

Printed electronics can providenple,largearea, flexible lightweightand low cost

electrical products Printed electronics can effectively reduce the manufacturing
costs due to the additive and reeccuum used in the technology, and meanwhile the
large-areaandfew stepsprocedire. Furthermore, printing can be used to apply on

fragile substrates without contactiffg 5].

Conventional semiconductor electronics technology is usually based on
higher temperature evaporative inorganic metelg, silicon and metal oxides.
Conventional process usually has more patterning steps than printed precess,
film deposition, resiste coating, drying, exposure, etching, resist strip and rinse.
However, printing process usually contain printing and dr{f&jg Several current
printing processes are extremely productive and-efbisient compared to the
conventional procedures in the manufacture of silicased electronics.

Furthermore, the versatility of the printed substrates in printed electronics can be



varied from paper and carton board, plastics, textiles and ceramics that do not have
to be flat surfaces. Traditional silicdrased printing electronics usually use paper
as a base. Printed electronics are usually fabricated as a flexible and thict.produ

However, silicorbased electronics are hardly ever able to achieve these qualities.

Nowadays, over 100 million electronic units are discarded annually in the
UK alone. This results in one of the greater growing waste issues. In order to
prevent eclmgical consequences, the choices of green materials will become more
significant in the future. Printed electronics can be produced to be biodegradable or
adaptable to disposal by incineratif89, 31]. Additionally, energy requiraent of
electronics manufacture and disposal is classified as being an environmental
challenge. Printed electns is not an exception eitheTherefore, as the addition
printed electronics, more energy will bensomed In this case, an energy
production will continue to rise. Moreover, quality and yield of printed materials
need to be carefully controlled. dtkrial properties have to be repeatable and
controllable under normal environmental hazands, humidity, wear and tear,

sunlight, oxygenatiorgtc

1.1.3 Introduction to applications of printed electronics

Printed electronics have been developed as antatedaechnology to industries and
scientists due to their flexibility and their lesost mass productig@]. Typically,
versatile examples of applications using printed electronics are listed and discussed
below.

1.1.3.1 Thin-film transistor circuits

Liquid crystal displays (LCDs) have existed for over halfeatary, attracting the
interestof industries andcientists. However, LCD products are still not perfect due
to their limited viewing angles, long response time and small area panels. The
production of the thiilm transistor (TFT) has changed this situation. The
worldwide revenue from the TFT roseom $1 billion in 1989 to approximately
$110 billion in 2017 32].

TFT is a dominant technology that provides large area electronic circuit on

the nonconducting substrate. TFT assembles a s@mducting thin fin layer, a



dielectric layer and a metallic layer on the substrate (often glass), which is the most
commonly used substrate owing to its high transparency and compatibility with
conventional semiconductors. The thin film usually consists of integrated
amoiphous silicon or polycrystalline silicd83-35].

Figure 1.4 provides a schematic diagram for the configuration of a TFT
which contains three parts, an insulator, a thin semiconducting layer and three
electrodeqd36]. The source and the draiteetrodes are directly in contact with a
thin-film semiconductor. The thifilm semiconductor basically works as a
capacitor. When a voltage is applied to the gate, the electron charges are induced
equally on the insulator. When the charge is insengd the semiconductor
material, a conducting channel is formed through the material. In this case, a current

is formed between source and drg8i].

Electrons in Electrons out

/ —~

\

Gate voltage

Metal contact
Thin-film semiconductor

Source |= = == == | Drain

Figure 1.4 Schematic diagram for the configuration of thinfilm transistor [37]

Due to thé features and benefits, TFTs, have been used in a considerable
number of applications. Fonstance, they are employed in LC[&8], in dgital
radiography[39], in medical radiographj40] and in active matrix organic light
emitting diode (AMOLED) screergl]].

1.1.3.2 Displays (epaper and ereader and electrochromic)

When considering-paper technology, the compositions and operations of electronic

inks have to be brought into focus:pBper is fabricated by sandwiching millions of



microcapsules, which contain charged pigment microparticles, between two flexible
sheets. These charged pigments are electrophoretic particles that are usually black
and white. These black and white microcapsules have opposite charged particles
and are dispersd in a clear fluid. When an electric voltage is applied to the
microcapsules, thblack and white particles migrate in opposite directions. Then,
the appearance of either black or white will be seen through the top layer of a clear
display[42, 43].

Figure 1.5 gives details of the -seader displays market share and
consumption forecag®4]. It is estimated that the number ofeadersjn Kindle
and Sony, will reach $10 billion by 2018. Electronic paper technology has been
embedded in the back of credit and debit cards to replace the pridigd Gard
Verification Value. The codes will be displayed and periodically change on a small

screen. This can serve to detect crimgmaio copy card detailgt5)].
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Figure 1.5 The e-reader market share and consumption forecadi44, 46]

Electrochromic devices can alter itheoptical properties ife. optical
transmis®n, absorption, emittance and reflectance) when a voltage is applied. The
conventional production of electrochromic displays is based on assembling indium,
0sandwichedd el ectrodes that contegin at

indium tin oxide (ITO)[47]. The manufacture of electrochromic displags lheen



commercialised by using printing technolojgh8, 49]. Electrochromic devices are
employed in smart windows, electrochromic misrand electrochromic display

devices.
1.1.3.3 Touch screens

The touch screen is a technology of an electronic display that is typically pressure
sensitive, electdally sensitive or acoustically sensitive. The touch screen system is
a new replacement for a primary input device such as a keyboard and/or a mouse.
The touch screen is highly resistant to environmental damBmgch screens can be

used in a large nunelp of electronic devices and software.

Ink formulations designed for use with resistive touch screens usually consist
of an electrically conductive metal mixed witim @lectrically resistanpolymer.
This leads to a variation in the electrical current amltage [50, 51]. The
advantages of resistive touch screens are low cost,-toutth capability, low power
consumption, resistance to environrarchanges and the ability to be operated by
finger, by glove and by any pointing devices. The products are not as durable as
those of other technologies, and can have poor optical quality. Resistive touch
screens are usually used in medical displagsiasure captures devices and military

navigation systems.

Capacitive touch screens are coated with a transparent metallic conductive
layer, on whose edges an electrode pattern is printed. The advantages of capacitive
touch screens include their longeliime, extremely precise resolution, excellent
optical properties, muHiouch capabilities, ease of integration, reliability and
durability, ability to operate under extreme conditions and drift free coordinates with
no recalibratiorrequired However, he disadvantages of capacitive touch include
their high cost and the fact that they can be operated by fingers only. aiidey
usually used in medical instruments, in signature capture and in aerospace
entertainment systesi52, 53).

Surface wave touch screemse mechanical or acoustic waves as the sensing
mechanism for the touching panel. All acoustic wave devices generally employ
piezoelectric materials to generate the acoustic wave, which registers the position of

touch and processes the information to detector. Surface wave touch screen



panels are the most advancing among the three types. However, these can be
damaged by environmental contamination. Acoustic wave sensors are often used in
medical devices, in automotive sensors, and in other induatmé commercial
applicationg 54, 55].

1.1.3.4 Photovoltaic devices

A Photovoltaic (PV) system uses semiconducting materials to convert solar energy
into electricity directly. The most popular and widely used application that is based
on photovoltaic sstems concerns solar panels used on building to generate thermal

energy, powder station, transport, spacecraft and sigsgjls

Figure 1.6 represents the schematic image of a typical photovoltaic cell.
There are two types of semiconductorstyjpe and gype) that hag different
electrical properties configuring and joining together in the cell. Timetipn
between rype and g ype semi conducitnorjsunicd i lom@wn
usually used in the production of these semiconductors as it conducts electricity
The cell has the ability to absorb sunlight, creating particles with free moving
positive or negative charge inside the celktyde and pype semiconductors gather
negative charges (electrons) and positive charges (holes), respectively. Thus, when
alight or sun is shone to the cell, electricity will flow within the cell, as shown in
Figurel.6 [57, 5§].

Light energy

Electrode
Anti-reflection coating

N-type silicon

C@) External load

Current

P-tyvpe silicon

Electrode

Figure 1.6 Schematicdiagram for a photovoltaic cell[57, 58]
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1.2 Materials used in printed electronics

Materials used in printed electronics can be classified into two groups, organic
materials and inorganic materials. Compared with the imgzgaaterials, organic

materials have a larger share of the printed electronics nj2&et

1.2.1 Organic semiconductors or conductive polymers

Organic semiconductor materials areeat) provide useful electrical conductivity.
They are applied in the manufacture of electronic displays and flexible displays.
They are widely used in smartphor{&§), tablets[60], TV [61], RFID [62], LED

[63], field effect transistors (FETH4] and ereaderg65].

Organic semiconductors are typically’4pybridised in their cdron bonding
structure having the abilities taconduct electrons. The electronic conductivity
ranges from 18to 10 S/m (between metals and insulatpf86, 37]. Pentacene is
one of the more widely used organic polymers in TFeB}, having the greatest thin
film mobility.

1.2.2 Inorganic semiconductors (liquid silicon and metal oxides)

Amorphous silicon is currently the most significant semiconductor that is used in
transistors. Silicon is also the second most economically important semiconductor.
The benefits of silicon include excellent performance, low cost, ability to be used in
various printing types and substrates producing high quality fi@7. Even
though it has been reported that the electrical performance of thin films based on
organic polymers is quite promising, they still cannot match the performance of
silicon-based films for some applications. Also, polytaji;ne silicon possesses

high carrier mobility and various degrees of crystallif@§].

Metal oxides, especially transition metassich as ZnO and its derivatives
constitute a large group of inorganic semiconductors that used to be employed in
various applications of electronics. These “stwichiometric metal oxides are
usually transparent due to their large bandgaps (>3 eV)erdnath a circumstance,
invisible electronic displays on windscreens can be developed, when transparent
metal oxides are mixed with transparent conductors and dielectrics. These metal

oxides are also often applied TR Ts[68].
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ITO is one of the more widely used transparent conductors popular because
of its high electrical conductivity and optical transparency. The ITO has
applicationsacross a large number of products, such as liquid crystal displays,
plasma displays, touch panels, flat panel displays, windscreens, OLED, and solar
cells[69-71]].

1.2.3 Dielectrics

A dielectric material stops the electrons flowing through the system due to its
intrinsic lack of a chargearrying mechanisii72]. The printed dielectric creates an
insulatng coating that plays an important role in enhancing and protecting the
conductive material. For instance, poly(vinylpyrrolidone) (P¥B3ed films are
usually used as a dielectric coating for printed field effect transi$&ms73).
Properties of printed dielectric films that have an important effect on the
performance of printed electronics, include the thicknesmothness and capacity
propertied 74, 75].

1.3 Conductive polymer composites

Conductive polymers can be divided into two parts, intrinsically conducting polymer
(ICP) (organic conjugated polymers) and conductive polymer composites (CPCs).
Electrically conductive polymer composites containing single or hybrid conductive
fillers in an insulating polymer matrix arevidely used in recent researend
applications. The conductive fillers include graphene, metal powder, carbon fibres,
carbon black and conduet polymers such as polyanilifé6-78]. The electrical
properties of CPC materials rely on the conductivity, the loading, the particle size,
the shape and the thibution of the conductive fillers in the hosting polymer. A
range of applications, such as shielding, switching, sensing or heating, is dependent
on the electrical resistivity of CPCs, as showrrigurel.7 [77]. Accordingly, he
electrical resistivity of QTC commercial material ranges frorf #own to 10Y,

which can vary from insulatg to conductive properti¢24].
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Figure 1.7 Classification of CPCs is based on their electrical resistivity and
applications[77]

1.3.1 Pressure sensitive conductive materials

Electrically conductive composites have been studied for over a century. The
majority of the composites range from metalymer composites containing, for
example, copper, nickel, aluminium, iron and silver particles to cacboiaining
composite§24, 79].

1.3.1.1 Carbon nanotube composites

Since the discovery of carbon nanotubgdijima [80], interest has been shown by

the scientific community and industries because tloé carbon nanotulse 6
outstanding properties. Those properties incltitermal optical electrical and
mechanical properties. The stiffness and strength of carbon nancéumbes
extraordinary. The stiffest carbon na
modul us of the order of 1 TPa. The Yol
approximately 70 GP481]. Carbon nanotubes are usually mixed with other
materials e. polymers, ceramics and metals) to achieve high mechanical
properties. Furthermore, one of the more significant characteristicarbbn

nanotubes is their electrically semiconducting character or metallic behaviour which
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depends on thie structure and diameter. It has been reported that the electrical
resistance of carbon nanotubes ranges romQ@.05m t o 10 mY m. Wi
goodconductivity properties, carbon nanotubes, such as carbon[Bclare ofta

used as fillers in the low cost polymers to improve the conductivity. Conjugaiion

carbon nanotubes with pdfyphenylene vinylene) (PPV) and its derivatives have
displayed electroluminuescent properties that normally are exploited in light

emitting dodes and photovoltaic devicg0, 83, 84].

1.3.1.2 Nickel particles in canposites

In the last two decades, nickel nanoparticles have attracted much atteotion
scientistsandengineers due to their abundant applications, such as in magnetic inks
[85], magnetic storage media and sens@8], conducting matgals [87] and
catalystd88]. Apart from such numerous applications, the manufacturing cost used
nickel powder is pretty lowsince the price of the metal powder is normally quite

expensive.

Several physical and chemical approaches have been taken to fabricate high
quality nickel nanopaicles, including ultrasound irradiatidi89], electrochemical
methodq90], metal evaporation condensati@1], metal salt reductiof92], polyol
methods[93], ultrasonic spray pyrolysig®4] and neutral organometallic precursor
decompositio87, 95). In general, comparing with physical processes, chemical
reduction methods have the benefits of simple to run, easy to control and low cost
producton [96].

1.4 QTC metal composites

QTC metal composites have greater intdnsonductivity than carboenontaining
composites and have a wekfined morphology24]. Lussey, in 1996, invented a

novel composite material termed a quantum tunnelling composite ([JT.C)

Quantum Tunnelling Composites consist of a polymer matrix in which metal
particles are present. The origirtatget was to create an electrically conductive
adhesive. However, this adhesive did not conduct but had a high electrical
resistance until some kind of mechanical pressure was applied. When the pressure

was applied, electrical conductivity was achie@]. Generally, composites
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containing low metal filler concentration have slightly greater electrical conductivity
than that of the polymer alone. This is because each metal particle is well separated
by the insulating polymer. By increasing the mdiliér loading, the electrical
conductivity of the composites increases slowly. However, the electrical
conductivity increases rapidly within a limited range of metal filler conf24.

This is the reason why an electrically conductive adhesageniot been fabricated,

yet novel pressure sensitive conductive QTC materials have been created.

1.4.1 Compositions of QTC materials

Nearly all contemporary electronic products contain silicon, which is also used in
QTC composites, as a semiconductor. Howether electronic devices that mainly
contained silicon are expensive, difficult to fabricate and require clean rooms and
precise manufacturing techniquds$, 23, 97]. A typical QTC comprises a mixture

of spiky nickel particles, of approximatelylDO pum diameter, and an elastomeric
poly(siloxane) matrix. These fill different roles[97]. The nickel particles are
coated with a polymer matrix, as showrFigure1.8, that have sharp projections on

the surfacg24, 9§]. As a result, the particles t
form chains with each other directly. QTC contains a nitket 123 and type 287
(supplied by Inco Ltd.), dispersed in a blend of liquid monomers. These -nickel
monomer combinations are polymerised to give a flexible and elastic sheet with a
thickness of 22 mm[24, 97]. The particle size distributions of nickel type 123 and
nickel type 287 are in the range of 3.5 to gtb and 2.6 to 3.3 um respectively. A
silicone based monomer or urethane based monomer is used. Shasaoe
monomers, includet Alphasil 2000 (Alphas Industries Ltd.), Silicoset 153 (Ambersil
Ltd.), Silastic T4 (Dow Corning) and RTV6166 (GE Siliconeghe urethandased
monomer include F42 (supplied by Techsil LtfB) 24]. In order to establish a
material that reaches or exceeds the percolation threshold, the ratio ofta@duc
filler to polymer matrix, within the solid state formulation should be in the range of
4:1 to 6:1[7].
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Figure 1.8 SEM image of a QTC material, for which the ratio of silicone
monomer to nickel powder was 6:1 and 4:1 by weighe4, 98]

The components of the QTCs can also be blended with small amounts of
adcular semicoductor particlessuch asAcicular TiO,, at less than 10 % by weight.
As a result, the material displays a large piezoresistive effect, which means that the
electrical resistance of the QTC can be extremely sensitive to defornj@#pn
AThi s e | aorductven @alymer composition displays a large dynamic
resistance range and isotropic electrical properties when subjected to distortion
f or ¢98)s When no pressure is applied, the rmptaticles are separated add
not interact with each other; the QTC sample behaves as an insulator. In this state,
the composition of the QTC material is below the percolation thre§8089, 100 .
However, when some form of mechanical presssiepplied, such as compression,
stretching, bending or twtieg, the composite becomes an excellent conductor. The
reason why QTCs display such an unusual property arises from the deformation of
the particles. When QTC materials are quiescent, the metal particles are well
separated from each other. However, wimechanical pressure is applied, the
el ectrons from the metal particles <can
touching. This i s knowd 24%)], aridng becagsa ant u
the nickel particles can build a high electric charge field on the spike tips.
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1.4.2 Working principles of QTC materials

ELECTRIC FIELD

Narrow
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Figure19Schemati c i mage of QTC m@dQeri al 6s

Experiments have showthat the resistance of the QTC diminishes
exponentially and rapidly with increase in pressure. However, the resistance
decreases more slowly at greater applied pressures until it eventually decreases
below the residual circuit resistanf@4, 97]. This performance of QTCs at lower
pressures can be explained lergolation theory. Thus, the effect arises from the
aggregations of conductive particles that produce conductive pathways at the
percolation threshold. As a consequence, QTC materials possess a large
piezoresistive effect. Thus the resistance of theenadd is sensitive to the
mechanical deformation. As a conductive pathway is established, the conductivity
of QTCs increases to a maximum value, when it approaches saturation. At
saturation, the composite becomes an insulator. Thus percolation thigmryThe
percolation theory proposes a region in which the conductivity performance changes
very quickly[24]. The percolation threshold relates to the loading of filler particles
at which the minimum value can provide the behaviour of rapidlyyiver
conductivity [100. As mentioned inl.4.1, the electrical conductivity increases
rapidly within a limited range of metal filler content. This metal filler content gives
the percolation threshold of the material. The required loading of the metal filler, at
the percolation threshold, is associated with the shape of the filler particles.

In addiion, the particle shape of agglomerates has a large influence on the

conductivity of a QTC at the percolati o
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of filler at the percolation threshold are observed to range from <1 % for Hdiedle
particles to >10% f or s p her |24 B0P. Thasr @TC dnksehave the
ability to carry high electric current densities due to the spiky tips on their surface,
although no metallic routes are establisf&®4]. The resistance of QTCs can vary

from 10410 Y tolessthan¥ under the def or ma24.on at

The piezoresistive effeds different from quantum tunnellingFigure 1.10
indicates a relationship between the electrical resistance and the amount of stress
placed on the piezoelectric matei@aD3 104]. The most common application of a
piezoresistive matial is in transistors. Piezoresistive materials are made from

semiconductor materials that usually contain silicon.

Applied mechanical Multi-meter

pressure \ R///

Figure 1.10 Diagram demonstrates how the piezoresistive material works when

the pressue is applied[105

The resistance of the material decreases exponentially with increasing
deformation. Such a material can be used up to thousands of times without any
observable damage occurring. This is thesoeavhy elastomeric polymer matrices
are of great interest in this context. The flexibility and resilience are both dependent
on the grade of the poly(siloxane) elastomer, the filler loading and the QTC layer
thicknesd 8, 24, 97].

Compared to other conductive composites, QTCs have a much greater initial
electrical resigince. Also, the electrical resistance of a QTC falls with increasing
pressure more significantly than that does in other conductive composites, that work
by the percolation theorjl00 106, 107], as shown irFigure1.11. The red line
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represents the 4R plot of the fist generation of QTC material and the black line

represents HE plot of a typical percolation compos[4, 10Q.
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Figure 1.11 Comparison of the resistance and force to the first generation of
QTC material and a typical percolation compositg24, 100

1.4.3 Current Voltage characteristics of QTC material

An explanation of the quantum tunnelling effect by Henri Becquerel in 1896, given
on the basis of the Fowkdordheim (wavemechanical) effect has been provided
[108. This describes how the electrons migrate from a metallic conductive surface
barrier into the insulator particle array, because of the quanteatnical tunnel
effect, under the influence of a strong electric f{dld9 110. The performance can

be reduced with the remalof the spiky tips of the nickel particles. As a result, the
sensitivity of the QTC reduces significantly on deformation. The FeMtedheim
effect is responsive and reproducible. However, the mechanism for the thermo
mechanical which enables the usethis type of system as a transducer cannot be
rationalised[24, 97]. Furthermore, the nickel particles were fully covered by the
polymer matrix, so at high filler concentration, there is no direct contact of the

particles and conduction is primarily through electric field across relatively thicker
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barriers. This system provides unusual electronic behaviour that is high resistivity
above the expected percolation threshold and then an exponential decrease in

resistivity over more than 12 orders of magnitude under mechanical deformation.

An applied force shouldlter the currenvoltage behaviour of a QTC from
beingohmic at the quiescent state to being 4iarar during deformation. Ohmic
contactis illustratedby a linear curreritvoltage (1V) relationship between two
conductors, as shown Equationl-1. A hysteresis phenomenon is seen, the nature
of which is dependent of the degree of deformation. In this case, the electrical
charges are stored in the QTC material as a FeMoedheim effect, which is an
unfavourable factor due tits inconsistent deformation.Figure 1.12 shows the
nature of the currentoltage characteristics of a sample of a QTC material on being

subject to uniaxial compressipn, 24].

=1

Equation1-10h més | aw, in which R, V and | rer
current, respectively

The first generation of QTC materials gave electric storage, as shown in
Figurel.12. The solid and dashed lines represent increasing and decreasing voltage.
This phenomenon was undesirable doehe inconsistency of behaviour between
useq 24, 97].
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Figure 1.12 Current -voltage characteristics of a sample of a QT@hen it is
compressed uniaxidly [7]

Figure 1.12 illustrates the electrical charge storage behaviour of a first
generation QTC material. The performarman be explained by the generation of
conduction paths throughout the materidtigure 1.13 [a] demonstrates that the
electrical charge passes from one nickel particle to another, in close proximity.
Consequelty, this generates a current through the mateRajure 1.12 [a] area.
However, some of the nickel particles are not close enough to pass the electrical
charge to any other neighbouring particles. As a reaullead end is created, to
which the charge can flow but is not able to pasd-ayu(el1.13[b]). The current is
shown on the area [b] éfigure1.12. This leads to a chhge being stored at the tips
until the current decreases. After reducing the current, the charge can flow back
along the path it followed before. Eventually, a new conduction path will be
discoveredFigure1.13 [c]) and an increase in the current will be created, as shown
in area [c] ofFigure1.12. This charge storage situation is undesirable because of
inconsistencies between uses. The second generation of QTC Imatesm
designed to solve this problefigurel1.15).
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Figure 1.13[a] Initial conduction paths developed with increasing voltage; [b]
Charge storage on the spike tip as the voltage is increased; [c] Removal
of stored charge as the voltage decreases

Acicular TiO; is introduced into the formulations of second generation QTC
materials to solve the charge storage problem. The morphology of the acicuylar TiO
is shown inFigure 1.14. These types of Ti&cannot build up as many electrical
field sites as can the nickel particles, as the number of TS per particle is
essentially reduced to two. In this case, the acicular TChe bulk material
creates extra conduction pathBigure 1.15 illustrates the generation of conduction

paths in such QTCs.

FTL-100 &

pm

Figure 1.14 Morphology of acicular TiO, as used in second generation QTC
materials
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Figure 1.15Introducing acicular TiO ; filler particles, aiding conduction paths
in QTC materials

Current QTC inks contain not only acicular Ti@s filler, but also contain
premilled, spherical TiQ. These TiQ particles are not used to enhance the opacity
or whiteness of the ink films, but as a synergist to the electrical conductivity of the
ink film. TiO, is a semiconductor. The role of spherical Jfillers is similar to
that of acicular TiQfiller, which is to reduce the electrical sensitivity of the QTC
film. However, the spherical Tg¥can also deflect the electric charge, as

demonstrated ifrigurel1.16.

O -ve electrode

MJM +ve electrode
-ve O o +ve
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o O TiO:2 particles
O

- — direction of electron
- acicular TiO2 particles

Figure 1.16 Proposed conduction paths in a Peratech QTC ink film

1.4.4 Theory and models of conduction mechanism of QTC materials

1.4.4.1 Quantum tunnelling theory

Quantum tunnelling theory in this section will barried out in QTC materials,
which is based on the theories of thermionic emission and electric field effects.
They are used to illustrate the models of the transport mechanisms of electrons
between metal fillers and the polymer matrix.
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Quantum tunnelling ph@menon is dominant by quantum mechanics, which
is different from classical mechanics. Classical mechanic desdtikeparticle
would be certain to be reflected off the potential barrigt hasinsufficient energy
to surmount. However, quantumechants illustratesthe particle acts as a wave
giving a wave functionfigure1.17, which has sufficient energy to transmit through
the barrier rather than just reflect@d, 157, 158]

Quantum mechanics describe aattar have progrties of particles and
waves. A particle with mass, m, and energy, E, is modelled in -@iovensional
rectangular potential barrier of height\E. The particle will be more likely tunnel
through the barrier from the left, as shownHFigure 1.17. Due to this model,
regionsl and3 could represent two adjacent nickel particles in the QTC composite
and regior? could represent the insulating polymer matrix. As a result, expressions
of the transnssion coefficient, T, and the reflection coefficient, R, can be achieved
by thewave functionn those threeagions[97, 157, 158], as shown Bquationl-2
andEquationl-3.
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Figure 1.17 Quantum tunnelling through a onedimensional potential barrier
[157,158]
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Equation 1-2 Expression of the transnission coefficient, T, in quantum
mechanics
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Equation 1-3 Expression of the reflection coefficient, R, in quantum mechanics
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1.4.4.2 Percolation theory

Percolation theoryintroduced in 1957 by Broadbent and Hammersley, is widely
used to describe the physical properties of composite materials,asuelectrical
resistivity, permeabilities of diphasic materials and thermal condtyctiviThe
percolation threshold ighe filler particle at minimunvolume fractionvalue which

can achieve thelectricalbehaviour with rapidly varying conductivifj0(Q. The
electrical conductivity increases rapidly within a limited range of metal filler
content;this metal filler content ishe percolation threshold of the material. The
concentration of the metal filler at the percolation threshold is associated with the

shape of the filler particles.

When the metal filler fraction is high, as shownrFigure1.18 [b], there are
many possible conduction pathways. When the metal filler fraction is very low, as
shown inFigure 1.18 [a], there is nearly no such conduction pathway as the metal

clusters are smatiompared to the whole sape lattice.

[a] [bl

Figure 1.18 Schematic diagrams of square lattices represeing the three stages
of metal filler fraction. [a], [b] and [c] show the metal filler fraction
below, at andabove the critical fraction, respectively. Black dots
represent filler particles

Percolation theory explains the conductor and insulator phase transition as the
concentration of metal filler is increased through a ratéfmer composite. This
unusual property requires the metal filler particles have tendency to randomly
arranged into clusters throughout the insulating host polyjddd]. The

conductivity through the composite is a factor of the number of percolation
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pathways through the material&gquationl-4 shows the resistivity of a composite is

a function of the volumé&action of conductive filler particles.

p I
n

v

Equation 1-4 Equation for the resistivity, R, of a composite material. @
represents the volume fraction of conductive filler particles.d. represents
the percolation threshold thatis the critical volume fraction of conductive

filler particles when a conducting pathway is forned through the
insulating polymer. t represents an exponent for the percolation equation
that usually ranges from 1 to 6.27 for 3D systen{d411-113

Figure 1.19 demonstrates the relationship between the volume fraction of
metal filler and the electrical conductivity of a compesi It reveals that the
conductivity increases very slowly when the metal filler volume fraction is below
the percolation threshold, dte no direct electron contafrom ore to the other, as
displayed inFigure 1.18 [b]. Once the volume fraction of metal filler reaches the
percolation threshold, a conductive pathway will be formed. A further increase of
volume fraction will cause the conductivity to increase dramatically; then an Ohmic
law will be followed. Pecolation theory can only explain the performamndesn the
compositeds filler I s @bdw)aceuratelfELI.pTeer c ol a't
reason of this is because when the volume fraction of metal filler is at the
percolation thresholdd = @c, evera slight deviation in filler volume fraction can
influence the conductivity of the systdiil3 114]. Percolation theory can be used
to explainthe behaviour oQTC materialsasit assumes that the metal fillers are

randomly diffugd throughout the material.

Figure 1.19 shows the relationship between filler volume fraction and the

electrical conductivity of a composite materthbt obeys percolation mechanism

[113.
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Figure 1.19 Relationship between filler volume fraction and the electrical
conductivity of a composite magrial. The red and black dashed lines
represent theohmic region and maxmum conductivity, respectively[113

For g/stemson or close to the percolation threshold, percolation theory
cannot be used to predict such sharp transitidm this case, a slight variation in the
filler volume fraction will have a relatively large effect on the conductijiti4. In
order to employ percolation theory to systems accurately, it is necessary to apply it
when the filler volume fraction is above the percolation threshold. Also, the metal
fillers are smooth spherdisat do not have too much aggregatidecause of this,

an improved theory will be described in the next sections.

1443 Mc L ac hl an 6ffectigeenadaum théory e

The purpose of effective medium thedBMT) is to describe the performance of
QTC material ign proximity to the percolation threshold that cannot be explained
successfully, as mentioned 8ection1.4.4.2[113. The EMT builds on the basic
percolation theory. This means that each metal particle in the composite is
represented as a single site on the three dimensional drnayefore, the resistance

between each paof nearest neighbour particles will be associatétdus the array
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represents a network of randomly positioned particles with a random distribution of
resistance between them alEMT then replaces all of the resistance with one
average resistance velu This EMT usesa homogeneous medium instead of a
heterogeneous material to solve the complexity of analjsi§|. The theory
removes the sharp transitiomifn insulator to conductor at the percolation threshold,
which can more illustrate accurately the behaviour of the conductivity of a
composite. McLachlan raised the equation for the general effective medium (GEM)
theory, as shown ifcquation1-5. This model simplifies the EMT model with
guantitative accuracy when the filler volume fraction is at/near the percolation
threshold. It was confirmed by BrossefLLlY thatthe GEM model fitted the
experimental data for the dielectniesponse of a wide range of different carbon
black concentrations in polymers.

T kLY ET T Ege £
v Mg 7v < — TGy T«
& T ® T

Equation 1-5 GEM theory, where V and \; are the volume fraction of metal
filler and the critical filler volume fraction, e, and & are the relative
complex permittivities of the matrix and filler, s and t are the exponent
values.

1.4.4.4 Links-NodesBlobs modelfor conductive polymer composites

A Links-NodesBlobs (LNB) model was firstly derived byirh. andLee to explain

the Payne effect of rubbers with metal fillgfsl6 117]. At the beginning, Payne

and Medalia had found that the mechanical propertiéilesf-rubber compositeid

not behave the same as those of neat rulded). The LNB model successfully
demonstrated the macroscopic properties of a metal filler composite system with
respect to the microscopic properties of méligrs and polymeric matrix, at which

the filler volume faction is above the percolation threshold.

The model describes three main components, as it name suggested. The
blobs are the filler particle aggregates, the links are chains of primary particles

connecting blobs in a network and the nodes are connguitets among the
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splitting links. The average distance between two nearest nodes is defingd as
Figure 1.20 exhibits the schematic image of [a] conductive chains in a percolative
composite above threshold and [b] the lkmkslesblobs mode[116].

e

odes

Ep

Figure 1.20 Schematic images of [a] conductive chains in a percolative
composite above threshold and [b] the linksiodesblobs model[116]
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Figure 1.21 Schematic images of the LNB chain, where [a] formed by direct
contact of two blobs, [b] with the Ly number of singly connected bonds
equal to oneand [c] with the L; number of singly connected bonds equal
to two [116
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In the LNB model, the links between the blobs include a continuous chain of
primary particles, developing a network of interconnected bléigure1.21 shows
the presence of the ggible LNB chain, in which the smallest link length correlates
to the direct contact of two blobEigure 1.21 [a]). The LNB model assumes that
the blobs are completely rigid and only the polymer matrix deform along with the
fill er network, under compressions of the mataber composite systejhlq.

X by wu
ar

Equation 1-6 The relationship between the critical lengthx,, and the
difference of the filler volume fraction, ( -j ), whereb represents a
proportional constant and o represents the fractional dimension

=|x' =|'

Equation 1-7 The resistance of a link made of n single bonds between (n+1)
primary particles, where R; is contact resistance of a single connected
bond

<
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Equation 1-8 The contact resistance of a single connected bond, whergis the
resistivity across the contact region, t is the shortest distance between two
contact points and A is the average contact area

z= dx* XF TxF

Equation 1-9 The resistivity of a repeated unit celr (n), where a is the average
diameter of a primary filler particle

The conductivity of a metglolymer composite is determined by tloading
of metal filler and the conductivity of the metal filler. It is assumed that the lowest
resistivity is achieved from one side to the opposite side through a number of
parallel pathways across blobs. In contrast, the links that made up of aicalgct
insulating polymer matrix results a much greater resistivity. Hence, the resistivity of

the whole composite system is determined by the integral of the number of the links
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and the number of blobs throughout the material. The macroscopic rgsistiai

composite can therefore be expresseabase

Themacroscopic resistivity of a metalbber composite can be calculated by

Equationl1-9.

1.4.5 Benefits of QTC materials

One of the major benefits of QTC materials is that whem istate of rest, the
electrons will not be activated. In this state, the materials do not consume any
energy until some pressure is applied. This, in turn, means that QTCs have a longer
lifetime when acting as conductors. Furthermore, QTCs are chehgasy to
source(less thanil per sensor)major factors when considering manufacturing
[119. Additionally, as mentioned above, QTCs can be used in a large variety of

applications. They are commonly used in sensorsrasgitcheq97].

1.5 Printing technologies relevant to QTC applications

In the later twentieth century, dramatic changes occurred in printing technology
through the introduction printing into the electronics industry. The various printing
technologies can belassified simply as direct printing (contact) and indirect
printing (norcontact). Direct printing technologies include flexography, letterpress,
gravure and various kinds of screen printing. Indirect printing technologés

the image firstly transfr from the image carrier to blanket cylinder and then to the
substrate, such asffset lithogaphy and digital printing In direct printing, the
image on the substrate is directly conveyed from the image carrier. However, in
indirect printing, the imagé conveyed from the image carrier to an intermediate

rubbercovered blanket cylinder and then transferred to the subglie
1.5.1 Screen printing technology of relevance to QTC applications

Screen printing is a relatively versatile printipgpcess, due to its ability to provide
printability on a large range of surface types, from textiles to cerafhi2§.
Nowadays, the seen is composed of a finely woven mesh that stretches onto an
ink-blocking stencil. The stencil uses the open areas on the mesh to transport ink

onto the substrate. Inks are forced or pumped onto the open areas of the woven
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mesh surface using a roller squeegee, as shownhkigurel.22[25]. The squeegee

with a stiff backing and a blade edge has a number of different hardness to choose.
Shore A is the measurement of the hardness of a sepieeBuring the screen
printing process, initially a light sensitive emulsion is wiped across the mesh,
(fabricated from nylon, polyester, steel or silk), in the dark. Then the unnecessary
emulsion is burnt away leaving behind a clean area in the megh rsults in an
identical reproduction of the desired image during printing. The ink is then
transferred onto the substrate with the movemenh@§queegee. The screen and

substrate are then separated and a drying procedure fpllalyd 22,.

—— Printing Plate
Movable (Stencil)

blade (Squeegee) Frame
Ink /
N\
Stationary \/
Screen

1 1

Substrate Print Bed

(Stationary)

Figure 1.22 Diagram for a typical screen printing setup[25]

1.6 Inks relevant to QTC applications

An ink is a somewhat complex mixture that contains pigments or dyes. Printing
inks were initially used to provide colour(s)am organised wagnto the surface of
products. Nowadays, inks are not only used for visual effect, but also for the
provision of novel functional propeées, as deposition on materials, such as thin

films, photovoltaics, OLED aneltc

1.6.1 Composition of inks

The composition of an ink can vary enormously, but it is commonly composed of

colorants, the polymeric vehicle (binder), carrier (fluid medium) and additives. The
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amount of colorant(s), binders and carriers are important variables of an ink
formulation. However, the additives are usually present in very small amounts. The
composition of inks can be classified as being either volatile owalatile. The

volatile ingredients include organic solvents, water and coalescing agents. The non
volatile compoents include polymeric binders, pigments, extenders, dyes, resin

precursors and additis§123.

1.6.1.1 Pigments

The distinction between a pigment and a dye is dependent on the solubility of the
colorant in the vehicle system. A pigment is present in the ink as a solid. However,
a dye is either itself is a liquid or is soluble in its veh[d24-127]. Pigments can

be simply classified as being either inorganic or organic in type. Generally,
inorganic pigments are able to provide high resistance to the usding
environment such as heat, light, weathering, solvents and chemicals. Inorganic
pigments are generally characterised as being relatively opaque due to their high
refractive index. Organic pigments usually give high intensity and brightness of
colour because the particles haviigh refractive index and high transparency. The
performance of a dye usually is influenced by the structure of the dye molecule. By
contrast, the colour and the technical performance of a pigment is affected not only
by the molecular structure, but also by the arrangement of crystal structure and the
nature of the pigment particles.§.size, size distribution, shape, shape distribution,
surface area and surface area distribution and the means by which the pigment might

aggregate in the mediunf} 27).

1.6.1.1.1 Titanium dioxide

For manycoatings and paints, Tids the most widely used pigment. Its properties
include high refractive index and great opacityThe physical and chemical
properties of TiQ, such as various size rangegtermine its ultimate iisation.
TiO; exists in natural minerals as three fagrutile, anatase and brookite, of which,
the anatase form and the rutile form are the most common forfadhle 1-1
illustrates the differences of T3On rutile and anatase fornf42§. Figure 1.23
demonstrates the crystal structures of ;Ti@rutile andanatase form§128 129.

TiO, can be used to control the resistaatéhe QTC printed films
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The two major production methods for TLi@re the sulphate process and the
chloride process. The production of anatase fornm, W@ep@dent on the sulphate

process, according to the schemes as illustrated jeRGy

FeTiG; + 2H,SOy —> TiOSO, + FeSQ + 2H,0

Ti0s0, 2 Tio,n(H,0) + HSQ,

: A
TiOon(H0) —= TiO.n(H20)+ nH,O

The production of rutile form Ti@is dependent on the chloride process,

according to the schemes belfi8(:

TiO (impure) + 2C} + C —> TiCl, + CG,

TiCly + O, — TiO; (pure) + 2C}

Table 1-1 Differences of TiO, in rutile and anatase forms[12§

Rutile form Anatase form
Crystal structure Tetragonal Tetragonal
Production Commercial Commercial
Density (g/cn?) 4.0 3.8
Particle size (um) 0.1771 0.25 0.147 0.18
Dielectric constant 114 48
Hardness (Mohs) 61 6.5 (brittle) 5.57 6.0 (brittle)
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Figure 1.23 The crystal structures of rutile and anatase TiQ[12§

1.6.1.2 Carriers

Carriers act as a vehilfor the pigments and binders in the ink formulation and
should control the viscosity so as to provide a basis for unifokrapplication.
Although the presence of the carrier is temporary, it influences not only the
application characteristics of ankinbut also its performance, physical properties
and the durability of the coating. Carriers can be organic solvents, water or
combinations of monomers. Indeed, in some instances, each of these might be used.
The major factors to consider when selectangarrier of an ink formulation are
dependent on solvency and evaporation rate requirerfie3]. The solvents that

are used should not be very volatile because of loss of excessive solvent during
screen printing process [132. For viscosity/flow characteristiof a screen
printable ink, there is no specific viscosity range for screen printing. The average
viscosity could be in the range of 1.5 Pa s to 50.0 Pa s, or might be much higher
[132 133.

The objective of tis research is to use a watsaised binder to produce QTC

ink formulations; hence the carrier will be water.
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1.6.1.3 Binders

Binders are the most significant component in an ink formulaiatdetermine the
drying methodadhesion to the substrate, resistance and mechanical propktties

ink. A binding agents used to bond pigments, the liquid vehicle, the additives and
the substrat¢127]. Binders are commonly macromolecules that have molecular
masses ranging fnro 20,000gmol™* to 1x10° gmol*. The binder acts as a part of
vehicle that also provides interaction capability for the ink, and during transfer of the
pigmented ink onto the surface of the substfdf2l]l. In order to achieve an
acceptable ink film, the binder must be adsorbed onto the surface of the pigment
particles and to the substrate, allowing both of them to be solidified onlibtrage
forming a coherent macromolecular film of high molecular njag4, 123 134.

With the increasing molecular mass of the binder, the properties of the ink film can
be altered. Such properties include the elasticity, hardness, adhesion, viscosity and

deformation effectf24].

Binders used for printing QTC inkare mixed with the metallic pigment to
form printed composites with novel properties. The metal particles are usually
encapsulated into the polymer sHéalBg, which gives a host of composites. There
are usually no chemical bonds forméxtween plymer chains and the particles
Thus, the printed compositawaintain of some of the physical and chemical
properties of the polymeric binders and the pigmeontabined With such unique

properties, a wide application potential is employed in diverse areas.

Poly(vinyl pyrrolidone) (PVP) has been widely used in a vast range of
applicatiors due to its noftoxicity, excellent biocompatibility and water solubility
such as fabrication of polymer membranes, additives to paints and coatiras and
medium for pharmaceutical tablgts36-140. Apart from these benefits, PVP also
has high dynamic elasticifjt41] and isusually used to prevent the agglomeration

of nanoparticle$147.

Poly(2-vinyl pyrrolidoneco-styrene) or, (PVFS), is a copolymer that is
commonly used in the fabrication of ultrafiltration membranes because of its

hydrophilic units, dvinylpyrrolidone, and its hydrophobic unit, styrene.
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In 1936, acrylic polymer was first commercially used in laminated safety
glass as an adhesive interlay#d3. Since then, acrygipolymers became highly
used due taheir excellent optical and thermoplastic properties. Acrylic emulsions
or polymers are becoming widely popular in the coating industry because of their
amazing colour stability and transparency, resistance to agohdoaweathering.
These acrylic polymers are commonly added into paint formulations as thickeners
that increase the shear viscosity to achieve perfect pseudoplastic and thixotropic
behaviour and prevent pigment settlemgM4]. Acrylic polymers are usually
prepared by solution polymerisation of copolymers of acrylate and methacrylate
esters[143. The solubility can be controlled and neutralised ofiamsed
carboxylic acid groups bgddingbases. The high solid content with low viscosity
and | ow manufacturing cost H45alomgwitho acr
its high resistance to heat and solvent and its remarkable [§l4§s Therefore,

acrylic copolymers are usually used in the printing and mgatidustries.

1.6.1.4 Additives

Additives are used to change the physical properties of the ink to and to adapt it to
different situations in which it may be appligt47]. Printed films can experience
problems during application and in storage. Factors of relevance include slow
drying procedures; stiff and brittle ink surfaces, agglomernaiguaent particles and
improper viscosity etc. Therefore, understanding the relationships between
additives and the ink system is vital when choosing the best route to ink formulation

[131]. The most common additives used by ink manufactures inflia¥e149§ :

1 Rheology modifiers: Used to modifying the rheology of an inle.g.
viscosity, elasticity and rigidity) and also of the print.
Waxestmprove the rub resistance of an ink film.
Driers/Initiators: Used to give acceleration of the curing process
betweet he i nk6s component s.

1 Nonreactive binderstsed to provide print stability through their solid state,

film forming properties€.g.cellulose nitrate).
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1 Wetting agents: Used t o reduce the vehicl
assisting the ink vehicle with respeto penetration of the air pockets
(gravure plates, anilox rolleetc).

1 Defoamers: These prevent the formation of surface foam (usually
in inks that contain an agueous component) and the entrapment of air in an
ink film.

1 Plasticisers: These are used improve the flexibility of the solid
print film, to aid the rheological responsiveness and to improve the gloss of
an ink film. They may also prevent the ink film from being brittle at low

temperature.

1.6.2 Wet ink characteristics

Understanding the charactics of a wet ink film is vital to the effective modelling
and optimisation of a QTC ink, especially one that will be delivered by a screen
printing process. The study of key characteristics of the fluid ink can help in
building up a series of necessargerable parameters for a QTC ink. The key
characteristics of such wet inks can be considered to be the flow properties

(rheologyl/viscosity), the surface tension and the quality of the pigment dispersion.

1.6.2.1 Rheology and viscosity

The rheology of a fluid omelt describes the flow behaviour. Hheology is
recognised as an important field of scientific study. In general, there are four
categories of an ink that need to be recognised. These are elasticity, plasticity,

rigidity andviscosity.

The viscosity ofa fluid is one of the most significant characteristics of the
flow properties of all liquids. Viscosity is the resistance to flow. The viscosity,
whose unit is Pas, is the ratio of shear stresgp shear rateg (Equation1-10,
Equationl-11 andEquationl-12). For instance, water has a low viscosity (1 mPas)
while screen printing inks are more viscous than water, havinigcasity range
from 1,000mPasto 10,000 mPas for graphics and may reach up to 50,000 mPas for
some highly loaded inks and adhesives. A Newtonian fl@dy. water,

demonstrates a constant viscosity when changing the amount of shear force. The

e
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viscosity of most inks decreases as the shear rate increases or as the shear stress
decreases. Thisfef e ct i s termedo6 t be 0pbeduonptll

phenomenoifil49.

A
h =
"

Equation 1-10 Shear viscosity, wheréh , ansl grepresent the viscosity, the
applied shear stress and the shear rat@spectively

5

Equation 1-11 Shear stresshere, F is the force applied over an area A of the
ink

Equation 1-12 Shear strain rate, wheregrepresents the change of velocity, u,
formed by continuous layers of thenk in the z axis, when shear is applied

0Thi xotropy is defined as the proper

time dependent floj126. 6 S ¢ r e e mare phixatropic,iasispown Fgkre

1.24. They give pseudoplasticity with a hysteresis loop. The viscosity decreases
when high shear forces are used. Screen printing inks thin during shearing, even
though the shar stress is constant. When the inks stop flowing, the viscosity returns
back to a value that is close, but not equal to the initial value, slowly or quickly.
Thixotropy, which can be identified by the hysteresis loop, helps to define how an

ink will behave when it is composed of varying viscosity generating phenomena.
Rheopexy is the opposite of thixotropy. In rheopexy, there is an increase in the
viscosity as shear forces are applied tlesdasted lines represent(Figure 1.24)

[150.

The minimum sheastress that is required to cause a fluid to begin to flow is

the 6yield pointo. As | ong as the shea
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flow. The usefulness of the yield point can be explained usinginprpaints as an

example. After theamoval of the applied force on the substrate and the flow has
stopped, the paintds viscosity increase
because the yield point surpasses the force of gravity. Additionally, a high yield
point can enable an ink tosist bleedingbut reduces its ability to flowInks with a

low yield point can flow easily, but bleeding is more likely to occur. Therefore,
determining whether or not the flow of an ink is dependent on the yield point is
important to controlling any éw and levelling without excessive drippih@49,

15Q.

rheopexic < <
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-
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Figure 1.24 Viscosity vs. rate curves with time dependencid 33

Viscosity is depedent on the initial stress used and on the duration of the
application of the shear force that is applied. In practice the time taken to return to
the initial viscosity fluctuates due to the different ink propeftl&s 149.

The applied temperature, solvent composition and the presence of thickeners
can vary the viscosity of an ink significantly. The viscosity of most inks decreases
as tempmature increases. The temperature of the inks must be constant during the
printing procedure. Increasing the temperature induces the thinning of most inks,

which is due to the increasingly frequent molecular motions that occur with
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increasing thermal engy. The viscosity of an ink decreases when a solvent is
added. A thickener is a form of additive, such as one of the silicas or other fillers
that allow the ink to increase in its viscosity. If inks are known to bleed excessively,
thickeners are used tncrease the viscosity and the yield p¢i9, 15Q.

1.6.2.2 Surface tension

Surface tension plays an important role during liquid flow and after the liquids has
stopped flowing. The surface tension of the fluid and the critical surface tension of
the substrate influence dramaticaltige printability of a fluid ink. Wetting
phenomena are caused by the attraction forces between ink molecules and the
intermolecular forces between ink molecules and the substrate surface. The ink
attempts to form spherical droplets to diminish the serfaea. The greater the

Il i qui d mol e cfarck,ehé greatertidhersarface termsion. Consequently,

it is difficult for liquids with a high surface tension to wet and adhere onto a solid
surface that has a low critical surface tension due tallsmtramolecular forces
between the molecules of the liquid and the molecules of the solid. Solid surface
substances can be wetted by lowering their surface tension. One can avoid wetting
problems either by decreasing the surface tension of the in&caies, increasing

the surface energy of the substrate or both. One also needs to reduce any
contamination. Surfactants will decrease the surface tension of the ink. However,
surfactants can result in -geetting if there is great affinity between therfagtant

and the substrate. The surface tension of screen printing inks is usually less than 36

mN/m. That of the substrate is usually significantly greater than 40 rfid8&h

1.6.2.3 Zeta potential

Zeta potential is a measuremenit the magnitude of the charge attraction and
repulsion between nanoparticles in solution (colloids). It is one of the parameters
usedto evaluate the stability of the QTC inks. When the pet@ntial values are
greater than +25 mV or less thé2b mV, the inks generally have high degrees of
stability [151]. Because offan der Waal interactions, the particles with low zeta

potential \alue will aggregate eventuall§52,.
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Electrical double layer

Figure 1.25 A thin layer of opposite charge $ attracted by the surface charge
from nanoparticles. An electrical double layer is formed around the
nanoparticles, which results in an electgal potential that is known as eta
potential [152]

1.6.2.4 Pigment dispersion

Poor dispersion or inadequate milling may result in agglomeration of the pigment
particles, the ink then being namiform. Aggregates ofigment particles influence

not only the ink quality but also the printing operatj@d8. As a result, there is a
need to understand the mechanism of dispersion and stabilisation of pigment
particles during the manufacture of an ink and in its processing. The major factors
that can influence the formation of aggregates ginant particles are the size and
shape of the particles, the viscosity of the medium, the surface tension and the
interfacial tension, the type of milling equipment used and the temperature of the
dispersion153 154. Therearea number of methods for reducing the particle size
while forming a dispersion, such as ballmigd/bead mills, centrilmills, rollmills

and heawduty pugg155. The dispersibility of an ink can be ieased by adding
surface active agentse. wetting or dispersing agents, to reduce the surface tension

of the vehicle.

There is an increasing use of nickel powders in coatings on dielectric

substrates, designed to form a conductive film. The majorresgant of the nickel
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particles in a QTC ink is that the particles mix with wdiased binders to form a
stable QTC ink. Therefore, the effective dispersion of such nickel partitle
different binders is an important factor. Propylene glycol is arctefée dispersant
stabiliser of nickel particles in various media, due to the glycol presenting a steric
hindrance effector emulsion in water formulationsin addition, oligomer polyester
surfactants have been examined. These diminish the flow regisjaren by the

nickel particles, thus enhancing the creation of disper$&5js

1.7 Strategies for the development of the screen printable ink
formulations

Understanding strategies for the development of ink formulations is important. It is
necessary and significant to consider the properties of ink formulations first. For
example, the conductivity, the flexibility and adhesion of ink films andhbstrate
need to be taken into considerat[@5q. Strategies for the development of QTC ink
formulations need to be built on understanding of the nature of mmRufation,
experimenting with the design of the mixture and modelling and optimising mixture

formulations.

1.7.1 Nature of screen printable ink formulations

Before designing an ink formulation, the nature and characteristics of each different
component need toebunderstood. For instance, a study of the morphology of the

particles, the rheological properties of the fluids, the mechanical properties and the
solid content of the binders should be rationalised, as should the various types of

interaction that can (M) be used.

1.7.2 Experimental design of ink formulations

When designing an ink formulation that contains several different components, the
factorial design method is an easy statistical method to use. The benefits of factorial
design offer simple and preciseethods for analysis, fewer experimental runs and

fewer needs for independent observations on each factor.

In factorial designs, there are k factors with m levels in n observations.

These indicate k variables in an ink formulation giving n experimeasallts. In
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general, m is usually assigned as 2, in order to screen the results at the beginning of
a R&D project. Therefore, the number of required experimental runs is shown as
Equationl-13[156.

A

Equation 1-13 Required experimental runs at two levels; k repesents the

number of variables

The construction of the dige matrix is formalised by Yates Order, which
describes a special structure that generates the least squares estimates for factor
effects and all relative interactions. When a matrix is established, columns and rows
are defined as variables and experimenl| runs. The formul a
illustrated byEquationl-14[15§.

The number of sign changes %'2

Equation 1-14 Formula for sign changes, whera represents the column

number

1.7.3 Modelling and optimisation of ink formulations

When modelling and optimising the formulations, one problem that might occur is
the use ofa large number of multiple components and multiple performances. In
order to simplify this problemiquation1-15, which expresses the performance of

an ink as a function of the ink components, can be used.

Y=f (X)

Equation 1-15 Generic mathematical model for mixed system. Here, Y is the
performance of the mixture, f represents a functional relationship and X

Is the composition of component i
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For instance, th property of two component mixtures, using this generic

mathematical model, can be extended as showguationl-16:

Y=f (X1, Xo)=arXq+aXota12X1 X2

Equation 1-16 (a;, & are indications of the influences of components 1, 2.,as
an indication of the influence of the interaction between components 1 and
2)

From experimental data, each individual ink system has a corresponding
performance Y, as well as threeknown coefficients. Therefore, three equations
with three unknown coefficients are established. As a result, each of the unknown

coefficients can be calculated.

1.8 Aims of research

Owing to the fact that the development of QTC inks is a relatively newdgn
the precise influence of each QTC ink component and the effect of any interactions
bet ween the inko6s ingredients, on the
understood. Thus, a study of the formulation procedures associated with QTC inks
was a effective starting point towards helping to understand more thoroughly how
the QTC system works.

The aim of this research was to develoaterbasedscreen printabl®QTC
inks that have/had similar electricahd mechanicgbroperties to those of the QTC
materials. Also, it is significant to produce repeatable and reliable electrical
properties as QTC materialddeanwhile, the thicknesses of the ink films would be
thin enough to embed them into tthexible displayse.g.electronicsiextiles, pulse
cortrol, printable memorygomputercredit card e-paper, mobile and tablet®\lso,
it was significant to interpret and to understand the mechanism of the electrical
performance of the QTC inksxder compression

One of the most significant potential betefof the proposed QTC inks is

their large number of applications, as mentioned in last paragepb, the printed
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films will be low power consumption, as the electrons will not be activated until
pressure is applied. This, in turn, means that QT iims have a longer lifetime

when acting as conductors compared to other conventional ones. Furthermore, the
proposed QTC ink film will display a large dynamic range, as the electrical
resistanceange covering over 12 orders of magnitude. Moreovemtinéed films

will be reliable, sensitive, intrinsically safe and ruggedlso, the proposed QTC

inks will be environmental friendly as the binder used is wadsed.

The primaryaim of this research was to ddop QTC inks that could be
printed using pnting techniques. These inks must display presssponsive
electrical conductivity. Developing an ink formulation was the main challenge of
the research, as various conditions of the printing process had to be satisfied in terms
of wetting, adhesiorand drying after deposition of liquid layers. Meanwhile,
pressuraesponsive electrical properties have to be achieved to allow the printed
films to perform as QTC materials. In order to accomplish these electrical
properties, an extremely high loadinfyretal content had to keppliedto the ink,
which also hado be screen printable.

Through the study of QTC material, it would be possible to establish an
understanding of relevant mechanisms of operation. @usthidy should covers
mixture experimentadlesign, modelling thelectricatmechanicaproperties and the
composition relationships of the QTC inks and the optimisation of the QTC inks, in
order to achieve similar electrical properties as those possessed by the QTC
materials and characterisatiohtbe QTC inks. In the process of the formulation
development, various aspects would be addressed. Interpretation of data obtained to
establish and understand the conductivity predtleicture/composition relationship

would be an important part.
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Chapter 2. Experimental

It is crucial to follav established and repeatable procedures in the preparation and
use of ink components. In the preparation of QTC inks, experimental methods can
vary in terms of the nature of the raw materials to be used, their loadings, their
shapes and sizeén the lalmratory work, safety precautions, such as the use of fume
cupboards, safety glasses, gloves and care in the use of chemicals were taken based
on Material Safety Data Sheets (MSDS).

In the study described in this chapter, the characteristics of matediaidiiy
substrate for printing and ink components are introduced. Knowledge that is
obtained from the characterisation of a sample material helps one to understand its
interaction with other components and with itself when it is used in complex
formulations. For the characterisation of pigments, electron microscopy, particle
size analysis and zeta potential are useful techniques. For polymeric binders,
thermal analysis, spectroscopy, rheology and microscopy are effective techniques
characterise polymmes 6 .nFRurtharmare, the methods of preparation and printing

for QTC inks are detailed with regard to the nature and role of the ink components.

2.1 Materials

Materials used to prepare, characterise and apply the QTC inks are detailed into two

sectionsj.e.Substrates for Printing and Ink Components.

2.1.1 Substratesfor printing

In printing technology, the term substrate is used to describe the base material that a
printing ink or coating can be applied onffd. Substrates for screen printing cover

a wide rage of types, such as paper, cafbmard, card, plastics, glass, metal,
textiles and so of2]. In this study, two different substrates were typically used for
testing and investigating the electrical properties and the mechanical properties of

QTC inks. The two different substrates are described below.
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2.1.1.1 Carton-board/paperboard for rapid ink testing

Cartonboard (sed-igure2.1) is often the preferred substrate that is used when there
isaneedtorelatethepanbi | ity of an ink with the i.1
flow properties, strength, hue and gld8$. The fibrouscartorboard used was

supplied by Incada Exel, Proctor Paper & Board Ltd., Westland Square, Leeds. This
cartonboard had a gammage of#i® g/nf, a thickness of 400 pm angood

smoothnes$or ink coveragend uniform ink adsorption characteristics.

Ink flow testing is one of the important criteria that can be used to test an
i nkos p r o gatonboard was Uiskde as a base substrate af@uick
assessment of the suitability of the ink. A high viscosity ink, which would be hard
to achieve a smooth and uniform film, would not be suitédrigrinting process If
the ink had too low a viscosity, it would also not be used as it would blekdot

remain on the substrate.

Paperboard
i Substrate

Ink Film g=d .

K-bar
movedin
this
direction

Figure21Carton-boar d used in a check of the inl
hue and gloss in ink printability testing

2.1.1.2 The poly(ethylene terephthalate)based interdigitated electrodes

The susbtrate on which the QTC inks were printed dfgu(e2.2) was supplied by
Peratech Ltd., Old Repeater Station, Richmond, UK and is comprised of
poly(ethylene terephthalate) (PET) sheet that had beepripted with carbon
containing inks and with silver inks to give electrodes. These were used to make

contact with the ink films to establish an electrical circuit. The caHased
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electrodes (according to the Technical Data Sheet the thickness of aacbeut

71 8 um) were produced from a screen printing ink (supplied by Henkel Ltd.) that
was very compatible with the polyester filml'he thickness of the ded carbon
electrode wasipproximately8 pm andthe resistivityof thatwa s 1 70 The s q
electodes used to test the electrical resistance ofptivged film are shown in
Figure2.2.

Printed Carbon Electrode
i Zath . =)

=

Jd d|d

B
B
B

_ Ep—
Printed Silver
Conduction Track

Do |t
= an

Figure 2.2 PET substrate preprinted with 5 arrays (i.e.a, b, ¢, d and e) of silver
conduction tracks and carbon electrodes

2.1.2 Ink components

Inks are commonly composed of colorant{s). pigment or dye), binder(s), carrier
(i.e. organic solvent or water) and additive(s), as showkignre2.3. One objective
of this project was to formulate watbased inks, due to their ease of application

and their environmental friendliness.

Printing Ink Components

Dyes Pigments Natural Artificial Water Organic ‘ Surfactants H driers H

(Soluble) (Dispersed) Resin Resin Solvents

Figure 2.3 Diagram showing the printing ink components
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2.1.2.1 Pigments of relevance to QTC inks

There are four metal powders and one alloy powder used in formulating the
composite inks, as shownTrable2-1.

Table 2-1 Metallic powdersused in this study

Powder Supplier Nature andcharacteristic
Ni Vale Inco Europe Ltd, This has a fine, spiky characteristjc
which has electrical conductivit
Swansea, West Glamorgan value of 14.3 Siemens/mThe

particle size distribution range
from 1 to 100 um. Such nick
powders rarely become udace

oxidised[4] .
Fe Sigma Aldrich Ltd, Gilingham, This iron powder has a fin
Dorset, UK charecteristic and light grey

colour, which has electrica
conductivity  value of 10.
Siemens/m.

Cu Echart UK Ltd, Unit C The Sidings This is a flaky material that wa

Station Road Ampthill, developed to be resistant

Bedoreshirem, UK oxidation. This has electrical
conductivity value of 58.!
Siemens/m.

Bronze Echart UK Ltd, Unit C The Sidings This is a flaky powder, xidation
Station Road Ampthill, resistant which is heat treate:
Bedforeshirem, UK This has electrical conductivit

value of 7.4 Siemens/m.

Zn Sigma Aldrich Ltd, Gillingham, This has no#flaky, nonspiky powder
Dorset, UK that is coarse in natureThis has
electrical conductivity value ¢

16.6Siemens/m.
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2.1.2.2 Water-based mlymeric binders

The properties of the binders hasaesignificant influence on the performance of
coatings or inks. Polymeric binders provide the basis for ink mobility and flow
properties. The watdyased binders that weresal in this research are listed in
Table 2-2, in which the details of the supplier and chemical nature of each of the
chemicals are given. All the binders used in this research were mixtures of at least
one polymerand water, but owing to commercial confidentiality, the formulation of

each polymeric binder was not available.

Doubly-di sti |l | ed, dei oni sed water, -disch
flex-Velolia distiller, was used where relevant in the preparatiothefwet ink

samples and in adjusting the solids contents of the various ink formulations.

Table 2-2 Binders used in the study

Binder Name Supplier Chenmical Nature

PVP Sigma Aldrich Ltd, The product name is pdlyinyl pyrrolidone) and
Gillingham, Dorset, UK| average molecular weight is 360,000 g/mol.

PVP-S Sigma Aldrich Ltd, The product name is poly-(nyl pyrrolidoneco-
Gillingham, Dorset, UK | styrene) copolymer. It is composed of
Pyrrolidone, ZXethenyl, polymer with etheny
benzene and the loading for these componen
038 to 042 wt %. The
i s O582w% Tke styrene loading is ¢
wt% in the solid caent. The average moleculs
weight is 645.87 g/mol.

Polymeric HiT Tech Products Ltd., | This is a colloidal stabilised emulsion that give
emulsion (PE1) Derbyshire hard polymer based system. It is supplied
DE11 9DH approximately 4044 wt% solids in a emulsion

which mainly contains a alkali soluble acryl
copolymer. The product is modified with a PT
(poly(tetrafluoroethylene)) wax, IPA (isoprop

alcohol), some soft polymer and around 15 W
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binder solution.

Polymeric

emulsion (PE2)

Hii Tech Prodets Ltd.,
Derbyshire

DE11 9DH

This is an alkali soluble acrylic copolym
ME

is a

emulsion, which is neutralised in
(monoethanolamine).

modified with PTFE, IPA andntifoam

The product

Printofix 83 Clariant Products Ltd., | This is an aqueous dispersion of a styraweylic
(PE3) Marc Leyendecker, copolymer and the viscosity is approximately ]
mPa s (20 °C).
6 rue Louise Michel,
94600 Choisy le Roi,
France
PSE1 Evonikindustries Ltd, | This is a hazy emulsion which included a silic(
Milton Keyne, UK, modified polyurethane dispersion. The sol
MK10 OAE content was approximately 33%. The soly
blend contained dipropyleneglycol dimethyl et
and water in the ratio of 5:60. The viscosity
this binder was pproximately <200mPa s (2
°C).
PSE2 PennWhite Ltd. This is a poldi(siloxane) emulsion with a soli
i 0
6 Aston Way, content of approximately 35 wt%.
Middlewich,UK
CW10 OHS
PSE3 Formulated Polymer | This is a poly(isoprene) emulsion. The sol

Products Ltd.
8 Garden St,
Bury, UK

BLO 9BQ

content of that is approximately 64 wt%.

2.1.2.3 Titanium dioxides

Threedifferentgrades of TiO, were used to modify the electrical properties of QTC

inks. Two different types of Ti@were used in this project (rutile andasase) due
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to their different physical properties, such as the specific surface area, the particle
size andhe surface treatmeniliO, can be used to control the resistance sensitivity

of theprinted films as introduced i1.4.3. Thethree gradesf TiO, that were used

in this research are listed Trable 2-3, together with the supplier, surface treatment

details, pigment types and Ti©ontentd5-7].

Table 2-3 Three gradesof TiO, used in the study]5-7]

Commercial Namg  Kronos TiQ Kronos TiQ Kronos TiQ
[1080] [2190] [2300]
Supplier Kronos Titan Kronos Titan Kronos Titan
GmbH GmbH GmbH
Production Anatase pigment  Rutile pigment Rutile pigment

produced by the  produced by the  produced by the
chloride process sulphate process sulphateprocess

Pigment Tpe Anatase Pigment  Rutile Pigment Rutile Pigment

Surface Treatmen{ Sb (very small Al (1.55%) Al (2.57%)
amount)
TiO, Content > 98% > 94% > 94.5%
Sample TiO, a TiO, b TiO, C

Identification Code

2.2 Equipment

Several pieces of the equipments were usedit fhe prepared QTC inks and to
characterise the ink componengsinted filmsand the intedigitated electrodes. The
equipment is classified into two majoategoriesi.e. equipment for ink preparation

and testing and equipment for ink and ink filmacdcterisation.
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2.2.1 Equipment for ink preparation, ink application and electrical
resistance testing

2.2.1.1 Draw-down of the QTC inks using Kbar, prepared on carbon board
substrate, for rapid/initial ink testing

The drawdown K-bar is a wired rod that is used to dsjpp a defined region of
Aprinto for i KdureZaly sTeesekkatrieah dcondyctviey avas tested
after the inks or the coatings had been dried. In addition, the approxicikigess

of each coating wasontrolled bythe use of different sizes of-Bar. InFigure2.1,

the K-bar 7 is depicted. Consequemntivet ink with an approximate thickness of 75
pum wasproduced on the substrate. Details oftmarboard were given in Section
2.1.1.1 Each size Kbar can produce films of its corresponding wet film thickness,
as shown imable2-4.

Table 2-4 Wet film thickn esses can be created by the different sizes ofdars

K-bar Number Wet film thickness

1 6 um

2 12 pm
3 24 ym
4 36 um
5 50 pum
6 60 um
7 75 pum
8 100 pm
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2.2.1.2 Screen printing equipment

Figure 2.4 Roku Print SD0O5 seni-automatic screen printer used in this research

A Roku Print SDO5 screen printing unit was used in screen printing, as
shown inFigure2.4. This is a piece of serautomatic equipment, having pressure
and speed controlsFigure 2.5 shows a schematic diagram of the screen printing
technique. In operation, the ink was forcatiroughthe open areas of the coated
stainless stencil mesh surface using a squeegee under a 4 bar pressure. The
squeegee setup as mechanically adjustable. The print setup was controlled
electronically via the control panel. The QTC ink was screen printed onto tarbon
silver interdigitated electrode sheets that had beerpmmeed onto the PET
substrate (as shown Figure2.2). In this study, a squeegee of 80 shore A hardness
(supplied by S. Wood Service, Unit 14 Centre Park, Marston Business Park,
Rudgate Tockwith, York) was used, at an angle of 60° to the horizontal, in the print
diredion. The screen was locked into the holder. Thecofitact gap between

screen and print bed was set at 3 mm.
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— Printing Plate
Movable (Stencil)

blade (Squeegee) Frame
Ink /
N\
Stationary \[
Screen

1 1

Substrate Print Bed

(Stationary)

Figure 2.5 A schematic diagram of screen printing technique

The specifications of the wovenesh screen are givenTiable2-5[9]. This

specification of screen was chosen to provide a durable screen.

Table 2-5 Specification of the aluminium screen used ithis study [9]

Frame Meshstated parameters EmulsionStated

parameters

Aluminium 20 mm x 2{ Stainless steel, 32 w 38 % solids U\turing
mm box section, 400 mm thread thickness, 56 ur emulsion, 2 coatper side
210 mm print area opening, stretched to 18

tension

2.2.1.3 Overhead stirrer

The mixing equipment used for preparing QTC inks was ani WWérke Eurostar

digital overhead stirrer, as shown kilgure 2.6. Figure 2.6 displays the overhead
stirrer with a double blade impeller head fitted. The rotation speed ranged from 50
rpmto 2000 rpm. The speed control dial was able to ensure a constant speed that
could be provided even with changes in viscosities of the sample. éblaue

impeller was chosen to ensure that the mechanical agitation would not damage the
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spikes of the nickel particles within the QTC ink#. was experimented that the
pressure sensitive properties of ink films have disappeared, as the ink films became
completely conductive. This meant that triple blade impeller could remove the spike

tips of nickel particles during mixing.

Figure 2.6 IKA -Werke Eurostar overhead stirrer and double blade impeller
used inthe research

2.2.1.4 Keithley-Picoscope instrument

A customised setup was used in Peratch Ltd for measuring the CJoitage
characteristics of the print samples. The setup (as shokigune2.7) consisted of

thefollowing units:

1 Lloyd LR 5K Instron 5543 universal testing machine (UTM) with Merlin
software

500 N load cell for the Instron UTM

Keithley 2100 6 ¥ digit multimeter (DMM)

Base platform to support samples

= =4 A =

Rubber dome tipped truncated aluminium probe thatsaase size of the
carbon contact on the intdigitated electrodes
1 Gold plated crimp female contacts to ensure the connections with the inter

digitated electrodes
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1 Two jacketed copper wire cable assembiigsmm jack to crocodile clip to
gold plated maleip contact

1 Glass bar magnet

Keithley 2100 DMM

500 N load cell

Rubber tipped
aluminium probe

Samble platform

Figure 2.7 Customised UTM setup used for Force vs. Resistance testing

The aluminium probe was attached to the load cell on the UTM. The UTM
was used able to apply a conteallforce to the sample sensors. The ends of the
cable assemblies were plugged into the sockets on the DMM. The gold plated male
contact pins were plugged into the gold plated female contacts of the sensors at the
other end. The sensors were kept levette base plate by the use of a bar magnet.
The DMM supplied a constant current to the attached sensors and measured the
voltage across the sensors. The DMM was connected to the UTM. The UTM was
connected to a PC running the Merlin software. The geltaeasurements from the
DMM were recorded via the UTM in the Merlin software.

2.2.1.5 Lloyd LR 5K Plus digital material tester

The Lloyd LR 5 K testing instrument combines high performance, flexibility and
ease of use. It was used to measure the elastic maafudzsch polymeric binder
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and each printed filmFigure2.8 shows the instrumental setup for the measurement

of the stresstrain behaviour ahe binder films and the printed films.

100N load cell

Figure 2.8 Instrumental setup for the measurement of the stresstrain
behaviour of thebinder films and the printed films

2.3 Selective characterisation of raw materials

2.3.1 Selective characterisation of pigments

The pigments used in this reseh were the nickel powder and three different grades
of TIOz

2.3.1.1 Scanning electron microscopic (SEM) evaluation of pigments

Scanning electron microscopy is a widely used technique, where a focused beam of
electrons is scanned across the surface of aniebdlgstrconductive specimen. A
deposited conductive layer on the surface of the specimen is therefore necessary to

avoid charging.

Figure 2.9 shows a schematic diagram of a basic SEM instrument. The

electrons areproduced and accelerated using a field emission gun (FEG) or
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thermionic source in a high vacuum column. The electrons are then focused on the
sample by passing through two or three condenser lenses which demagnify the spot
size down to 0.4 nm to 5 nm oliameter. The electron spot is then rastered by
deflection coils. The electrons interact with the surface of the specimen with a
resolution down to 1 nm, generating other electrons from the material surface and
then subsequently forming the image. Diiet interactions between the electron
beam and the surface of the specimen occur, with secondary edeatrdrback
scattered electrabeing the most common. The secondary electrons emitted by the
sample were collected by an Everh@inomley (ET) detetor and are represented

on the screen by a brightness which corresponds to the measured intensity.

‘ ‘ Electron Gun

— Anode

. Condenser
I

D D D D Scan Generator
Magnification
Control I—-

[ ]Objective

'S,

Specimen Collector

Cathode

Photo Multiplier

Figure 2.9 Schematic diagram showing the components of an SEM column. A
beam of electrons is produced at the top of the microspe by an electron
gun. The electron beam follows a vertical path through the microscope,

which is held within a vacuum. The beam travels through
electromagnetic fields and lenses, which focus the beam down towards the
sample. Once the beam hits the sartgy electrons and Xrays are ejected
from the sample

The instrument used for the scanning electron microscopy was a Jeol JSM

6610LV model. The sample preparation involved the deposition of a representative
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amaunt of the sample powder, onto a standard SEM stub using eeobductive

tape. The sample was then golshted using a Bi®ad SC500 diode sputter
coating unit. The sample was examined under the electron microscope over the
magnification range of x 20@ x 15000, using an accelerating voltage range from 5
kV through to 30 kV.

2.3.1.2 Estimation of metal contents

Scanning electron microscopy with energy dispersiveay spectroscopy is a
widely used surface analytical technique. Enetigpersive Xray spectroscopy
(EDX) is used tomap the elemental distribution of a sample. A higblyused
scanning primary electron beam is used to generate high resolution images that have
excellent depth. The primary electrons use KV330 kV energy to strike the
surface of a sample. As a cengsience, secondary electrons with low energy can be
produced. The major surface topography of the sample is mostly dependent on the
intensity of these generated secondary electrons. As a result, by scanning the
electron beam across teample, the metatom contenaind the metal atom ratio in

the pigment sample can be achieyEa].

The EDX component of the JOEL JSBB10LV, Oxford SEM Instrument
was mainly used to detect the locationTa®, which has small particle size. 100
frames of data were collezl using an accelerating voltage of 15 kV under the
aperture 3 mode of operation for each sample. In each case, an elemental
distribution for a selected microscopic acéa specimemvas monitored.

2.3.1.3 Particle size analysis of pigments

Particle size analys data for the relevant samples was obtained using a Malvern
Mastersizer 2000. Thismstrumental uses a laser diffraction technique, covering

the particle size range between 20 nm and 2000 um. Preparation of the sample
involved pasting a small amouait the sample (20 mg) in a 50 mL glass beaker with

a few drops of Air Products Surfynol GT324, a dispersing additive specific for the
dispersion of the inorganic pigments. 50mL of distilled water were then added to
the beaker and the mix was then teglin an ultrasound bath for 5 minutes. Each
sample was then run on the Malvern Mastersizer, following a standard operating

procedure.
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2.3.1.4 Zeta potential measurements

The sample preparation procedure used for the zeta potential measurement was the
same as it used in analysing the patrticle size (as demonstrated in Section 2.4.1.3).
The prepared sample was then transferred into a zeta capillary cell for zeta potential
measurement, using the Malvern Mastersizer Instrument. The measurement was
recorded usingPhase Analysis Light Scattering mode at 25 The prepared
samples included nickel powder; three grades of, Bid both nickel powder and

TiO, dispersing in different binders.

2.3.2 Characterisation of polymeric binders

2.3.2.1 Fourier  Transform Infrared Spectrophotom etric (FTIR)
characterisation

The polymeric binders that were later used to bind the pigments in the ink were
characterised by FTIR spectrometry. Each polymeric binder was dried overnight in
a 60°C oven until a constant weight was achieved. This was wasevaporate the
water molecules from the binder and also avoid the water band showing in the FTIR
spectrometry. Spectra were recorded for each binder sample using a Bruker
PlatinumATR spectrophotometric scanning in the range of 400 to 4000 chme

unit was operated in an attenuated total reflectance mode, at room temperature.
Small amounts of each sample were applied on the crystal area of the platinum
ATR.

2.3.2.2 Rheological studies

A TA Instruments AR 1500ex cone and plate rheometer was used to catheou
rheometric analyses of the polymeric binders. The competition of the samples
varied according to different wateased polymers. The instrument was fitted with

a Peltier plate for temperature control giving a temperature rang@® o6 200 °C +

0.1 °C. The maximum heating rate used was 20 °C/minute. A solvent trap was
available to prevent the ink from evaporating. The torque range was 0.1 pN.m to

150 mN.m + 1nN.m. The cone used had the following dimensions:
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9 Diameteri 40 mm
1 Anglei 3 deg 59 m 49 sec

1 Truncationi 98 um

At the start of each session, the instrument was zeroed and the bearing mapped.
The gap distance between the tip of the cone and the plate was set to 33 um. The
temperature of the plate was set at 25 °C. Polymeric bindees deposited onto
the centre of the plate and the cone lowered to the gap distance. Any excess ink
around the edge of the cone was carefully removed whilst the bearing was locked.
The bearing was then unlocked and the solvent trap fitted to prevemvathyrtary

loss of mass through evaporation.

The samples were conditioned at a shear rate of f6r<80 s and then allowed
to equilibrate without shear for 120 s. A shear stress ramp procedure was used. The
shear rate was increased from 0-t@ 10 s* over a 300 s time period. The shear
rate was then decreased from 1000t 0.1 s over a further 300 s. The shear
strain response of the sample was taken throughout the procedure. This operation

was repeated for all of the samples in the rasfghfferent polymeric binders.

Imnunn1

LT

Cone

Figure 2.10 TA instrument used for measuring the viscosity vs. shear rate of the
binder-based formulations (without of pigment) and the QTC inks
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2.3.2.3 Thermogravimetric (TGA) analysis

Aspects of the thermal integrity (stability) of products can be determined by
thermogravimetric analysis (TGA). This technique is used to measure the mass loss
and the rate of weight change of a material as a funofitemperature Thus, the
studes have thermodynamic and kinetic significance of temperature and time. TGA
can be used to assess the composition of fooiftiponent systems, aspects of
thermal stability and oxidative stability, decomposition kinetics and the
determination of the voldé content of materials Eachbinderbased sample was
heated for 50 min from 0 to 500°C. The heating rate for each binder sample was
10°C/min and the amount of the binder sample ranged from 20 mg to 60 mg. The
N gas balance purge flow rate was 40 mlodrand the sample purge flow rate was

60 mL/min.

2.3.2.4 Estimation of solid content

The binder formulations used in this research were mixtures of at least one polymer
and water. The understanding of solid content of each binder is of imporiimse.

is becausgolymer content in each watbased binder will significantly affe¢he
correlation between polymers and nickel particlddeasurement of the latter was
achieved by weighing an arbitrary amount of the binder composition accurately to 4
decimal places biere and after evaporation of any solvent from the composition. A
small amount of each binder was separately placed on to a watch glasn(the

total weight recorded (¥y. The binder sample was then dried in the oven at 100 °C
overnight. Then the gight of the sample on the watch glass was recordegl (W
The solid content for the waterbased binder was calculated usiBguation 21.

Each evaluation was repeated three times and an average value with standard

deviation was taken.

Solid Content (%¥ *100%

Equation 2-1 Calculation of the solid content for the screen printable binders
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2.4 Methods of preparation and printing for QTC inks

Several ink formulations were prepared to be apmiedhe electrodes to create the
circuit of the working area. Several methods, each of which depended on the order
of the addition of each ink component were devised and employed. The order of
addition of ink components was determined by the role of éhgonent in the ink

and by the resulting efficiency of the incorporation of the subsequent components.
These methods evolved with the incorporation of new components and the final ink

properties.

2.4.1 Formulation of ink 1

Inks prepared during the initial stagé the study were mixtures containing only
polymeric binder and the nickel powder. The ink that only contained nickel powder
and polymeric binder behaved very much like QTC commercial materials.
However, TiQ was needed to be added into the ink to achésm easier manipulated
printed inkwith respect tosolve the electron storage problem in composites, as
mentioned in Sectioh.4.4 The sequence of preparation for such inks is illustrated

in Figure2.11.

Polymeric Nickel
Binder Powder

Mix

A 4

QTC
Dispersion

Figure 2.11 Flow diagram relevant to ink formulation 1

2.4.2 Formulation of ink 2

The creation of ink formulation 2 followed from ink formulation 1. Here,;W@as
used and added into irfermulation 1. The sequence of inclusion of such an ink

preparation is illustrated ifrigure 2.12. Three grades of TiOwere used in this
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project, due to their differenghysical properties. It was thought thtie species

TiO, could be used to control the resistance sensitivity optimeed films

Polymeric Nickel
Binder Powder

Mix
. QTC.
Dispersion
Mix
A 4
QTCInk 1

Figure 2.12 Flow diagram relevant to ink formulation 2

2.4.3 Formulation of ink 3

Ink formulation 3 was similar to Inkormulation 2. The only difference between
them is in the sequence of the addition of the pigmestsiickel powder and Ti@

The method of preparation is schematically illustrateféigure2.13.

Polymeric '

Mix
Y
QTrc Nickel
Dispersion Powder
QTCInk 2

Figure 2.13 Flow diagram relevant to ink formulation 3
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2.4.4 Preparation of QTC Inks

As mentioned previouslyin the initial stages of the preparation of the QTC inks,
only small amounts of ink formulated. The mixing betink formulations was
carried out using the IKAVerke Eurostar overhead stirrer (as showRigure2.6).

The binded¢ vaerde fimMiixXed by the stirrer at
10 min. Then the miture was mixed with nickel powder at 800 rpm for 10 min.
This lower speed was used in cases where the shape and texture of nickel particles
could be destroyed, thus losing the unusual electrical properties. The procedure of
ink preparation was carriedibby weighing separately the different quantities of the
binder and the Ti@and then mixing both of these components together with the

nickel powder.

2.4.5 Preparation of the printed substrates for electrical property testing

2.4.5.1 Procedure for the screen printingof QTC inks

Before testing their electrical properties the QTC inks needed to be printed onto the
measurable circuit. The following sequence was used, preparation of the QTC ink
then screen printing of the QTC ink onto the-primted carbon and silver ter-

digitated electrodes of the PET substrate.

Section2.2.1.2demonstrates the instruction of screen printing technique. The
substrate (as shown in Secti@ri.1.9 was held in pagon on the stationary print
bed with masking tape around the edges. In screen prithimgnk was applied to
the print area of the screen and manually coated across the appropriate print area. A
squeegee pressure of 4 bars and a speed setting equial 0% on the basis of the
screen printer operation profile were used. Triplicate gdirsamplesf each QTC
ink were prepared. Pried samplesvere removed andllowed to dry on a clean
petridish in a 3CC oven overnight until a constant weighasvachieved. The dried
ink layer was 0.6 cm in diameter, which was consistent with the size of the open

area on the woven mesh.

2.4.6 Characterisation of ink and printed films

Most of the characterisation methods that mentioned in SeZt®oan be used to
characterise QTC inks and their printed films, including SEM, patrticle size analysis,
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zeta potential measurements, metal content estimations, FTIR, TGA analysis and
rheological studies.

2.4.6.1 Estimation of nickel content in theprinted film

The major aim of this research is to fabricate the pressure sensitivanaéhids
printed film behaveas QTC materiatloes In this case, the nickel filler content is
significant to determine the conductivity of thwinted film. Therefore, the
estmation of nickel content in thprinted samples of importance. The estimation
of nickel content in theprinted film can be calculatedy weight according to

Equation2-2.

% Ni Content —*100%

Equation 2-2 represents the estimation of nickel content in the ink print. Here,
x and y are the concentrations of nickel powder and Ti@added in the ink
respectively. S repesents the solid content of the polymeric binder in the

ink formulation which can be found from the TGA analysis.

2.4.6.2 Contact angle measurements

Contact angle studies were carried out to investigate the wetting behaviour of ink
substrate combination. This @Ns one to investigate aspects of work of adhesion
and wettability properties of the ink on the substrate. One drop of the ink was
applied froma 5mL syringe onto the surface of the PET substrate that was then
transferred onto the platform of the contangle measuring machine. The viewing
tube was used to view the extinction of the light spot and record the contact angle
reading of the ink.

2.4.6.3 Hardness testing

The hardness testing of the ink prints was measured using a type 7262 Sheen
| nstr ume n trodker tester.r Al coates! panel of 100°canea was used and

then mounted on the base which was attached to the cross bar. The counter was set
to zero and the rocket was released. The hardness of the surface was measured in
regard of the number of timelse light beam was broken by a projecting plate that

was allowed to swing. With each completed rock, a value was recorded. During
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this procedure, the shield door was closed in order to protect the measurement
system from interference. Each time the fireading was taken when the counter
hadfinally stopped. Each test was carried out in triplicate and the imea@mess

value was calculated.

2.4.7 Experimental setup for the forcesensitive electrical resistance
measurements on the printed formulations

2.4.7.1 Preparation of the printed substrates for the force sensitive electrical
resistance measurements

Printed interdigitated electrodes were cut in half and overlaid so that the printed
experimental ink was sandwiched between two carbon contacts. These carbon
conta¢s and silver tracks were fabricated by screen printing onto the flexible
poly(ethylene terephthalate) (PET) substrates. A silver conducting track and a
carbon contact were firstly printed. There QTC ink was printed on the carbon
contact using the samautomatic screen printing machine, as showfigure 2.4.

This design means that any electric current passes through the pressure sensitive ink
layer. It was ensured that the electrodes and conductive silver tracks fromafach h
were algned toform a test structure before each group of electrodes was crimped

usingthe goldplated contacts, (as shownhkigure2.15).

Ink
Coating e
Electrode
-
’ Silver i
Electrodes

Figure 2.14 Imagesof QTC print ed film (left) on the pre-printed inter -digitated
electrodes and preprinted inter -digitated electrodes
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Printed QTC
PET sheet film
Carbon electrode— Lﬁj / Carbon Electrode
QTC ink coating—— > Silver tracks
Carbon electrode —
L=
PET sheet 5
P o
Gold-plated
Contacts

Figure 2.15 Schematic crosssection of printed composition (left) for the
pressure sensitive tegng. Two pre-printed electrodes were overlaid and
aligned before each group of electrodesave crimped. The printed QTC

film was sandwiched between the two carbon electrodes

An electrical circuit was established to assess the relationship between the
electrical properties of each printed film at a known applied force. Each dried
printed sample was placed on a hard flat table, while a block with mass 0.2035 g and
diameter 0.8 cm, was used as a base for mounting the other known wejghiteion
measuringthe electrical resistance of the printed ink film as a functioknofwn
appliedforce as shown ifrigure2.17. An attempt was made to establish a constant
contact area when the different loads were appliede ré€kistance measurements
were taken using a Caltek Instrument AG 1021 digital multimeter, (supplied by
Caltek Industrial Ltd, Kwai Change, N. T., Hong Kong). The electrode area was
compressed using a set of cylindrical weights, in the range 5 g, 10Qgg520y, 100
g, 200 g and 500 g. The multi meteros

gold-plated contactsHigure2.15) and theresistivityreadings were recorded.

el



80

Figure 2.16 Setup for measuring the electrical resistance of a printed QTC film

small measuring weights
to apply a known force to

v

e small cover to keep

the same contact area

Il 11
. pre-printed
pﬁnteé QTCink silver trac multimeter to measure
resistance of the print
sample

Figure 2.17 A schematic diagram of the setup used for measuring the electrical
resistance of printed QTC sampls

2.5 QTC ink preparation

2.5.1 Sequence of addition of mixed ink components

Before characterising the QTC inks and Qdr@hted films several methods, each of

which depended on the order of the addition of each ink component were proposed

and experimented, as memted from Sectior2.4.1to Section2.4.3 The order of

addition of mixing ink was determined by the role of the ink component in the

printedsample.
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Differences between the formulation of ink Zd ink 3 mentioned in Section
2.4.2and in Sectior2.4.3 respectivelyjs the order of addition of the pigmeng.
nickel powder and Ti@ Formulation of ink 2 was nickel powder firstly mixedthvi
each binder and subsequently Tias added into the nickel mixture. Formulation
of ink 3 was TiQ firstly mixed with each binder and subsequently nickel powder
was added into the Timixture, of which TiQ was apparently mixed longer time
than that 6in formulation of 2. Figure2.18 is one of the specific examples to show
the result of resistanderce plots for the prird filmswith and without TiQ. The
electrical resistance vs. force profilestbé PVP3film (70 wt% d nickel powder
and 30 wt% of PViased binderaindof the PVP8a film (70 wt% of nickel powder,

5 wt% of TiG, and25 wt% of PVP-based bindgrareshown inFigure2.18. It was
observd that the electrical res@tceof the PVP3 fim was more sensitivity with
applied compression than thattbé PVRBa film. This is because the particle size of
TiO, was nearly 100 times smaller than that of nickel particle, which resulted in
inadequatemixing and aggregates of TiO Furthermore, theparticle size
distribution graphs of Ti® disperged in different wateibased binders also
confirmed that TiQ@ were hardly to achieve well dispersed emulsioiterefore,

the conductive fillers easily contacted to each otbdorm a completely conductv

film when the mixing of the ink was inadequate, so the electrical resistivity varied
with applying compression quickly. As a result, formulation of ink 3 was accepted
and usedor the further preparation of QTC inks, as #lectrical property of the
printed sample from inkformulation 2 did not behave as that of the QTC

commercial material
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Figure 2.18 Variation of electrical resistance under applied compression for
PVP-based print with (red) and without TiO ,a (black)

2.5.2 Experimental design of ink formulations
Experimental design of ink formulations was dependent on the statistical factorial
design, which was introduced in Sectidh7.2 The number of required

experimental runsan be calculated dyquation2-3.

Equation 2-3 Required experimental runs at two levels n. k represents the
number of variables.

Figure2.19 demonstrates the factorial design (top) for the ink formulations,
which resuled in the surface designs (bottom) that contain the full designed
formulations. Before starting the preparation of QTC ink, the ink formulations were

picked up as integls
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Figure 2.19 Ink formulations processed in the research
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Chapter 3. Preparation, characterisation, optimisation and
application of water-based PVP, PVPS, PE1, PE2 and PE3
based QTC inks

In order to evaluate whether or not a prigtiprocess is successful, controlled and
uniform, ways of ink depositiomre neead when the inks are applied to substrates.

It is important to use consistent inks, printing processes and substrates that are well
defined and well controllefil, 2]. Priorto the preparation of QTC inks, the ink
components need to be analysed and characterised. Whether or not an ink can be
used to produce images and print qualities consistently is dependent on the substrate
properties and the ink properties. Printing dyals a combination of visual
perception and the functional characteristics of the gulifitms. For this research,

the functional characteristics of printed films were considered to be of importance.
One characteristic is the need to formulate pressemsitive inks that behave in a
similar manner to those providing the electrical properties of a QTC switching

material

In the study described ithis chaptey nickel powder, three grades of LiO
and five watetbased polymeric binders for use in compoanks were investigated
on the basis of the contribution by each binder to the formulation, printability,
electrical conductivity, rheology, thermal stability and the mechanical properties of
the inks. The pigments.€. nickel powder and Tig) were chaacterised by their
morphologies and sizes. Five different binders were used individually to form
composite inks based on homolymeric and cgolymeric binder options. The
effects of the binder chemistry, the composition of the inks and the application
conditions on the rheological, electrical and thermal properties of the inks were

investigated.

Materials and methods that are relevant to the work described in this chapter
have been detailed in Chapter 2.
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3.1 Preparation and characterisation of the raw maerials used in
the formulation of QTC inks

It is essential to characterise effectively raw materials before using them in
experiment al procedures because the inf
properties, structure and composition. This char&ation assists in establishing

the experiments, in understanding the complex formulations and in modelling the
QTC inks. In the characterisation of the pigments, scanning electron microscopy,
particle size analysis, zeta potential analysis and speopy were effective tools.

For the characterisation of the polymeric binders, Fourier Transform Infrared
Spectrometry, rheological studies and thermogravimetric analyse were useful

analytical/characterisation techniques.

3.1.1 Characteristics of the major pigment, nickel powder (Type 123,
Inco Ltd.), in the QTC ink formulations

The pigments used in these ink formulations were considered to be the highly
essential component because they convey functional identity to thei.smkthé
conductivity of printed fins). Scanning electron microscopy (SEM) is useful tool
for providing information relating to the topography of the surface and also for
investigation of pigment distribution in printed film. Therefore, SEM was widely

used in this study to represent therphology of the pigment particles.

3.1.1.1 SEM evaluations of the nickel powder and the QTC material

SEM, particle size analysis and zeta potential analysis were used to characterise the
nickel powder (supplied by Inco Ltd.) that was used in all investigatidtiskel

powder was used as a major pigment in the QTC ink formulations and was also
included in the QTC materials, as shown kigure 3.2 and Figure 3.3.
Representative et&ron micrographs were recorded at magnifications from x 200 to

x 8000. This technique was applied to the nickel powders, as shdwguine3.1.

The SEM electron micrographs of the powders indicated that theayri
particles were irregularly sized and tended to exist as distorted, irregular and
pseudespherical fused aggregates, ranging from around 1 to 10 pum in size. These

aggregates have an essential contribution through quantum tunnelling phenomena.
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Thus, he size distribution of nickel particles in the printed film is of importance.
The nickel particles are shown as spiky with porous surface features that effectively
enhance the surface area. Their large surface area can therefore be expected to
affect sgnificantly the flow characteristics, particle size distribution and stability of

both the fluid QTC inks and of the electrical properties of the dried printed film.

SEl 15kV. WBTTmm S 0F £ - g SEl  30kV WD12mm  SS40 Xx8,000 2um e
Colour Scierice Analyitical Colour Science Analytical =P 0857 08 Dec 2011

Figure 3.1 SEM images of nickel powdeiat x 2000 (left) and x 8000 (right)
magnifications

Figure 3.2 and Figure 3.3 demonstrate the morphologies of surfaces and
crosssections of QTC commercial materials, regpely. The distribution of
nickel particles in the QTC material was used as a guidance criterion to
characterising and formulating the QTC inks that have similar pressspensive

electrical properties asommercialQTC materials.

3 /
*SEl  30kV WD12mm  SS40 X2,000 10y Sem— SEI 30KV WD1Zmm $40
Colour Science Analytical 2031 17 Juli2012 Cololr Science Analytical

Figure3.2SEM i mages of a QTC material 6s surf
(bottom) magnifications
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Figure 33SEM 1 mages of a Q3eCGionmabxt2@0r(leftpdd®& s c r
1500 (right) magnifications

The irregular shape and size of the nickel clusters (as sho#gune 3.1)
does not match those of the patrticles that are present at the surface of the conductive
filler materialthat is present in QTC materialiigure3.2. The quantum tunnelling
performance is due to the irregular, spiked surface structure of the nickel powder
which builds up a higher concentration of electron chargésea spiky tips. From
the crosssection images of the QTC material, it is seen that a high load of spiky
sphericalnickel particlesare binding into the continuous polymeric matrix. The
nickel particles vary in size and in their distribution in thdymperic matrix is
anomalous. Some areas had a large concentration of nickel particles, but others had
a low concentration in the QTC material. The LitNsdesBlobs model can be
used to describe this heterogeneous distribution, as mentioned in SedtB. 1.
The aggregates of nickel particles are blobs that link with other aggregates through a
FowlerNordheim tunnelling pathway. This tunnelling process is the result of the
maintained spiky surface, thus a gentle mixing process is importamty mixing
processes cagven the distribution of nickel particles, but it might also remove the
spikes from the nickel surfac§3]. Therefore, a suitable mixing process for QTC
inks was considered and tested.

The morphologies of the QTC material reveal thatiaten between
different samples is common. It is crucial to focus on the electrical resistance at a

specific appliedorce

0 ¢
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The presence of several voids within the cresstion of the QTC material is
the result of air bubbles. This is probably beeawtien the QTC was moulded in
the manufacturing process, the-dilicone composite at the bottom was squeezed to
make the inside air bubbles flow to the top, which then met to produce big air

bubbles at the upper layer of the composite.

3.1.1.2 Particle size analyis of the nickel powder

The particle size analysis data for the nickel powder, obtained using the Malvern
Mastersizer 2000, indicates that the bulk of the +sehaerical fused patrticle
aggregates lie in a size range between 2 and 50 um, with aggregatdsenig
present (around 200 um) (séeégure 3.4). This particle size range distribution
matches that obtained for the sample observed under the scanning electron
microscope. Such a broad distribution and theeee of large aggregates suggest
that printing problems might be encountered when using a range of printing
processes. This suggests that screen printing (using suitable mesh diameters) might

be the main viable printing optionThe mean particle size oickel particles is 10

pm.
= Particle Size Distribotion
B
= 5 .
S 4 lAggregatlons
=
:—g} 3
2
1
%.01 [ 1 10 100 1000 3000
Particle Size (pm)
FMickel Powder , 08 December 2011 10:49:60

Figure 3.4 Particle size distributions of nickel particles from the Mastersizer
2000

3.1.2 Characteristics of waterbased binders, PVP, PVPFS, PE1l, PE2
and PE3, in screen printing

In the printing processes, it is ideal to have inks with maximum strength and

desirable minimum viscosity. As a result of these criteria, the selection of particular
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polymeric binders can be significant as they are used to atipistdhesion to the

substrates and fast press spdéfls

In the evaluation of screen printable inks, rheology and surface chemistry are
useful and critical tool|sby which to screen the binders. The use of rheometry
illustrates the properties of fluids wh include viscosityvs. shear rate. The

viscosity, indicated in mPas, is the main characteristic of intgjest

3.1.2.1 Viscosity characteristics of PVP, PVPS, PE1, PE2 and PE3 polymeric
binders

Ideal viscosity values and good rheological characteristiceegrgred by the inks.

Thus, it is important to monitor the flow patterns of the QTC inks under the highly
controlled conditions relating to the applied shear stress and shear strain rate at
constant temperaturd-igure 3.5 shows that the various polymeric binders that were
studied exhibited shear thinning characteristics at 25°C. The viscosities of the inks
decreased with an increase in the shear rate. The shear thinning behaviour of the
inks was more pronoundebetween shear rate values of“asd 1000 3, which is

relevant to the screen printing equivalent shear thinning6hte

In order to produce screen printable QTC inks, the polymeric binders must
be thixotropic. This means that the inks usuallyehavhigher viscosity under
normal conditions, but become lower in viscosity when a constant force or a stress is
applied. In addition to the thixotropy, the viscosity ranges for screen printing inks
are usually in the range from 1 Pa s to 50 F&.sFigure3.5 gives the viscositys
shear rate plots for the wateased binders, PVP, PV® PE1, PE2 and PE3. These
binders are thixotropic in their nature, as seen in their shear time dependent, thinning
behaviour The PVP binder had the greatest viscosity of 48.6 Pa s compared with
the other four binders. PV® gave an approximate viscosity of 0.78 Pa's. PVP and
PVP-S can be used in screen printing inks. The flexographic printing ink binders,
PE1 and PE2, gaveimilar viscosities, around 0.25 Pa s, with an increase in the
applied shear stress. The lowest in viscosity amongst these five binders was the
PE3, which gave a viscosity value of 0.025 Pa s. The values of the viscosities for
PVP and PVFS at any partiular value of shear rate are greater than those for PE1,
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PE2 and PE3 binders because of the differences in the molecular weights, structures,
chain length and flexibility of the polymers.

1000
®  PVP binder
e PVP-S binder
100 A PE1 binder
v PE2 binder
¢ PE3 binder

Viscosity (Pa s)

T T T ) ' I ! I v
0 200 400 600 800 1000
Shear rate (s™)

Figure 3.5 The relationship between viscosity and shear rate for each individual
polymeric binder at 25 °C

Five waterbased polymeric binders, PVP, P2 PE1, PE2 and PE3 were
applied onto a carton board substrate using-lmaKcoater (Number 3), to check
some oftheik s di sper si on c hsaengihcfor em initgak inkc s
property testing It was observed that the PE3 emulsion kept bleeding into the
substrate due to its hydrophilicjitpw viscosity and yield point. For this reason, the
PE3based bindemwas not suitable and thus was discarded for screen printing
evaluations. The other emulsions did not flow on the surface but remained on the

substrate after thi€-bar coater was applied, indicating suitable adhesion.

3.1.2.2 Solid content estimations of polymeridinders, PVP, PVRS, PE1, PE2
and PE3

The binders used in this project were mixtures of at least one polymer and water.

Knowledge of the solid content of each binder is therefore of importance.
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The measurement of the solid content can be achieved byhingign
arbitrary amount of the binder composition accurately before and after evaporation
of any solvent from the composition. The binder sample was dried overnight in an
oven, until a constant weight was achieved, at 100 °C. The solid content for each
binder was calculated, (as illustrated in Section 2.4.2.4). Each evaluation was
repeated three times then the average value and the standard deviations were taken.
The solid content of each watleased binder is shown Fable3-1, which indicates
that PE2 has the highest volume of water in its composition. The water content in
each watebased binder is of significance and is related to the ultimate loading of

nickel content, thus affecting the conductivity loé tprinted film(s).

Table 3-1 Solid content calculations of each polymeric binder by drying the
binders overnight at 100 °C in an oven

PVP PVP-S PE1 PE2 PE3

Solid | (38.2+2.1)% (45.1+1.7)% (45.5+0.9)% (23.9+1.3)% (38.7+2.4)%

content

3.1.2.3 Thermogravimetric analysis of waterbased binder compositions, PVP,
PVP-S, PE1, PE2 and PE3

Thermal stability or decomposition information, regarding commercial polymeric
binders, can be determined by thermogravimetric analygBA). TGA is an
effective technique that provides information concerning the physical properties and
the chemical properties of materials when increasing the temperature of the study.
This technique is used to measure the amount of mass loss and tbewaight
change of a material as a function of temperature and/or flinerefore, the extent

of water loss form the polymer binder is determined by the gradient of the TGA
thermogram. TGA can be used to assess the composition of ‘ooitiponent
systens, aspects of thermal stability and oxidative stability, decomposition kinetics
and the determination of the volatile content of materials. The TGA analysis of the
five polymeric emulsions, under an inert atmosphere is demonstrakegluire 3.6.

Table 3-2 shows the solid contents of the binders that were used in the research,
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achieved from the TGA analyse. Each binder sample was progressively heated over
50 minutes, fron® °C to 500 °C.
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Figure 3.6 TGA analysis of PVP, PVRS, PE1, PE2 and PE3 polymeric binders,
in which each binder sample was heated at 10 °C/min, from 0 to 500 °C

Figure 3.6 gives the differences in thermal stability for each of the five
binders, as the temperature was increased. Decomposition arises during the TGA
induced breakdown of the polymeric binders. In the TGA profile, each thermogram
indicates a curve wth can be correlated to loss of water as the heating temperature
was increased to 123.67°C, 165.54 °C, 169.88 °C 192.36 °C and 178.26 °C for PVP,
PVP-S, PE1, PE2 and PES3 binders, respectively. Therefore, solid content for each
individual binder, PVP, PViS, PE1, PE2 and PE3 is 39.84%, 43.85%, 43.57%,
23.57% and 38.95%, respectively, as represent@ale3-2. The extent to which
the PHE binder holds onto water was greater than that shown by thepileneric
binders. PVP, PVfS, PE2and PE3 had a similar ability to hold onto water. The

overall thermal stability/reactivity of the five binders is similar.

The horizontal line sections of each profile indicate no weight loss over the

temperature range. Thistisen followed by further mass loss that take place up to
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410°C, 429 °C, 376 °C, 375 °C and 379 °C for PVP, B/FPEL, PE2 and PE3
binders, respectively. Then, what remained of the polymers from each binder

became thermally decomposed, from 375 °C to°450

The fact that the PE2 polymeric binder has shown greatest affinity to the
solvent components, allows for a greater extent of structure formations in the QTC
inks thatare containedin the PE2 binder, in comparison to those containing the
PVP, PVRS, PH and PE3 binders.

Table 3-2 Solid content for each individual binder dispersion, PVP, PVFS,
PE1, PE2 and PE3 from TGA analysis

PVP-based PVP-S PEl-based PE2based PE3based

binder based binder binder binder

dispersion binder dispersion  dispersion dispersion
dispersion

Solid contenl 39.84% at 43.85% at 43.57% at 23.57% at 38.95% at
(the first 160 °C 166 °C 170 °C 192 °C 178 °C
turning point)

ComparingTable 3-1 with Table 3-2, the difference in the results between
the two different measuring methods is less than 2%. As a result, the solid content
given by evaporating the solvent is credible.

3.2 Screening the ink formulationsof PVP, PVRS, PE1 and PE2
based QTC inks

The purpose of the study described in this section was to investigate the ink property
and electrical properties of each printed film to screen the candidates. It was
intended that from this preliminary trial, yamk that gave poor results would be
discarded.
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3.2.1 The effect of waterbased binders on inks and on printed films
properties

The results of the study of the viscosity. shear rate relationships, Secti®i.2.]

indicate that the viscosity of the PiBased binder was too low for screen printing

application. Therefore, the PH&sed binder was discarded and excluded from

further investigation.

The ink formulations of the watdrased polymeric QTC inks are shown i
Table3-3. The sample codes for each ink formulation were related to the polymeric

binder used in formulation.

Table 3-3 Ink formulations for initial screening of available water-based inks
for further research. The percentage quoted (%) is by weight.

Aqueous ink| 85% Ni 80% Ni 75% Ni 70% Ni 60% Ni 50% Ni 40% Ni 30% Ni
formulations | 15% 20% 25% 30% 40% 50% 60% 7%
Binder Binder Binder Binder Binder Binder Binder Binder

PVP-based PVPO PVP1 PVP2 PVP3 PVP4 PVP5 PVP6 PVP7
ink sample

code

PVP-S- PVP-SO PVP-S1 PVP-S2 PVP-S3 PVP-S4 PVP-S5 PVP-S6 PVP-S7
based ink

sample code

PE1-based PE1-0 PE1-1 PE1-2 PE1-3 PE1-4 PE1-5 PE1-6 PE1-7
ink sample

code

PE2-based PE2-0 PE2-1 PE2-2 PE2-3 PE2-4 PE2-5 PE2-6 PE2-7
ink sample

code

3.3 Results and discussion

3.3.1 Printability

Each ink, Table 3-3) was mixed following thesameprocess of ink preparation, at
room temperature, as described in ®ec.5 Adequate amounts of ink were

transferred to the carton board substrates. The printability of each ink was followed
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and examined. The printability of screen printing ink was affected by the

smoothness, the surfaceechistry and the structure of the surface coating layer.

It was found that the inks could not form smooth films on the carton board
substrate, when the inks containing nickel powder were more than 85 wt% or the
waterbased binder was less than 15 wt%. €hieks formed coarse pastes on the
substrates because of the high loading of nickel powder, resulting in large
aggregation of nickel particles. Although the solid content of theld&82d binder
was the lowest (23.9 wt%), the ink containing nickel pow88rwt%) and the PE2

based binder (15 wt%) still could not mix and be applied effectively.

Additionally, PVRbased inks consisting of nickel powder with more than 75

wt% in the formulations were not able to develop, owing to the high molecular
weight (.e. Mn 360,000 g/mol) of the PVP binder. This large molecular weight

gives high viscosity and mechanical strength to the PVP poljfperApart from
Ni-PVP-based ink, the maximum loading of nickel powder was 80 wt% and the
specific polymeric binder (PV8, FE1 or PE2) was 20 wt%. When the ink was
mixed with nickel powder (30 wt%) and a polymeric binder (70 wt%) it was
transferred onto the carton board substrate for the printability tests. It was found
that the viscosity of this ink was too low so it bled ttve carton board. Inks
containing nickel powder (35 wt%) and options of each individual polymeric binder
(65 wt%) were created, but the ink film still could not be fabricated due to its low
viscosity. Through experiments it was found that the minimusdifey of nickel
powder in order to fabricate a uniform and continuous ink film was 40 wt%. This
observation indicated that the nickel loading lower than 40 wt% within ink

formulation was not sufficient as printing of the ink formulation was unsuccessful.

From the printability test results discussed above, it was shown that inks with
nickel powder and polymeric binder ranges from 40 wt% to 80 wt% and 60 wt% to
20 wt%, respectively, were applied on a PET substrate through a stencil mesh using
a screen printig technique. Each of the printed films was dried overnight to obtain
a constant weight in a clean palish. Table3-4 summarises the availability of ink

formulations that can be produced by screen printingpetgnt.
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Table 3-4 Ink formulations for the availability of screen printable inks. Red
crosses X) denotes the inks that failed to be produced and/or applied onto
the carton substrates

Aqueous ink 85% Ni  80% Ni  75% Ni  70% Ni  60% Ni  50% Ni  40% Ni  30% Ni
formulations 15% 20% 25% 30% 40% 50% 60% 70%
Binder Binder Binder Binder Binder Binder Binder Binder

PVP-based ink | PVPO PVP1 PVP2 PVP3 PVP4 PVP5 PVP6 PVP7

sample code
X X X

PVP-S based | PVP-SO PVP-S1 PVP-S2 PVP-S3 PVP-S4 PVP-S5 PVP-S6 PVP-S7

ink sample
X X
code

PEl-basedink | PE1-0 PE1-1 PE1-2 PE1-3 PE1-4 PE1-5 PE1-6 PE1-7

sample code

PE2-based ink | PE2-0 PE2-1 PE2-2 PE2-3 PE2-4 PE2-5 PE2-6 PE2-7

sample code

3.3.2 Electrical properties responding to external forces for a
commercial QTC bulk material

The objective of the research was to i n
responses to external forces, thus establishing a basis for creating printed films, in
accordance with viable QTC commerciahterials. Thus, it was considered to be
necessary to demonstrate the variation in resistance as a function of compression for

a QTC bulk material, as shownkigure3.7.

A commercial QTC material comprises a tape of spiky nickel particles, of
approximately 1100 um diameter, and an elastomeric poly(siloxane) matrix. These
fulfil different roles[8], of whichthe nickel particles and the polysiloxane contribute
electrically as conductive fillers and insulatingatrix, respectively. The nickel
particles are coated with a polymer matrix, as showhigure 3.2 and Figure 3.3
that have sharp projections on the surfd@ 9]. As a result, the particles
themselves do not Acommunicateo to fornm
contains a nickel Type 123 and Type 287 (supplied by Inco Ltd.), dispersed in a

blend of liquid monomers. These nickebnomer combinations are polymexsto
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give a flexible and elastic sheet with a thickness-afim|[3, 8]. The particle size
distributions of nickel type 123 and nickel type 287 are in the range of 3.5 to 4.5 um
and 2.6 to 3.3 pma respectively. A silicone based monomer or urethanedas
monomer is used. Siloxaimsed monomers, include Alphasil 2000 (Alphas
Industries Ltd.), Silicoset 153 (Ambersil Ltd.), Silastic T4 (Dow Corning) and
RTV6166 (GE Silicones). The urethabased monomer includé&42 (supplied by
Techsil Ltd.)[3, 10]. In order to establish a material that reaches or exceeds the
percolation threshold, the ratio of conductive filler to polymer matrix, within the

solid state formulation should be in the range of 4:1 tg&t]L

At approximatéy 102 Y ,when the QTC materials are in an unstressed state,
they exhibit electrically insulating characteristics, in which the filler particles are
above the percolation threshold. The resistance of the QTC material becomes
extremely sensitive and decreaseshvdh increase in external forces, if the filler
particles are close to the percolation threshold. When a high compression is applied,
it results in the filler particles coming into close physical contact. In this case, the
resistance of the QTC mater&diould become consistently lower (less tharY L0

Commercial QTC materials have been employed in a vast range of
applications as switches or sensors tlu¢heir unusual property arisirfigpom the
deformation of the particles. However, the composition of the commercial QTC
material could not be usddr any printing techniques because of its high viscosity
and high loading of nickel powder in the QTC material. Therefore, developing ink
formulations that are printablavith their printed films behaving similér to the
electrical properties inthe commercial QTC material under external applied
compression will be a major target to foars
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Figure 3.7 Variation in resistance as a function of external compression for a
commercial Ni-silicone QTC material [5]

3.3.3 Comparisons of the effects of conductive fillers on the electrical
mechanical properties of PVP, PVPS, PE1 and PE2based printed
films

3.3.3.1 The effect of conductive fillers on the electricamechanical properties
of PVP-based printed films

Figure3.8 displays the variation in electrical resistance as a function of compression
for different formulations ofPVP-based prirgd films It was found that the
electrical resigince of all the PViased printed filmspossesed electrically
insulating behaviour when the compression applied on top was less than 0.7 N.
After an increasing pressure was applied, the-B&$ed printed films changed from
insulating behaviour to conductive characteristics. The initial electesstance

was too large to measure, the instrumental limit of the digital meter being 2rx 10
Therefore, in order to report the electrical resistance of each printed film, the off

limit value of the resistance was set as 2’Xf0 The lowest applied force on the
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printed film was recorded at 0.01 N. Each plotted data point has its corregpondin

standard deviation, as calculated from five replicate tests.
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Figure 3.8 Data showing the dependence of electrical resistance on the applied
force over five tests for different nickel amounts of PVFbasedpressure
sensitive printed films

Within the error range, printed films that were made from PVP3 and PVP4
formulations exhibited pressusensitive electrical properties, as shownFigure
3.8. The resistance ®VP3 and PVP4 printed films were reduced to the lowest
values when the compressions were approximately 3 N and 1.5 N, respectively,
beyond which differentresistances wer@bserved. PVP3 showed controlled
electrical switching behaviour and PVP4 behavedremitke electrical sensing
materials. Electrical switching behaviour means that the resistance rapidly changed
with increasing force. Electrical sensing behaviour means that the resistance
gradually changes with increasing force. The two contrastingviimirs shown by
the printed films (PVP3 and PVP4) arise because of the loading of the conductive
filler that both inks contain, being more likely to form aggregations in the printed
film as the conductive filler content increases. In this case, the civelpathways

are effectively increased which results in a change in electrical resistance. The
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influence of the particle size distribution of the nickel particles in the-Paged
binder on the electrical propers as mentioned in Sectidh3.3.2could also prove

the aggregations of conductive filler. In summary, the resistance of PVP3 and PVP4
printed films fell quickly with increasing applied force up to a point that was

dependent on the nickel filler load), and then changed at a slower extent.

From the plots for the PVP3 and PVP4 printed films, it is found that the
sensitivity was dependent on the filler loading. Therefore, the resistance of PVP3
formulation becomes more sensitive to external commnesgian that of PVP4
formulation. The resistances of printed films from PVP3 and PVP4 changed by four
and three orders of magnitude, respectively, at a force of 2 N. At this point, the
electrical resistances of PVP3 and PVP4 become constant with ingreggplied
compression. During the whole compression procedure for theb@s@d printed
films, both the percolation and quantum tunnelling procedures were represented at
low applied forces, resulting in a sharp reduction in resistance. Consequently, the
conduction mechanism at low applied force might not be the same as that at large
applied force in a composite syst¢h?]. As the Poisson ratio of a PVP polymer is
normally less than 0.5, it means that the volume of the polymer decreases under
applied conpression12], i.e. uniaxial stress. As a result, the nickel filler volume
fraction, (as calculated dyquation3-1), would initially increase with an increase in
the uniaxial pressurd3]. When the volume fraion of nickel powder was near the
percolation threshold, the resistance of the printed film was extremely sensitive to
applied pressure. When the nickel volume fraction was far from the percolation
threshold, the printed film should not behave very $me$y. If a further external
force is applied to the printed film, the volume fraction of nickel content will be
above the percolation threshold. In this case, the resistance of the printed film will
be saturated and constarit.has been reported thtite percolation threshold value
is very difficult to determine in a composite4]. In the meantime, the current of
this printed film displays linearly proportional to the voltagesplayingan Ohmic
behaviour. Due to the external uniaxial stressdib@ance between nickel particles
and nickel aggregates is reduced. As a result, the composite system becomes the
same as that of a metallic feature owing to the physical contact of nickel particles
[12, 1418].
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T T

PVF =
T T Toudl Ty

Equation 3-1 PVF representsfor pigment volume fraction, in which V, W andr
present the pi gnanddensty, nespdctivelye Thewe i g h
subscripts of p and b correspond to the pigment and binder, respectively
[19]

The electrical resistance values fluctuated with changing the applied force,
for PVP5. The printed filnwas less sensitive to the external der because the
volume fraction of nickel content was low and well below the percolation threshold.
Apparently, the NiPVP composite sample was heterogeneous, which means the
nickel particles were randomly distributed in the printed film. Therefore, the
conduction pathways for each external compression were not the same, especially
regarding printed film with a low nickel content which results in a fluctuated

electrical resistance under an external uniaxial force.

For PVRbased inks with even lower nickkladings,e.g. PVP6 (40 wt%
nickel powder and 60 wt% PVP binder) and PVP7 (30 wt% nickel powder and 70
wt% PVP binder), it was observed that their corresponding printed films behaved as
complete electrical insulators even when the external uniaxial cosigmesas 500
N. This is because of the low nickel filler loading, so the electrical properties were
similar to those of a film that contained only the host polymer matrix. As a

consequence, the resistance of the printed film was constantly high.

The eletrical-mechanical properties of N#VP-based printed filmsHigure
3.8), PVP3 and PVP4, behavssnilafy to the commercial QTC material§igure
3.7). The PVP3 film behas moreas an electrical switcland the PVP4 film
behaves moras an electrical sensor. Both the PVP3 and PVP4 are electrically
insulating under a low compressiorHowever, the lowest resistance value of the
PVP3 printed film (~200(Y )and the PVP4 pried film (~4000Y) i s much gr
than t hat of a commerci al QTC materi al
of Ni-PVP-based composites is not acceptable in accordantethgt objective of
the researchhat the printed film changes from an elemtiinsulator to an electrical
conductor under an external compressidhe possible reasons of the impact on the

electrical properties of the PMbased films caused thesediscussed as follows.
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3.3.3.2 Size distributions of the nickel particles in PVRbased irks

Figure 3.9 shows the size distribution graphs for differertNIP-based inks, based

on the nickel content,e. PVP3 (70 wt% of nickel powder and 30 wt% of binder)
and PVP6 (40 wt% of nickel powder and 60 wté#mder). It can be seen that the
larger nickel powders tended to agglomerate, (ranging fromut®©@® 300um), for

the PVP3 printed film, which made an essential contribution to the quantum and
percolation tunnelling. This is because of the intermddedorces between nickel
particles,i.e. van der Waals attractive force and magnetic diplgpele attractions

[20]. This led to the PVP3 printed film having an electrical switching behaviour.
However, the low loading of nickel powder in the PVP6 pdntiems leads to an

electrical insulating behaviour.
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Figure 3.9 Size distribution graphs of PVP3 (top) and PVP6 (bottom)
pigmented inks

3.3.3.3 Thermal stability of the PVP-based ink

Decomposition arising duringpe TGAinduced breakdown of the PWiased binder
and a PVPbased printed film is shown iRigure 3.10. Two different regions for

each sample can be observed at the same temperature, which reveals that only the
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polymeric binder changed when the samples were heated. The nickel particles that
were bound in the P\V\Based polymer did not alter at all, despite heating from 30
°C to 500°C. The loss in mass can be attributed to the evaporation of water from
the polymeic binder and ink from 30C to 150°C. The weight losses of water in

the PVP polymeric binder and PVP3 ink are 61.8% and 14.2% respectively. The
water loss (17.2%) in the PVP3 ink, through TGA analysis is close to the theoretical
water percentage (18& that can be calculated from 30% (polymeric binder
concentration) multiplying by 61.8% (water content of the B)Bed binder). The
pattern shows that the estimation of nickel content in the ink film, Section 2.4.7.8, is
correct. It is assumed that thecond weight loss-(12.3%), of PVP3 ink, from 400

°C to 450°C corresponds to the decomposition of PVP polymer. Apart from that,
the degradation of PVP polymer is 11.5% and this can be calculated theoretically
from 30% (polymeric binder concentratiomultiplied by 38.2% (solid content of
PVP-based binder). This proves the assumption that the second weight loss is the
decomposition of PVP polymer. The remaining weight of the PVP3 ink is
approximately 70% (as shown Figure 3.10), which corresponds with the initial
addition of nickel powder in the ink. It is also evident that the second weight loss
relates to the degradation of PVP polymer. This reveals the nickel particles are
merely physically present ancave no chemicabondingreaction with the PVP
polymers in the NPVP composite.
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Figure 3.10 TGA mass loss profile for PVP polymeric binder and PVP3 ink, in
which each sample was heated for 50 minutes frothto 500°C, at 10
°C/minute
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3.3.3.4 The effect of conductive fillers on the electricamechanical properties
of PVP-S-based printed films

Figure 3.11 shows the dependence of the electrical resistance on the applied force
for different nickel contents in the PV&based presswgensitive printed films. In
general, PVFS-based printed films follow a similar pattern in their electrical
properties, as P\tBased printed films. The PV®1 and the PVIS2 printed films
showedclassical electrical switching behaviour and the other-B\fased printed

films showed controlled electrical sensing behaviour. The differences between the
various PVPS-based printed films involved the nickel content. As the nickel
content of the ink &s increased, the printed film became more sensitive with a
typical electrically switching behaviour. It is reported that a high proportion of
conductive filler can reduce the percolation vdiE]. As a result, high loading of

nickel powder would be @ected to improve the electrical sensitivity of the printed

films.
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Figure 3.11 Data showing the dependence of electrical resistance on applied
force over five tests for different nickel amounts of PVPS-based pressure
sensitive printed films
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When the volume fraction of the nickel loading is far below the percolation
threshold, the resistance of the composite reduces gradually with an increasing
external uniaxial force. This behaviour occur®e da quantumtunnelling. It has
been reported that the coating film is more continuous when the volume fraction of
the nickel particles is below the percolation threshioéd critical pigment volume
fraction [19]. Consequently, the conductive nickel fillers are gitglly separated
from each other preventing aggregation, causing electrical resistance of the printed
film to behigh. When the volume fraction of the nickel was close to the percolation
threshold, the resistance of the printed films became very sengitithe external
uniaxial force resulting in a sharp reduction in the resistance. Icdkesboth the
percolation and the quantum tunnelling processes were presented by the composites.
When the volume fraction of nickel content was above the peimoléireshold, the
resistance of the printed films became saturated and constant, because of the
physical contact of nickel particlegsulting in a metallic conductionFurthermore,
the film is discontinuous when the volume fraction of the nickel pestis above
the percolation threshold because the pigment particles are surrounded by the

presence of air pockets that replace the bifit#t

The lowest resistance value was achieved by the-8VPrinted film under
more than 1 N uniaxial compressjorwhich was approximately 100 .
Furthermore, the lowest resistance value increases with decreasing nickel filler
content as expected. However, the difference in the lowest resistance values
between two printed samples is not proportional to the diféerasf their nickel
content, as shown iRigure3.12. For instance, the difference in resistance values
between PVPBSland PVPBS2 is around 70 VY. This val
that between P32 and PVFES3 printed fil ms, which i s
because of the printed samples were clearly not homogeneous, as shown in the
morphologies of the printed films, in Secti@3.4.2 as the resistivity, current
density and electric field would not be constant throughout the sarf@jles
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Figure 3.12 Data showing the lowest resistance values for each PA&based
printed film that contains different nickel contents

In summary, a range of screen printable-FNiIP-S-based films with
pressuresensitive performance has been developed. The electrical sensitivity of the
printed films could be varied by the niclegntens. The printed films, PVW31 and
PVP-S2, behavednore electrical switching behaviour and the other FB#kased
printed films that contained lower nickel amounts behaved more eledenabrs
The RF plot of PVRS-based films (sefigure3.11) showed similatrend as that of
the QTC commercial material (sEegure3.7). However, the high loading of nickel
powder in the PVFS1 and the PVIS2 printed filmsyielded lower resistance~(

1 7 0 0 in donparison to the other PV®based printed films under no applied
external compression. This electrical conductive behaviour did not follow the

objective of the research.

The PVRS3 and the PV#34 printed films did not show the electrical
insulating behaviour when no compression was applied, but the initial resistance
values were greater than those of the Il8APand the PV 2 f i Il ms, ~ 2300
3000 Y, respectively. Al s oS3 filmmeduced | e ct r
very quicklywith increasing applied force, which means it was too sensitive. The
optimisation of this electrically sensitive printed filsdiscussed in SectioB.4, in
order to develop an acceptable sensing film as the QTC commert¢aiahaThe

lowest resistance value of the P#R film was slighter greater than that of the PVP
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S3 film due to the lower loading of nickel powder in the PSP However, it is
difficult to modify the conductivity of the film, which was determined by tinekel
amounts. Therefore, the electricaéchanical properties of the PAE3 printed film
contained 70 wt% of nickel powder and 30 wt% of the FBApased binder
dispersion would be focussed to optimimsgth the further electrical properties

according tahose of the QTC commercial material.

For the rest of the P\VB-based printed films, P85 and PVFS6, the
PVP-S5 and the P36 with lower nickel loadingvas notperform conductive
enough evenunder a greater external compressipro v e r 100 Qvn iN) ,

Figure3.12. Thus, these printed films would not be further investigated.

3.3.3.5 Thermal stability of the PVP-S-based inks

Figure3.13 displays the TGA analysis for the PAB’polymeric binder and the PVP

S3 (70 wt% Ni and 30 wt% of polymeric binder) ink. The results and discussion
concerningrigure 3.13 are similar to those given by the PVP polymeric binder and
the PVP3 ink, in Semn 3.3.3.3 It reveals that the nickel particles are physically

present but have no chemical reaction with F&/Bolymer in the NPVP-S

composite.
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W4 N N PVP-S3
80 1 12.7%
70
O 70% of Ni
~ 60
E
g 50 1
40 4
30 -
204
10
0 T T T T T T T T r
0 100 200 300 400 500

Temperature (°C)

Figure 3.13 TGA mass loss pofile for PVP-S polymeric binder and PVRS3
ink, in which each sample was heated for 50 minutes from<® to 500°C,
at 10°C/min
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3.3.3.6 The effect of conductive fillers on the electricamechanical properties
of PE1-based and PEz2based printed films

Figure 3.14 and Figure 3.15 show the dependence of electrical resistance on the
applied force for different nickel contents of REdsed and PEBased presswre
sensitive printed filra that follow a similar trend to the PMiased and P\A43-based
printed films. It can be seen that the electrical resistance of théo&¥et and the
PE2based composite is strongly determined by the nickel powder content under a
constant applied force. B2-1, PEX2 and PE23 printed films showed electrically
switching behaviour and the other PBAsed printed films showed controlled
electrical sensing behaviour. For REZsed printed films, the PER2 printed film
showed typically electrical switching bayiour and the other PHZ2ased printed

films showed controlled electrical sensing behaviour. The reason for this behaviour
is the increase in conductive filler content which reduces the percolation value,
which resulted in an improvement in the electremsitivity.

When the nickel powder content was well below the percolation threshold,
the resistance of the composite diminished exponentially with increasing external
uniaxial force. This performance follows the quantum tunnelling mechanism.
When the wlume fraction of nickel loading was close to the percolation threshold,
the resistance of the prints became very sensitive to the external uniaxial force, due
to both percolation and the quantum tunnelling processes being present in the
composite system.When the volume fraction of nickel content was above the
percolation threshold, the conductivity of the printed films became maximal and
constant. This is because of physical contact between the nickel particles, resulting

in a metallic conductive featar

The lowest resistance values were achieved with thebld&2d printed films
under more than 1N uniaxial compressiohhe lowest resistance value for RE2
based printed film was achieved by the PE&Im under more than 1.5 N of
uniaxial force, at appsomately 70Y . Further more, a reduct
resulted in an increase in the lowest resistance value, as expected. However, the
difference in the lowest resistance value between two film samples is not
proportional to the difference in their nickel camtte For instance, the difference in

resistance values between PEand PE22 i s around 70 VY. Thi ¢
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not as twice as much as between BEAnd PE#4 printed films, which is around

450 Y. The difference ilandPEZi$s@aauadnb e Vv a
Y. This difference in vai2awPEBpritedt equ
films, which is around 150 Y. This is &
homogeneous, as shown in the mp335R2ted f

Thus, the resistivity, current density and electric field are not constant throughout
the sample§3]. For each individual plot, it can be seen that sensitivity increases as
the filler content of ta printed film increases. This has been interpreted in the last

section.
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Figure 3.14 Data showing the dependence of electrical resistance on the applied
force over five tests for different nickel amounts bPE1-based pressure
sensitive printed films

In summary, it has been shown that the pressure sensitivity of electrical
resistance for a watdrased printed film is a function of compressive force. The
electrical resistance for each printed film generaktgeeds 1¥ when t he | o
applied force of 0.01 N, contacts the printed film. Then the resistance displays a
large reduction, even in response to a force as low as 0.1 N. That is to say, the
conductivity of the printed film shows a significant inedrom 0.01 N to 0.1 N of
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applied force. This is, however, different from other Higgding composites that

show a slight resistance change with applied force below[82KR25]. For QTC

printed films, the significant increase in resistance is owinghéo progressively
intimate contact between the upper carbon electrode on PET substrate and the lower
ink film. At greater applied forced,e. > 0.1 N, the conduction pathways are

established through the printed film because of the compressiof2&$ed
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Figure 3.15 Data showing the dependence of electrical resistance on the applied
force over five tests for different nickel amounts of PEzbased pressure
sensitive printed films

The printed films producedeve flexible and black in colour. The flexibilities
of these printed films were dependent on the grade of polymer that was used as a
matrix, the nickel powder loading and the thickness of the sheets. The most flexible
films had a low nickel powder loadin The flexibility of each watebased printed
film is further discussed in Sectid3.4.5 It has been reported that an increase in
metallic filler contenti(e. nickel powder) can result in a reduction of sensitivity to

external compressiofi2].
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Figure 3.16 Relationship showing the lowest resistance values for each RE1
based and PE2based printed film that contain different nickel contents

In conclusions, severacreen printable NPEXbased films with pressure
sensitive behaviour have been successfully developed. The electrical sensitivity of
the PElbased printed films could be varied by the nickel amounts. The printed
films, PEX1, PEX2 and PE13, showed mie electrical switching behaviour and the
other PElbased printed films that contained lower nickel amounts showed more
electrical sensing behaviour. TheFRplot of the PEdbased films (se€igure3.14)
exhibited similar trend as that of the QTC commercial material (Sigeire 3.7).
However, the PEL, the PEA2 and the PEB printed films with high loading of
nickel powder did not show electrical insulating behaviourenndo external
compression was appliedlhis electrical conductive behaviour did not follow the
objective of the research. For the PE&and the PER printed films, it was difficult
to further optimise the electrical properties as the high loadingckehpowder,
which would not allow any allocation of the TiQ@igment. Even though the P81
printed film was conductive initially, this electrical performance could be modified
and optimised by the introduction of the different grades of, T&8 discussd in
Section3.4). Therefore, the PE2 film was the ink formulation that would be

further investigated and discussed.
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For the other PEbased printed films, PE4, PE15 and PE36, they
behaved electrical insulating behaviawtnder no pressure was applied. However,
they did not perform conductive enough under large compressions, because of the
low nickel contents in the films.Thus, these printed films would not be further
investigated or optimised.

For the PEzbased printé films, the PEZ23 film was chosen to further

investigate and optimise because of the same reason for screening thase&1
films.

3.3.3.7 Thermal stability of the PE1-based and the PEzbased inks

Figure3.17 displays tle TGA analysis data for the PE1 polymeric binder and-PE1
(70 wt% Ni and 30 wt% of polymeric binder) ink. The results and discussion arising

from Figure 3.17 are similar to those relating to the PVP polymeriadbimand the
PVP3 ink (see Sectia®3.3.3.

4 N e | PE1 binder
90 4 16.2% |--—- PE1-3

13.2%

54.5%

P
T0 % of Ni

Weight (%)

0 "~ 100 200 300 400 500
Temperature (°C)
Figure 3.17 TGA analysis profile for the PE1 polymeric binder and the PE13

ink, in which each sample was heated f&80 minutes from 0°C to 500°C
at 10°C/minute
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Two different mass loss regions in each sample can be observed at the same
temperature, which reveals that only the polymeric binder changed when the
samples were heated. The first mass loss rate canribeitetd to evaporation of
water from the polymeric binder and ink at 3D to 150°C. The weight loss of
water in the PE1 polymeric binder and PEink is 54.5% and 16.2%, respectively.

It is revealed that the water loss (16.2%) in F¥Eibk, through T@& analysis, is

close to the water percentage (16.4%) that can be calculated by 30% (polymeric
binder concentration) multiplying by 54.5% (water content of the -Pdskd
binder). It shows that the estimation of the nickel content in the printed film in
Sedion 2.4.7.8 was correct. It can be assumed that the second weight-loss (
13.2%) of PE13 ink from 350°C to 450°C corresponds to the decomposition of
PE1 polymer. The mass loss from the PE1 polymer was 13.6% calculated by 30%
(the polymeric binder carentration) multiplying by 45.5% (the solid content of the
PEZXbased binder). This supports the assumption that the second weight loss
concerns the decomposition of PE1 polymer. The remaining mass (%) of tf&e PE1
ink is approximately 70% (as shown Figure 3.17), which equals the initial
addition of nickel powder in the ink. It is also evident that the assumption of the
second weight loss is the degradation of PE1 polymer. This reveals that the nickel
particles are physically binding and have no chemical reaction with the PE1 polymer
in the NtPE1 composite.

Figure 3.18 displays the TGA mass loss profile for PE2 polymeric binder
and PEZ3 (70 wt% Ni and 30 wt% of polymie binder) ink. The results and
discussion fronfFigure 3.18 are similar to those for the PVP polymeric binder and
the PVP3 ink, considered above.
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Figure 3.18 TGA analysis profile for the PE2 polymeric binder and the PEZ
ink, in which each sample was heated for 50 minutes from<® to 500°C
at 10°C/minute

Two different mass loss regions for each sample can be observed at the same
temperature, which indicatedat only the polymeric binder changed when the
samples were heated. This is because the nickel particles bound in PE2 polymer did
not change during heating from 3Q to 500°C. The first mass loss rate can be
attributed to the evaporation of water frohe polymeric binder and ink at 3C to
180°C. The weight loss of water from the PE2 polymeric binder and the3Rii2
are 76.1% and 22.5% respectively. It is revealed that the water loss (22.5%) in the
PE23 ink, through TGA analysis, is close to thater percentage (22.8%) that can
be calculated by the 30% (polymeric binder concentration) multiplying by 76.1%
(water content of PEBased binder). It is assumed that the second weight4oss (
7.2%) of the PEB ink, from 360°C to 420°C, correspondt the decomposition of
PE2 polymer. Apart from this, the degradation of the PE2 polymer is 7.2% that can
be calculated by 30% (polymeric binder concentration) multiplying by 23.9% (solid
content of PEzbased binder). This indicates that the second wéigls relates to
the decomposition of PE2 polymer. The remaining weight of thePEK is
approximately 70% (as shown Kigure 3.17), which equals the initial addition of

nickel powder in the ink. It is alsevident that the assumption of the second weight
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loss is the degradation of PE2 polymer. This reveals that the nickel particles are
physically binding and have no chemical reaction with PE2 polymer in tiRERI

composite.

3.3.4 Characterisation of PVP and PVRS-based printed films

3.3.4.1 Comparisons of the effects of PVP and P\W3-based binders on the
electrical-mechanical properties of their corresponding printed films

Poly(vinyl pyrrolidone) (PVP) has been widely used in a vast range of application
due to its nortoxicity, excellent biocompatibility and water solubility, such as
fabrication of polymer membranes, additives to paints and coatings and medium for
pharmaceutical tabletf26-30]. Apart from these benefits, PVP also has high
dynamic elasticity[31] and is usually used to prevent the agglomeration of

nanoparticle$32].
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Figure 3.19 Comparison of changing electrical resistance with change in the
applied external uniaxial force for printed samples having diffeent
binder (PVP and PVRS) contents

Figure 3.19 gives a comparison of the effect of the PVP and the-BVP
based binders on the electricaéchanical properties. Each individual plot shows

that the resistance ofMiP-based printed films is much greater than those with the
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same nickel content in the P\@based printed samples, under the same applied
compression. The nickel contents of each PVP and®8W&sed printed film have
been calculated and are displayedrable 3-5. The ink formulations of the PVP
and the PVFS-based printed films contain similar amounts of nickel. However, this
nickel content did not influence the same electrical properties in PVP an&PVP
basedprinted films. This is because of the differences in the chemical structures of
the polymeric binders that the two inks contaire. PVP and PVFS. The
characteristics of the two different polymeric binders (PVP and-8VRvere
discussed in Sectidh 1.2

PVP is easily adsorbed onto a large number of materials, such as metals,
metal oxideqg33], graphite[34], silica[35] and poly(styrene)36]. The chemical
structure of PVP is given in

Figure3.21a. A schematic representation of theR/P composite is shown
in Figure3.20, the strong hydrogen bonds that form between the carbonyl groups of
PVP and the hydroxyls on the nickghrticle surface$26, 37] PVP was easily
adsorbed onto the nickel particle surfa¢2s, 37, 38] Thus, NiPVP coreshell
structures were formed. Therefore, a PVP matrix could essentially prevent the
aggregation between nickel particles because oftiréc hindrance that is usually
present at larger molar mass values (> 10,000 g/f20))32, 39] In this case, the
poly(vinyl) sections have repulsive forces between each oip@r 32, 39]
Consequently, nickel particles could be well separated fach other in PVP
based printed fil ms, resul ting -RVR t he
composites were brought closer when a large external force was applied, which led
to a reduction in the resistance of the Phé3ed printed film.

PVP Suspended in water Ni-PVP composite after mixing with Ni particles
) > \.f\
e {5
—_—
3555555 5595555 T @ Niparice

Nickel powder added

Figure 3.20 Schematic diagram illustrates the formation of PVPcoated nickel
particles
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Poly(2-vinyl pyrrolidoneco-styrene) or, (PVFS), is a copolymer that is
commonly used in the fabrication of ultrafiltration membramezause of its

hydrophilic units, ivinylpyrrolidone, and its hydrophobic unit, styrene, as shown in

Figure3.21. Hence, the introduction of PV® should significantly improve

the miscibility of hydrophobic polyer blends in aqueous solution.

Table 3-5 Solid content of the PVP and the PVF5-based samples with different
nickel contents

PVP-based PVP-S-based

Solid content of polymeric binder itself 38.2% 45.1%

Solidcontent of ink sample with 70% Niand 86% (PVP3) 84% (PVRS3)
30% binder

Solid content of ink sample with 60% Ni an¢ 80% (PVP4) 77% (PVRS4)
40% binder

The content of the PVB emulsion contains 64 wt% of the hydrophobic
component, styrene. Thereforhe amount of the hydrophilic component, 1
vinylpyrrolidone, is considerably less than that in the PVP emulsion. The nickel
particles were influenced by the hydrophilic units, as showiignre 3.20. As a
result there were more free nickel aggregates that were not physically adsorbed on
the substrates when the nickel loadings in the PVP and3hded inks were the
same. This is why the resistance values of Jased printed films were much

lower than thosef the PVRbase printed films.
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Poly (vinylpyrrolidone) Poly (1-vinylpyrrolidone-co-styrene)

Figure 3.21 Chemical structures of (eft) poly (vinyl pyrrolidone) and (right)
poly (1-vinyl pyrrolidone -co-styrene)

3.3.4.2 SEM aspects of PVP films and of PVF5-based printed films

The nature of the ink surface and associated @esons were achieved by high
resolution SEM. SEM imagesuld useto clearly characterise the nickel particles

in the polymer matricesFigure3.22 andFigure 3.23 demonstrate the morphologies

of the surfaces and the cressctions of the PVP and the P\&based printed films,
respectively, which consist of nickel powder (70 wt%) and each specific polymeric
binder (30 w%). Representative electron micrographs were recorded at
magnifications fromx 500 to x 2500.

It is reported that PVP is an excellent dispersant, useg@révent the
agglomeration ometal nanoparticlefgl0]. The distribution of the nickel particles in
the PVP matrix, irFigure3.22, confirms this point, whereby the nickel particles are
well dispersed and separated individually from each other. Thesesptezncal
particles are identified as nickel particles Hdye EDX analysis and by the
morphology of the pure nickel powder (degure3.1). As seen in the surface and
crosssections of the PVP3 printed film, only a small number of nickel particles
aggregate in a setfssembled flowetlike structure, probably due to dipole attraction
and surfactant coatinN@0, 26] Furthermore, neapherical nickel particles are in a
PVP matrix. This good dispersion of the nickel particles supports the long lasting
time for electricalinsulating behaviour under no pressure was applied for the PVP
based printed film. This printed film became less sensitive to external forces

compared to the PV/B-based printed films, since the nickel particles are further
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away from each other. As astét, the lowest resistance value under a high external

force was greater than that for the other printed films. Moreover, the volume
fraction of nickel particles was further away from the percolation threshold, which
leads to changes in the resistancemvh high external force is applied.

SEl - 15kV 9 “ - SE| _ 5kV WD14mm S840 X750 20pm

Figure 322SEM i mages of PVPxR00D(eft)ym@sross ur f ace
section (right) atx 750 magnifications

Figure 3.23 demonstrates the morphologies of the surface and the- cross
section of a PVES3 printed film. The PVES3 printed film was more brittle than
the PVP3 printed film as seen in the presence of cracks. Poly(styrene) is a rigid and
brittle thermoplastic ggmer, often employed in plastic, packaging materials and
container industrief41]. Measurement of the modulus of elasticity for each solid
stated binder and each printed film is discussed in Se@i@¥4.5 The
morphologies of PVFS-based printed films were different from those of the PVP
based printed films because the repeating styryl unit in theFp&lymer are not as
hydrophilic and miscible as the PVP polymer. The eeesgtion of PVPS3 printed
film shows that the nickel particles are binding in a continuous-£\fi®lymer
matrix. The thickness of the PV$3 printed film ¢ 43 um) is nearly as twice thick
as the PVP3 printed film~(24 um).
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Figure 3.23SEM images of PVPS 3 f i | md sx 2@00 (teft) and eross t
section (right) atx 1200 magnifications

3.3.4.3 Particle size distribution of nickel particles in the PVP and the PVPS-
based binders

Figure3.24 displays the particle size distributions of nickel particles dispersed in the
PVP3based ink and the PVB3-based ink, which contained 70 wt% of nickel
powder and 30 wt% of each individual polymeric binder. This indicates that the
nickel particles are dispeidén the PVPbased binder, sizes ranging fromuh to

100 um in size. Nickel particles dispersed in the P$Based binder formed a
broad distribution of large aggregates fromr to 300um. These size distribution
profiles, of nickel particles in theVP-based and P\#3-based binders, support the
morphologies obtained from the P\iased and the PV8&based printed samples.
Such broader particle size distribution graph obtained by the$F3/®m caused the
more electrical switching behaviour and morenductive property with the
comparison of the PVP3 film.Also this broader particle size distribution graph
indicates that the nickel particles in the R®$ased binder formed worse

dispersion than those in the PNdBsed binder.
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Figure 3.24 Size distributions of nickel particles in the PVPbased ink (top) and

the PVP-S-based ink (bottom)

3.3.4.4 Thermal stability of the PVP-based ink and the PVPS-based ink

Figure 3.25 shows the differences in the thermal stability of the two inks with

different polymeric bindersi,e. PVP-based and P\W&-based binders.

It can be

seen that the extent to which the RSased binder holds onto water was greater
than that shown by the Pbased binder. This better affinity to water of the PVP

S-binder could help its printed film to have electrical switching behaviour and better

conductivity, compared to that of the P¥RBsed printed film. Additionally, the

PVP-based binder has a greatdfinity for water (see the temperature at the first

turning point in Figure 3.25), and it made the film with PVP swell to a greater extent

than the PVFS-based film[42].

free space of the polymer chajd$]o .

polymer could significantly reduce the breakdown of the electric {#®dd. This
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explains the better conductivity of PMbased films compared to PMiased

films.
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The overall thermal stability of éhtwo binders is similar. In the TGA
profiles of each ink, each thermogram indicates a profile that can be correlated to a
loss of water as the heating temperature was increased up € Hzfsl 150°C for
the PVP3 ink and for the PV83 ink, respectively This is then followed by

decomposition reactions that take place up to°400

100
l - PVP3 basedink
6 - - PVP-83based ink
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76+
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Figure 3.25TGA, 10°C/min plots of the PVP3 ink and the PVPS3 ink

3.3.4.5 Mechanical properties of the PVP3 printed film and the P\P-S3
printed film

The modulus of elasticity is a significant parameter to investigate the compression of
a printed film. The protocol for the measurement of the elastic modulus was
detailed in Chapter 2. The elastic modulus of the PVP3 printed filmhan@d\MRS3
printed film is shown irFigure3.26. The elastic modulus of the unfilled PVP and
the unfilled PVPS films is demonstrated iRigure3.27. It is seen that theddition

of nickel particles increases the elastic modulus in both the PVP and th& PVP
films. The metallic nickel particled90- 220 GPaare rigid that have higher elastic
moduus than the polymers generally2]. Two dramatic elastic modulus values
arise for the PVP3 and the PAB3 films. The nickel content of each printed film
was similar, thus any significant difference in elastic moslulould be due to the

differences between the binding polymers. The PVP polymer has a dramatically
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lower elastt modulus value than the P& polymer. This is because of the larger
molecular weight of the PVP polymeare. 360,000 g/mo[45], with a comparison
with that of the PVFS polymer,i.e. 645.87 g/mol. The P\AS polymer exhibits a
much greater elastic molis. Such a low elastic modulus of the PVP3 film

prevented nickel aggregation and electrical conductive behavioufifgee3.19).

240 Il PVP3 printed film

I PVP-S3 printed film
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PVP3 film PVP-83 film

Figure 3.26 Modulus of elastcity for the PVP3 printed film and the PVP-S3
printed film
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Figure 3.27 Modulus of elasticity for the PVP binder film and the PVRS binder
film
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3.3.5 Characterisation of PELbased printed film and PE2based printed
film

3.3.5.1 Comparison of the effects of PE-based binder and of PEZbased
binders on the electricalmechanical properties

It is very difficult for many of the polymers, used in inks or coatings to disperse well
into water because of the differences of swaféension and polarity. The well
controlled and precise viscosity and pH value of inks can be used to help the
polymer dispersion.Figure3.28 gives a schematic image of the neutralisation of a
polymer by base solubilisation. sAshown, the acid is formed before the
solubilisation, at low pH. The polymers are wadtesoluble emulsion polymers
owing to the formation of a hydrophobic network. On the addition of a base to
neutralise the dispersione. pH > 7, these particles lmoe watersoluble because

of the repulsive force between carboxylate poly anions. As a consequence, this
efficiently results in an increase of viscosity and thickening properties, as shown in
the salt formFigure3.28. These linear polymers can use in film application, similar

to those concerned in this study. Besides, a thixotropic and pseudoplastic flow of
emulsion will be achieved. The hydrophobic groups build up associations with
other hydrophobic polymeiia the formulation, such as those present in surfactants
and dyes. However, when the pH > 9.5, the emulsion viscosity will be reduced and
the drying rate will be low. Therefore, the pH applications for acrylic copolymers
range from 8 to 47-51].

The deailed composition of the two watbased polymeric emulsions, PE1
and PE2, is not known. Both are used in the manufacture of high quality water
based inks and coatings and are mainly comprised of an-stitable acrylic
copolymer. The solubility of nmy carboxylated polymers in aqueous alkaline
solution has been madé6, 47, 51, 52] Several publications have reported that
alkali soluble acrylic copolymers containing a large number of carboxyl groups
usually form aggregations of micellgs3], similar to those of polymeric surfactants,
due to the intermolecular and/or intramolecular hydrophobic interacfhS7].
Figure 3.29 represents the schematic diagram of a micelle structure of acrylic

copolymer adsdring on the nickel particle.
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Figure 3.28 Schematic image of polymer neutralisation by base solubilisation
[48]

Figure 3.29 Schematic representation of akel particle surrounded by an
adsorbed alkali soluble acrylic copolyniéd-57]Table 3-6 gives the nickel content
of the PElbased printed film and the P#2sed printed film at different ink
formulations. The PE1 and PEZ printed films have similar nickel contenis.
90 wt%. Therefore, the results arising from the use of similar nickel contents, of
PE1 and PEbased printed filmsi.e. PEL1 and PEZ2, PEX2 and PE24 and PE41
4 and PEZ) has been plotted the same graph, as showrHigure 3.30.
























































































































































































































