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Abstract 

Quantum Tunnelling Composites (QTC) have attractive mechanical-electrical 

properties and have found applications in a number of advanced technologies such 

as the touch-sensitive finger-tips on the gloves of the NASA space suits.  There was 

a demand to apply QTC materials to consumer products such as credit cards, via a 

conventional printing process.  The challenge, however, was that QTC materials 

only functioned properly at high 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 printable via conventional printing technologies 

such as screen printing, meanwhile, these inks would be potentially applied as an 

electrical switch in the RFID card, sportswear, games and etc.  To date, several 

screen printable functional inks, each containing a combination of conductive spiky-

like nickel particles, three grades of semiconducting titanium dioxides particles and 

a range of water-based binders, have been formulated and used to study the 

electrical properties of the QTC inks.  Relevant experimental designs, interpretation 

of the property-composition relationships, modelling of the electrical-mechanical 

properties and a 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 behaves as 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 

“hop” from one to the other with or without touching.  This is known as “quantum 

tunnel effect”, arising because the nickel particles can build a high electric charge 

field on the spike tips. 

 Detailed in this thesis, are a series of comprehensive investigations of the 

pressure-sensitive response of a printed film, and the 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 compression, even 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 variation was 
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explained by the quantum tunnelling mechanism and percolation mechanism, which 

were mainly dependent on the nickel loading, the distribution 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 properties an external 

compression of the printed QTC films has been successfully developed.  This 

permits quantification of the relationship between the electrical properties and the 

structure of the composite.  This model was most applicable to the printed 

composite film for the prediction of the electrical-mechanical properties of the 

nickel particles randomly dispersed in a polymeric matrix.  
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Chapter 1. General introduction 

Recent advances in the field of printed electronics have enabled a significant 

revolution in electronic technology to take place.  Printed electronics cover a series 

of printing methods, for fabrication of electronic devices on a variety of substrates.  

Printing processes, especially screen printing, reduce the costs of manufacture, the 

number of processing steps and contamination of the environment dramatically, 

compared with traditional electronic fabrication processes [1].  These electronic 

devices or parts are lightweight, small and thin, flexible, cheap and disposable [2].  

However, despite recent 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 2030 [3-6].  Printed electronics have 

seen application in a variety of areas.  Examples include mobile devices, e-readers, 

flexible displays, sports equipment, apparatus and sportswear, healthcare 

technologies, toys, games and security products [9-13].  Hence, the combination of 

an efficient printing process and improved electronics technologies is envisaged to 

facilitate an increase in the productivity and value in the use of such materials. 

 Quantum Tunnelling Composite (QTC) materials were invented by Lussey 

in 1996 and commercialised, in 2006, by the UK-based company, Peratech Ltd. [7].  

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 manipulation [8].  When QTC materials are quiescent, they behave as 

electrical insulators.  When mechanical pressure is applied, a 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.  One of the more widespread 

applications of QTC materials is in wearable electronics as a switch.  Contemporary 

applications include the newly designed Samsung Navikey mobile telephone for 

menu navigation [9], radio-frequency identification (RFID) chip security protection 

[10],  and applications as tactile sensors for robotic hands [11-13] used by NASA 

[14]. 
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1.1 Printed electronic devices 

The printing of fabricated objects has the potential to revolutionise the electronic 

applications of nearly every consumer good, due to a number of inherent benefits 

[15, 16].  They can be used in a vast number of areas, such as conductors [16], semi-

conductors [15], dielectrics [17], luminescent [18], electrochromic [19], 

electrophoretic [20] and other functional materials.  With these various applications, 

electronic technology is emerging our daily life, such as small games on the 

packages [21], intelligent displays on the magazines and bendable E-book readers 

[4]. 

 

Figure 1.1 Printed electronics and conventional silicon-based electronics as 

complementary technologies [2] 

 

Printed electronics are not a replacement for conventional silicon-based 

electronics, however, they are anticipated to 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 with conventional 

electronics [2]. Electronic devices are usually fabricated using carbon-based or 

organic materials, rather than traditional expensive and complex to produce silicon-

based or inorganic materials [22-24].  Thus, the uses of printed materials in the 

production of printed electronics lead to significant advantages over traditional 

electronic fabrication processes, e.g. low production costs, large-area electronics, 
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greater productivity, more rapid printing process, superior resolution and a reduced 

environmental impact [15, 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 bright future for printed 

electronics has clearly attracted a number of industries, such as BASF, Dow 

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

Co Ltd. Thin Film Electronics, NovaCentrix, Soligie, Ceradrop and so on.  Printed 

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

healthcare products, electronics, media, mobility and architecture.  IDTechEx, 

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

electronics will grow rapidly to $35 billion in 2020 and $300 billion by 2030 [6].  

Figure 1.2 displays the predicted growth of major components for the printed 

electronics’ market from 2015 to 2021 [28]. 

 

Figure 1.2 The growth of major components for the printed electronics’ market 

from 2015 to 2021 by IDTechEx Market research [28].  Each colour 

represents a key application in printed electronic market 

 

 Figure 1.3 shows the growth of flexible applications based on printed 

electronics technologies from 2015 to 2020.  As can be seen, the world market for 
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flexible electronics applications should be significantly greater by 2020 than it was 

in 2015, particularly with respect to OLED lighting system and displays, sensors and 

electronic papers [29]. 

 

Figure 1.3 Landscape for the growth of applications using printing processes 

for flexible electronics from 2014 to 2020 [29] 

 

1.1.2 Advantages and challenges of printed electronics 

Printed electronics can provide simple, large-area, flexible, lightweight and low cost 

electrical products.  Printed electronics can effectively reduce the manufacturing 

costs due to the additive and non-vacuum used in the technology, and meanwhile the 

large-area and few steps procedure.  Furthermore, printing can be used to apply on 

fragile substrates without contacting [4, 5]. 

Conventional semiconductor electronics technology is usually based on 

higher temperature evaporative inorganic metals, e.g. silicon and metal oxides.  

Conventional process usually has more patterning steps than printed process, i.e. 

film deposition, resistive coating, drying, exposure, etching, resist strip and rinse.  

However, printing process usually contain printing and drying [5].  Several current 

printing processes are extremely productive and cost-efficient compared to the 

conventional procedures in the manufacture of silicon-based electronics. 

Furthermore, the versatility of the printed substrates in printed electronics can be 
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varied from paper and carton board, plastics, textiles and ceramics that do not have 

to be flat surfaces.  Traditional silicon-based printing electronics usually use paper 

as a base.  Printed electronics are usually fabricated as a flexible and thin product.  

However, silicon-based 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 ecological 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 incinerating [30, 31].  Additionally, energy requirement of 

electronics manufacture and disposal is classified as being an environmental 

challenge.  Printed electronics is not an exception either.  Therefore, as the addition 

printed electronics, more energy will be consumed.  In this case, an energy 

production will continue to rise.  Moreover, quality and yield of printed materials 

need to be carefully controlled.  Material properties have to be repeatable and 

controllable under normal environmental hazards, i.e. humidity, wear and tear, 

sunlight, oxygenation, etc. 

1.1.3 Introduction to applications of printed electronics 

Printed electronics have been developed as an attractive technology to industries and 

scientists due to their flexibility and their low-cost mass production [4].  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 half a century, attracting the 

interest of industries and scientists.  However, LCD products are still not perfect due 

to their limited viewing angles, long response time and small area panels.  The 

production of the thin-film transistor (TFT) has changed this situation.  The 

worldwide revenue from the TFT rose from $1 billion in 1989 to approximately 

$110 billion in 2012 [32]. 

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

the non-conducting substrate.  TFT assembles a semi-conducting thin film layer, a 
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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 

amorphous silicon or polycrystalline silicon [33-35]. 

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 

electrodes [36].  The source and the drain electrodes are directly in contact with a 

thin-film semiconductor.  The thin-film 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 inserted into the semiconductor 

material, a conducting channel is formed through the material.  In this case, a current 

is formed between source and drain [37]. 

 

Figure 1.4 Schematic diagram for the configuration of thin-film transistor [37] 

 

 Due to their features and benefits, TFTs, have been used in a considerable 

number of applications.  For instance, they are employed in LCDs [38], in digital 

radiography [39], in medical radiography [40] and in active matrix organic light-

emitting diode (AMOLED) screens [41]. 

1.1.3.2 Displays (e-paper and e-reader and electrochromic) 

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

inks have to be brought into focus.  E-paper is fabricated by sandwiching millions of 
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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 dispersed in a clear fluid.  When an electric voltage is applied to the 

microcapsules, the black 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 e-reader displays market share and 

consumption forecast [44].  It is estimated that the number of e-readers, in 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 printed 3-digit Card 

Verification Value.  The codes will be displayed and periodically change on a small 

screen.  This can serve to detect criminals who copy card details [45]. 

 

Figure 1.5 The e-reader market share and consumption forecast [44, 46] 

 

Electrochromic devices can alter their optical properties (i.e. optical 

transmission, absorption, emittance and reflectance) when a voltage is applied.  The 

conventional production of electrochromic displays is based on assembling indium, 

‘sandwiched’ electrodes that contain at least one optically transparent electrode, e.g. 

indium tin oxide (ITO) [47].  The manufacture of electrochromic displays has been 
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commercialised by using printing technology [48, 49].  Electrochromic devices are 

employed in smart windows, electrochromic mirrors and electrochromic display 

devices. 

1.1.3.3 Touch screens 

The touch screen is a technology of an electronic display that is typically pressure 

sensitive, electrically 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 damage.  Touch screens can be 

used in a large number of electronic devices and software. 

 Ink formulations designed for use with resistive touch screens usually consist 

of an electrically conductive metal mixed with an electrically resistant polymer.  

This leads to a variation in the electrical current and voltage [50, 51].  The 

advantages of resistive touch screens are low cost, multi-touch capability, low power 

consumption, resistance to environmental changes 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 displays; signature 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 long lifetime, extremely precise resolution, excellent 

optical properties, multi-touch capabilities, ease of integration, reliability and 

durability, ability to operate under extreme conditions and drift free coordinates with 

no recalibration required.  However, the disadvantages of capacitive touch include 

their high cost and the fact that they can be operated by fingers only.  They are 

usually used in medical instruments, in signature capture and in aerospace 

entertainment systems [52, 53]. 

Surface wave touch screens use 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 the detector.  Surface wave touch screen 
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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 industrial and commercial 

applications [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 systems concerns solar panels used on building to generate thermal 

energy, powder station, transport, spacecraft and signals [56]. 

 Figure 1.6 represents the schematic image of a typical photovoltaic cell.  

There are two types of semiconductors (n-type and p-type) that have different 

electrical properties configuring and joining together in the cell.  The junction 

between n-type and p-type semiconductors is known as ‘p–n junction’.  Silicon is 

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 cell.  N-type and p-type semiconductors gather 

negative charges (electrons) and positive charges (holes), respectively.  Thus, when 

a light or sun is shone to the cell, electricity will flow within the cell, as shown in 

Figure 1.6 [57, 58]. 

 

Figure 1.6 Schematic diagram 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 inorganic materials, organic 

materials have a larger share of the printed electronics market [29]. 

1.2.1 Organic semiconductors or conductive polymers 

Organic semiconductor materials are able to provide useful electrical conductivity.  

They are applied in the manufacture of electronic displays and flexible displays.  

They are widely used in smartphones [59], tablets [60], TV [61], RFID [62], LED 

[63], field effect transistors (FET) [64] and e-readers [65]. 

Organic semiconductors are typically sp
2
-hybridised in their carbon bonding 

structure having the abilities to conduct electrons.  The electronic conductivity 

ranges from 10
-9

 to 10
3 

S/m (between metals and insulators) [36, 37].  Pentacene is 

one of the more widely used organic polymers in TFTs [66], 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 films [67].  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, polycrystalline silicon possesses 

high carrier mobility and various degrees of crystallinity [68]. 

 Metal oxides, especially transition metals, such as ZnO and its derivatives 

constitute a large group of inorganic semiconductors that used to be employed in 

various applications of electronics.  These non-stoichiometric metal oxides are 

usually transparent due to their large bandgaps (>3 eV).  Under such 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 in TFTs [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 

applications across 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 charge-carrying mechanism [72]. The printed dielectric creates an 

insulating coating that plays an important role in enhancing and protecting the 

conductive material.  For instance, poly(vinylpyrrolidone) (PVP)-based films are 

usually used as a dielectric coating for printed field effect transistors [25, 73]. 

Properties of printed dielectric films that have an important effect on the 

performance of printed electronics, include the thickness, smoothness and capacity 

properties [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 are widely used in recent research and 

applications.  The conductive fillers include graphene, metal powder, carbon fibres, 

carbon black and conducting polymers such as polyaniline [76-78].  The electrical 

properties of CPC materials rely on the conductivity, the loading, the particle size, 

the shape and the distribution 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 shown in Figure 1.7 [77].  Accordingly, the 

electrical resistivity of QTC commercial material ranges from 10
12

 down to 10 Ω, 

which can vary from insulating to conductive properties [24]. 



12 
 

 

 

 

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 metal-polymer composites containing, for 

example, copper, nickel, aluminium, iron and silver particles to carbon-containing 

composites [24, 79]. 

1.3.1.1 Carbon nanotube composites 

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

the scientific community and industries because of the carbon nanotubes’ 

outstanding properties.  Those properties include thermal optical, electrical and 

mechanical properties.  The stiffness and strength of carbon nanotubes are 

extraordinary.  The stiffest carbon nanotube, the carbon fibre, has a Young’s 

modulus of the order of 1 TPa.  The Young’s modulus of glass fibres is normally 

approximately 70 GPa [81].  Carbon nanotubes are usually mixed with other 

materials (i.e. polymers, ceramics and metals) to achieve high mechanical 

properties.  Furthermore, one of the more significant characteristics of carbon 

nanotubes is their electrically semiconducting character or metallic behaviour which 
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depends on their structure and diameter.  It has been reported that the electrical 

resistance of carbon nanotubes ranges from 0.05 µΩm to 10 mΩm.  With such a 

good conductivity properties, carbon nanotubes, such as carbon black [82], are often 

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

carbon nanotubes with poly(p-phenylene vinylene) (PPV) and its derivatives have 

displayed electroluminuescent properties that normally are exploited in light 

emitting diodes and photovoltaic devices [80, 83, 84]. 

1.3.1.2 Nickel particles in composites 

In the last two decades, nickel nanoparticles have attracted much attention from 

scientists and engineers due to their abundant applications, such as in magnetic inks 

[85], magnetic storage media and sensors [86], conducting materials [87] and 

catalysts [88].  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 nanoparticles, including ultrasound irradiation [89], electrochemical 

methods [90], metal evaporation condensation [91], metal salt reduction [92], polyol 

methods [93], ultrasonic spray pyrolysis [94] and neutral organometallic precursor 

decomposition [87, 95].  In general, comparing with physical processes, chemical 

reduction methods have the benefits of simple to run, easy to control and low cost 

production [96]. 

1.4 QTC metal composites 

QTC metal composites have greater intrinsic conductivity than carbon-containing 

composites and have a well-defined morphology [24].  Lussey, in 1996, invented a 

novel composite material termed a quantum tunnelling composite (QTC) [7]. 

Quantum Tunnelling Composites consist of a polymer matrix in which metal 

particles are present.  The original target 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 achieved [97].  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 metal filler loading, the electrical 

conductivity of the composites increases slowly.  However, the electrical 

conductivity increases rapidly within a limited range of metal filler content [24].  

This is the reason why an electrically conductive adhesive has not 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.  However, the electronic devices that mainly 

contained silicon are expensive, difficult to fabricate and require clean rooms and 

precise manufacturing techniques [15, 23, 97].  A typical QTC comprises a mixture 

of spiky nickel particles, of approximately 1-100 µm diameter, and an elastomeric 

poly(siloxane) matrix.  These fulfil different roles [97].  The nickel particles are 

coated with a polymer matrix, as shown in Figure 1.8, that have sharp projections on 

the surface [24, 98].  As a result, the particles themselves do not “communicate” to 

form chains with each other directly.  QTC contains a nickel type 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 1-2 mm [24, 97].  The particle size distributions of nickel type 123 and 

nickel type 287 are in the range of 3.5 to 4.5 µm and 2.6 to 3.3 µm respectively.  A 

silicone based monomer or urethane based monomer is used.  Siloxane-based 

monomers, includet Alphasil 2000 (Alphas Industries Ltd.), Silicoset 153 (Ambersil 

Ltd.), Silastic T4 (Dow Corning) and RTV6166 (GE Silicones).  The urethane-based 

monomer include F42 (supplied by Techsil Ltd.) [8, 24].  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 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 weight [24, 98] 

 

The components of the QTCs can also be blended with small amounts of 

acicular semiconductor particles, such as Acicular TiO2, 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 deformation [97]. 

“This elastomeric conductive polymer composition displays a large dynamic 

resistance range and isotropic electrical properties when subjected to distortion 

forces” [99].  When no pressure is applied, the metal particles are separated and do 

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 threshold [8, 99, 100].  

However, when some form of mechanical pressure is applied, such as compression, 

stretching, bending or twisting, 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, when mechanical pressure is applied, the 

electrons from the metal particles can “hop” from one to the other with or without 

touching.  This is known as the ‘quantum tunnel effect’ [7, 24, 97], arising because 

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 

 

Figure 1.9 Schematic image of QTC material’s working principles [101] 

 

Experiments have shown that 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 resistance [24, 97].  This performance of QTCs at lower 

pressures can be explained by percolation 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 the materials 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 theory fails.  The 

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 rapidly varying 

conductivity [100].  As mentioned in 1.4.1, 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 addition, the particle shape of agglomerates has a large influence on the 

conductivity of a QTC at the percolation threshold.  “Values of the volume fraction 
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of filler at the percolation threshold are observed to range from <1 % for needle-like 

particles to >10 % for spherical particles” [24, 102].  Thus, QTC inks have the 

ability to carry high electric current densities due to the spiky tips on their surface, 

although no metallic routes are established [8, 24].  The resistance of QTCs can vary 

from 10
12

–10
13

 Ω to less than 1 Ω under the deformation at room temperature [24]. 

The piezoresistive effect is different from quantum tunnelling.  Figure 1.10 

indicates a relationship between the electrical resistance and the amount of stress 

placed on the piezoelectric material [103, 104].  The most common application of a 

piezoresistive material is in transistors.  Piezoresistive materials are made from 

semi-conductor materials that usually contain silicon. 

 

Figure 1.10 Diagram demonstrates how the piezoresistive material works when 

the pressure 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 the reason why 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 

thickness [8, 24, 97]. 

 Compared to other conductive composites, QTCs have a much greater initial 

electrical resistance.  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 theory [100, 106, 107], as shown in Figure 1.11.  The red line 
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represents the R-F plot of the first generation of QTC material and the black line 

represents R-F plot of a typical percolation composite [24, 100]. 

 

Figure 1.11 Comparison of the resistance and force to the first generation of 

QTC material and a typical percolation composite [24, 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 Fowler-Nordheim (wave-mechanical) 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 quantum-mechanical tunnel 

effect, under the influence of a strong electric field [109, 110].  The performance can 

be reduced with the removal of the spiky tips of the nickel particles.  As a result, the 

sensitivity of the QTC reduces significantly on deformation.  The Fowler-Nordheim 

effect is responsive and reproducible.  However, the mechanism for the thermo-

mechanical which enables the use of this 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 should alter the current-voltage behaviour of a QTC from 

being ohmic at the quiescent state to being non-linear during deformation.  Ohmic 

contact is illustrated by a linear current–voltage (I–V) relationship between two 

conductors, as shown in Equation 1-1.  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 Fowler-Nordheim effect, which is an 

unfavourable factor due to its inconsistent deformation.  Figure 1.12 shows the 

nature of the current-voltage characteristics of a sample of a QTC material on being 

subject to uniaxial compression [7, 24]. 

 

R= 
 
 

 

Equation 1-1 Ohm’s law, in which R, V and I represent resistance, voltage and 

current, respectively 

 

 The first generation of QTC materials gave electric storage, as shown in 

Figure 1.12.  The solid and dashed lines represent increasing and decreasing voltage.  

This phenomenon was undesirable due to the inconsistency of behaviour between 

uses [24, 97]. 
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Figure 1.12 Current-voltage characteristics of a sample of a QTC when it is 

compressed uniaxially [7] 

 

Figure 1.12 illustrates the electrical charge storage behaviour of a first 

generation QTC material.  The performance can be explained by the generation of 

conduction paths throughout the material.  Figure 1.13 [a] demonstrates that the 

electrical charge passes from one nickel particle to another, in close proximity.  

Consequently, this generates a current through the material, Figure 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 result, a dead end is created, to 

which the charge can flow but is not able to pass on (Figure 1.13 [b]).  The current is 

shown on the area [b] of Figure 1.12.  This leads to a charge 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 

discovered (Figure 1.13 [c]) and an increase in the current will be created, as shown 

in area [c] of Figure 1.12.  This charge storage situation is undesirable because of 

inconsistencies between uses.  The second generation of QTC materials was 

designed to solve this problem (Figure 1.15). 
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Figure 1.13 [a] Initial conduction paths developed with increasing voltage; [b] 

Charge storage on the spike tips as the voltage is increased; [c] Removal 

of stored charge as the voltage decreases 

 

Acicular TiO2 is introduced into the formulations of second generation QTC 

materials to solve the charge storage problem.  The morphology of the acicular TiO2 

is shown in Figure 1.14.  These types of TiO2 cannot build up as many electrical 

field sites as can the nickel particles, as the number of TiO2 tips per particle is 

essentially reduced to two.  In this case, the acicular TiO2 in the bulk material 

creates extra conduction paths.  Figure 1.15 illustrates the generation of conduction 

paths in such QTCs. 

 

Figure 1.14 Morphology of acicular TiO2 as used in second generation QTC 

materials 
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Figure 1.15 Introducing acicular TiO2 filler particles, aiding conduction paths 

in QTC materials 

 

 Current QTC inks contain not only acicular TiO2 as filler, but also contain 

pre-milled, spherical TiO2.  These TiO2 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.  TiO2 is a semiconductor.  The role of spherical TiO2 fillers is similar to 

that of acicular TiO2 filler, which is to reduce the electrical sensitivity of the QTC 

film.  However, the spherical TiO2 can also deflect the electric charge, as 

demonstrated in Figure 1.16. 

 

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 be carried 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 phenomenon is dominant by quantum mechanics, which 

is different from classical mechanics.  Classical mechanic describes the particle 

would be certain to be reflected off the potential barrier as it has insufficient energy 

to surmount.  However, quantum mechanics illustrates the particle acts as a wave 

giving a wave function, Figure 1.17, which has sufficient energy to transmit through 

the barrier rather than just reflected [97, 157, 158]. 

 Quantum mechanics describe a matter have properties of particles and 

waves.  A particle with mass, m, and energy, E, is modelled in a one-dimensional 

rectangular potential barrier of height V0>E.  The particle will be more likely tunnel 

through the barrier from the left, as shown in Figure 1.17.  Due to this model, 

regions 1 and 3 could represent two adjacent nickel particles in the QTC composite 

and region 2 could represent the insulating polymer matrix.  As a result, expressions 

of the transmission coefficient, T, and the reflection coefficient, R, can be achieved 

by the wave function in those three regions [97, 157, 158], as shown in Equation 1-2 

and Equation 1-3. 

 

Figure 1.17 Quantum tunnelling through a one-dimensional potential barrier 

[157,158] 

 

  
                                              

                                           
 

Equation 1-2 Expression of the transmission coefficient, T, in quantum 

mechanics 

 

  
                                                

                                            
 

Equation 1-3 Expression of the reflection coefficient, R, in quantum mechanics 
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1.4.4.2 Percolation theory 

Percolation theory, introduced in 1957 by Broadbent and Hammersley, is widely 

used to describe the physical properties of composite materials, such as electrical 

resistivity, permeabilities of diphasic materials and thermal conductivity.  The 

percolation threshold is the filler particle at minimum volume fraction value which 

can achieve the electrical behaviour with rapidly varying conductivity [100].  The 

electrical conductivity increases rapidly within a limited range of metal filler 

content; this metal filler content is the 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 shown in Figure 1.18 [b], there are 

many possible conduction pathways.  When the metal filler fraction is very low, as 

shown in Figure 1.18 [a], there is nearly no such conduction pathway as the metal 

clusters are small compared to the whole square lattice. 

 

Figure 1.18 Schematic diagrams of square lattices representing the three stages 

of metal filler fraction.  [a], [b] and [c] show the metal filler fraction 

below, at and above 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 metal-polymer composite.  This 

unusual property requires the metal filler particles have tendency to randomly 

arranged into clusters throughout the insulating host polymer [111].  The 

conductivity through the composite is a factor of the number of percolation 
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pathways through the materials.  Equation 1-4 shows the resistivity of a composite is 

a function of the volume fraction of conductive filler particles. 

 

    
   

  
   

Equation 1-4 Equation for the resistivity, R, of a composite material.  Ø 

represents the volume fraction of conductive filler particles.  Øc represents 

the percolation threshold that is the critical volume fraction of conductive 

filler particles when a conducting pathway is formed through the 

insulating polymer.  t represents an exponent for the percolation equation 

that usually ranges from 1 to 6.27 for 3D systems [111-113] 

 

 Figure 1.19 demonstrates the relationship between the volume fraction of 

metal filler and the electrical conductivity of a composite.  It reveals that the 

conductivity increases very slowly when the metal filler volume fraction is below 

the percolation threshold, due to no direct electron contact from one to the other, as 

displayed in Figure 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.  Percolation theory can only explain the performance when the 

composite’s filler is above the percolation threshold (Ø > Øc) accurately [113].  The 

reason of this is because when the volume fraction of metal filler is at the 

percolation threshold, Ø = Øc, even a slight deviation in filler volume fraction can 

influence the conductivity of the system [113, 114].  Percolation theory can be used 

to explain the behaviour of QTC materials as it assumes that the metal fillers are 

randomly diffused throughout the material.  

 Figure 1.19 shows the relationship between filler volume fraction and the 

electrical conductivity of a composite material that obeys percolation mechanism 

[113]. 
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Figure 1.19 Relationship between filler volume fraction and the electrical 

conductivity of a composite material.  The red and black dashed lines 

represent the ohmic region and maximum conductivity, respectively [113] 

 

 For systems on or close to the percolation threshold, percolation theory 

cannot be used to predict such sharp transitions.  In this case, a slight variation in the 

filler volume fraction will have a relatively large effect on the conductivity [114].  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 spheres that do not have too much aggregation.  Because of this, 

an improved theory will be described in the next sections. 

1.4.4.3 McLachlan’s general effective medium theory 

The purpose of effective medium theory (EMT) is to describe the performance of 

QTC material is in proximity to the percolation threshold that cannot be explained 

successfully, as mentioned in Section 1.4.4.2 [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 array.  Therefore, the resistance 

between each pair of nearest neighbour particles will be associated.  Thus the array 
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represents a network of randomly positioned particles with a random distribution of 

resistance between them all.  EMT then replaces all of the resistance with one 

average resistance value.  This EMT uses a homogeneous medium instead of a 

heterogeneous material to solve the complexity of analysis [115].  The theory 

removes the sharp transition from 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 in Equation 1-5.  This model simplifies the EMT model with 

quantitative accuracy when the filler volume fraction is at/near the percolation 

threshold.  It was confirmed by Brosseau [115] that the GEM model fitted the 

experimental data for the dielectric response of a wide range of different carbon-

black concentrations in polymers. 

 

        
 
   

 
  

  
 
   

    
  

     
 

    
 
   

 
  

  
 
   

    
  

     
   

Equation 1-5 GEM theory, where V and Vc are the volume fraction of metal 

filler and the critical filler volume fraction, m and f are the relative 

complex permittivities of the matrix and filler, s and t are the exponent 

values. 

 

1.4.4.4 Links-Nodes-Blobs model for conductive polymer composites 

A Links-Nodes-Blobs (LNB) model was firstly derived by Lin and Lee to explain 

the Payne effect of rubbers with metal fillers [116, 117].  At the beginning, Payne 

and Medalia had found that the mechanical properties of filler-rubber composite did 

not behave the same as those of neat rubber [118].  The LNB model successfully 

demonstrated the macroscopic properties of a metal filler composite system with 

respect to the microscopic properties of metal fillers and polymeric matrix, at which 

the filler volume fraction 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 connected joints among the 
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splitting links.  The average distance between two nearest nodes is defined as p.  

Figure 1.20 exhibits the schematic image of [a] conductive chains in a percolative 

composite above threshold and [b] the links-nodes-blobs model [116]. 

 

Figure 1.20  Schematic images of [a] conductive chains in a percolative 

composite above threshold and [b] the links-nodes-blobs model [116] 

 

 

Figure 1.21  Schematic images of the LNB chain, where [a] formed by direct 

contact of two blobs, [b] with the L1 number of singly connected bonds 

equal to one and [c] with the L1 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 blobs.  Figure 1.21 shows 

the presence of the possible LNB chain, in which the smallest link length correlates 

to the direct contact of two blobs (Figure 1.21 [a]).  The LNB model assumes that 

the blobs are completely rigid and only the polymer matrix deform along with the 

filler network, under compressions of the metal-rubber composite system [116]. 


 
       

   

Equation 1-6  The relationship between the critical length, p, and the 

difference of the filler volume fraction, (-c), where  represents a 

proportional constant and   represents the fractional dimension 

 

             

Equation 1-7 The resistance of a link made of n single bonds between (n+1) 

primary particles, where R1 is contact resistance of a single connected 

bond 

 

      
 

  
  

Equation 1-8 The contact resistance of a single connected bond, where 1 is the 

resistivity across the contact region, t is the shortest distance between two 

contact points and Ac is the average contact area 

 

             
 

     

Equation 1-9 The resistivity of a repeated unit cell (n), where a is the average 

diameter of a primary filler particle 

 

The conductivity of a metal-polymer composite is determined by the loading 

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 an electrically 

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 resistivity of a 

composite can therefore be expressed as above. 

 The macroscopic resistivity of a metal-rubber composite can be calculated by 

Equation 1-9. 

1.4.5 Benefits of QTC materials 

One of the major benefits of QTC materials is that when in a state 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 cheap and easy to 

source (less than €1 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 sensors and in switches [97]. 

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 be classified simply as direct printing (contact) and indirect 

printing (non-contact).  Direct printing technologies include flexography, letterpress, 

gravure and various kinds of screen printing.  Indirect printing technologies make 

the image firstly transfer from the image carrier to blanket cylinder and then to the 

substrate, such as offset lithography and digital printing.  In direct printing, the 

image on the substrate is directly conveyed from the image carrier.  However, in 

indirect printing, the image is conveyed from the image carrier to an intermediate 

rubber-covered blanket cylinder and then transferred to the substrate [120] 

1.5.1 Screen printing technology of relevance to QTC applications 

Screen printing is a relatively versatile printing process, due to its ability to provide 

printability on a large range of surface types, from textiles to ceramics [121].  

Nowadays, the screen 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 or squeegee, as shown in Figure 1.22 [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 squeegee.  During 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 mesh, which results in an 

identical reproduction of the desired image during printing.  The ink is then 

transferred onto the substrate with the movement of the squeegee.  The screen and 

substrate are then separated and a drying procedure follows [121, 122]. 

 

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) in an organised way onto the surface of 

products.  Nowadays, inks are not only used for visual effect, but also for the 

provision of novel functional properties, as deposition on materials, such as thin 

films, photovoltaics, OLED and etc. 

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 or non-volatile.  The 

volatile ingredients include organic solvents, water and coalescing agents.  The non-

volatile components include polymeric binders, pigments, extenders, dyes, resin 

precursors and additives [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 vehicle [124-127].  Pigments can 

be simply classified as being either inorganic or organic in type.  Generally, 

inorganic pigments are able to provide high resistance to the surrounding 

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 have a high 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 (e.g. size, size distribution, shape, shape distribution, 

surface area and surface area distribution and the means by which the pigment might 

aggregate in the medium) [127]. 

1.6.1.1.1 Titanium dioxide 

For many coatings and paints, TiO2 is the most widely used pigment.  Its properties 

include high refractive index and great opacity.  The physical and chemical 

properties of TiO2, such as various size ranges, determine its ultimate utilisation.  

TiO2 exists in natural minerals as three forms, rutile, anatase and brookite, of which, 

the anatase form and the rutile form are the most common forms.  Table 1-1 

illustrates the differences of TiO2 in rutile and anatase forms [128].  Figure 1.23 

demonstrates the crystal structures of TiO2 in rutile and anatase forms [128, 129].  

TiO2 can be used to control the resistance of the QTC printed films. 
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 The two major production methods for TiO2 are the sulphate process and the 

chloride process.  The production of anatase form TiO2 is dependent on the sulphate 

process, according to the schemes as illustrated below [130]: 

 

   FeTiO3 + 2H2SO4  TiOSO4 + FeSO4 + 2H2O 

   TiOSO4  TiO2n(H2O) + H2SO4 

TiO2n(H2O)  TiO2n(H2O)+ nH2O 

 

The production of rutile form TiO2 is dependent on the chloride process, 

according to the schemes below [130]: 

 

   TiO2 (impure) + 2Cl2 + C  TiCl4 + CO2 

   TiCl4 + O2  TiO2 (pure) + 2Cl2 

 

Table 1-1 Differences of TiO2 in rutile and anatase forms [128] 

 Rutile form Anatase form 

Crystal structure Tetragonal Tetragonal 

Production Commercial Commercial 

Density (g/cm
3
) 4.0 3.8 

Particle size (µm) 0.17 – 0.25 0.14 – 0.18 

Dielectric constant 114 48 

Hardness (Mohs) 6 – 6.5 (brittle) 5.5 – 6.0 (brittle) 
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Figure 1.23 The crystal structures of rutile and anatase TiO2 [128] 

 

1.6.1.2 Carriers 

Carriers act as a vehicle for the pigments and binders in the ink formulation and 

should control the viscosity so as to provide a basis for uniform ink application.  

Although the presence of the carrier is temporary, it influences not only the 

application characteristics of an ink, but 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 selecting a carrier of an ink formulation are 

dependent on solvency and evaporation rate requirements [131].  The solvents that 

are used should not be very volatile because of loss of excessive solvent during 

screen printing processes [132].  For viscosity/flow characteristic of 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 this research is to use a water-based 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 formulation and determine the 

drying method, adhesion to the substrate, resistance and mechanical properties of the 

ink.  A binding agent is used to bond pigments, the liquid vehicle, the additives and 

the substrate [127].  Binders are commonly macromolecules that have molecular 

masses ranging from 20,000 gmol
-1

 to 1×10
6
 gmol

-1
.  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 substrate [121].  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 on the substrate 

forming a coherent macromolecular film of high molecular mass [121, 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 effects [24]. 

 Binders used for printing QTC inks are mixed with the metallic pigment to 

form printed composites with novel properties.  The metal particles are usually 

encapsulated into the polymer shell [135], which gives a host of composites.  There 

are usually no chemical bonds formed between polymer chains and the particles.  

Thus, the printed composites maintain of some of the physical and chemical 

properties of the polymeric binders and the pigments combined.  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 

applications due to its non-toxicity, excellent biocompatibility and water solubility; 

such as fabrication of polymer membranes, additives to paints and coatings and as a 

medium for pharmaceutical tablets [136-140].  Apart from these benefits, PVP also 

has high dynamic elasticity [141] and is usually used to prevent the agglomeration 

of nanoparticles [142]. 

Poly(1-vinyl pyrrolidone-co-styrene) or, (PVP-S), is a copolymer that is 

commonly used in the fabrication of ultrafiltration membranes because of its 

hydrophilic units, 1-vinylpyrrolidone, and its hydrophobic unit, styrene. 
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 In 1936, acrylic polymer was first commercially used in laminated safety 

glass as an adhesive interlayer [143].  Since then, acrylic polymers became highly 

used due to their 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 aging and to weathering.  

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 settlement [144].  Acrylic polymers are usually 

prepared by solution polymerisation of copolymers of acrylate and methacrylate 

esters [143].  The solubility can be controlled and neutralised of un-ionised 

carboxylic acid groups by adding bases.  The high solid content with low viscosity 

and low manufacturing cost are also acrylic polymers’ advantages [145] along with 

its high resistance to heat and solvent and its remarkable gloss [146].  Therefore, 

acrylic copolymers are usually used in the printing and coating industries. 

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 applied [147].  Printed films can experience 

problems during application and in storage.  Factors of relevance include slow 

drying procedures; stiff and brittle ink surfaces, agglomerated pigment 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 include [127, 148] : 

 

 Rheology modifiers: Used to modifying the rheology of an ink (e.g. 

viscosity, elasticity and rigidity) and also of the print. 

 Waxes:Improve the rub resistance of an ink film. 

 Driers/Initiators: Used to give acceleration of the curing process 

between the ink’s components. 

 Non-reactive binders: Used to provide print stability through their solid state, 

film forming properties (e.g. cellulose nitrate). 
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 Wetting agents: Used to reduce the vehicle’s surface tension and 

assisting the ink vehicle with respect to penetration of the air pockets 

(gravure plates, anilox rollers etc). 

 Defoamers:  These prevent the formation of surface foam (usually 

in inks that contain an aqueous component) and the entrapment of air in an 

ink film. 

 Plasticisers:  These are used to 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 characteristics 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 necessary operable parameters for a QTC ink.  The key 

characteristics of such wet inks can be considered to be the flow properties 

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

1.6.2.1 Rheology and viscosity 

The rheology of a fluid or melt describes the flow behaviour.  Rheology 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 and viscosity.

 The viscosity of a 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 stress, to shear rate,  (Equation 1-10, 

Equation 1-11 and Equation 1-12).  For instance, water has a low viscosity (1 mPas) 

while screen printing inks are more viscous than water, having a viscosity range 

from 1,000 mPas to 10,000 mPas for graphics and may reach up to 50,000 mPas for 

some highly loaded inks and adhesives.  A Newtonian fluid, e.g. water, 

demonstrates a constant viscosity when changing the amount of shear force.  The 
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viscosity of most inks decreases as the shear rate increases or as the shear stress 

decreases.  This effect is termed the ‘shear thining’ or ‘pseduoplasticity’ 

phenomenon [149]. 

 

  
 

 


Equation 1-10 Shear viscosity, where  and represent the viscosity, the 

applied shear stress and the shear rate respectively 

 

  
 

 


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

ink 

 

  
  

  
 

Equation 1-12 Shear strain rate, where represents the change of velocity, u, 

formed by continuous layers of the ink in the z axis, when shear is applied 

 

 ‘Thixotropy is defined as the property of a liquid’s pseudoplasticity, being 

time dependent flow [126].’  Screen printing inks are thixotropic, as shown in Figure 

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 shear 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, as the dashed lines represent (Figure 1.24) 

[150]. 

The minimum shear stress that is required to cause a fluid to begin to flow is 

the ‘yield point’.  As long as the shear stress exceeds the yield point, the fluid will 
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flow.  The usefulness of the yield point can be explained using non-drip paints as an 

example.  After the removal of the applied force on the substrate and the flow has 

stopped, the paint’s viscosity increases.  The dripping of paints can be avoided 

because the yield point surpasses the force of gravity.  Additionally, a high yield 

point can enable an ink to resist bleeding, but reduces its ability to flow.  Inks 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 flow and levelling without excessive dripping [149, 

150]. 

 

Figure 1.24 Viscosity vs. rate curves with time dependency [133] 

 

 Viscosity is dependent 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 properties [133, 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 temperature 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 energy.  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 to increase the viscosity and the yield point [149, 150]. 

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 dramatically the 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 surface area.  The greater the 

liquid molecule’s attraction force, the greater is the surface tension.  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 to small intramolecular 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 ink molecules, 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 de-wetting if there is great affinity between the surfactant 

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 mN/m [133]. 

1.6.2.3 Zeta potential 

Zeta potential is a measurement of the magnitude of the charge attraction and 

repulsion between nanoparticles in solution (colloids).  It is one of the parameters 

used to evaluate the stability of the QTC inks.  When the zeta potential values are 

greater than +25 mV or less than -25 mV, the inks generally have high degrees of 

stability [151].  Because of van der Waal interactions, the particles with low zeta 

potential value will aggregate eventually [152]. 
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Figure 1.25 A thin layer of opposite charge is attracted by the surface charge 

from nanoparticles.  An electrical double layer is formed around the 

nanoparticles, which results in an electrical potential that is known as zeta 

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 non-uniform.  Aggregates of pigment particles influence 

not only the ink quality but also the printing operation [148].  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 of pigment 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 

dispersion [153, 154].  There are a number of methods for reducing the particle size 

while forming a dispersion, such as ballmills, and/bead mills, centrilmills, rollmills 

and heavy-duty pugs [155].  The dispersibility of an ink can be increased by adding 

surface active agents, i.e. 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 major requirement of the nickel 
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particles in a QTC ink is that the particles mix with water-based binders to form a 

stable QTC ink.  Therefore, the effective dispersion of such nickel particles in 

different binders is an important factor.  Propylene glycol is an effective dispersant 

stabiliser of nickel particles in various media, due to the glycol presenting a steric 

hindrance effect for emulsion in water formulations.  In addition, oligomer polyester 

surfactants have been examined.  These diminish the flow resistance given by the 

nickel particles, thus enhancing the creation of dispersions [85]. 

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 on the substrate 

need to be taken into consideration [156]. Strategies for the development of QTC ink 

formulations need to be built on understanding of the nature of ink formulation, 

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 to be understood.  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 (will) 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 precise methods 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 experimental results.  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 

Equation 1-13 [156]. 

 

  2
k
 

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

number of variables 

 

 The construction of the design 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 experimental runs.  The formula for ‘Sign Change’ is 

illustrated by Equation 1-14 [156]. 

 

The number of sign changes = 2
n-1

 

Equation 1-14 Formula for sign changes, where n 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 of a large number of multiple components and multiple performances.  In 

order to simplify this problem, Equation 1-15, which expresses the performance of 

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

  

Y=f (Xi) 

Equation 1-15 Generic mathematical model for mixed system.  Here, Y is the 

performance of the mixture, f represents a functional relationship and Xi 

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

mathematical model, can be extended as shown in Equation 1-16: 

 

Y=f (X1, X2)=a1X1+a2X2+a12X1X2 

Equation 1-16 (a1, a2 are indications of the influences of components 1, 2.  a12 is 

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 three unknown 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 new technology, 

the precise influence of each QTC ink component and the effect of any interactions 

between the ink’s ingredients, on the performance of the QTC inks are not well 

understood.  Thus, a study of the formulation procedures associated with QTC inks 

was an effective starting point towards helping to understand more thoroughly how 

the QTC system works. 

The aim of this research was to develop water-based screen printable QTC 

inks that have/had similar electrical and mechanical properties to those of the QTC 

materials.  Also, it is significant to produce repeatable and reliable electrical 

properties as QTC materials.  Meanwhile, the thicknesses of the ink films would be 

thin enough to embed them into the flexible displays, e.g. electronics, textiles, pulse 

control, printable memory, computer, credit card, e-paper, mobile and tablets.  Also, 

it was significant to interpret and to understand the mechanism of the electrical 

performance of the QTC inks under compression. 

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

their large number of applications, as mentioned in last paragraph.  Also, 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 QTC ink films 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 

resistance range covering over 12 orders of magnitude.  Moreover, the printed films 

will be reliable, sensitive, intrinsically safe and rugged.  Also, the proposed QTC 

inks will be environmental friendly as the binder used is water-based. 

The primary aim of this research was to develop QTC inks that could be 

printed using printing techniques.  These inks must display pressure-responsive 

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, adhesion and drying after deposition of liquid layers.  Meanwhile, 

pressure-responsive 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 loading of metal content had to be applied to the ink, 

which also had to be screen printable. 

Through the study of QTC material, it would be possible to establish an 

understanding of relevant mechanisms of operation.  Such a study should covers 

mixture experimental design, modelling the electrical-mechanical properties 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 characterisation of the QTC inks.  In the process of the formulation 

development, various aspects would be addressed.  Interpretation of data obtained to 

establish and understand the conductivity profile-structure/composition relationship 

would be an important part. 
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Chapter 2. Experimental 

It is crucial to follow 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 sizes.  In the laboratory 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 materials including 

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 to 

characterise polymers’ nature.  Furthermore, 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 

sections, i.e. Substrates for Printing and Ink Components. 

2.1.1 Substrates for printing 

In printing technology, the term substrate is used to describe the base material that a 

printing ink or coating can be applied onto [1].  Substrates for screen printing cover 

a wide range of types, such as paper, carton-board, card, plastics, glass, metal, 

textiles and so on [2].  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 

Carton-board (see Figure 2.1) is often the preferred substrate that is used when there 

is a need to relate the printability of an ink with the ink’s dispersion characteristics, 

flow properties, strength, hue and gloss [3].  The fibrous carton-board used was 

supplied by Incada Exel, Proctor Paper & Board Ltd., Westland Square, Leeds.  This 

carton-board had a gammage of 240 g/m
2
, a thickness of 400 µm and good 

smoothness for ink coverage and uniform ink adsorption characteristics. 

Ink flow testing is one of the important criteria that can be used to test an 

ink’s property.  The carton-board was used as a base substrate for a quick 

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 suitable for printing process.  If 

the ink had too low a viscosity, it would also not be used as it would bleed and not 

remain on the substrate. 

 

Figure 2.1 Carton-board used in a check of the ink’s deposition characteristics, 

hue and gloss in ink printability testing 

 

2.1.1.2 The poly(ethylene terephthalate)-based inter-digitated electrodes 

The susbtrate on which the QTC inks were printed onto (Figure 2.2) was supplied by 

Peratech Ltd., Old Repeater Station, Richmond, UK and is comprised of 

poly(ethylene terephthalate) (PET) sheet that had been pre-printed 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 carbon-based 
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electrodes (according to the Technical Data Sheet the thickness of each was about 

7–8 µm) were produced from a screen printing ink (supplied by Henkel Ltd.) that 

was very compatible with the polyester film.  The thickness of the dried carbon 

electrode was approximately 8 µm and the resistivity of that was 170 Ω sq
-1

.  The 

electrodes used to test the electrical resistance of the printed film are shown in 

Figure 2.2. 

 

Figure 2.2 PET substrate pre-printed with 5 arrays (i.e. a, b, c, d and e) of silver 

conduction tracks and carbon electrodes 

2.1.2 Ink components 

Inks are commonly composed of colorant(s) (i.e. pigment or dye), binder(s), carrier 

(i.e. organic solvent or water) and additive(s), as shown in Figure 2.3.  One objective 

of this project was to formulate water-based inks, due to their ease of application 

and their environmental friendliness. 

 

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 shown in Table 2-1. 

 

Table 2-1 Metallic powders used in this study 

Powder Supplier Nature and characteristic 

Ni Vale Inco Europe Ltd, 

Swansea, West Glamorgan 

This has a fine, spiky characteristic, 

which has electrical conductivity 

value of 14.3 Siemens/m. The 

particle size distribution ranges 

from 1 to 100 µm.  Such nickel 

powders rarely become surface 

oxidised [4]. 

Fe Sigma Aldrich Ltd, Gillingham, 

Dorset, UK 

This iron powder has a fine 

characteristic and light grey 

colour, which has electrical 

conductivity value of 10.1 

Siemens/m. 

Cu Echart UK Ltd, Unit C The Sidings 

Station Road Ampthill, 

Bedforeshirem, UK 

This is a flaky material that was 

developed to be resistant to 

oxidation.  This has electrical 

conductivity value of 58.5 

Siemens/m. 

Bronze Echart UK Ltd, Unit C The Sidings 

Station Road Ampthill, 

Bedforeshirem, UK 

This is a flaky powder, oxidation 

resistant which is heat treated.  

This has electrical conductivity 

value of 7.4 Siemens/m. 

Zn Sigma Aldrich Ltd, Gillingham, 

Dorset, UK 

This has non-flaky, non-spiky powder 

that is coarse in nature.  This has 

electrical conductivity value of 

16.6 Siemens/m. 
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2.1.2.2 Water-based polymeric binders 

The properties of the binders have a significant influence on the performance of 

coatings or inks.  Polymeric binders provide the basis for ink mobility and flow 

properties.  The water-based binders that were used 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 polymer and water, but owing to commercial confidentiality, the formulation of 

each polymeric binder was not available. 

Doubly-distilled, deionised water, discharged from an Elga, 18 Ω, Purelab-

flex-Velolia distiller, was used where relevant in the preparation of the wet ink 

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

 

Table 2-2 Binders used in the study 

Binder Name Supplier Chemical Nature 

PVP Sigma Aldrich Ltd, 

Gillingham, Dorset, UK 

The product name is poly(vinyl pyrrolidone) and 

average molecular weight is 360,000 g/mol. 

PVP-S Sigma Aldrich Ltd, 

Gillingham, Dorset, UK 

The product name is poly (1-vinyl pyrrolidone-co-

styrene) copolymer.  It is composed of 2-

Pyrrolidone, 1-ethenyl-, polymer with ethenyl 

benzene and the loading for these components is 

≥38 to ≤42 wt%.  The water loading in this binder 

is ≥58 to ≤ 62 wt%.  The styrene loading is 64 

wt% in the solid content.  The average molecular 

weight is 645.87 g/mol. 

Polymeric 

emulsion (PE1) 

Hi–Tech Products Ltd., 

Derbyshire 

DE11 9DH 

This is a colloidal stabilised emulsion that gives a 

hard polymer based system.  It is supplied as 

approximately 40–44 wt% solids in an emulsion 

which mainly contains a alkali soluble acrylic 

copolymer.  The product is modified with a PTFE 

(poly(tetrafluoroethylene)) wax, IPA (isopropyl 

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

Polymeric 

emulsion (PE2) 

Hi–Tech Products Ltd.,  

Derbyshire 

DE11 9DH 

This is an alkali soluble acrylic copolymer 

emulsion, which is neutralised in MEA 

(monoethanolamine).  The product is also 

modified with PTFE, IPA and antifoam. 

Printofix 83 

(PE3) 

Clariant Products Ltd., 

 Marc Leyendecker, 

 6 rue Louise Michel, 

94600 Choisy le Roi, 

France 

This is an aqueous dispersion of a styrene-acrylic 

copolymer and the viscosity is approximately 100 

mPa s (20 °C). 

PSE1 Evonik Industries Ltd, 

Milton Keyne, UK, 

MK10 0AF 

This is a hazy emulsion which included a silicone 

modified polyurethane dispersion.  The solids 

content was approximately 33%.  The solvent 

blend contained dipropyleneglycol dimethyl ether 

and water in the ratio of 5:60.  The viscosity of 

this binder was approximately <200mPa s (20 

°C). 

PSE2 PennWhite Ltd. 

6 Aston Way,  

Middlewich, UK 

CW10 0HS 

This is a polydi(siloxane) emulsion with a solid 

content of approximately 35 wt%. 

PSE3 Formulated Polymer 

Products Ltd. 

8 Garden St, 

Bury, UK 

BL0 9BQ 

This is a poly (isoprene) emulsion.  The solid 

content of that is approximately 64 wt%. 

 

2.1.2.3 Titanium dioxides 

Three different grades of TiO2 were used to modify the electrical properties of QTC 

inks.  Two different types of TiO2 were used in this project (rutile and anatase) due 
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to their different physical properties, such as the specific surface area, the particle 

size and the surface treatment.  TiO2 can be used to control the resistance sensitivity 

of the printed films, as introduced in 1.4.3 .  The three grades of TiO2 that were used 

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

details, pigment types and TiO2 contents [5-7]. 

 

Table 2-3 Three grades of TiO2 used in the study [5-7] 

Commercial Name Kronos TiO2 

[1080] 

Kronos TiO2 

[2190] 

Kronos TiO2 

[2300] 

Supplier Kronos Titan 

GmbH 

 

Kronos Titan 

GmbH 

Kronos Titan 

GmbH 

Production Anatase pigment 

produced by the 

chloride process 

 

Rutile pigment 

produced by the 

sulphate process 

Rutile pigment 

produced by the 

sulphate process 

Pigment Type Anatase Pigment Rutile Pigment Rutile Pigment 

Surface Treatment Sb (very small 

amount) 

Al (1.55%) Al (2.57%) 

TiO2 Content > 98% 

 

> 94% > 94.5% 

Sample 

Identification Code 

TiO2 a TiO2 b TiO2 c 

 

2.2 Equipment 

Several pieces of the equipments were used to print the prepared QTC inks and to 

characterise the ink components, printed films and the inter-digitated electrodes. The 

equipment is classified into two major categories, i.e. equipment for ink preparation 

and testing and equipment for ink and ink film characterisation. 
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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 K-bar, prepared on carbon board 

substrate, for rapid/initial ink testing 

The draw-down K-bar is a wired rod that is used to deposit a defined region of 

“print” for ink assessment (see Figure 2.1).  The electrical conductivity was tested 

after the inks or the coatings had been dried.  In addition, the approximate thickness 

of each coating was controlled by the use of different sizes of K-bar.  In Figure 2.1, 

the K-bar 7 is depicted.  Consequently, wet ink with an approximate thickness of 75 

µm was produced on the substrate.  Details of carton board were given in Section 

2.1.1.1.  Each size K-bar can produce films of its corresponding wet film thickness, 

as shown in Table 2-4. 

Table 2-4 Wet film thicknesses can be created by the different sizes of K-bars 

K-bar Number Wet film thickness 

1 6 µm 

2 12 µm 

3 24 µm 

4 36 µm 

5 50 µm 

6 60 µm 

7 75 µm 

8 100 µm 
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2.2.1.2 Screen printing equipment 

 

Figure 2.4 Roku Print SD05 semi-automatic screen printer used in this research 

 

A Roku Print SD05 screen printing unit was used in screen printing, as 

shown in Figure 2.4.  This is a piece of semi-automatic equipment, having pressure 

and speed controls.  Figure 2.5 shows a schematic diagram of the screen printing 

technique.  In operation, the ink was forced through the open areas of the coated 

stainless stencil mesh surface using a squeegee under a 4 bar pressure.  The 

squeegee setup was mechanically adjustable.  The print setup was controlled 

electronically via the control panel.  The QTC ink was screen printed onto carbon–

silver interdigitated electrode sheets that had been pre-printed onto the PET 

substrate (as shown in Figure 2.2).  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 

direction.  The screen was locked into the holder.  The off-contact gap between 

screen and print bed was set at 3 mm. 
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Figure 2.5 A schematic diagram of screen printing technique 

 

The specifications of the woven mesh screen are given in Table 2-5 [9].  This 

specification of screen was chosen to provide a durable screen. 

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

Frame Mesh-stated parameters Emulsion-Stated 

parameters 

Aluminium 20 mm x 20 

mm box section, 400 mm x 

210 mm print area 

Stainless steel, 32 µm 

thread thickness, 56 µm 

opening, stretched to 18 N 

tension 

38 % solids UV-curing 

emulsion, 2 coats per side 

 

2.2.1.3 Overhead stirrer 

The mixing equipment used for preparing QTC inks was an IKA–Werke Eurostar 

digital overhead stirrer, as shown in Figure 2.6.  Figure 2.6 displays the overhead 

stirrer with a double blade impeller head fitted.  The rotation speed ranged from 50 

rpm to 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.  Double blade 

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 inks.  It 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 in the research 

 

2.2.1.4 Keithley-Picoscope instrument 

A customised setup was used in Peratch Ltd for measuring the Current-Voltage 

characteristics of the print samples.  The setup (as shown in Figure 2.7) consisted of 

the following units: 

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

software 

 500 N load cell for the Instron UTM 

 Keithley 2100 6 ½ digit multimeter (DMM) 

 Base platform to support samples 

 Rubber dome tipped truncated aluminium probe that has same size of the 

carbon contact on the inter-digitated electrodes 

 Gold plated crimp female contacts to ensure the connections with the inter-

digitated electrodes 
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 Two jacketed copper wire cable assemblies – 4 mm jack to crocodile clip to 

gold plated male pin contact 

 Glass bar magnet 

 

 

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 controlled force 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 level on the 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 voltage measurements 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 modulus of each polymeric binder 
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and each printed film.  Figure 2.8 shows the instrumental setup for the measurement 

of the stress-strain behaviour of the binder films and the printed films. 

 

Figure 2.8 Instrumental setup for the measurement of the stress-strain 

behaviour of the binder films and the printed films 

 

2.3 Selective characterisation of raw materials 

2.3.1 Selective characterisation of pigments 

The pigments used in this research were the nickel powder and three different grades 

of TiO2. 

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 an electrically conductive 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 are produced 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 in diameter.  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.  Different interactions between the electron 

beam and the surface of the specimen occur, with secondary electrons and back 

scattered electrons being the most common.  The secondary electrons emitted by the 

sample were collected by an Everhart-Thomley (E-T) detector and are represented 

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

 

Figure 2.9 Schematic diagram showing the components of an SEM column.  A 

beam of electrons is produced at the top of the microscope 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 sample, electrons and X-rays 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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amount of the sample powder, onto a standard SEM stub using carbon-conductive 

tape.  The sample was then gold-coated using a Bio-Rad SC500 diode sputter 

coating unit.  The sample was examined under the electron microscope over the 

magnification range of x 200 to 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 dispersive X-ray spectroscopy is a 

widely used surface analytical technique.  Energy-dispersive X-ray spectroscopy 

(EDX) is used to map the elemental distribution of a sample.  A highly-focused 

scanning primary electron beam is used to generate high resolution images that have 

excellent depth.  The primary electrons use 0.5 kV–30 kV energy to strike the 

surface of a sample.  As a consequence, 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 the sample, the metal atom content and the metal atom ratio in 

the pigment sample can be achieved [10]. 

The EDX component of the JOEL JSM-6610LV, Oxford SEM Instrument 

was mainly used to detect the location of TiO2, which has small particle size.  100 

frames of data were collected 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 area of a specimen was monitored. 

2.3.1.3 Particle size analysis of pigments 

Particle size analysis data for the relevant samples was obtained using a Malvern 

Mastersizer 2000.  This instrumental uses is a laser diffraction technique, covering 

the particle size range between 20 nm and 2000 µm.  Preparation of the sample 

involved pasting a small amount of the sample (20 mg) in a 50 mL glass beaker with 

a few drops of Air Products Surfynol CT – 324, 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 treated in 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 that used in analysing the particle 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 using Phase Analysis Light Scattering mode at 25 °C  The prepared 

samples included nickel powder; three grades of TiO2 and both nickel powder and 

TiO2 dispersing in different binders. 

2.3.2 Characterisation of polymeric binders 

2.3.2.1 Fourier Transform Infrared Spectrophotometric (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 used to evaporate 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 

Platinum-ATR spectrophotometric scanning in the range of 400 to 4000 cm
-1

.  The 

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 carry out the 

rheometric analyses of the polymeric binders.  The competition of the samples 

varied according to different water-based polymers.  The instrument was fitted with 

a Peltier plate for temperature control giving a temperature range of -20 to 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 µN.m to 

150 mN.m + 1nN.m.  The cone used had the following dimensions: 
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 Diameter – 40 mm 

 Angle – 3 deg 59 min 49 sec 

 Truncation – 98 µm 

 

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 µm.  The 

temperature of the plate was set at 25 °C.  Polymeric binders were 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 prevent any involuntary 

loss of mass through evaporation. 

The samples were conditioned at a shear rate of 10 s
-1

 for 30 s and then allowed 

to equilibrate without shear for 120 s.  A shear stress ramp procedure was used.  The 

shear rate was increased from 0.1 s
-1

 to 1000 s
-1

 over a 300 s time period.  The shear 

rate was then decreased from 1000 s
-1

 to 0.1 s 
-1

 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 range of different polymeric binders. 

 

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 function of temperature.  Thus, the 

studies have thermodynamic and kinetic significance of temperature and time.  TGA 

can be used to assess the composition of multi-component systems, aspects of 

thermal stability and oxidative stability, decomposition kinetics and the 

determination of the volatile content of materials.  Each binder-based 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 

N2 gas balance purge flow rate was 40 mL/min and 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 importance.  This 

is because polymer content in each water-based binder will significantly affect the 

correlation between polymers and nickel particles.  Measurement of the latter was 

achieved by weighing an arbitrary amount of the binder composition accurately to 4 

decimal places before and after evaporation of any solvent from the composition.  A 

small amount of each binder was separately placed on to a watch glass (W1) and the 

total weight recorded (W2).  The binder sample was then dried in the oven at 100 °C 

overnight.  Then the weight of the sample on the watch glass was recorded (W3).  

The solid content for the water - based binder was calculated using Equation 2-1.  

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 applied on the 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 the component 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 stage of 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, TiO2 was needed to be added into the ink to achieve an easier manipulated 

printed ink with respect to solve the electron storage problem in composites, as 

mentioned in Section 1.4.4.  The sequence of preparation for such inks is illustrated 

in Figure 2.11. 

 

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, TiO2 was 

used and added into ink formulation 1.  The sequence of inclusion of such an ink 

preparation is illustrated in Figure 2.12.  Three grades of TiO2 were used in this 



75 
 

 

 

project, due to their different physical properties.  It was thought that the species 

TiO2 could be used to control the resistance sensitivity of the printed films. 

 

Figure 2.12 Flow diagram relevant to ink formulation 2 

 

2.4.3 Formulation of ink 3 

Ink formulation 3 was similar to Ink formulation 2.  The only difference between 

them is in the sequence of the addition of the pigments, i.e. nickel powder and TiO2.  

The method of preparation is schematically illustrated in Figure 2.13. 

 

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

As mentioned previously, in the initial stages of the preparation of the QTC inks, 

only small amounts of ink formulated.  The mixing of the ink formulations was 

carried out using the IKA-Werke Eurostar overhead stirrer (as shown in Figure 2.6).  

The binder and “TiO2” were mixed by the stirrer at the greatest speed (2000 rpm) for 

10 min.  Then the mixture 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 carried out by weighing separately the different quantities of the 

binder and the TiO2 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 printing of 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 pre-printed carbon and silver inter-

digitated electrodes of the PET substrate. 

Section 2.2.1.2 demonstrates the instruction of screen printing technique.  The 

substrate (as shown in Section 2.1.1.2) was held in position on the stationary print 

bed with masking tape around the edges.  In screen printing, the ink 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 equivalent of 10% on the basis of the 

screen printer operation profile were used.  Triplicate printed samples of each QTC 

ink were prepared.  Printed samples were removed and allowed to dry on a clean 

petri-dish in a 30 °C oven overnight until a constant weight was achieved.  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 Section 2.3 can be used to 

characterise QTC inks and their printed films, including SEM, particle 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 the printed film 

The major aim of this research is to fabricate the pressure sensitive ink and its 

printed film behaves as QTC material does.  In this case, the nickel filler content is 

significant to determine the conductivity of the printed film.  Therefore, the 

estimation of nickel content in the printed sample is of importance.  The estimation 

of nickel content in the printed film can be calculated by weight according to 

Equation 2-2. 

 

% 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 TiO2 added in the ink 

respectively.  S represents 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 allows one to investigate aspects of work of adhesion 

and wettability properties of the ink on the substrate.  One drop of the ink was 

applied from a 5mL syringe onto the surface of the PET substrate that was then 

transferred onto the platform of the contact angle 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 

Instrument’s hardness rocker tester.  A coated panel of 100 cm
2
 area 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 times the 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 final reading was taken when the counter 

had finally stopped.  Each test was carried out in triplicate and the mean hardness 

value was calculated. 

2.4.7 Experimental setup for the force-sensitive electrical resistance 

measurements on the printed formulations 

2.4.7.1 Preparation of the printed substrates for the force sensitive electrical 

resistance measurements 

Printed inter-digitated electrodes were cut in half and overlaid so that the printed 

experimental ink was sandwiched between two carbon contacts.  These carbon 

contacts 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.  Then the QTC ink was printed on the carbon 

contact using the semi-automatic screen printing machine, as shown in Figure 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 from each half 

were aligned to form a test structure before each group of electrodes was crimped 

using the gold-plated contacts, (as shown in Figure 2.15). 

 

Figure 2.14 Images of QTC printed film (left) on the pre-printed inter-digitated 

electrodes and pre-printed inter-digitated electrodes 
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Figure 2.15 Schematic cross-section of printed composition (left) for the 

pressure sensitive testing. Two pre-printed electrodes were overlaid and 

aligned before each group of electrodes were 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 weights on, when 

measuring the electrical resistance of the printed ink film as a function of known 

applied force, as shown in Figure 2.17.  An attempt was made to establish a constant 

contact area when the different loads were applied.  The resistance 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, 10 g, 20 g, 50 g, 100 

g, 200 g and 500 g.  The multimeter’s electrodes were placed in contact with the two 

gold-plated contacts (Figure 2.15) and the resistivity readings were recorded. 
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Figure 2.16 Setup for measuring the electrical resistance of a printed QTC film 

 

 

Figure 2.17 A schematic diagram of the setup used for measuring the electrical 

resistance of printed QTC samples 

 

2.5 QTC ink preparation 

2.5.1 Sequence of addition of mixed ink components 

Before characterising the QTC inks and QTC printed films, several methods, each of 

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

and experimented, as mentioned from Section 2.4.1 to Section 2.4.3.  The order of 

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

printed sample. 
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 Differences between the formulation of ink 2 and ink 3 mentioned in Section 

2.4.2 and in Section 2.4.3, respectively, is the order of addition of the pigment, i.e. 

nickel powder and TiO2.  Formulation of ink 2 was nickel powder firstly mixed with 

each binder and subsequently TiO2 was added into the nickel mixture.  Formulation 

of ink 3 was TiO2 firstly mixed with each binder and subsequently nickel powder 

was added into the TiO2 mixture, of which TiO2 was apparently mixed longer time 

than that of in formulation of 2.  Figure 2.18 is one of the specific examples to show 

the result of resistance-force plots for the printed films with and without TiO2.  The 

electrical resistance vs. force profiles of the PVP3 film (70 wt% of nickel powder 

and 30 wt% of PVP-based binder) and of the PVP8a film (70 wt% of nickel powder, 

5 wt% of TiO2 and 25 wt% of PVP-based binder) are shown in Figure 2.18.  It was 

observed that the electrical resistance of the PVP3 film was more sensitivity with 

applied compression than that of the PVP8a film. This is because the particle size of 

TiO2 was nearly 100 times smaller than that of nickel particle, which resulted in 

inadequate mixing and aggregates of TiO2.  Furthermore, the particle size 

distribution graphs of TiO2 dispersed in different water-based binders also 

confirmed that TiO2 were hardly to achieve well dispersed emulsions.  Therefore, 

the conductive fillers easily contacted to each other to form a completely conductive 

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 used for the further preparation of QTC inks, as the electrical property of the 

printed sample from ink formulation 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 TiO2a (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 Section 1.7.2.  The number of required 

experimental runs can be calculated by Equation 2-3. 

     

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

number of variables. 

 

 Figure 2.19 demonstrates the factorial design (top) for the ink formulations, 

which resulted 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 integrals. 
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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, PVP-S, PE1, PE2 and PE3-

based QTC inks 

In order to evaluate whether or not a printing process is successful, controlled and 

uniform, ways of ink deposition are needed when the inks are applied to substrates.  

It is important to use consistent inks, printing processes and substrates that are well 

defined and well controlled [1, 2].  Prior to 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 quality is a combination of visual 

perception and the functional characteristics of the printed films.  For this research, 

the functional characteristics of printed films were considered to be of importance.  

One characteristic is the need to formulate pressure-sensitive inks that behave in a 

similar manner to those providing the electrical properties of a QTC switching 

material. 

 In the study described in this chapter, nickel powder, three grades of TiO2 

and five water-based polymeric binders for use in composite inks 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 (i.e. nickel powder and TiO2) were characterised by their 

morphologies and sizes.  Five different binders were used individually to form 

composite inks based on homo-polymeric and co-polymeric 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 materials used in 

the formulation of QTC inks 

It is essential to characterise effectively raw materials before using them in 

experimental procedures because the information acquired relates to the material’s 

properties, structure and composition.  This characterisation 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 spectroscopy 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 the ink, (i.e. the 

conductivity of printed films).  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 the morphology 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 investigations.  Nickel 

powder was used as a major pigment in the QTC ink formulations and was also 

included in the QTC materials, as shown in Figure 3.2 and Figure 3.3.  

Representative electron micrographs were recorded at magnifications from × 200 to 

× 8000.  This technique was applied to the nickel powders, as shown in Figure 3.1. 

 The SEM electron micrographs of the powders indicated that the primary 

particles were irregularly sized and tended to exist as distorted, irregular and 

pseudo-spherical fused aggregates, ranging from around 1 to 10 µm in size.  These 

aggregates have an essential contribution through quantum tunnelling phenomena.  
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Thus, the 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 significantly the flow characteristics, particle size distribution and stability of 

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

 

Figure 3.1 SEM images of nickel powder at × 2000 (left) and × 8000 (right) 

magnifications 

 

Figure 3.2 and Figure 3.3 demonstrate the morphologies of surfaces and 

cross-sections of QTC commercial materials, respectively.  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 pressure-responsive 

electrical properties as commercial QTC materials. 

 

Figure 3.2 SEM images of a QTC material’s surface at × 2000 (top) and × 8000 

(bottom) magnifications 
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Figure 3.3 SEM images of a QTC material’s cross-section at × 200 (left) and × 

1500 (right) magnifications 

 

The irregular shape and size of the nickel clusters (as shown in Figure 3.1) 

does not match those of the particles that are present at the surface of the conductive 

filler material that is present in QTC materials, Figure 3.2.  The quantum tunnelling 

performance is due to the irregular, spiked surface structure of the nickel powder 

which builds up a higher concentration of electron charges at their spiky tips.  From 

the cross-section images of the QTC material, it is seen that a high load of spiky 

spherical nickel particles are binding into the continuous polymeric matrix.  The 

nickel particles vary in size and in their distribution in the polymeric matrix is 

anomalous.  Some areas had a large concentration of nickel particles, but others had 

a low concentration in the QTC material.  The Links-Nodes-Blobs model can be 

used to describe this heterogeneous distribution, as mentioned in Section 1.4.4.3.  

The aggregates of nickel particles are blobs that link with other aggregates through a 

Fowler-Nordheim tunnelling pathway.  This tunnelling process is the result of the 

maintained spiky surface, thus a gentle mixing process is important.  Long mixing 

processes can even the distribution of nickel particles, but it might also remove the 

spikes from the nickel surfaces [3].  Therefore, a suitable mixing process for QTC 

inks was considered and tested. 

The morphologies of the QTC material reveal that variation between 

different samples is common.  It is crucial to focus on the electrical resistance at a 

specific applied force.  
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The presence of several voids within the cross-section of the QTC material is 

the result of air bubbles.  This is probably because when the QTC was moulded in 

the manufacturing process, the Ni-silicone 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 analysis 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 near-spherical fused particle 

aggregates lie in a size range between 2 and 50 µm, with aggregates also being 

present (around 200 µm) (see Figure 3.4).  This particle size range distribution 

matches that obtained for the sample observed under the scanning electron 

microscope.  Such a broad distribution and the presence 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 option.  The mean particle size of nickel particles is 10 

µm. 

 

Figure 3.4 Particle size distributions of nickel particles from the Mastersizer 

2000 

 

3.1.2 Characteristics of water-based binders, PVP, PVP-S, PE1, 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 

Aggregations 
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polymeric binders can be significant as they are used to adjust the adhesion to the 

substrates and fast press speeds [4]. 

In the evaluation of screen printable inks, rheology and surface chemistry are 

useful and critical tools, by which to screen the binders.  The use of rheometry 

illustrates the properties of fluids which include viscosity vs. shear rate.  The 

viscosity, indicated in mPas, is the main characteristic of interest [5]. 

3.1.2.1 Viscosity characteristics of PVP, PVP-S, PE1, PE2 and PE3 polymeric 

binders 

Ideal viscosity values and good rheological characteristics are required 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 temperature.  Figure 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 pronounced between shear rate values of 1 s
-1

 and 1000 s
-1

, which is 

relevant to the screen printing equivalent shear thinning rate [6]. 

 In order to produce screen printable QTC inks, the polymeric binders must 

be thixotropic.  This means that the inks usually have a higher 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 Pa s [6].  Figure 3.5 gives the viscosity vs. 

shear rate plots for the water-based binders, PVP, PVP-S, 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.  PVP-S 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, gave similar 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 PVP-S at any particular 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. 

 

Figure 3.5 The relationship between viscosity and shear rate for each individual 

polymeric binder at 25 °C 

 

 Five water-based polymeric binders, PVP, PVP-S, PE1, PE2 and PE3 were 

applied onto a carton board substrate using a K-bar coater (Number 3), to check 

some of the ink’s dispersion characteristics, flow and strength for an initial ink 

property testing.  It was observed that the PE3 emulsion kept bleeding into the 

substrate due to its hydrophilicity, low viscosity and yield point.  For this reason, the 

PE3-based binder was 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 the K-bar coater was applied, indicating suitable adhesion. 

3.1.2.2 Solid content estimations of polymeric binders, PVP, PVP-S, 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 by weighing an 

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 water-based binder is shown in Table 3-1, which indicates 

that PE2 has the highest volume of water in its composition.  The water content in 

each water-based binder is of significance and is related to the ultimate loading of 

nickel content, thus affecting the conductivity of the printed 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 

content 

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

 

3.1.2.3 Thermogravimetric analysis of water-based binder compositions, PVP, 

PVP-S, PE1, PE2 and PE3 

Thermal stability or decomposition information, regarding commercial polymeric 

binders, can be determined by thermogravimetric analysis (TGA).  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 the rate of weight 

change of a material as a function of temperature and/or time.  Therefore, 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 multi-component 

systems, 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 demonstrated in Figure 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, from 0 °C to 500 °C. 

 

Figure 3.6 TGA analysis of PVP, PVP-S, 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 which 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 PE3 binders, respectively.  Therefore, solid content for each 

individual binder, PVP, PVP-S, PE1, PE2 and PE3 is 39.84%, 43.85%, 43.57%, 

23.57% and 38.95%, respectively, as represented in Table 3-2.  The extent to which 

the PE1 binder holds onto water was greater than that shown by the other polymeric 

binders.  PVP, PVP-S, PE2 and 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.  This is then 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, PVP-S, PE1, PE2 and PE3 

binders, respectively.  Then, what remained of the polymers from each binder 

became thermally decomposed, from 375 °C to 450 °C. 

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 that are contained in the PE2 binder, in comparison to those containing the 

PVP, PVP-S, PE1 and PE3 binders. 

Table 3-2 Solid content for each individual binder dispersion, PVP, PVP-S, 

PE1, PE2 and PE3 from TGA analysis 

 PVP-based 

binder 

dispersion 

PVP-S-

based 

binder 

dispersion 

PE1-based 

binder 

dispersion 

PE2-based 

binder 

dispersion 

PE3-based 

binder 

dispersion 

Solid content 

(the first 
 

turning point) 

39.84% at 

160 °C 

43.85% at 

166 °C 

43.57% at 

170 °C 

23.57% at 

192 °C 

38.95% at 

178 °C 

 

 Comparing Table 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 formulations of PVP, PVP-S, 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, any ink that gave poor results would be 

discarded. 
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3.2.1 The effect of water-based binders on inks and on printed films 

properties 

The results of the study of the viscosity vs. shear rate relationships, Section 3.1.2.1, 

indicate that the viscosity of the PE3-based binder was too low for screen printing 

application.  Therefore, the PE3-based binder was discarded and excluded from 

further investigation. 

The ink formulations of the water-based polymeric QTC inks are shown in 

Table 3-3.  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 

formulations 

85% Ni 

15% 

Binder  

80% Ni 

20% 

Binder  

75% Ni 

25% 

Binder  

70% Ni 

30% 

Binder  

60% Ni 

40% 

Binder  

50% Ni 

50% 

Binder  

40% Ni 

60% 

Binder  

30% Ni 

70% 

Binder  

PVP-based 

ink sample 

code 

PVP0 PVP1 PVP2 PVP3 PVP4 PVP5 PVP6 PVP7 

PVP-S-

based ink 

sample code 

PVP-S0 PVP-S1 PVP-S2 PVP-S3 PVP-S4 PVP-S5 PVP-S6 PVP-S7 

PE1-based 

ink sample 

code 

PE1-0 PE1-1 PE1-2 PE1-3 PE1-4 PE1-5 PE1-6 PE1-7 

PE2-based 

ink sample 

code 

PE2-0 PE2-1 PE2-2 PE2-3 PE2-4 PE2-5 PE2-6 PE2-7 

 

3.3 Results and discussion 

3.3.1 Printability 

Each ink, (Table 3-3) was mixed following the same process of ink preparation, at 

room temperature, as described in Section 2.5.  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 surface chemistry 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 

water-based binder was less than 15 wt%.  These inks 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 the PE2-based binder 

was the lowest (23.9 wt%), the ink containing nickel powder (85 wt%) and the PE2-

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

Additionally, PVP-based inks consisting of nickel powder with more than 75 

wt% in the formulations were not able to develop, owing to the high molecular 

weight (i.e.  360,000 g/mol) of the PVP binder.  This large molecular weight 

gives high viscosity and mechanical strength to the PVP polymer [7].  Apart from 

Ni-PVP-based ink, the maximum loading of nickel powder was 80 wt% and the 

specific polymeric binder (PVP-S, PE1 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 on the 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 minimum loading 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 printing technique.  Each of the printed films was dried overnight to obtain 

a constant weight in a clean petri-dish.  Table 3-4 summarises the availability of ink 

formulations that can be produced by screen printing equipment. 

 

nM
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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 

formulations 

85% Ni 

15% 

Binder 

80% Ni 

20% 

Binder 

75% Ni 

25% 

Binder 

70% Ni 

30% 

Binder 

60% Ni 

40% 

Binder 

50% Ni 

50% 

Binder 

40% Ni 

60% 

Binder 

30% Ni 

70% 

Binder 

PVP-based ink 

sample code 

PVP0 

× 

PVP1 

× 

PVP2 

× 

PVP3 PVP4 PVP5 PVP6 PVP7 

PVP-S based 

ink sample 

code 

PVP-S0 

× 

PVP-S1 PVP-S2 PVP-S3 PVP-S4 PVP-S5 PVP-S6 PVP-S7 

× 

PE1-based ink 

sample code 

PE1-0 

× 

PE1-1 PE1-2 PE1-3 PE1-4 PE1-5 PE1-6 PE1-7 

× 

PE2-based ink 

sample code 

PE2-0 

× 

PE2-1 PE2-2 PE2-3 PE2-4 PE2-5 PE2-6 PE2-7 

× 

 

3.3.2 Electrical properties responding to external forces for a 

commercial QTC bulk material 

The objective of the research was to investigate the electrical properties of the inks’ 

responses to external forces, thus establishing a basis for creating printed films, in 

accordance with viable QTC commercial materials.  Thus, it was considered to be 

necessary to demonstrate the variation in resistance as a function of compression for 

a QTC bulk material, as shown in Figure 3.7. 

A commercial QTC material comprises a mixture of spiky nickel particles, of 

approximately 1-100 µm diameter, and an elastomeric poly(siloxane) matrix.  These 

fulfil different roles [8], of which the nickel particles and the polysiloxane contribute 

electrically as conductive fillers and insulating matrix, respectively.  The nickel 

particles are coated with a polymer matrix, as shown in Figure 3.2 and Figure 3.3 

that have sharp projections on the surface [3, 9].  As a result, the particles 

themselves do not “communicate” to form chains with each other directly.  QTC 

contains a nickel Type 123 and Type 287 (supplied by Inco Ltd.), dispersed in a 

blend of liquid monomers.  These nickel-monomer combinations are polymerised to 
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give a flexible and elastic sheet with a thickness of 1-2 mm [3, 8].  The particle size 

distributions of nickel type 123 and nickel type 287 are in the range of 3.5 to 4.5 µm 

and 2.6 to 3.3 µm,a respectively.  A silicone based monomer or urethane based 

monomer is used.  Siloxane-based monomers, include Alphasil 2000 (Alphas 

Industries Ltd.), Silicoset 153 (Ambersil Ltd.), Silastic T4 (Dow Corning) and 

RTV6166 (GE Silicones).  The urethane-based monomer includes F42 (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 to 6:1 [11]. 

 At approximately 10
12

 Ω, 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 decreases with an 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 material should become consistently lower (less than 10 Ω). 

 Commercial QTC materials have been employed in a vast range of 

applications as switches or sensors due to their unusual property arising from the 

deformation of the particles.  However, the composition of the commercial QTC 

material could not be used for any printing techniques because of its high viscosity 

and high loading of nickel powder in the QTC material.  Therefore, developing ink 

formulations that are printable, with their printed films behaving similarly to the 

electrical properties in the commercial QTC material under external applied 

compression will be a major target to focus on. 
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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, PVP-S, PE1 and PE2-based printed 

films 

3.3.3.1 The effect of conductive fillers on the electrical-mechanical properties 

of PVP-based printed films 

Figure 3.8 displays the variation in electrical resistance as a function of compression 

for different formulations of PVP-based printed films.  It was found that the 

electrical resistance of all the PVP-based printed films possessed electrically 

insulating behaviour when the compression applied on top was less than 0.7 N.  

After an increasing pressure was applied, the PVP-based printed films changed from 

insulating behaviour to conductive characteristics.  The initial electrical resistance 

was too large to measure, the instrumental limit of the digital meter being 2 x 10
7 

Ω.  

Therefore, in order to report the electrical resistance of each printed film, the off-

limit value of the resistance was set as 2 x10
7
 Ω.  The lowest applied force on the 
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printed film was recorded at 0.01 N.  Each plotted data point has its corresponding 

standard deviation, as calculated from five replicate tests. 

 

Figure 3.8 Data showing the dependence of electrical resistance on the applied 

force over five tests for different nickel amounts of PVP-based pressure-

sensitive printed films 

 

Within the error range, printed films that were made from PVP3 and PVP4 

formulations exhibited pressure-sensitive electrical properties, as shown in Figure 

3.8.  The resistance of PVP3 and PVP4 printed films were reduced to the lowest 

values when the compressions were approximately 3 N and 1.5 N, respectively, 

beyond which different resistances were observed.  PVP3 showed controlled 

electrical switching behaviour and PVP4 behaved more like 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 contrasting behaviours 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 conductive pathways 

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 PVP-based 

binder on the electrical properties as mentioned in Section 3.3.3.2 could 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 loading, 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 compression than 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 increasing applied 

compression.  During the whole compression procedure for the PVP-based 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 system [12].  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 compression [12], i.e. uniaxial stress.  As a result, the nickel filler volume 

fraction, (as calculated by Equation 3-1), would initially increase with an increase in 

the uniaxial pressure [13].  When the volume fraction 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 sensitively.  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 constant.  It has been reported that the percolation threshold value 

is very difficult to determine in a composite [14].  In the meantime, the current of 

this printed film displays linearly proportional to the voltage, displaying an Ohmic 

behaviour.  Due to the external uniaxial stress, the distance 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, 14-18]. 
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PVF = 
  

      
      

    

               
     

Equation 3-1 PVF represents for pigment volume fraction, in which V, W and  

present the pigment’s volume, weight and density, respectively.  The 

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 film was less sensitive to the external force because the 

volume fraction of nickel content was low and well below the percolation threshold.  

Apparently, the Ni-PVP 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 PVP-based inks with even lower nickel loadings, 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 compression was 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 electrical-mechanical properties of Ni-PVP-based printed films (Figure 

3.8), PVP3 and PVP4, behaves similarly to the commercial QTC materials (Figure 

3.7).  The PVP3 film behaves more as an electrical switch and the PVP4 film 

behaves more as an electrical sensor.  Both the PVP3 and PVP4 are electrically 

insulating under a low compression.  However, the lowest resistance value of the 

PVP3 printed film (~2000 Ω) and the PVP4 printed film (~4000 Ω) is much greater 

than that of a commercial QTC material (~10 Ω).  This achieved greater resistance 

of Ni-PVP-based composites is not acceptable in accordance with the objective of 

the research; that the printed film changes from an electrical insulator to an electrical 

conductor under an external compression.  The possible reasons of the impact on the 

electrical properties of the PVP-based films caused this are discussed as follows. 
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3.3.3.2 Size distributions of the nickel particles in PVP-based inks 

Figure 3.9 shows the size distribution graphs for different Ni-PVP-based inks, based 

on the nickel content, i.e. PVP3 (70 wt% of nickel powder and 30 wt% of binder) 

and PVP6 (40 wt% of nickel powder and 60 wt% of binder).  It can be seen that the 

larger nickel powders tended to agglomerate, (ranging from 100 µm to 300 µm), for 

the PVP3 printed film, which made an essential contribution to the quantum and 

percolation tunnelling.  This is because of the intermolecular forces between nickel 

particles, i.e. van der Waals attractive force and magnetic dipole-dipole attractions 

[20].  This led to the PVP3 printed film having an electrical switching behaviour.  

However, the low loading of nickel powder in the PVP6 printed films leads to an 

electrical insulating behaviour. 

 

 

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 during the TGA-induced breakdown of the PVP-based binder 

and a PVP-based printed film is shown in Figure 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 PVP-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 polymeric binder and ink from 30 °C 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 (18.5%) that can be calculated from 30% (polymeric binder 

concentration) multiplying by 61.8% (water content of the PVP-based 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 the second 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 concentration) multiplied 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 in 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 and have no chemical bonding reaction with the PVP 

polymers in the Ni-PVP composite. 

 

Figure 3.10 TGA mass loss profile for PVP polymeric binder and PVP3 ink, in 

which each sample was heated for 50 minutes from 0 to 500 °C, at 10 

°C/minute 
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3.3.3.4 The effect of conductive fillers on the electrical-mechanical 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 PVP-S-based pressure-sensitive printed films.  In 

general, PVP-S-based printed films follow a similar pattern in their electrical 

properties, as PVP-based printed films.  The PVP-S1 and the PVP-S2 printed films 

showed classical electrical switching behaviour and the other PVP-S-based printed 

films showed controlled electrical sensing behaviour.  The differences between the 

various PVP-S-based printed films involved the nickel content.  As the nickel 

content of the ink was 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 value [21].  As a result, high loading of 

nickel powder would be expected to improve the electrical sensitivity of the printed 

films. 

 

Figure 3.11 Data showing the dependence of electrical resistance on applied 

force over five tests for different nickel amounts of PVP-S-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 occurs due to quantum tunnelling.  It has 

been reported that the coating film is more continuous when the volume fraction of 

the nickel particles is below the percolation threshold, i.e. critical pigment volume 

fraction [19].  Consequently, the conductive nickel fillers are physically separated 

from each other preventing aggregation, causing electrical resistance of the printed 

film to be high.  When the volume fraction of the nickel was close to the percolation 

threshold, the resistance of the printed films became very sensitive to the external 

uniaxial force resulting in a sharp reduction in the resistance.  In this case, both the 

percolation and the quantum tunnelling processes were presented by the composites.  

When the volume fraction of nickel content was above the percolation threshold, the 

resistance of the printed films became saturated and constant, because of the 

physical contact of nickel particles, resulting in a metallic conduction.  Furthermore, 

the film is discontinuous when the volume fraction of the nickel particles is above 

the percolation threshold because the pigment particles are surrounded by the 

presence of air pockets that replace the binder [19]. 

 The lowest resistance value was achieved by the PVP-S1 printed film under 

more than 1 N uniaxial compression, which was approximately 100 Ω.  

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 difference of their nickel 

content, as shown in Figure 3.12.  For instance, the difference in resistance values 

between PVP-S1 and PVP-S2 is around 70 Ω.  This value difference is not equal to 

that between PVP-S2 and PVP-S3 printed films, which is around 150 Ω.  This is 

because of the printed samples were clearly not homogeneous, as shown in the 

morphologies of the printed films, in Section 3.3.4.2, as the resistivity, current 

density and electric field would not be constant throughout the samples [3]. 
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Figure 3.12 Data showing the lowest resistance values for each PVP-S-based 

printed film that contains different nickel contents 

 

 In summary, a range of screen printable Ni-PVP-S-based films with 

pressure-sensitive performance has been developed.  The electrical sensitivity of the 

printed films could be varied by the nickel contents.  The printed films, PVP-S1 and 

PVP-S2, behaved more electrical switching behaviour and the other PVP-S-based 

printed films that contained lower nickel amounts behaved more electrical sensors.  

The R-F plot of PVP-S-based films (see Figure 3.11) showed similar trend as that of 

the QTC commercial material (see Figure 3.7).  However, the high loading of nickel 

powder in the PVP-S1 and the PVP-S2 printed films yielded lower resistance (~ 

1700 Ω) in comparison to the other PVP-S-based printed films under no applied 

external compression.  This electrical conductive behaviour did not follow the 

objective of the research. 

The PVP-S3 and the PVP-S4 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 PVP-S1 and the PVP-S2 films, ~ 2300 Ω and ~ 

3000 Ω, respectively.  Also, the electrical resistance of the PVP-S3 film reduced 

very quickly with increasing applied force, which means it was too sensitive.  The 

optimisation of this electrically sensitive printed film is discussed in Section 3.4, in 

order to develop an acceptable sensing film as the QTC commercial material.  The 

lowest resistance value of the PVP-S4 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 PVP-S4.  However, it is 

difficult to modify the conductivity of the film, which was determined by the nickel 

amounts.  Therefore, the electrical-mechanical properties of the PVP-S3 printed film 

contained 70 wt% of nickel powder and 30 wt% of the PVP-S-based binder 

dispersion would be focussed to optimise with the further electrical properties 

according to those of the QTC commercial material. 

For the rest of the PVP-S-based printed films, PVP-S5 and PVP-S6, the 

PVP-S5 and the PVP-S6 with lower nickel loading was not perform conductive 

enough, even under a greater external compression, (over 1000 Ω), as shown in 

Figure 3.12.  Thus, these printed films would not be further investigated. 

3.3.3.5 Thermal stability of the PVP-S-based inks 

Figure 3.13 displays the TGA analysis for the PVP-S polymeric binder and the PVP-

S3 (70 wt% Ni and 30 wt% of polymeric binder) ink.  The results and discussion 

concerning Figure 3.13 are similar to those given by the PVP polymeric binder and 

the PVP3 ink, in Section 3.3.3.3.  It reveals that the nickel particles are physically 

present but have no chemical reaction with PVP-S polymer in the Ni-PVP-S 

composite. 

 

Figure 3.13 TGA mass loss profile for PVP-S polymeric binder and PVP-S3 

ink, in which each sample was heated for 50 minutes from 0 °C to 500 °C, 

at 10 °C/min 
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3.3.3.6 The effect of conductive fillers on the electrical-mechanical properties 

of PE1-based and PE2-based printed films 

Figure 3.14 and Figure 3.15 show the dependence of electrical resistance on the 

applied force for different nickel contents of PE1-based and PE2-based pressure-

sensitive printed films that follow a similar trend to the PVP-based and PVP-S-based 

printed films.  It can be seen that the electrical resistance of the PE1-based and the 

PE2-based composite is strongly determined by the nickel powder content under a 

constant applied force.  PE1-1, PE1-2 and PE1-3 printed films showed electrically 

switching behaviour and the other PE1-based printed films showed controlled 

electrical sensing behaviour.  For PE2-based printed films, the PE2-1 printed film 

showed typically electrical switching behaviour and the other PE2-based 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 electrical sensitivity. 

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 volume 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 feature. 

The lowest resistance values were achieved with the PE2-based printed films 

under more than 1N uniaxial compression.  The lowest resistance value for PE2-

based printed film was achieved by the PE2-1 film under more than 1.5 N of 

uniaxial force, at approximately 70 Ω.  Furthermore, a reduction in nickel content 

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 content.  For instance, the difference in 

resistance values between PE1-1 and PE1-2 is around 70 Ω.  This difference value is 



109 
 

 

 

not as twice as much as between PE1-3 and PE1-4 printed films, which is around 

450 Ω.  The difference in resistance values between PE2-1 and PE2-2 is around 50 

Ω.  This difference in value is not equal to that between PE2-2 and PE2-3 printed 

films, which is around 150 Ω. This is because the printed samples are clearly not 

homogeneous, as shown in the printed films’ morphologies, in Section 3.3.5.2.  

Thus, the resistivity, current density and electric field are not constant throughout 

the samples [3].  For each individual plot, it can be seen that sensitivity increases as 

the filler content of the printed film increases.  This has been interpreted in the last 

section. 

 

Figure 3.14 Data showing the dependence of electrical resistance on the applied 

force over five tests for different nickel amounts of PE1-based pressure-

sensitive printed films 

 

In summary, it has been shown that the pressure sensitivity of electrical 

resistance for a water-based printed film is a function of compressive force.  The 

electrical resistance for each printed film generally exceeds 1 kΩ when the lowest 

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 increase from 0.01 N to 0.1 N of 
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applied force.  This is, however, different from other high-loading composites that 

show a slight resistance change with applied force below 5 N [22-25].  For QTC 

printed films, the significant increase in resistance is owing to the progressively 

intimate contact between the upper carbon electrode on PET substrate and the lower 

ink film.  At greater applied forces, i.e. > 0.1 N, the conduction pathways are 

established through the printed film because of the compression used [25]. 

 

Figure 3.15 Data showing the dependence of electrical resistance on the applied 

force over five tests for different nickel amounts of PE2-based pressure-

sensitive printed films 

 

The printed films produced were 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 loading.  The flexibility of each water-based printed 

film is further discussed in Section 3.3.4.5.  It has been reported that an increase in 

metallic filler content (i.e. nickel powder) can result in a reduction of sensitivity to 

external compression [12]. 
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Figure 3.16 Relationship showing the lowest resistance values for each PE1-

based and PE2-based printed film that contain different nickel contents 

 

In conclusions, several screen printable Ni-PE1-based films with pressure-

sensitive behaviour have been successfully developed.  The electrical sensitivity of 

the PE1-based printed films could be varied by the nickel amounts.  The printed 

films, PE1-1, PE1-2 and PE1-3, showed more electrical switching behaviour and the 

other PE1-based printed films that contained lower nickel amounts showed more 

electrical sensing behaviour.  The R-F plot of the PE1-based films (see Figure 3.14) 

exhibited similar trend as that of the QTC commercial material (see Figure 3.7).  

However, the PE1-1, the PE1-2 and the PE1-3 printed films with high loading of 

nickel powder did not show electrical insulating behaviour under no external 

compression was applied.  This electrical conductive behaviour did not follow the 

objective of the research.  For the PE1-1 and the PE1-2 printed films, it was difficult 

to further optimise the electrical properties as the high loading of nickel powder, 

which would not allow any allocation of the TiO2 pigment.  Even though the PE1-3 

printed film was conductive initially, this electrical performance could be modified 

and optimised by the introduction of the different grades of TiO2 (as discussed in 

Section 3.4).  Therefore, the PE1-3 film was the ink formulation that would be 

further investigated and discussed. 
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For the other PE1-based printed films, PE1-4, PE1-5 and PE1-6, they 

behaved electrical insulating behaviour under 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 PE2-based printed films, the PE2-3 film was chosen to further 

investigate and optimise because of the same reason for screening the PE1-based 

films. 

3.3.3.7 Thermal stability of the PE1-based and the PE2-based inks 

Figure 3.17 displays the TGA analysis data for the PE1 polymeric binder and PE1-3 

(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 polymeric binder and the 

PVP3 ink (see Section 3.3.3.3). 

 

Figure 3.17 TGA analysis profile for the PE1 polymeric binder and the PE1-3 

ink, in which each sample was heated for 50 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 can be attributed to evaporation of 

water from the polymeric binder and ink at 30 °C to 150 °C.  The weight loss of 

water in the PE1 polymeric binder and PE1-3 ink is 54.5% and 16.2%, respectively.  

It is revealed that the water loss (16.2%) in PE1-3 ink, through TGA 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 PE1-based 

binder).  It shows that the estimation of the nickel content in the printed film in 

Section 2.4.7.8 was correct.  It can be assumed that the second weight loss (~ 

13.2%) of PE1-3 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 concentration) multiplying by 45.5% (the solid content of the 

PE1-based binder).  This supports the assumption that the second weight loss 

concerns the decomposition of PE1 polymer.  The remaining mass (%) of the PE1-3 

ink is approximately 70% (as shown in 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 Ni-PE1 composite. 

Figure 3.18 displays the TGA mass loss profile for PE2 polymeric binder 

and PE2-3 (70 wt% Ni and 30 wt% of polymeric binder) ink.  The results and 

discussion from Figure 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 PE2-3 

ink, in which each sample was heated for 50 minutes from 0 °C to 500 °C 

at 10 °C/minute 

 

 Two different mass loss regions for each sample can be observed at the same 

temperature, which indicates that 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 30 °C to 500 °C.  The first mass loss rate can be 

attributed to the evaporation of water from the polymeric binder and ink at 30 °C to 

180 °C.  The weight loss of water from the PE2 polymeric binder and the PE2-3 ink 

are 76.1% and 22.5% respectively.  It is revealed that the water loss (22.5%) in the 

PE2-3 ink, through TGA analysis, is close to the water percentage (22.8%) that can 

be calculated by the 30% (polymeric binder concentration) multiplying by 76.1% 

(water content of PE2-based binder).  It is assumed that the second weight loss (~ 

7.2%) of the PE1-3 ink, from 360 °C to 420 °C, corresponds to 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 PE2-based binder).  This indicates that the second weight loss relates to 

the decomposition of PE2 polymer.  The remaining weight of the PE2-3 ink is 

approximately 70% (as shown in 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 
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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 the Ni-PE2 

composite. 

3.3.4 Characterisation of PVP and PVP-S-based printed films 

3.3.4.1 Comparisons of the effects of PVP and PVP-S-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 non-toxicity, excellent biocompatibility and water solubility, such as 

fabrication of polymer membranes, additives to paints and coatings and medium for 

pharmaceutical tablets [26-30].  Apart from these benefits, PVP also has high 

dynamic elasticity [31] and is usually used to prevent the agglomeration of 

nanoparticles [32]. 

 

Figure 3.19 Comparison of changing electrical resistance with change in the 

applied external uniaxial force for printed samples having different 

binder (PVP and PVP-S) contents 

 

Figure 3.19 gives a comparison of the effect of the PVP and the PVP-S-

based binders on the electrical-mechanical properties.  Each individual plot shows 

that the resistance of PVP-based printed films is much greater than those with the 
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same nickel content in the PVP-S-based printed samples, under the same applied 

compression.  The nickel contents of each PVP and PVP-S-based printed film have 

been calculated and are displayed in Table 3-5.  The ink formulations of the PVP 

and the PVP-S-based printed films contain similar amounts of nickel.  However, this 

nickel content did not influence the same electrical properties in PVP and PVP-S-

based printed films.  This is because of the differences in the chemical structures of 

the polymeric binders that the two inks contain, i.e. PVP and PVP-S.  The 

characteristics of the two different polymeric binders (PVP and PVP-S) were 

discussed in Section 3.1.2. 

PVP is easily adsorbed onto a large number of materials, such as metals, 

metal oxides [33], graphite [34], silica [35] and poly(styrene) [36].  The chemical 

structure of PVP is given in  

Figure 3.21a.  A schematic representation of the Ni-PVP composite is shown 

in Figure 3.20, the strong hydrogen bonds that form between the carbonyl groups of 

PVP and the hydroxyls on the nickel particle surfaces [26, 37].  PVP was easily 

adsorbed onto the nickel particle surfaces [26, 37, 38]. Thus, Ni-PVP core-shell 

structures were formed.  Therefore, a PVP matrix could essentially prevent the 

aggregation between nickel particles because of the steric hindrance that is usually 

present at larger molar mass values (> 10,000 g/mol) [20, 32, 39].  In this case, the 

poly(vinyl) sections have repulsive forces between each other [20, 32, 39].  

Consequently, nickel particles could be well separated from each other in PVP-

based printed films, resulting in the high resistance.  The “hairy” Ni-PVP 

composites were brought closer when a large external force was applied, which led 

to a reduction in the resistance of the PVP-based printed film. 

 

Figure 3.20 Schematic diagram illustrates the formation of PVP-coated nickel 

particles 
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Poly(1-vinyl pyrrolidone-co-styrene) or, (PVP-S), is a copolymer that is 

commonly used in the fabrication of ultrafiltration membranes because of its 

hydrophilic units, 1-vinylpyrrolidone, and its hydrophobic unit, styrene, as shown in  

Figure 3.21.  Hence, the introduction of PVP-S should significantly improve 

the miscibility of hydrophobic polymer blends in aqueous solution. 

 

Table 3-5 Solid content of the PVP and the PVP-S-based samples with different 

nickel contents 

 PVP-based PVP-S-based 

Solid content of polymeric binder itself 38.2% 45.1% 

Solid content of ink sample with 70% Ni and 

30% binder 

86% (PVP3) 84% (PVP-S3) 

Solid content of ink sample with 60% Ni and 

40% binder 

80% (PVP4) 77% (PVP-S4) 

 

The content of the PVP-S emulsion contains 64 wt% of the hydrophobic 

component, styrene.  Therefore, the 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 shown in Figure 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 and PVP-S-based inks were the 

same.  This is why the resistance values of PVP-S-based printed films were much 

lower than those of the PVP-base printed films. 
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Figure 3.21 Chemical structures of (left) poly (vinyl pyrrolidone) and (right) 

poly (1-vinyl pyrrolidone-co-styrene) 

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

The nature of the ink surface and associated cross-sections were achieved by high 

resolution SEM.  SEM images could use to clearly characterise the nickel particles 

in the polymer matrices.  Figure 3.22 and Figure 3.23 demonstrate the morphologies 

of the surfaces and the cross-sections of the PVP and the PVP-S-based printed films, 

respectively, which consist of nickel powder (70 wt%) and each specific polymeric 

binder (30 wt%).  Representative electron micrographs were recorded at 

magnifications from × 500 to × 2500. 

It is reported that PVP is an excellent dispersant, used to prevent the 

agglomeration of metal nanoparticles [40].  The distribution of the nickel particles in 

the PVP matrix, in Figure 3.22, confirms this point, whereby the nickel particles are 

well dispersed and separated individually from each other.  These near-spherical 

particles are identified as nickel particles by the EDX analysis and by the 

morphology of the pure nickel powder (see Figure 3.1).  As seen in the surface and 

cross-sections of the PVP3 printed film, only a small number of nickel particles 

aggregate in a self-assembled flower-like structure, probably due to dipole attraction 

and surfactant coating [20, 26].  Furthermore, near-spherical nickel particles are in a 

PVP matrix.  This good dispersion of the nickel particles supports the long lasting 

time for electrical insulating behaviour under no pressure was applied for the PVP-

based printed film.  This printed film became less sensitive to external forces 

compared to the PVP-S-based printed films, since the nickel particles are further 
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away from each other.  As a result, 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 resistance when a high external force is applied. 

 

Figure 3.22 SEM images of PVP3 film’s surface at × 2000 (left) and cross-

section (right) at × 750 magnifications 

 

Figure 3.23 demonstrates the morphologies of the surface and the cross-

section of a PVP-S3 printed film.  The PVP-S3 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 polymer, often employed in plastic, packaging materials and 

container industries [41].  Measurement of the modulus of elasticity for each solid 

stated binder and each printed film is discussed in Section 3.3.4.5.  The 

morphologies of PVP-S-based printed films were different from those of the PVP-

based printed films because the repeating styryl unit in the PVP-S polymer are not as 

hydrophilic and miscible as the PVP polymer.  The cross-section of PVP-S3 printed 

film shows that the nickel particles are binding in a continuous PVP-S polymer 

matrix.  The thickness of the PVP-S3 printed film (~ 43 µm) is nearly as twice thick 

as the PVP3 printed film (~ 24 µm).  

46µm 40µm 
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Figure 3.23 SEM images of PVP-S3 film’s surface at × 2000 (left) and cross-

section (right) at × 1200 magnifications 

 

3.3.4.3 Particle size distribution of nickel particles in the PVP and the PVP-S-

based binders 

Figure 3.24 displays the particle size distributions of nickel particles dispersed in the 

PVP3-based ink and the PVP-S3-based ink, which contained 70 wt% of nickel 

powder and 30 wt% of each individual polymeric binder.  This indicates that the 

nickel particles are dispersed in the PVP-based binder, sizes ranging from 1 µm to 

100 µm in size.  Nickel particles dispersed in the PVP-S-based binder formed a 

broad distribution of large aggregates from 2 µm to 300 µm.  These size distribution 

profiles, of nickel particles in the PVP-based and PVP-S-based binders, support the 

morphologies obtained from the PVP-based and the PVP-S-based printed samples.  

Such broader particle size distribution graph obtained by the PVP-S3 film caused the 

more electrical switching behaviour and more conductive property with the 

comparison of the PVP3 film.  Also this broader particle size distribution graph 

indicates that the nickel particles in the PVP-S-based binder formed worse 

dispersion than those in the PVP-based binder. 

 

24µm 
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Figure 3.24 Size distributions of nickel particles in the PVP-based ink (top) and 

the PVP-S-based ink (bottom) 

 

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

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

different polymeric binders, i.e. PVP-based and PVP-S-based binders.  It can be 

seen that the extent to which the PVP-S-based binder holds onto water was greater 

than that shown by the PVP-based 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 PVP-based printed film.  Additionally, the 

PVP-based binder has a greater affinity 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 PVP-S-based film [42].  “The water molecules are able to penetrate in the 

free space of the polymer chains [43]”.  It was reported that the water molecules in a 

polymer could significantly reduce the breakdown of the electric field [44].  This 

explains the better conductivity of PVP-S-based films compared to PVP-based 

films. 
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The overall thermal stability of the two 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 to 125 °C and 150 °C for 

the PVP3 ink and for the PVP-S3 ink, respectively.  This is then followed by 

decomposition reactions that take place up to 400 °C. 

 

Figure 3.25 TGA, 10°C/min plots of the PVP3 ink and the PVP-S3 ink 

3.3.4.5 Mechanical properties of the PVP3 printed film and the PVP-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 film and the PVP-S3 

printed film is shown in Figure 3.26.  The elastic modulus of the unfilled PVP and 

the unfilled PVP-S films is demonstrated in Figure 3.27.  It is seen that the addition 

of nickel particles increases the elastic modulus in both the PVP and the PVP-S 

films.  The metallic nickel particles, 190 - 220 GPa, are rigid that have higher elastic 

modulus than the polymers generally [72].  Two dramatic elastic modulus values 

arise for the PVP3 and the PVP-S3 films.  The nickel content of each printed film 

was similar, thus any significant difference in elastic modulus would be due to the 

differences between the binding polymers.  The PVP polymer has a dramatically 
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lower elastic modulus value than the PVP-S polymer.  This is because of the larger 

molecular weight of the PVP polymer, i.e. 360,000 g/mol [45], with a comparison 

with that of the PVP-S polymer, i.e. 645.87 g/mol.  The PVP-S polymer exhibits a 

much greater elastic modulus.  Such a low elastic modulus of the PVP3 film 

prevented nickel aggregation and electrical conductive behaviour (see Figure 3.19). 

 

Figure 3.26 Modulus of elasticity for the PVP3 printed film and the PVP-S3 

printed film 

 

 

Figure 3.27 Modulus of elasticity for the PVP binder film and the PVP-S binder 

film 
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3.3.5 Characterisation of PE1-based printed film and PE2-based printed 

film 

3.3.5.1 Comparison of the effects of PE1-based binder and of PE2-based 

binders on the electrical-mechanical 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 surface tension and polarity.  The well-

controlled and precise viscosity and pH value of inks can be used to help the 

polymer dispersion.  Figure 3.28 gives a schematic image of the neutralisation of a 

polymer by base solubilisation.  As shown, the acid is formed before the 

solubilisation, at low pH.  The polymers are water-insoluble emulsion polymers 

owing to the formation of a hydrophobic network.  On the addition of a base to 

neutralise the dispersion, i.e. pH > 7, these particles become water-soluble 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 form, Figure 3.28.  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 polymers in 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 9 [47-51]. 

The detailed composition of the two water-based 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 alkali-soluble acrylic 

copolymer.  The solubility of many carboxylated polymers in aqueous alkaline 

solution has been made [46, 47, 51, 52].  Several publications have reported that 

alkali soluble acrylic copolymers containing a large number of carboxyl groups 

usually form aggregations of micelles [53], similar to those of polymeric surfactants, 

due to the intermolecular and/or intramolecular hydrophobic interactions [54-57].  

Figure 3.29 represents the schematic diagram of a micelle structure of acrylic 

copolymer adsorbing 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 a nickel particle surrounded by an 

adsorbed alkali soluble acrylic copolymer [54-57]Table 3-6 gives the nickel content 

of the PE1-based printed film and the PE2-based printed film at different ink 

formulations.  The PE1-1 and PE2-3 printed films have similar nickel contents, i.e. 

90 wt%.  Therefore, the results arising from the use of similar nickel contents, of 

PE1 and PE2-based printed films (i.e. PE1-1 and PE2-3, PE1-2 and PE2-4 and PE1-

4 and PE2-6) has been plotted in the same graph, as shown in Figure 3.30. 
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Table 3-6 Solid content of PE1 and PE2-based samples at different nickel 

loadings 

 PE1-based PE2-based 

Solid content of binder itself 45.5% 23.9% 

Solid content of ink with 80 wt% Ni and 20 wt% 

binder 

90% (PE1-1) 94% (PE2-1) 

Solid content of ink with 75 wt% Ni and 25 wt% 

binder 

87% (PE1-2) 93% (PE2-2) 

Solid content of ink with 70 wt% Ni and 30 wt% 

binder 

84% (PE1-3) 91% (PE2-3) 

Solid content of ink with 60 wt% Ni and 40 wt% 

binder 

77% (PE1-4) 86% (PE2-4) 

Solid content of ink with 50 wt% Ni and 50 wt% 

binder 

69% (PE1-5) 81% (PE2-5) 

Solid content of ink with 40 wt% Ni and 60 wt% 

binder 

60% (PE1-6) 74% (PE2-6) 

 

As expected, the low resistance values of the printed films decrease with an 

increase in nickel content.  These printed films are also very sensitive to external 

forces in their response.  When the applied external compression was over 1 N, the 

resistances of all of the printed films decreased slowly to their lowest value.  The 

rapid reduction in the resistance at stress values that were less than 1 N, gave 

quantum tunnelling mechanism and percolation tunnelling mechanism [12]. 
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Figure 3.30 Comparison of the electrical resistance on the external uniaxial 

force for PE1 and PE2-based printed samples with nickel content ranges 

from 70 wt% to 80 wt% 

 

 The reason that samples with the same nickel content of PE1-based printed 

film and PE2-based printed film gives differently in resistance values (horizontal 

lines of Figure 3.30) is because of the chain lengths of PE1 and PE2-based alkali 

acrylic copolymers.  Alkali soluble acrylic copolymers and nickel particles form a 

micellar structure, as displayed in Figure 3.29.  The chain lengths of PE2 acrylic 

copolymer are longer than those of PE1 copolymer, which results in keeping each 

Ni-PE2 micelle further apart.  Similarly, nickel particles in each Ni-PE1 micelle 

were much closer to each other, as demonstrated in Figure 3.31.  As a consequence, 

a greater electric field of nickel particles in PE1-based printed films can be built up, 

so a lower resistance value of PE1-based printed film is achieved, when the same 

external force is applied. 
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Figure 3.31 Schematic diagrams of micellar Ni-polymeric assemblies of the 

PE1-based printed film and the PE2-based printed film [53] 

 

3.3.5.2 Morphologies of the PE1-based printed film and the PE2-based 

printed film 

Figure 3.32 and Figure 3.33 demonstrate the morphologies of the respective surfaces 

at ×2000 and cross-sections at ×750 magnifications of the PE1-based and the PE2-

based alkali soluble acrylic copolymer printed films.  These films displayed a high 

density of nickel particles.  These near-spherical particles can be identified as nickel 

as they correspond with the SEM image of pure nickel powder, as shown in Figure 

3.1.  The near-spherical nickel particles are widely dispersed across the surfaces in 

the Ni-PE1-3 printed films and Ni-PE2-4 printed films, which have similar nickel 

proportions of approximately 85 w% in their solid states.  In both of the acrylic 

copolymer based printed films, the polymer is designed to coat the nickel particles, 

preventing them from coming into direct physical contact.  As a consequence, a high 

resistance of composites should be achieved when the volume fraction of nickel 

particles is below the percolation threshold.  Some nickel particles tend to form 

clusters, especially in the PE1-based printed film, as shown in Figure 3.32.  This is 
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because the chain lengths of PE1-based polymer are shorter than those of PE2-based 

polymers, as demonstrated in schematic image in Figure 3.31.  Therefore, the nickel 

particles are better dispersed and separated in a continuous PE2-based polymer 

compared to the PE1-based printed film in which there are a number of voids.  

These voids could effectively bring the nickel particles closer to each other under an 

external compression, which resulted in more electrical switching and more 

conductive PE1-based printed film (see Figure 3.29).  However, the continuous PE2-

based polymer matrix could prevent the nickel particles from contacting each other 

due to the presence of less voids of the PE2-3 printed film.  Also, there is a larger 

number of spiky tips on the nickel particles exposing to the surface of the PE1-3 

film than that of the PE2-3 film, which led to higher electrical field was generated in 

the PE1-3 film.  This is another reason to explain the electrical switching behaviour 

of the PE1-based films and the electrical sensing behaviour of the PE2-based films.  

The PE2-4 printed film shown in Figure 3.33 only has a few cracks across the 

surface.  The nickel particles in the PE1-based binder were barely able to form a 

continuous and smooth film surface.  Some of the direct physical contact of nickel 

particles results in lower resistance or better conductivity of the PE1-based printed 

film under external forces when the volume fraction of nickel particles is above the 

percolation threshold.  This is why the electrical sensitivity of the PE1-based printed 

films has been shown to be greater than that of the PE2-based printed films at 

similar nickel loading, as demonstrated in Figure 3.30.  The thicknesses of the PE1-3 

and the PE2-4 printed films are similar in the range of 40 µm to 50 µm. 

  

Figure 3.32 SEM images of PE1-3 film’s surface at × 2000 (left) and cross-

section (right) at × 750 magnifications 

 

52µm 
45µm 
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Figure 3.33 SEM images of PE2-4 film’s surface at × 2000 (left) and cross-

section (right) at × 750 magnifications 

 

3.3.5.3 Particle size distribution of the PE1-based and the PE2-based ink 

 

 

Figure 3.34 Size distribution graphs of nickel particles dispersed in the PE1-

based binder (top) and the PE2-based binder (bottom) 

 

 

49µm 41µm 
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Figure 3.34 displays particle size distributions of nickel particles dispersing in 

the PE1-3 ink and the PE2-4-based ink.  It is indicated that nickel particles aggregate 

to form larger sizes and a greater number of irregular particle clusters in the PE1-

based binder than those in the PE2-based binder.  The average size of the nickel 

aggregates is approximately 600 µm in the PE1-based binder, which is around 60 

times greater than that of the pure nickel particles (see Figure 3.4).  Nickel particles 

dispersed in the PE2-based binder formed a small distribution of large aggregates 

from 100 µm to 300 µm.  These size distribution graphs of the nickel particles in the 

PE1-based binder and the PE2-based binder match those obtained for morphologies 

of the PE-based printed samples (see Figure 3.32 and Figure 3.33). 

3.3.5.4 Thermal stability of the PE1-based and the PE2-based inks 

Figure 3.35 shows the differences in thermal stability between two inks with 

different polymeric binders, i.e. PE1-based and PE2-based binders.  It can be seen 

that the extent to which the PE1-based binder holds onto water was slightly greater 

than that shown by the PE2-based binder.  This better affinity to water of the PE1-

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

conductivity compared to that of the PE2-based printed film.  Additionally, the 

greater affinity for water for the PE1-based binder could make the film swell to a 

greater extent than PE2-based film [42].  “The water molecules are able to penetrate 

in the free space of the polymer chains” [43].  It was reported that the water 

molecules in a polymer could significantly reduce the breakdown of the electric field 

[44].  This explains the better conductivity of PE1-based films. 

The overall thermal stability of the two binders is similar, in the TGA 

profiles of each ink, and each thermogram indicates a curve which can be correlated 

to loss of water as the heating temperature was increased to 140 °C and 150 °C for 

the PE1-3 ink and for the PE2-3 ink, respectively.  This is then followed by any 

decomposition reactions that take place around 350 °C. 
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Figure 3.35 TGA plots of the PE1-3 ink and the PE2-3 ink with heating rate of 

10 °C/min 

 

3.3.5.5 Mechanical properties for the PE1-3 and the PE2-3 printed films 

Modulus of elasticity is a significant parameter in investigating the compression of 

the PE1-based and the PE2-based printed film, as shown in Figure 3.36.  Two 

dramatic elastic modulus values can be seen in the PE1-3 and the PE2-3 films.  The 

nickel content in each printed film was similar, thus such significant difference in 

elastic modulus was due to the distinction of the binding polymers.  It was known 

that the PE2-based polymer had a longer chain length than the PE1-based polymer.  

In general, longer polymer chains can get tangled and combined with each other 

which results in low elastic modulus, however, shorter polymer chains can lose the 

ductility which results in high stiffness.  Therefore, the PE2-based printed film 

exhibited much lower elastic modulus than the PE1-based printed film.  Such a low 

elastic modulus of PE2-based film prevented nickel aggregation and electrically 

conductive behaviour (see 3.3.5.1). 
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Figure 3.36 Elasticity modulus for the PE1-3 and PE2-3 printed films 

 

3.3.6 Zeta potential measurements of nickel particles dispersed in a 

range of water-based binder components 

It is important to examine the stability of nickel particles in different polymeric 

binders, which significantly affects the conductivity of the printed films.  Zeta 

potential values can be used to evaluate the stability of nickel particles in different 

polymer-based binders.  It is a measurement for the charge repulsion or attraction 

between particles [58].  The polymer coating does not only prevent the nickel 

particles from aggregation, but it can also affect the size and dispersity of the 

particles [20, 60].  Generally, it was reported that the greater the absolute zeta 

potential measurement, the higher stability of particles in the solution [59].  

 Table 3-7 shows the zeta potential analyses results and conductivity values 

for nickel particles (70 wt%) dispersed in each of the PVP, the PVP-S, the PE1 and 

the PE2-based binders (30 wt%).  It is shown that the conductivity values for nickel 

particles dispersed in water-based binders are similar within the difference of 0.027 

mS/cm.  This is because of the fact that the carriers and pigments of the inks, water 

and nickel powder, respectively, made the majority contribution of electron 

movements and transportations. 

Zeta potential measurements for nickel particles in the PE1-based binder and 

the PE2-based binder are -22.3+5.1 mV and -27.8+5.67 mV, respectively.  It 
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indicates that the nickel particles in the PE2-based binder are more stable than those 

in the PE1-based binder as the more negative zeta potential value achieved by the 

Ni-PE2-based ink.  These zeta potential results can therefore explain the more 

electrically sensing behaviour of the Ni-PE2-based printed film (Figure 3.44) and 

the more electrically switching behaviour of the Ni-PE1-based printed film (Figure 

3.43). 

Similarly, for the PVP-based ink and the PVP-S-based ink, the nickel particles 

in the PVP-based binder were slightly more stable with a comparison to those in the 

PVP-S-based binder.  This explains the electrically sensing behaviour of the PVP-

based printed films and the electrically switching behaviour of the PVP-S-based 

printed films (see Figure 3.11). 

Table 3-7 Zeta potential and conductivity values for nickel particles dispersed 

in PVP, PVP-S, PE1 and PE2-based binders 

Samples Zeta potential (mV) Conductivity (mS/cm) 

Ni powder dispersed in PVP -3.35 + 3.73 0.357 

Ni powder dispersed in PVP-S -0.942 + 4.24 0.351 

Ni powder dispersed in PE1 -22.3 + 5.1 0.378 

Ni powder dispersed in PE2 -27.8 + 5.67 0.369 

 

3.3.7 Fourier Transform Infrared Spectrometer (FTIR) analysis for the 

water-based polymeric binders and ink in the solid state 

Figure 3.37 is an FTIR spectra used to detect the possible interactions between the 

PVP and nickel particles in the solid state.  The pure PVP and the Ni-PVP 

composites are characterised by a Bruker Platinum-ATR spectrometer in the range 

of 400 to 4000 cm
-1

.  Both FTIR samples of the pure PVP and the Ni-PVP 

composites are prepared and dried overnight, in order to evaporate the water from 

the inks.  Then the ink films were ground prior to being employed on the crystal area 

of Platinum-ATR. 

For the FTIR spectra of the PVP and the PVP3 films in Figure 3.37, 

characteristic bands can be seen at 2955 cm
-1

 (C-H stretch) and 1654 cm
-1

 (C=O).  In 
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addition, there is a broad band displayed at 3435 cm
-1

, which was in similar 

literature a study is reported as the presence of water [61-63].  Due to no obvious 

differences and the same pattern of band appearance in the FTIR spectra of the PVP 

film and the PVP3 film, it can be concluded that there was no new bond forming 

between the PVP polymer and the nickel particle [40, 61, 64].  This result suggests 

no chemical interaction between the PVP polymer and the nickel particles.  The PVP 

polymer was acting as a polymer matrix physically binding with nickel particles.  If 

any interaction or cross-linking occurs, the functional groups in the FTIR spectra 

would then demonstrate band shifts or broadening in terms of the FTIR spectrum of 

the pure PVP polymer. 

 

Figure 3.37 FTIR analysis for PVP and PVP-S-based polymers and prints 

 

Figure 3.21 shows structures of the PVP and the PVP-S polymers, and the 

difference between them is the styrene moiety in PVP-S.  Figure 3.37 demonstrates 

the FTIR spectra of the PVP-S and the Ni-PVP-S composites [65-67].  The FTIR 

spectra of the PVP-S and the Ni-PVP-S composites do not have any differences in 

band signals; this denotes that there is no new bond forming between the PVP-S 

polymer and the nickel particles, suggesting no chemical interaction between them.  
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The function of the PVP-S polymer is to work as a polymer matrix physically 

binding with nickel particles.  If any interaction or cross-linking occurs, the 

functional groups in the FTIR spectra would then show band shifts or broadening in 

terms of the FTIR spectrum of the pure PVP-S polymer. 

 

Figure 3.38 FTIR analysis for PE1 and PE2-based polymers and prints 

 

The FTIR spectra in Figure 3.38 are used to detect possible interaction 

between the PE1/PE2 and the nickel particles in the solid state.  There were no 

obvious differences and as there is also the same bands appeared in the FTIR spectra 

of the PE1 polymer and the PE1-3 printed film.  This denotes that there is no new 

bond forming between the PE1 polymer and the nickel particles [61-63]. 

The FTIR spectra of the pure PE2 polymer and the PE2-3 printed film in 

Figure 3.38 have shown the same relationship as the PE1 polymer and the nickel 

particles.  There is no new bond forming or interaction between the PE2 polymer 

and the nickel particles.  The PE2 polymer is behaving as a polymer matrix binding 

with nickel particles physically [38-40].   
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3.3.8 Contact angle measurements 

Contact angle studies were carried out to investigate the adhesion and wettability 

properties of the PVP, PVP-S, PE1 and PE2 based inks on the carbon contacts of 

PET substrates.  The compositions of inks are the same, i.e. 70 wt% of nickel power 

and 30 wt% of polymeric emulsions.  Due to the stated large molecular weight of 

PVP, i.e. 360,000 g/mol, the polymeric binder was too viscous to allow for the 

measurement of the contact angle.  Therefore, all of the four water-based binders 

were diluted to 50 wt%.  Then one drop of each binder was applied in a non-sessile 

manner, from a 5mL syringe onto the PET sheet, mounted on a Contact--meter.  

Figure 3.39 demonstrates the contact angle values for each water-based binder.  The 

alkali soluble acrylic copolymer based binders, PE1 and PE2, immediately displayed 

the contact angle values of 64 ° and 50 ° respectively.  However, the PVP and the 

PVP-S gave contact angle values > 90 °, the limit of the instrument.  The PVP-S-

based ink showed, a contact angle value of 75 ° after 10 minutes, which means that 

the ink was spread, adsorbed and wetted the substrate over time.  The PVP-based ink 

did not spread at all.  The PVP-based inks did not wet onto nor adhere to the PET 

sheet.  It is already an established fact that the wetting of the acrylic copolymers is 

better than those of the PVP-based ink and the PVP-S-based ink on PET sheets [68]. 

 

Figure 3.39 The contact angles of the PVP, the PVP-S, the PE1 and the PE2-

based inks on carbon contacts of PET sheets 
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3.3.9 Conclusion 

In summary, a series of potential screen printable inks and possibly functional 

pressure-sensitive switches and sensors, consisting of electrical insulating water-

based binder and electrical conductive nickel particles, has been developed. 

The electrical resistance of the printed films changed exponentially with 

increasing applied force.  With an increase in external uniaxial force, it is shown that 

the resistance decreased rapidly when increasing the amount of nickel powder, due 

to the fact that the volume fraction of nickel content being close to the percolation 

threshold.  In this case, printed films with a high loading of the nickel powder could 

be used as electrical switches. When the volume fraction of the nickel was above the 

percolation threshold, the resistance of the printed films became electrically 

conductive and constant, following the Ohmic law.  The lowest resistance values of 

the printed films under high external compression decreased with increase in the 

nickel loading in the ink. 

As seen from the morphologies of surfaces and cross-sections of printed films, 

it can be concluded that the use of a polymeric matrix based on a large molecular 

weight and a high viscosity was able to produce continuous and uniform printed film 

which was devoid of cracks.  However, this binding polymer would not be suitable 

for the fabrication of QTC inks, since their use would result in higher resistivity 

values, i.e. PVP-based printed films.  The nickel aggregates aided the conductivity 

of the printed films.  The polymeric binders had a significant effect on the 

rheological properties and the electrical properties of the inks.  The thermal stability 

studies of each of the water-based inks showed the affinity of the water molecules.  

This played an important role on the electrical properties of the films.  The 

mechanical properties also influenced the electrical properties of the various printed 

films. 

The TGA analysis between the polymeric binder and the ink has confirmed 

that the nickel particles are physically binding and have no chemical reaction with 

the polymer in the Ni-polymer composite.  FTIR spectra of the polymeric binder and 

ink in the solid state have also confirmed that there is no new chemical bond 

forming between core particle (nickel) and the coating polymer.  Nickel particles are 
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physically binding with the polymer matrix. The polymer therefore is acting as an 

insulating binding matrix for the spherically irregular nickel particles. 

The electrical resistance of PVP-based printed films were much greater than 

that of other films.  Furthermore, the PVP-based ink did not adhere nor wet, the PET 

sheet well. 

3.4 Optimising the response of the electrical properties to the 

external forces for printed films with adding TiO2 

TiO2 is one of the more widely used pigments in the coatings and paints industries 

due to its high refractive index (i.e. brightness and opacity).  The physical properties 

of TiO2 determine its use in the different applications, such as in fibres, in textiles, in 

architectural paints, in coatings, in plasters and in packagings.  TiO2 exists in natural 

minerals as three forms, i.e. rutile, anatase and brookite.  TiO2 has been employed in 

a vast range of applications, such as toothpaste, paints, plastics, coatings, fillers, 

papers, inks, solar cell [69, 70], photocatalysis [71], food and medicines. 

3.4.1 Characteristics of the introduction of the three different grades of 

TiO2 in the QTC ink formulations 

Three different grades of TiO2 were used in this research in an investigation of the 

charge storage phenomena, as illustrated in Section1.4.3.  This is because these 

grades of TiO2 cannot build up as many electrical field sites as can the nickel 

particles, as the number of TiO2 tips per particle is essentially reduced to none.  In 

such a circumstance, the TiO2 in the bulk material creates extra conduction paths 

and deflect the electric charge (Section 1.4.3).  Therefore, these TiO2 could be used 

to control the electrical sensitivity of the printed films. 

The three grades of TiO2 that were used in this study were chosen on the 

basis of differences in the specific surface areas that influenced printed films on the 

electrical properties.  The appropriate differences in the surface treatments, TiO2 

contents, densities, specific surface areas and refractive index of the three grades of 

TiO2 are given in Table 3-8.  The specific surface area values of the three grades of 

TiO2 were measured by the laser diffraction particle sizing technique. 
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Table 3-8 Three grades of TiO2 used in the research 

Commercial Name Kronos TiO2 

[1080] 

Kronos TiO2 

[2190] 

Kronos TiO2 

[2300] 

Supplier Kronos Titan 

GmbH 

Kronos Titan 

GmbH 

Kronos Titan 

GmbH 

Pigment Type Anatase Pigment Rutile Pigment Rutile Pigment 

Surface Treatment Sb (very low 

amount) 

Al (1.55%) Al (2.57%) 

TiO2 Content > 98% > 94% > 94.5% 

Density (g/cm
3
) 3.8 4.1 4.1 

Refractive Index 67 103 101 

Specific Surface 

Area (m
2
/g) 

25.3 6.78 8.41 

Average particle 

Size (nm) 

146 128 134 

Sample Name 

Code 

a b c 

3.4.1.1 Scanning electron microscopic evaluations of the three grades of TiO2 

SEM images of the TiO2 species used are shown in Figure 3.40.  The diameter of 

these species ranges from 170 nm to 300 nm.  The particles in the three grades of 

TiO2 were all roughly spherical in shape.  Also, it can be seen that some anomalous 

aggregates of the TiO2 are present on the surface.  The diameters of the particles for 

the three grades of TiO2 are similar, being approximately 0.2 µm.  The average 

particle size of nickel powder was 10 µm in average (see Figure 3.4), which is 

nearly 50 times bigger than that of the individual species of TiO2. 
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Figure 3.40 Scanning electron micrographs of the three commercial grades of 

TiO2 powder, TiO2(a), TiO2(b) and TiO2(c) (samples as supplied) 

 

The specific surface area of the nickel particle is 0.872 m
2
/g that measured 

by the laser diffraction particle sizing technique.  This specific surface area is much 

smaller than that of the TiO2 (see Table 3-8).  This is because the specific surface 

area is increased as reducing the particle size [157].  The specific surface area will 

be also increased if the particles have pores.  Specific surface area is usually used to 

evaluate the activity and adsorption capacity of a material. 

3.4.1.2 FTIR spectra for the three different grades of TiO2 

FTIR spectra were obtained from the three different grades of TiO2 and shown in 

Figure 3.41.  The broad absorption peaks around 470 cm
-1

 for TiO2b and TiO2c 

arises from the stretching of Ti-O-Ti bonding of the rutile phase [72].  The FTIR 

spectrum for anatase phase TiO2a did not show this significant absorption peak. 
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Figure 3.41 FTIR spectra for TiO2a, TiO2b and TiO2c nanoparticles 

 

3.4.2 Ink formulations for optimising the electrical properties response 

to the external forces for the printed films 

In Section 3.3.3, response of the electrical properties to the external forces from the 

PVP-S, the PE1 and the PE2-based printed films was discussed, demonstrating that 

the lower resistances of printed films (with less than 70 wt% of the nickel powder), 

for the PVP-S, the PE1 and the PE2-based printed films, were greater than those of 

the printed films (with more than 70 wt% of nickel loading), under the external 

applied forces.  The printed films with a high nickel powder loading (i.e. > 70 wt%) 

gave greater conductivity, but did not have the electrical insulating performances 

required of QTC materials.  Consequently, focus was placed on those ink 

formulations with 70 wt% of the nickel loading to modify and optimise the 

sensitivity of the printed films.  The addition of semiconducting TiO2 particles into 

the ink formulations has been reported to have a significant influence on the 

sensitivity due to their small particle sizes and their large specific surface areas [25].  

Table 3-9 gives a route to the composition of each ink formulation, which can be 

achieved by combination of Table 3-8 and Table 3-9. 
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Table 3-9 names each ink formulation.  Ink sample codes for the inks consisting 

of nickel powder (70 wt%), water-based binders and TiO2 

 70% Ni 

2.5% 

TiO2 

27.5% 

binder 

medium 

70% Ni 

5% TiO2 

25% 

binder 

medium 

70% Ni 

7.5% TiO2 

27.5% 

binder 

medium 

70% Ni 

10% TiO2 

20% 

binder 

medium 

70% Ni 

12.5% 

TiO2 

17.5% 

binder 

medium  

70% Ni 

15% TiO2 

15% 

binder 

medium 

PVP-S-

based 

PVP-S8 PVP-S9 PVP-S10 PVP-S11 PVP-S12 PVP-S13 

PE1-

based 

PE1-8 PE1-9 PE1-10 PE1-11 PE1-12 PE1-13 

PE2-

based 

PE2-8 PE2-9 PE2-10 PE2-11 PE2-12 PE2-13 

3.4.3 Results and discussion 

3.4.3.1 Responses of electrical property to external forces of the printed films 

containing the anatase phase of TiO2 

Figure 3.42 displays the variation in electrical resistance as a function of the applied 

compression force for PVP-S-based printed films.  These contain 70 wt% of nickel 

powder and different amounts of TiO2a.  Data relating to the printed film fabricating 

by the PVP-S3 formulation are also presented in the plot so that one can compare 

the electrical and mechanical properties of PVP-S-based films that contained TiO2a.  

The responses of electrical property to external forces for the PVP-S-based printed 

film including the two rutile phases of TiO2, TiO2b and TiO2c, is exhibited in the 

Section 3.4.3.6. 

Figure 3.42 is given that the electrical-mechanical properties of PVP-S-based 

films containing TiO2 display similar tendency in comparison to that of PVP-S-

based films are exclusive with TiO2.  The initial resistance values of the each PVP-

S-based printed film were improved by increasing the loading of TiO2.  When the 

amount of TiO2a was more than 5 wt% were studied, the initial resistance values 
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increased towards electrical insulating.  This is because as expected the greater of 

the presence of the semiconducting TiO2 in the films, the greater ability of 

preventing the metal filler, the nickel particles, from having physical contacts with 

each other.  This greater ability of TiO2 could significantly increase the initial 

resistance of the film was owing to the much smaller particle size and the much 

larger specific surface area, compared to those of nickel particles. 

When the applied compression was more than 0.01 N, the resistance of PVP-

S-based printed films reduced gradually.  The greater the amount of TiO2 that was 

added, the lesser was the reduction of resistance (see the green dash line in Figure 

3.42), under the same applied compression.  That is to say, the greater the amount of 

TiO2 that was added could reduce the electrical sensitivity of the printed films. 

For the printed films based on PVP-S8a, PVP-S9a and PVP-S10a, the 

resistance decreased to the lowest values when the applied compression reached 

around 1 N.  However, for the printed films PVP-S11a, PVP-S12a and PVP-S13a, 

the resistance was reduced to the lowest value when the applied compression 

reached around 1.5 N.  This change in performance arises from the lesser the TiO2 

that was added into the ink, it was easier for the volume fraction of metal filler to 

reach to the percolation threshold.  When the volume fraction of metal filler is above 

the percolation threshold, the resistance of PVP-S-based printed films would be 

expected to become constant with increasing applied compression.  Also, the 

resistance of the printed films was minimal and constant.  The current of the printed 

film was linearity in proportion to the voltage, showing Ohmic behaviour.  The 

distance between each nickel particle becomes less, when the further external 

compression is applied.  As a result, the composite system developed the same as 

would a metallic component, owing to the physical characteristics of nickel particles 

(horizontal sections of [a] and [b] in Figure 3.42), the films with TiO2 had slightly 

lower resistance values than those without TiO2.  This performance arises probably 

because TiO2 acts as a semiconducting synergist that has similar effect on the 

photocatalytic activity in a carbon nanotube [158] to assist the electrical 

conductivity of the printed film, as illustrated in 1.4.3.  The TiO2 improved the 

electron migration and created extra conduction pathway, when a highly external 

compression was applied. 
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Figure 3.43 shows the variations of resistance in increasing external applied 

forces for PE1-based printed films with different proportions of TiO2a.  As a result, 

the electrical resistance of the printed film changes exponentially with increasing 

applied force.  After the increasing pressure was applied, the printed films changed 

from insulating behaviour to conductive characteristic.  In Figure 3.43, it can be seen 

that the PE1-based films changed from electrically switching behaviour to more like 

electrically sensing behaviour with increasing the loading of TiO2 in the inks. 

 

 

Figure 3.42 Variations of resistance on increasing the external applied force for 

PVP-S-based printed films, containing different amounts of TiO2a.  Plots 

[a] and [b] represent inks containing the nickel powder (70 wt%) that 

have TiO2 loadings from 0 to 7.5 wt% and from 10 wt% to 15 wt%, 

respectively 
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The initial resistance values of the each PE1-based printed film could be 

greater by increasing the loading of TiO2.  When the PE1-based inks contained more 

than 10 wt% of TiO2a, the initial resistance values increased to be electrically 

insulating.  The presences of semiconducting TiO2 in the printed films greatly 

assisted with separating the metal filler (nickel particles) from physical and 

positioned contacts.  When more than 0.01 N compressions were applied, the 

resistances of PE1-based printed film reduced gradually.  The more amount of TiO2 

was added, the slower the reduction of resistance was.  For PE1-based printed films 

in Figure 3.43, their resistances decreased to the lowest values when the applied 

compressions reached around to 1.5 N.  In this case, both of percolation and 

quantum tunnelling procedures were presented at low applied compression.  When 

the volume fraction of nickel powder was in the vicinity of percolation threshold, the 

resistance of the print was going to be extremely sensitive to the applied 

compression.  With the addition of TiO2 in the ink formulation, the sensitivity could 

be reduced.  When the volume fraction of metal filler was above the percolation 

threshold, the resistances of PE1-based printed films became constant and saturated 

as applied compressions were increased.  The distance between each nickel particle 

was becoming closer, when the further external compression was applied.  In a 

result, the composite system became same as a metallic feature, owing to the 

physical contacts of nickel particles.  When behaving metallic features (horizontal 

sections Figure 3.43), the prints with TiO2 have slightly lower resistance values than 

those without TiO2.  The reason of this performance was assumed that TiO2 was 

used as a semiconducting synergist to assist the electrical conductivity of the film.  

TiO2 improved electron migration and creates extra conduction paths, when a highly 

external compression was applied. 
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Figure 3.43 Variations of resistance in increasing external applied forces for the 

PE1-based printed films with different proportions of TiO2a 

 

Figure 3.44 shows the variations of resistance in increasing external applied 

forces for PE2-based prints with different proportions of TiO2a.  The electrical 

resistance of PE2-based printed films showed similar tendency as that of PE1-based 

films.  The electrical resistance of the printed ink changed exponentially with 

increasing applied force.  Increasing the loading of TiO2 could be used to alter the 

sensitivity of PE2-based printed films.  Generally, with an increase in the loading of 

TiO2, PE2-based printed film could change from electrically switching behaviour to 

electrically sensing behaviour.  Also, the use of TiO2 could be used to optimise the 

initial resistivity of printed film from electrically conductive to electrically 

insulating. 
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Figure 3.44 Variations of resistance with increasing external applied force for 

the PE2-based printed films containing different amounts of TiO2a, but 

same amount of nickel powder 

 

When the PE2-based inks have the amount of TiO2a was more than 12.5 

wt%, the initial resistance values increased to be electrically insulating.  The 

presences of semiconducting TiO2 in the printed films assisted with greatly 

separating the metal filler (nickel particles) from physical and positioned contacts.  

The more amount of TiO2 was added, the slower the reduction of resistance was.  

For PE2-based printed films in Figure 3.44, their resistances decreased to the lowest 

values when the applied compressions reached around to 2 N.  In this case, both of 

percolation and quantum tunnelling procedures were presented at low applied 

compression.  When the volume fraction of nickel powder was in the vicinity of 

percolation threshold, the resistance of the printed film was extremely sensitive to 

the applied compression.  With the addition of TiO2 in the ink formulation, the 

sensitivity could be reduced.  The more TiO2 was added, the slower resistance was 

decreased.  When the volume fraction of metal filler was above the percolation 

threshold, the resistances of PE2-based printed films became constant and saturated 

as applied compressions were increased.  In the meantime, the current of the printed 
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film displayed linearly proportional to the voltage, which acted as Ohmic behaviour.  

The distance between each nickel particle was becoming closer, when the further 

external compression was applied.  In a result, the composite system became the 

same as a metallic feature, owing to the physical contacts of nickel particles.  When 

behaving metallic features (horizontal sections Figure 3.44), the printed films with 

TiO2 had slightly lower resistance values than those without TiO2.  The reason of 

this performance was assumed that TiO2 is used as a semiconducting synergist to 

assist the electrical conductivity of the printed film.  TiO2 improved the electron 

migrations and created the extra conduction paths, when a highly external 

compression was applied. 

3.4.3.2 Comparisons of the effects of TiO2 on the electrical-mechanical 

properties of the same nickel content of the PE1 and PE2 -based 

printed films 

Table 3-10 gives the nickel contents of the PE1-based films and the PE2-based 

printed films, in which PE1-8a and PE2-11a, PE1-9a and PE2-13a had similar metal 

contents that were focussed to investigate the effects of TiO2 on the electrical-

mechanical property.  Figure 3.45 shows the resistance-force profiles for the PE1-

based films and the PE2-based printed films.  Comparing the data with those relating 

to the PE1 and the PE2-based printed films, (without TiO2 (see Figure 3.30)), there 

was no significant change in the resistance-force profiles of the films.  As expected, 

the resistance decreased with increasing applied compressions.  The lowest 

resistance was obtained from PE1 and PE2-based printed films (horizontal sections 

of plots) were similar.  This arises because the materials contained similar nickel 

content.  However, the resistance of PE2-based printed films was less than those of 

PE1-based printed films.  This maybe because the alkali-soluble acrylic copolymer 

and nickel particles formed micellar structure, as displayed in Figure 3.29.  In this 

regard, nickel particles in each PE2-based micelle were dissociated, due to the steric 

hindrance of the influence of the polymer chains comparing to the PE1-based 

polymer chains.  Thus, a greater electric field in the PE1-based printed film than that 

in PE2-based film could be built, resulting in a lower resistance value of the PE1-

based printed films than that of the PE2-based printed film, when the same external 

compression was applied.  The TiO2 in the PE1-based films and PE2-based films did 
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not make much difference to the conductivity.  Their lowest resistivity values were 

very similar.  This result implies that the addition of TiO2 in the PE2-based binder 

made a greater influence on the electrical conductivity than that in the PE1-based 

binder (see Figure 3.30), because the lowest electrical resistance of the PE2-based 

films was much greater than that of the PE1-based films.  This is probably because 

the synergistic effect of TiO2 in the PE2-based acrylic copolymer made large 

contribution to the electrical conductivity [158]. 

 

Figure 3.45 Comparisons of the electrical resistance on the external 

compression for printed samples with different binder, PE1 and PE2, 

contents (Table 3-10) 

 

The PE1-based printed films behaved more like electrically switching 

materials and was also because of the good TiO2 distribution in the PE2-based 

binder, a point that is further discussed in Section 3.4.3.4. 
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Table 3-10 Solid content of PE1 and PE2-based inks at different TiO2 

proportions 

 PE1-based print PE2-based print 

Solid content of binder itself 45.5% 23.9% 

Ni content of ink sample with Ni 

(70wt%), TiO2 (2.5wt%) and 

binder (27.5wt%) 

82.3% (PE1-8a) 88.5% (PE2-8a) 

Ni content of ink sample with Ni 

(70wt%), TiO2 (5wt%) and 

binder (25wt%) 

81.0% (PE1-9a) 86.4% (PE2-9a) 

Ni content of ink sample with Ni 

(70wt%), TiO2 (7.5wt%) and 

binder (22.5wt%) 

79.8% (PE1-10a) 84.5% (PE2-10a) 

Ni content of ink sample with Ni 

(70wt%), TiO2 (10wt%) and 

binder (20wt%) 

82.6% (PE1-11a) 82.6% (PE2-11a) 

Ni content of ink sample with Ni 

(70wt%), TiO2 (12.5wt%) and 

binder (17.5wt%) 

77.4% (PE1-12a) 80.8% (PE2-12a) 

Ni content of ink sample with Ni 

(70wt%), TiO2 (15wt%) and 

binder (15wt%) 

76.2% (PE1-13a) 79.0% (PE2-13a) 

 

3.4.3.3 SEM images of the PE1-based and the PE2-based printed films with 

TiO2 

The SEM images of the printed films, PE1-9a and PE2-9a, are shown in Figure 3.46.  

The large number of the nickel aggregates can be seen to have spherical clusters, 

(PE1-9a film).  However, the nickel particles aggregated as can be seen in the PE2-

9a film.  The PE2 polymer correlated well with the particle, which would be 

discussed in TGA analyses (Section 3.4.3.5).  As such the morphology of the PE2-
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9a film, the overall interaction resulted in the electrical resistance decrease being 

less in comparison that given by the PE1-9a film under the same external force. 

 

Figure 3.46 SEM images of surfaces of the PE1-9a (left) and the PE2-9a (right) 

printed films at ×1500 magnifications 

 

3.4.3.4 Particle size distributions of the PE1-based and the PE2-based inks 

Figure 3.47 shows the particle size distributions of particles in the PE1-9a ink and 

the PE2-9a ink.  It indicates that the bulk of particle aggregates lie in the size range 

between 100 µm and 1000 µm for the PE1-9a ink.  The average size of the detected 

particles is approximately 300 µm.  Also the TiO2 in the PE1-9a ink formed a broad 

distribution of large aggregates from 100 µm to 1000 µm.  The average particle size 

of TiO2a is around 0.2 µm (see Table 3-8) that is much smaller than that of TiO2a in 

the PE2-based binder.  Therefore, it can be assumed that the TiO2a particles are 

adsorbed on the nickel aggregates, resulting in a very wide range of particle size 

distribution for the Ni-PE2-based ink.  This particle size range distribution matches 

that obtained for the sample observed under scanning electron microscopy, as shown 

in Figure 3.46.  This large particle aggregates in the PE1-based film could cause the 

more electrical conductive and more electrical sensitive behaviours of the PE1-based 

printed film with respect to those of the PE2-based film. 

 The particle size analysis data for the PE2-9a ink indicates that the bulk of 

Ni-PE2 composites lie in the size range between 1 µm and 40 µm, with composites 

also being present between 0.1 µm and 1 µm.  The particle sizes ranging from 1 µm 

to 40 µm are nickel aggregates and those ranging from 0.1 µm to 1 µm are TiO2 

aggregates. 

10 µm 10 µm 
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Figure 3.47 Particle size graphs of the PE1-9a ink (top) and the PE2-9a ink 

(bottom) 

 

3.4.3.5 TGA analyses of the PE1-based and the PE2-based inks 

Differences in the thermal stability of the nickel particles and the TiO2 particles in 

the PE1-based binder and in the PE2-based binder can be seen in Figure 3.48.  The 

extent to which the PE2-based binder holds onto water was slightly greater than that 

shown by the PE1-based binder.  As a consequence, the PE1-based printed film 

showed more electrically switching behaviour and the PE2-based printed film 

showed more electrically sensing behaviour.  The overall thermal stability of the two 

inks is similar.  In the TGA profile of each ink, each thermogram indicates a curve 

that can be correlated to the loss of water as the heating temperature was increased 

up to around 140 
O
C and 150 

O
C, for the PE1-binder and the PE2-binder, 

respectively.  This is then followed by any decomposition that takes place around 

350 
O
C. 
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Figure 3.48 TGA evaluations of the PE1-9a ink and the PE2-9a ink, at heating 

rate 10 
O

C/min 

 

3.4.3.6 The effect of the different grades of TiO2 on the electrical-mechanical 

properties for selected water-based printed films 

Figure 3.49 to Figure 3.51 represent the resistance-force profiles for the PVP-S, the 

PE1 and the PE2-based inks that contain nickel powder (70 wt%), water-based 

binder (25 wt%) and TiO2 (5 wt%) in one of the three different grade options.  The 

influence of these three grades of TiO2 in different amounts on the electrical-

mechanical property of printed films was also assessed.  The results show the similar 

tendencies of resistance-force profiles for inks containing 5 wt% of each of the types 

of TiO2.  The resistance-force profiles for ink formulations with nickel powder (70 

wt%), water-based binders (25 wt%) and one of the different grades of TiO2 (5 wt%) 

are presented as representatives of the other different ink formulations that contained 

different amounts and different grades of TiO2. 
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Figure 3.49 Resistance-force profiles for the same ink formulations for the 

PVP-S-based inks, containing one of the three different grades of TiO2. 

 

 Figure 3.49 to Figure 3.51, indicate that TiO2a, TiO2b and TiO2c played 

similar roles in the resistance-force profiles of the PVP-S, the PE1 and the PE2 

printed films that are to reduce the electrical sensitivity.  The effect of TiO2a on the 

resistances under various compressions for the PVP-S, the PE1 and PE2-based 

printed films has been considered (Section 3.4.3.1).  Films containing TiO2b or 

TiO2c were more sensitive to compression than those containing TiO2a.  The reason 

for this was mainly because the specific surface area of the three grades of TiO2, i.e. 

TiO2a (25.3 m
2
/g), TiO2b (6.78 m

2
/g) and TiO2c (8.41 m

2
/g).  The largest surface 

area of anatase pigment, TiO2a, made the greatest contribution to reduce the 

electrical sensitivity of printed films and also significantly interacted with 

surrounding polymer and nickel particles in printed films.  Also, the electrical 

performance differences could arise from the band gap differences between the 

anatase (TiO2a) and the rutile TiO2 structures (TiO2b and TiO2c), being 3.20eV and 

3.03eV, respectively [73].  Thus, anatase TiO2a needs greater external energy to 

excite the electrons from the valence band to the conduction band.  Therefore, the 

reduction of the resistance of the anatase TiO2a was less than that of the rutile TiO2b 
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and TiO2c.  Furthermore, the resistance-force profile for TiO2b was different from 

that for TiO2c, which could be because the surface of Al content in TiO2c (2.57 

wt%) is greater than that in TiO2b (1.55 wt%) (see the EDX mapping images for the 

printed films, Figure 3.56, Figure 3.57 and Figure 3.58).  Thus, the resistances of the 

printed films containing TiO2c were slightly lower than those containing TiO2b.  

Also, the printed films containing TiO2b or TiO2c gave slightly lower resistance 

values than those containing TiO2a, when the volume fractions of nickel powder 

were above the percolation threshold.  The dielectric constants for anatase TiO2 and 

rutile TiO2 are 48 and 114, respectively [74, 75].  The dielectric constant is a 

measure of the ability to store electrical energy in an electric field.  Therefore, TiO2b 

and TiO2c would be able to store more electric charge than TiO2a.  As a result, the 

printed films with TiO2b and TiO2c were slightly more conducive than those with 

TiO2a, when large external compressions were applied.  

 

Figure 3.50 Resistance-force profiles for the same ink formulations for the PE1-

based inks, containing one of the three different types of TiO2 
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Figure 3.51 Resistance-force profiles for the same ink formulations for the PE2-

based inks, containing one of the different types of TiO2 

 

3.4.3.7 SEM evaluations of the printed films containing TiO2 

The surfaces and cross-sections of the printed films were obtained from high 

resolution scanning electron microscopy.  SEM images were conducted to establish 

the presence of the nickel and TiO2 particles in the polymer matrices, clearly and 

intuitively.  Also, Energy-dispersive X-ray spectroscopy (EDX) was used to identify 

particular elements, their relative proportions and distributions in the printed 

samples.  In order to assess the distribution of TiO2, Figure 4.36 shows the images of 

the three grades of TiO2 (i.e. TiO2a, TiO2b and TiO2c). 

 Figure 3.52 to Figure 3.54 show the morphologies of the surfaces, at 1500 

and 10,000 magnifications, of PE1-9a, PE1-9b and PE1-9c, in which area displayed 

a number of near-spherical clusters.  EDX shows these near-spherical particles to be 

nickel, which were presented as cores, covered by the PE1-based polymer and TiO2.  

Those small spherical particles distributed on the nickel and dispersed in the 

polymer could be TiO2, according to the shapes and sizes referred to Figure 3.40.  

There are many voids between the near-spherical clusters due to reduced amount of 
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the PE1-based acrylic copolymer. Figure 3.52 to Figure 3.54 shown that there is no 

significant difference between PE1-9 printed films that containing one of the three 

grades of TiO2. 

 

Figure 3.52 SEM images of PE1-9a printed film’s surfaces at ×1500 and 

×10,000 magnifications 

 

 

Figure 3.53 SEM images of PE1-9b printed film’s surfaces, at ×1500 and 

×10,000 magnifications 

 

Figure 3.54 SEM images of PE1-9c printed film’s surfaces at ×1500 and 

×10,000 magnifications 
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 Figure 3.55 represents the surface, at ×1500 and cross-section at ×750 

magnifications, of the PE1-9a printed film.  The thickness of this screen printing 

film was around 25 µm to 30 µm, as deduced from the SEM images. 

 

Figure 3.55 SEM images of surface and cross-section of PE1-9a printed films, at 

×1500 and ×750 magnifications, respectively 

 

 Images of the surfaces and EDX analyse of the PE2-9 printed films, 

containing one of the three different grades of TiO2, are shown in Figure 3.56 to 

Figure 3.58.  There are a few cracks in the PE2-based printed films, which is 

different from PE1-based printed films that have some voids.  PE2-based printed 

films are more continuous, because the PE2-based acrylic copolymer has longer 

polymer chain than the PE1-based polymer.  The polymer with too short polymer 

chain such as the PE1-based polymer is no advantageous for gradually reducing 

resistance in resistance-force plot, when the external compression was applied.  

Also, the use of a polymer with a high molecular weight and a high polymer chain 

length would prevent the nickel particles from contacting each other. 

 EDX spectra (Figure 3.56, Figure 3.57 and Figure 3.58) display the 

distributions of relative elements, from which one can identify the TiO2 and the 

nickel particles.  The TiO2 pigments were well dispersed in the printed films, as 

traced from the distribution of the element Ti.  It can be seen that the element Ti is 

nearly homogeneously spread all over the film surfaces, particularly throughout the 

PE2-polymers.  The chemical composition recorded with the EDX analysis is given 

in Table 3-11.  The element of Ni from the nickel powder and the elements of C and 

O from the PE2-polymer are similar in Figure 3.56 to Figure 3.58, thus the atomic 

concentration and the weight concentration of the elements, Ti, O and Al, from three 

28µm 
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different grades of TiO2 but exclusive of C, O and Ni were recorded.  The atomic 

concentration of the element Al in rutile TiO2b and rutile TiO2c is 1.55% and 2.28%, 

respectively.  This matches the physical properties of TiO2b and TiO2c from MSDS 

sheets (Table 3-8). 

Table 3-11 The normalised atomic concentration (top) and the normalised 

weight concentration (bottom) for the three different grades of TiO2 in the 

PE2-based printed film with the same formulations, which was achieved 

by the EDX element analysis 

Atomic conc. % Anatase TiO2a Rutile TiO2b Rutile TiO2c 

Element Ti 20.27 33.57 24.13 

Element O 79.73 64.88 73.59 

Element Al 0 1.55 2.28 

 

Weight conc. % Anatase TiO2a Rutile TiO2b Rutile TiO2c 

Element Ti 43.22+1.77 59.82+1.62 48.27+1.47 

Element O 56.78+1.77 38.62+1.66 49.16+1.54 

Element Al 0 1.56+0.23 2.57+0.29 

 

 

Figure 3.56 SEM image of PE2-9a printed film (left), which was mapped by 

EDX (right) 
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Figure 3.57 SEM image of PE2-9b printed film (left), which was mapped by 

EDX (right) 
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Figure 3.58 SEM image of PE2-9c printed film (left), which was mapped by 

EDX (right) 

 

 SEM images of surfaces and EDX spectra for the PE2-11 printed films 

containing one of the three grades of TiO2 are presented in Figure 3.59, Figure 3.60 

and Figure 3.61.  The surfaces of the PE2-11 printed films (10% of TiO2, 70% of Ni 

and 20% of PE2-binder) have slightly more cracks than those for PE2-9 printed 

films (5% of TiO2, 70% of Ni and 25% of PE2-binder).  This is because the greater 

TiO2 pigment loading in the PE2-11 film could reinforce the tensile strength with 

regard to the PE2-9 film, resulting in more rigid film. 
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Figure 3.59 SEM image of PE2-11a printed film (left), which was mapped by 

EDX (right)  

 

 

Figure 3.60 SEM image of PE2-11b printed film (left), which was mapped by 

EDX (right) 
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Figure 3.61 SEM image of PE2-11c printed film (left), which was mapped by 

EDX (right) 

3.4.3.8 Particle size distribution graphs of particulates in the PE1-9a inks 

containing one of the three grades of TiO2 

The particle size distribution of the PE1-9a inks that contained one of the three 

grades of TiO2 are shown in Figure 3.62.  These indicates that the bulk of aggregates 

lie in the size range between 1 µm and 100 µm, with aggregates also being present 

between 0.1 µm and 1 µm.  The particle sizes ranging from 1 µm to 100 µm are 

nickel aggregates and those ranging from 0.1 µm to 1 µm are TiO2 aggregates.  In 
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Figure 3.62, it can be seen that the three grades of TiO2 were not significantly 

different in their particle size distribution. 

 

 

 

Figure 3.62 Particle size distributions of the particles in the PE1-9a ink, the 

PE1-9b ink and the PE1-9c ink 

 

3.4.3.9 Zeta potential measurements on the three grades of TiO2 dispersed in 

PE2-based binder 

Across the three grades of TiO2 dispersed in the same PE2-based binder that zeta 

potential values for TiO2a, TiO2b and TiO2c were the same within experimental 
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errors, as shown in Figure 3.63.  This would suggest that there was no significant 

difference in the emulsion stability for the three grades of TiO2. 

 

Figure 3.63 Bar graph shows the zeta potential measurements for three grades 

of TiO2 dispersing in PE2-based binder 

 

3.4.4 Conclusions 

The electrical properties of screen printable printed films have been successfully 

altered by the addition of TiO2.  The loading of TiO2 had a significant effect on 

modifying the printed films from being electrically switching to showing electrically 

sensing behaviour.  This has also assisted the printed films to have electrically 

insulating property when no pressure was applied.  It was found that the anatase 

form of TiO2 had a significant effect on the electrical properties of the final printed 

films due to its large specific surface area. 
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Chapter 4. Preparation and characterisation of the polysiloxane-

based and the polyisoprene-based inks and modelling of the 

electrical properties of printed films 

In this section, nickel powder, anatase TiO2 and three highly elastic polymeric 

binders for use in composite inks, were investigated on the basis of the contribution 

made by each binder to the formulation, electrical resistance, flow properties, 

thermal degradation change and mechanical properties of the inks.  In particular, a 

model based on the variation of the electrical resistance under an applied force was 

built up. 

4.1 Ink formulation of the PSE1, the PSE2 and the PIP-based inks 

Three dispersions PSE1 (Evonik Ltd.), PSE2 (PennWhite Ltd.) and PIP (Formulated 

Polymer Products Ltd.) were used in the QTC ink formulations.  The PSE1 binder is 

a siloxane-modified polyurethane dispersion, whose solvent contains 

dipropyleneglycol dimethyl ether and water in the ratio of 5:60.  The PSE2 binder is 

a poly(disiloxane) emulsion.  The PIP binder is a poly(isoprene) emulsion.  Type 

123 nickel powder was supplied by Inco Ltd. and the TiO2 was supplied by Kronos 

Titan GmbH Ltd. and used in the ink formulations as pigments, to contribute the 

electrical properties.  More relevant information on the different ink components 

was given in Section 2.1.2. 

The poly(ethylene terephthalate) (PET) based interdigitated electrode 

substrate was supplied by Peratech Ltd. has been pre-printed with carbon-based inks 

and with silver-based inks to assemble circuit, as detailed in Section 2.4.5. 

The ink formulations containing the nickel powder, the TiO2 and one of the 

different polymeric binders are shown in Table 4-1.  The different loadings of the 

nickel powder, the TiO2 and the polymeric binder were chosen due to the different 

solid contents of each polymeric binder.  This would cause the each ink component 

in the printed film to be similar, i.e. nickel content ~83 wt%, the TiO2 ~5 wt% and 

the polymeric binder ~11 wt% in each PSE1, PSE2 and PIP-based printed films.  

The electrical properties, mechanical properties, particle size distribution, zeta 
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potential, thermal stability and flow properties of the other different ink formulations 

on the basis of the nickel powder, anatase TiO2 and PSE1, PSE2 and PIP binders 

were not exhibited here is because these properties followed the same trend as those 

of the printed films from ink formulations in Table 4-1. 

 

Table 4-1 Ink formulations with the different polymeric binders 

Sample component PSE1-9 ink PSE2-9 ink PIP9 ink 

Ni powder 70 wt% 70 wt% 78 wt% 

Anatase TiO2 5 wt% 5 wt% 5 wt% 

Specific binder 25 wt% 25 wt% 17 wt% 

4.2 Results and discussion 

4.2.1 Response of the electrical properties to the external force for the 

PSE1, the PSE2 and the PIP-based printed films 

Figure 4.1 shows the variation in resistance as a function of the compression force 

for the PSE1-9, the PSE2-9 and the PIP9-based printed films.  The three printed 

films have exhibited pressure electrically sensitive properties, as water-based printed 

films in Chapter 3.  The electrical resistance of the printed films varied 

exponentially with increasing applied force.  All of the three printed films were 

found to possess electrically insulating behaviour, when no compression was 

applied.  After the increasing pressure was applied, the films changed from the 

insulating behaviour to the conductive characteristic.  The performance changing 

from insulating to conductive is a result of the destruction of the percolation 

structure of the Ni-Polymer composites [1]. 

Regarding to the insulating property, the PIP9 printed film possessed this 

behaviour until larger external force, 0.5 N, was applied, comparing to the PSE1 and 

the PSE2-based films.  This is because the insulating PIP-based polymer matrix is 

better binding with nickel fillers than the PSE1 and the PSE2 polymers, which can 

be seen in the morphologies and the particle distribution of the PIP-based film (see 

Section 4.2.2).  The PSE1-9 and the PSE2-9 printed films behaved more like 
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electrically switching properties.  The PIP9 printed film behaved controlled 

electrically sensing property.  The distinct property for each printed film is owing to 

the nature of the used binding polymers (i.e. the mechanical property, the thermal 

property and the rheological property) that would be further discussed in the next 

section. 

 

Figure 4.1 Variation in resistance as a function of compression for the PSE1-9, 

the PSE2-9 and the PIP9 printed films, of which containing the same 

nickel content (~83 wt%) 

 

4.2.2 Morphologies of the PSE1, the PSE2 and the PIP printed films 

Figure 4.2 to Figure 4.4 show the SEM micrographs of surfaces of the PSE1-9, the 

PSE2-9 and the PIP9 printed films which indicate that the films are heterogeneous 

and anomalous.  It could be seen that the some continuous spheres and voids at the 

surface of the PSE1-9 and the PSE2-9 printed films.  In the larger SEM 

magnifications (×10,000) of them, the white particles embedded in the polymer 

matrix and on the surface of nickel particles are TiO2, in the diameter of 

approximately 200 nm.  The nickel particles in the PSE1-9 and the PSE2-9 printed 

films are significantly increased comparing with the PIP9 film, which can be 

attributed to the strong intermolecular  forces between nickel particles, i.e. van der 
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Waals attraction, - interaction and magnetic dipole-dipole interaction [2].  This 

nickel aggregates could induce the electrical instability, which resulted in larger 

errors of the resistance measurements (see Figure 4.1).  However, the SEM images 

of the surfaces of the PIP9 printed film shows that the film is more continuous, more 

hermetic and less nickel spheres, comparing with the PSE1 and the PSE2 printed 

films.  This remarkably better binding PIP polymeric matrix can be attributed to the 

electrically insulating property of PIP9 film until 0.5 N force was applied, as shown 

in Figure 4.1.  It could be seen that some white particles and white particle 

aggregates at the surface of the PIP9 printed film, which are considered to be the 

TiO2 particles due to their sizes. 

 

Figure 4.2 SEM micrographs of a surface of the PSE1-9 printed film at × 1500 

(left) and × 10000 (right) magnifications  

 

 

Figure 4.3 SEM micrographs of a surface of the PSE2-9 printed film at × 1500 

(left) and × 10000 (right) magnifications 
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Figure 4.4 SEM micrographs of a surface of the PIP9 printed film at × 1500 

(left) and × 10000 (right) magnifications  

 

 

 

Figure 4.5 SEM micrographs of a cross-section of cross-sections of the (a) 

PSE1-9, the (b) PSE2-9 and the (c) PIP9 printed films 

 

Figure 4.5 indicates the cross-section SEM image of the PSE1-9, the PSE2-9 

and the PIP9 printed films, which have approximate thicknesses of 20 µm, 30 µm 

and 15 µm, respectively.  The cross-section of the PIP9 printed film is smoother and 

more homogeneous than that of the PSE1-9 and PSE2-9 printed films.  This reveals 

a b 

c 
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that the PIP polymer is a better binding polymeric matrix with nickel particles, 

which caused the insulating property.  There are a large number of nickel aggregates 

binding in and exposing on the PSE1-9 and the PSE2-9 printed films, which led to 

their lower critical percolation fractions comparing with that of PIP9 printed film.  

As a consequence, the PIP-based printed film behaved more like electrically sensing 

behaviour, however, the PSE1 and the PSE2-based printed films behaved more like 

electrically switching characteristics, as demonstrated in Figure 4.1. 

 It was reported that the Ni-Polymer composite systems exhibit core-shell 

structures of intercrosslinked networks, as shown in Figure 4.6 [3-8].  However, 

even though the three Ni-Polymer composite systems (the Ni-PSE1, the Ni-PSE2 

and the Ni-PIP composites) are all display the core-shell like structures, the 

mechanical property, the electrical property, the thermal property and rheological 

property of different polymers based printed films are different. 

 

Figure 4.6 Schematic cross-section view of the core-shell structure of Ni-

Polymer composite [3-8].  The curves and the spherical represent the 

polymer chains and the nickel particles, respectively 

 

4.2.3 Particle size distributions of the PSE1, the PSE2 and the PIP-based 

inks 

The particle size analysis data for the nickel powder and the TiO2 powder in the 

PSE1 silicone-based binder (see Figure 4.7) indicate that the bulk of the spherical 

fused particle aggregates lie in a size range between 2 µm and 100 µm, with 

aggregates also being present (around 200 µm).  This particle size range distribution 
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matches that obtained for the sample observed under the scanning electron 

microscope. 

 

Figure 4.7 Particle size distribution graph of the nickel and the TiO2 particles 

in the PSE1-based binder 

 

 Figure 4.8 shows the size distribution graph of the nickel particles and the 

TiO2 particles in PSE2-based binder.  It indicates that the bulk of the spherical fused 

particle aggregates lie in a size between 100 µm and 1000 µm.  This means that 

there is a large number of particle aggregates, averagely fifty nickel particles in one 

aggregate, in the PSE2-based binder, because the average size of nickel particle is 

approximately 10 µm.  This large number of nickel aggregates resulted in the 

electrical switching property under the pressure that was applied (see Figure 4.1). 

 

Figure 4.8 Particle size distribution graph of the nickel particles and the TiO2 

in the PSE2-based binder 

 

Figure 4.9 displays size distribution of the nickel particles and the TiO2 

particles dispersed in the PIP-based binder.  It indicates that the bulk of the spherical 

particle aggregates lie in a size range between 1 µm and 100 µm, which is consistent 
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with the particle size range of pure nickel powder.  This means that the PIP polymer 

matrix separated and bound well nickel particles from each other, which resulted in 

the better insulating property under no pressure was applied and the more like 

electrically sensing behaviour under the pressure was applied (see Figure 4.9). 

 

Figure 4.9 Particle size distribution graph of the nickel particles and the TiO2 

in the PIP-based binder 

 

4.2.4 Zeta potential measurements for the PSE1, the PSE2 and the PIP-

based inks 

The stability of the pigments in different polymeric binders can be evaluated by 

examining the zeta potential analysis.  Figure 4.10 shows the zeta potential 

measurements for the nickel particles and the TiO2 particles dispersing in each of the 

PSE1, the PSE2 and the PIP polymeric binders.  The pigments in the PIP-based 

binder has the greatest absolute zeta potential value, i.e. (-35.7 + 5.13) mV, indicates 

that the nickel particles and the TiO2 particles formed the most stable suspension 

comparing to the other two.  The pigments in the PSE2-based binder formed the 

least stable suspension (i.e. -23.6 + 4.82) mV.  This stability results matched that 

obtained for the particle size distributions of the samples.  The most stable 

suspension, PIP9 ink, caused the particle well separated from each other (see Figure 

4.9), however, the least stable suspension, PSE2-9 ink, caused a large number of 

pigment particle aggregated together (see Figure 4.8). 
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Figure 4.10 Zeta potential graphs for the PSE1-9, the PSE2-9 and the PIP9 inks 

 

4.2.5 Thermal stability of the PSE1, the PSE2 and the PIP-based inks 

Figure 4.11 shows the decomposition arsing during the TGA induced breakdown of 

the polymeric binders, the PSE1, the PSE2 and the PIP.  Differences in the thermal 

stability can be seen between the three polymeric binders.  The extent to which the 

PIP binder holds onto water was the greatest within the three binders.  The overall 

thermal reactivity of the binders is similar.  In the TGA profile of each binder, each 

thermogram indicates a curve which can be correlated to loss of water as the heating 

temperature was increasing up to around 155 °C, 130 °C and 175 °C for the PSE1 

binder, the PSE2 binder and the PIP binder, respectively.  This is then followed by 

any self-crosslinking reactions that take up to around 280 °C, 320 °C and 350 °C for 

the PSE1 binder, the PSE2 binder and the PIP binder, respectively.  In the TGA 

profile of each binder, it is shown that the PIP binder has the greatest affinity to 

solvent components within the three binders.  It was reported that the water 

molecules in a polymer could significantly reduce the breakdown of the electric field 

as the water molecules penetrate in the free space of the polymer chain [9, 10].  

However, the PIP-based ink that has the greatest affinity to water did not behave as 

the most conducting printed film (see Figure 4.1) compared to the PSE1 and the 

PSE2 ones.  This electrical performance implies that the size distribution of the 

nickel particles is the more significant factor than the extent of the water of the film 

impact the electrical property of a printed film.  The decomposition curves, in Figure 
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4.11, for each polymeric binder suggest that the properties of each ink can vary with 

the temperature of drying or curing.  An increase in the temperature can accelerate 

the polymeric binders curing and decomposing. 

 

Figure 4.11 TGA analysis for PSE1, PSE2 and PIP polymeric binders, in which 

each binder sample was heated for 50 min from 0 °C to 500 °C 

 

Table 4-2 Solid content for the each individual binder, the PSE1, the PSE2 and 

the PIP from TGA analysis 

 PSE1 binder PSE2 binder PIP binder 

Solid Content 35.18% 

at 155.04 °C 

38.98% 

at 133.34 °C 

63.98% 

at 175.02 °C 

 

4.2.6 Viscosity/Flow characteristics of the PSE1, the PSE2 and the PIP-

based binders 

The flow patterns of the binder materials under highly controlled condictions 

relating to the applied shear stress, shear strain rate and temperature are important to 

monitor the rheological characteristics of the inks.  Figure 4.12 shows that the 

various polymeric binders that were studied exhibited a shear thinning flow 
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character at 25 °C.  The viscosities of the binders decrease with an increase in the 

shear rate.  The shear thinning behaviour of the inks was more pronounced between 

shear rate values of 1 s
-1

 and 1000 s
-1

.  The value of the viscosity and the extent of 

shear thinning of one polymeric binder, at a particular value of shear rate, are 

different from another binder because of differences in the characteristics of the 

polymers. 

 

Figure 4.12 The relationship of viscosity and shear rate for each individual 

binder, the PSE1, the PSE2 and the PIP, at 25 °C 

 

 Figure 4.13 shows the result of the study of the viscosity vs. temperature 

relationships for the PSE1 ink, the PSE2 ink and the PIP ink, which indicates that 

the viscosity of the inks depend on temperature.  It is shown that the curing of the 

inks commenced when the temperature reached approximately 60 °C.  In the 

meantime, the formulation of the nickel particle aggregates and the TiO2 particle 

aggregates was favoured when the temperature increased up to 60 °C.  This 

therefore increases the resistance of the inks to flow and leads to a significant 

increase in viscosity.  The overall data imply that during application of the inks, 

careful consideration needs to be given to the temperature at which the process is 

being conducted.  If an undesirable change in viscosity occurs during application, 
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the ease of application and the overall properties of the inks can significantly be 

affected. 

 

Figure 4.13 Viscosity vs. temperature profile of the different polymer based ink 

formulations 

 

4.2.7 Mechanical properties of the PSE1, the PSE2 and the PIP-based 

printed films 

It is known that the degrees of cross-linking can be used to evaluate whether the 

polymer is soft or rigid.  The higher degree of the cross-linking network, the stiffer 

of the equivalent non-crosslinked polymer would be.  On the contrary, the lower 

degree of the cross-linking network, the softer of the polymer is. 

It is known that the variation of electrical resistance for a printed film under 

uniaxial compression is owing to the destruction of percolation channels of the Ni-

Polymer composite.  Therefore, deformation of elastic polymer matrix perpendicular 

in the applied force occurred [11].  Elastic modulus is a significant parameter to 

investigate a compression of a printed film.  The elastic modulus values of each 

individual polymeric binder, the PSE1, the PSE2 and the PIP, and their printed films 

are shown in Figure 4.14 and Figure 4.15.  The elastic modulus measurements for 

the PSE1, the PSE2 and the PIP printed films are dramatically increased by the 
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addition of the nickel powder and the TiO2 powder.  This is because the stiffer 

nickel filler and TiO2 are able to reinforce the strength of the composite. 

It is shown that the PIP binder is the most elastic polymer than the PSE1 and 

the PSE2 polymer (see Figure 4.14), which has the lowest elastic modulus value.  

The PIP polymer has a noncrystalline characteristic at room temperature, which 

leads to the low hardness and tensile strength [12].  It was reported that for the 

polysiloxane-based composites, the higher content of silanol group, the larger 

cohesive force of polymers, which resulted in an agglomeration of metal fillers [8].  

In this case, the nickel particles and the TiO2 particles in PSE2-based binder formed 

bulk aggregates owing to its larger silanol content, compared with those in PSE1-

based binder (see Figure 4.2 and Figure 4.3).  This then resulted in a lower elastic 

modulus of the PSE1 polymer than that of the PSE2 polymer. 

 As a consequence, elastic modulus of a polymer matrix for Ni-polymer 

composite has an important impact on the particle size distribution and the 

morphology of a printed film. 

 

Figure 4.14 Elastic modulus for the PSE1-9 binder film, the PSE2-9 binder film 

and the PIP9 binder film 
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Figure 4.15 Elastic modulus for the PSE1-9 printed film, the PSE2-9 printed 

film and the PIP9 printed film 

 

4.2.8 Conclusions 

Ink formulations and printed films were successfully developed based on the filling 

of the nickel powder in the highly elastic polymeric matrix.  The choice of 

polymeric binder has a significant effect on the rheological properties, the 

mechanical properties and the thermal properties of the inks, which resulted in the 

morphologies and the particle size distributions of the printed films. 

 The variation in electrical resistance was a function of the applied force of 

PSE1, PSE2 and PIP-based printed films.  The printed films have exhibited pressure 

electrically sensitive properties as a QTC commercial material.  The PIP-based 

printed film possessed insulating property behaviour at large external force was 

because the insulating polymer matrix was better binding better with nickel fillers 

than the PSE1 and the PSE2-based printed films.  The PSE1 and the PSE2-based 

printed films behaved more like electrically switching properties.  The PIP-based 

printed film behaved controlled electrically sensing properties.  The distinct property 

for each printed film is owing to the nature of the used binding polymers, i.e. the 

mechanical property, the thermal property and the rheological property. 
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4.3 Modelling the electrical properties response to the external 

force for QTC printed films 

Modelling the electrical properties response to the external force for the QTC 

printed film is focussed on the deformation of microstructure and properties of the 

Ni-polymer composite.  From the previous results and discussion of the printed 

films, it is found that a conductive Ni-polymer composite can be analysed and 

affected by Ni diameter (r), Ni shape (s), Ni position (p), Ni conductivity (c) and 

flexibility of polymer (f).  Thus, electrical resistance (Rf) of a printed film is a 

function of their parameters, Rf = ƒ (r, s, p, c, f).  Therefore, the resistance regarding 

to strain is termed as Rs = ƒ (rs, ss, ps, cs, fs).  In order to address the model of the 

deformation of strain, a) a conductive model to describe the resistance of the Ni-

polymer composite before and after a compression is employed, (b) a material 

model to convey the original and the deformed internal structures of the Ni-polymer 

composite [13], will be detailed in following sections. 

4.3.1 Conductive models for a printed film 

4.3.1.1 Percolation theory 

Percolation theory was used to describe the physical properties of composite 

materials, such as electrical resistivity, permeabilities of diphasic material and 

thermal conductivity.  The percolation theory illustrates the region in which the 

conductivity performance changes very quickly. 

The percolation threshold describes the concentration of filler particles at 

which minimum value can achieve the behaviour with rapidly varying conductivity 

[14].  The electrical conductivity increases rapidly within a limited range of metal 

filler content.  And this metal filler content is the percolation threshold of the 

material.  When the metal filler content in a composite is low regarding to QTC 

inks, the conductive particles are either as isolated or aggregated and the polymeric 

matrix is nearly insulating.  With an increase in the concentration of metal fillers, the 

isolated particles are more likely to be as clusters, resulting in a change from 

insulating to conductive of a composite.  This critical concentration, Vc, is the 

percolation threshold of the composite.  It is suggested that a thermodynamic 

composite is at the maximum sensitivity, which is the percolation threshold, under 
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the phase transition [15].  In order to determine the percolation threshold of a 

composite, a model of fixed positions of metal filler particles is stimulated. 

Figure 4.16 shows the schematic view of nickel particles dispersed in a 

polymeric matrix.  When the distance between nickel particles, d=0, the nickel 

spherical are physically contacted.  In this case, a contacting conduction is involved.  

When d>0, the nickel particles in a polymeric matrix involves conduction via 

tunnelling.  The printed film does not behave as electrically conductive when no 

pressure is applied.  This means that the contacting conduction is not dominant in 

the generation of conductivity [16].  A nickel particle with diameter, d, surrounded 

by polymeric matrix, which resulted in a Ni-polymer composite with a diameter, D.  

The volume fraction of nickel powder in a printed film can be expressed as follows 

[16]. 

 

  
     
 

 

Equation 4-1 Volume fraction of the nickel powder in a printed film, in which 

VD, nn and V represent the volume of a Ni-polymer composite, the number 

of Ni-polymer composite and the total volume of a printed film, 

respectively 

 

   
 

 
    

 

 
    

   
  
  

 
  

 
   

 
  

 
 

Equation 4-2 Volume of a Ni-polymer composite and the number of Ni-polymer 

composites in a printed film with volume V.  VR and Vn are the volume of 

a Ni-polymer composite with a diameter r and the total volume of Ni-

polymer composites in a printed film 

 

 Then the Equation 4-1 and Equation 4-2  can be simplified as, 
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Equation 4-3 The relationship of the distance between Ni-polymer composites 

and the volume change, in which the total volume fraction of the Ni-

polymer composites, Vn, is a constant 

 

 

Figure 4.16 Schematic view of nickel particles in a polymeric matrix, in which 

r, D, and d represent the nickel diameter, Ni-polymer composite diameter 

and the distance between nickel particles, respectively 

 

4.3.2 Response of electrical properties to the external compression 

The electrical resistance of a printed film is a sum of the resistance of the conductive 

fillers and the resistance of the polymeric matrix.  When the nickel particles are far 

away from each other, the printed film behaves an electrically insulator.  When the 
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nickel particles are close enough, tunnelling conduction of the conductive fillers 

starts to occur.  The dimensions and shapes of the Ni-polymer composite system will 

be varied under the external compression.  The tunnelling current between two 

adjacent metal fillers at low applied voltage was proposed by Simmons [17], that is: 

  
        

 
 

  
 
 

 
      

       
   
  

  
 

Equation 4-4 expresses the tunnelling current between two adjacent metal 

fillers at low applied voltage, where I is the current, a
2
 is the effective 

cross-sectional area, m and e are the electron mass and charge mass,  

and d are the height and width of the potential barrier between two 

adjacent metal particles, h is the Plank’s constant [17] 

 

The electrical resistance of a printed film, R, have been derived from Zhang et 

al [18],  

  
 

 
 
    

      
        

     
   

  
 

Equation 4-5 Electrical resistance of Ni-polymer composite, where L is the 

number of particles forming one tunnelling path, S is the total number of 

paths in a sample 

The thickness and the average distance between two adjacent particles of a 

printed film will be reduced when an external compression is applied.  Therefore, 

the value of resistance at a given pressure R can be derived [19], 

    
  

  
             

                
 

  
  

Equation 4-6 The relationship between the resistance of a composite and the 

applied compression, where R0 is the original resistance at unstressed 

state, dp and d0 are the thickness of the interparticle insulating polymer 

under pressure and at unstressed state, respectively,  is the elastic 

modulus of the polymeric matrix, F is the applied external force, A is the 

original cross-section area when the force is applied, G is the polymer 

compressive modulus 
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Therefore,  

       
 

  
        

 
  
 
 

Equation 4-7 The derivatives from Equation 4-6 [19] 

 

Lantada et al [20] has proposed a model for the electrical behaviour of QTC 

materials, which can also be employed to the other metal-polymer composite, 

therefore, 

             
  
 
  

   
 

   
  
              

        
 

 

      
        

  
 

Equation 4-8 The derivatives of the resistance of a Ni-polymer composite with 

respect to the ratio of the barrier, in which 0 is the initial height of the 

potential barrier and E is the energy of the electrons, T0 is the barrier 

transmission coefficient at the initial state. 

 

Hence, the combination of Equation 4-7 and Equation 4-8 will be derived as [19], 

     
  

  
           

        
  

   

        

  
  
            

        
  

   

        

   

       
 

  
  

       
 

  
  

Equation 4-9 The electrical resistance of a composite system under uniaxial 

compression 
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The nickel particles are spiky near-spherical.  It is assumed that all the nickel 

particles are same sized spheres and packed in a cubic lattice [21].   

      
 

   

 
    

Equation 4-10 The width of the potential barrier at the initial state correlates 

with the filler volume concentration 

 

It was shown that the nickel particles were randomly distributed and not 

perfectly aligned on planes in the Ni-polymer composite.  Therefore, the nickel 

particles were rearranged when a perpendicular force was applied onto the 

composite, which caused creations of extra tunnelling pathways throughout the 

sample.  Under such a circumstance, the resistance of the printed film decreases 

exponentially with the external force, which follows the tunnelling conduction 

mechanism [19]. 

It is assumed that the variation of the thickness of the insulating polymer 

matrix between the particles depends only on the perpendicular direction of 

deformation on the composite sample.  Hence, the width of the potential barriers 

along the perpendicular applied force can be derived as: 

                
 

  
  

     
  

    
 

  

   
 
  

 

Equation 4-11 The derivation of the width of the potential barriers along the 

direction of the applied force and on the perpendicular ones (x,y), where  

is the tensile strain. 

 

Therefore, combining Equation 4-6 and Equation 4-11, the resistance of a 

printed film can be expressed as below [19], 

  
  

    
 
  

     
   

 
    

   
 
  

  

Equation 4-12 Theoretical model for the relationship between the resistance of 

the Ni-polymer composite and the applied force 
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The relationship between the electrical resistance and its corresponding 

applied force was fitted exponentially by Equation 4-12, as shown in Figure 4.17.  It 

is shown that the resistance of the printed films, PSE1-9, PSE2-9 and PIP9, 

exponentially decreased with increasing applied force. 

 

Figure 4.17 The relationship between the electrical resistance and applied force 

for the PSE1-9 film, the PSE2-9 film and the PIP9 film 

 

 The experimental results were: 

R0= 2×10
7
 Ω, 

A=4*(0.5/2cm)
2
=7.85×10

-5
m

2
, 

PSE1-9=(62+5.8) GPa 

PSE2-9=(86+6.7) GPa 

PIP9=(38+5.6) GPa 

 In summary, the theoretical model arising from Equation 4-12 fitted well for 

the electrical-force profiles of the PSE1, the PSE2 and PIP-based printed films. 
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Chapter 5. Preparation and characterisation of Ni, Cu, Fe, Zn and 

bronze-based inks 

In this chapter, the suitability of four metal powders and one alloy powder for use in 

composite inks was investigated on the basis of the contribution by each metallic 

powder to the formulation, printability, rheology, conductivity and thermal 

properties of inks.  The metal powders were characterised for their particle shape 

and morphology.  The different powders were used individually to form a composite 

ink using PVP and PVP-S-based polymeric binders.  The effects of the binder 

chemistry, the composition of the inks and the application conditions on the 

rheological, electrical, thermal properties of the inks were investigated.  In 

particular, electrical-mechanical properties of different metallic powder-based ink 

films were laid emphasis on looking into. 

 Experimental procedures relevant to the work described in this chapter have 

been detailed in Chapter 2. 

5.1 Materials 

The polymeric binders poly(vinyl pyrrolidone) (PVP) and poly(vinylpyrrolidone-co-

styrene) (PVP-S) were used in the ink formulations.  The chemical properties of two 

binders were detailed in Chapter 2. 

The substrate used to print each metallic powder-based ink was PET sheet that 

has detailed in Chapter 2.  Relevant information on the different metallic powder 

samples is listed in Table 5-1. 

5.2 Ink formulations 

All of the inks used in this study were containing 50 wt% of the specified metallic 

powder and 50 wt% of the specified polymeric binder, PVP and PVP-S.  Each ink 

was prepared following the specific procedure as detailed in Chapter 2.  The ink 

formulation in each ink was followed the ratio 1:1 of metal powder to polymeric 

binder.  The ink formulation here designed different from those in Chapter 3 and 

Chapter 4 was because the inks containing Cu and Bronze powders were too viscous 

to fabricate the inks.  In order to compare different metal powder-based inks on the 
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same condition, the formulations were reduced regarding to 70 wt of Ni and 30 wt% 

of binder. 

 

Table 5-1 Information on the different metallic powders used in formulations 

Powder Supplier Nature and characteristic 

Ni Vale Inco Europe Ltd, 

Swansea, West Glamorgan 

This has a fine, spiky characteristic, 

which has electrical 

conductivity value of 14.3 

Siemens/m. The particle size 

distribution ranges from 1 to 

100 µm.  Such nickel powders 

rarely become surface oxidised 

[4]. 

Fe Sigma Aldrich Ltd, Gillingham, 

Dorset, UK 

This iron powder has a fine 

characteristic and light grey 

colour, which has electrical 

conductivity value of 10.1 

Siemens/m. 

Cu Echart UK Ltd, Unit C The 

Sidings Station Road 

Ampthill, Bedforeshirem, 

UK 

This is a flaky material that was 

developed to be resistant to 

oxidation.  This has electrical 

conductivity value of 58.5 

Siemens/m. 

Zn Sigma Aldrich Ltd, Gillingham, 

Dorset, UK 

This has non-flaky, non-spiky powder 

that is coarse in nature.  This 

has electrical conductivity 

value of 16.6 Siemens/m. 

Bronze Echart UK Ltd, Unit C The 

Sidings Station Road 

Ampthill, Bedforeshirem, 

UK 

This is a flaky powder, oxidation 

resistant which is heat treated.  

This has electrical conductivity 

value of 7.4 Siemens/m. 
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5.3 Results and discussion 

5.3.1 Morphology of the metal powders 

The morphologies for the metallic powder particles are shown in Figure 5.1.  

Obviously, the nature of each powder particles and particle distribution is different 

from that exhibited by the others.  The Ni powder can be seen to have spiky 

characteristic surface.  The Fe powder can be considered to have “rod-like” spiky 

character.  The Cu powder and the bronze powder are shown as flaky shape.  In 

contrast to all the other metallic powders, the Zn particles are spherical.  With these 

major particle differences between the powders, it can therefore be expected that 

shape effects and particle morphologies will dominate the flow characteristics of the 

various inks.  Thus, for each ink, the rotation, transition, movement and alignment of 

the particles can govern its rheology.  Furthermore, it was reported that the pigment 

shapes have a significant effect on the flexibility and durability of coatings, because 

they can determine how close the particles stay and the pathways of a crack 

propagating [2].  From the particle morphologies and particle shapes of the metallic 

powder, it could be assumed that the near-spherical spiky like nickel particles would 

have the most effective correlation with the polymer due to their large porosity and 

high roughness.  The Cu powder and the bronze powder with flaky shapes would 

have the least correlation with the polymer owing to their limited and flat surface 

areas. 

5.3.2 Rheological characteristics of the ink 

The inks require suitable viscosity values and good rheological characteristics.  

Therefore, it is significant to monitor the flow patterns of the ink materials under 

highly controlled conditions relating to the applied shear stress, shear strain rate and 

temperature.  Figure 5.2 and Figure 5.3 show that the various ink formulations that 

were studied exhibited a shear thinning flow character at 25 °C.  The viscosities of 

the inks decrease with an increase in the shear rate.  The shear thinning behaviour of 

the inks was more pronounced between shear rate values of 1 s
-1

 and 1000 s
-1

.  The 

value of the viscosity and the extent of shear thinning of one ink formulation, at a 

particular value of shear rate, are different from another ink because of differences 
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in morphology and distribution of the particulate metallic materials in the ink 

samples. 

 

 

 

Figure 5.1 Morphologies of [a] Ni powder, [b] Cu powder, [c] Bronze powder, 

[d] Fe powder and [e] Zn powder under scanning electron microscope 

 

[a] 

[b] 

[b] 

[c] [d] 

[e] 
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Figure 5.2 Rheological behaviour of viscosity and shear rate for the ink 

formulations containing PVP-based binder 

 

Figure 5.3 and Figure 5.4 show the results of the study of the viscosity and 

temperature relationships, which indicates that the viscosity of the inks depend on 

temperature.  The viscosity decreases with an increase in the heating temperature.  

Therefore, polymer section chains gliding pass one another more easily as the 

thermal energy is increased, through an increase in temperature.  It is possible that 

the bronze powder-based ink shows a distinct viscosity vs. temperature behaviour 

because as the temperature was increased, it was quicker for its water component to 

be lost and for the binder polymer to build structure leading to an increase in 

viscosity.  

 Figure 5.3 shows a different pattern of viscosity vs. temperature compared 

with Figure 5.4.  Apparently, this difference arises because the two sets of inks 

contained different polymeric binders.  In the inks contain the PVP-S, as the heating 

temperature reached 60 °C, curing of the inks commenced.  Also, it is possible that 

as the temperature of the ink formulations was increased up to 60 °C, the 

formulation of metallic powder aggregates was favoured.  This therefore increases 

the resistance of the inks to flow and leads to a significant increase in viscosity.  The 

overall data shows that during application of the inks, careful consideration needs to 
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be given to the temperature at which the process is being conducted.  If an 

undesirable change in viscosity occurs during application, the ease of application 

and overall properties of the inks can significantly be affected. 

 

Figure 5.3 Viscosity vs. temperature profile of the different ink formulations, 

each containing the PVP polymeric binder 

 

 

Figure 5.4 Viscosity vs. temperature profile of the different ink formulations, 

each containing the PVP-S polymeric binder 
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5.3.3 Electrical resistance properties of the inks 

All of the ink prints that were formulated containing Cu powder, Bronze powder and 

Zn powder were found to possess electrically insulating behaviour.  Up to 5 kg of 

compression that was applied to each of the printed films does not cause any 

conductivity in the materials.  On the basis of the insulating property of these printed 

films, only the electrical properties of Ni powder-based printed films and Fe 

powder-based printed films were further investigated. 

 

Figure 5.5 Electrical properties of Ni powder-based inks that containing PVP 

binder and containing PVP-S binder 

 

Both the Ni powder-based ink prints and the Fe powder-based inks have 

exhibited pressure electrically sensitive properties, as shown in Figure 5.5 to Figure 

5.7.  As a result, the electrical resistance of the printed films changes exponentially 

with increasing applied force.  However, both printed films were electrically 

insulating when no pressure was applied to their surfaces.  After the increasing 

pressure was applied, the printed films changed from insulating behaviour to 

conductive characteristic.  Ni-1 based printed films showed controlled electrically 

sensing behaviour and Ni-2 based printed films behave more like electrically 

switching materials.  Electrical sensing behaviour means that the resistance 

gradually changes with an increasing force.  Electrical switching behaviour means 
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that the resistance rapidly changes with increasing force.  The two contrasting 

behaviour shown by two Ni powder-based printed films arises because of the nature 

of the polymeric binders that two inks contain, i.e. PVP and PVP-S.  The 

characteristics of the two different polymeric binders (PVP and PVP-S) are 

discussed in the next section. 

 

Figure 5.6 Electrical properties of Fe powder-based inks that containing PVP 

binder and containing PVP-S binder 

 

 

Figure 5.7 Comparisons of electrical properties of Ni powder-based printed 

films and the Fe powder-based printed films, which containing PVP 

binder and containing PVP-S binder 
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 Both Fe powder-based printed films have shown that the electrical properties 

of the printed films change with the applied force.  The printed films have behaved 

electrically conductive when no pressure was applied.  However, the resistance 

values have fluctuated with changing applied forces.  This is because of the 

characteristics of the metallic Fe powder in comparison to the Ni powder material 

and difference shown the particles of each material as discussed with respect to 

Figure 5.1. 

 

Figure 5.8 Resistance vs. force plots for the printed films that contained Ni 

powder and that were dried at different temperatures.  Each contains the 

PVP polymeric binder 

 

With respect to Figure 5.8 and Figure 5.9, the temperature at which the printed 

films were dried has an effect on the electrical characteristics of the inks.  Drying the 

printed films at 100 °C makes them less conductive (highest values of resistivity) 

compared to the conductivity of the printed films after drying at 20 °C.  In 

particular, after drying at 100 °C, the Ni-1 printed film has lost its switch 

characteristic as can be seen by the linearity of the Ni-1 printed film plot, in Figure 

5.8.  It can be said that the higher the drying temperature, the less flexible are the ink 

prints and as such the electrons in the print have lesser ability to move and generate 

current. 
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Figure 5.9 Resistance vs. force plots for the printed films that contained Fe 

powder and that were dried at different temperatures.  Each contains the 

PVP polymeric binder 

  

 

Figure 5.10 Plot of the relationship between resistance and drying temperature, 

from printed films that were formulated containing either with Ni powder 

or with Fe powder.  Both inks contain the PVP polymeric binder 
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As shown in Figure 5.10, the resistivity of the printed films increases 

exponentially with an increase in the drying temperature.  This associated with an 

increase in the extent of drying in the inks as the temperature was increased.  

Therefore, as more structure was formed in the inks, as the temperature increases, 

the ability/mobility of the electrons is affected.  The results show that for any 

intended application, the temperature at which the inks are dried is of paramount 

importance.  This choice of temperature will not only affect the conductivity of the 

inks, but will also affect their mechanical properties such as the flexibility.  Also, 

producing ink prints with too much hardness and reduced flexibility might cause 

cracks or gaps in the printed films which will in turn restrict the movement of the 

electrons in such inks. 

5.3.4 Thermal properties of the PVP and the PVP-S-based inks 

Decomposition arising during the TGA induced breakdown of the polymeric binders 

is shown in Figure 5.11.  Differences in the thermal stability can be seen between 

the two polymeric binders.  The extent to which the PVP-S binder holds onto water 

was greater than that shown by the PVP polymeric binder.  The overall thermal 

stability of the binders is similar.  In the TGA profile of each binder, each 

thermogram indicates a curve which can be correlated to loss of water as the heating 

temperature was increased up to around 100 °C and 150 °C for PVP binder and for 

PVP-S binder, respectively.  This is then followed by any self-crosslinking reactions 

that take place up to around 400 °C.  Comparison of the self-crosslinking curve in 

Figure 5.11, for each polymeric binder with Figure 5.10 will suggest that the 

properties of each ink can vary with the temperature of drying or curing. 

 It was discussed with respect to Figure 5.3 and Figure 5.4, that, the 

rheological properties of the ink formulations can be affected by the temperature of 

flow or temperature of application.  Considering the fact that PVP-S polymeric 

binder has shown greater affinity to solvent components (Figure 5.11) and has a less 

intense endothermic peak (Figure 5.12, 80 °C to 200 °C), this can allow greater 

extent of structure formation in those inks containing the PVP-S binder in 

comparison to those containing the PVP binder.  This therefore resulted in 

differences in viscosity vs. temperature trends between the two sets of inks.  This 
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point can be explored further where application temperatures on such inks are 

intended to be studied in more details. 

 

Figure 5.11 TGA, 10 °C/min plots of the polymeric binders that were used in 

formulating the inks, PVP binder and PVP-S binder 

 

 

Figure 5.12 DSC, 10 °C/min plots of the polymeric binders that were used in 

formulating the inks, PVP binder and PVP-S binder 
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 The problems that can be encountered when using the inks on PET substrate 

include spreading problem and blistering of thick films.  With respect to some of the 

inks that were formulated containing the Fe powder, applied onto the two substrates, 

delamination of the printed films was encountered.  Since the inks were formulated 

containing water as solvent, the aspects of dried ink delamination can be related to 

the wetting character of the inks on the surface of the substrates.  Water has a 

surface tension value of 72 mNm
-1

 and PET substrate is known to have low surface 

energy values.  However, the wettability of the inks on the PET substrates can be 

enhanced by employing appropriate surface energy pre-treatment procedures [159]. 

 From the drop test measurements, the contact angle of water on PET was 

found to be 73.5°.  In contrast, the contact angle of the same solvent on the carbon 

board substrate was 50°.  A proportion of the ink on the carbon board substrate must 

be adsorbed during the wetting process and this must have enhanced the overall 

adhesion of the inks on the substrate. 

5.4 Conclusions 

Ink formulations and printed inks were successfully developed based on the use of 

different options of metallic powder particles.  The choice of polymeric binder has a 

significant effect on the rheological properties of the inks but had limited effect on 

the electrical properties of the inks.  The choice of polymeric binder in formulation 

and the choice of substrate in application also affect the printed film property.  The 

electrical properties of the Ni powder containing printed films and the Fe powder 

containing printed films depend on the temperature at which the inks were dried.  

Conductivity of the inks generally decreased with an increase in the drying 

temperature.  None of the inks that were formulated on the basis on the Cu, the 

bronze and the Zn metallic powders showed any desirable electrical conductivity 

properties.  Such inks electrically insulated and were not found to have any potential 

for use in pressure sensitive electrical devices in contrast to those inks that were 

formulated and applied based on the Ni metallic powder and the Fe metallic powder. 
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Chapter 6. Conclusions and Future Work 

The work of this thesis formulated a range of screen printable functional inks, each 

containing a combination of conductive spiky-like nickel particles, three grades of 

semiconducting titanium dioxides particles and several water-based binders.  A 

number of pressure-sensitive printed films from the formulated inks were 

successfully developed.  In order to understand these electrical properties, 

printability, rheology, thermal stability and mechanical properties of a printed film 

on the basis of the contribution by each component to the formulation were carefully 

investigated.  The results showed that the printed film behaved as an insulator in the 

absence of an external compression, even 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 variation was explained by the quantum 

tunnelling mechanism and percolation mechanism, which were mainly dependent on 

the distribution of the nickel particles and nickel aggregates, the nickel loading, the 

morphology of the nickel particles and the elasticity of a polymer matrix. 

The electrical properties of screen printable printed films have been 

successfully altered by the addition of TiO2.  The loading of TiO2 had a significant 

effect on modifying the printed films from being electrically switching to showing 

electrically sensing behaviour.  This has also assisted the printed films to have 

electrically insulating property when no pressure was applied.  It was found that the 

anatase form of TiO2 had a significant effect on the electrical properties of the final 

printed films due to its large specific surface area. 

Moreover, a model of the response of the electrical properties to the external 

compression for the printed QTC films had been successfully developed, which 

permitted quantification of the relationship between the electrical property and the 

structure of the composite.  This model was the most applicable to the printed 

composite film for the prediction of the electrical-mechanical property of the nickel 

particles randomly dispersed in a polymeric matrix. 
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Ink formulations and printed inks were successfully developed based on the 

use of different options of metallic powder particles.  The choice of polymeric 

binder has a significant effect on the rheological properties of the inks but had 

limited effect on the electrical properties of the inks.  The choice of polymeric 

binder in formulation and the choice of substrate in application also affect the 

printed film property.  The electrical properties of the Ni powder containing printed 

films and the Fe powder containing printed films depend on the temperature at 

which the inks were dried.  Conductivity of the inks generally decreased with an 

increase in the drying temperature.  None of the inks that were formulated on the 

basis on the Cu, the bronze and the Zn metallic powders showed any desirable 

electrical conductivity properties.  Such inks electrically insulated and were not 

found to have any potential for use in pressure sensitive electrical devices in contrast 

to those inks that were formulated and applied based on the Ni metallic powder and 

the Fe metallic powder.  However, the Fe-based printed film did not behave any 

similarity as the QTC commercial material. 

A number of areas were outlined throughout the thesis as opportunities for 

future work.  The most significance of this included investigation of electrical 

properties of different ink formulations and binding polymer types that used to 

further investigate the relationship between metal fillers and polymers.  For the 

further work, it might involve the study of the contribution of the extent of the 

surface treatment on electrical-mechanical properties of printed films.  Also, the 

addition of different additives might use to optimise the electrical properties of 

printed films regarding to employ them in different applications. 


