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Preface
Negative temperature coefficient of resistance (NTC) materials are materials that experience a de-
crease in resistivity with increasing temperature, making them ideal for temperature sensing applica-
tions. In this study NTC ceramics and NTC ceramic-polymer composites are investigated towards the
desire to produce a fully flexible temperature sensor that can readily be used in industry.

Ren Smis
Delft, Feburary 2018
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Abstract
Flexible electronics have become the subject of industry focus, generating a market desire for fully
flexible temperature sensors. To the best of our knowledge, there are no current systems that can
adequately satisfy both the mechanical flexibility and sensing performance demanded for commercial
applications. This work focused on a design for a flexible temperature sensor by designing a thermistor
using functional granular composites using ceramic NTC fibre particles and a resistive polymer matrix.
The objective was to achieve good thermistor performance (high sensitivity: B-value > 3000 K, and
low resistivity: 𝜌 ≈ 10ኻ − 10ኼ Ω𝑐𝑚) while being mechanically flexible (surviving bending radii ≤ 1 cm
over 100 cycles).

To achieve this objective this thesis work was organised into 5 major phases. Due to the high
commercial value of NTC ceramic thermistors, no reference composition with its exact processing
conditions are available in literature that produce a thermistor with commercially desirable properties.
Phase 1 was therefore to select a NTC ceramic composition and Phase 2 was to investigate the nec-
essary processing conditions to be able to produce bulk ceramics with adequate temperature sensing
performance. Phase 3 involved making NTC ceramic fibres by wet fibre spinning and modifying the
processing conditions developed in Phase 2. Phase 4 involved the selection of an appropriate polymer
matrix and to attempt to create thermistor composites. Phase 5 involved creating more optimal com-
posite thermistors using stencil printing and to test its thermistor and bending performance.

Using an isotropic mixture of Mn2.4Ni0.5Cu0.1O4 NTC ceramic fibre particles in an Electrodag
matrix, composite thermistors were created by stencil printing onto thin-film substrates of polyethylene
terephthalate that have silver inkjet printed interdigitate electrodes. A percolated network is formed with
as little as 10 wt% of fibres (≈ 2.86 vol%). The composite with 10 wt% of fibres has good thermistor
performance at a low fibre content. The average resistivity at 25∘𝐶 (𝜌ኼ) is low around 920 ⋅ 10ኽ Ω𝑐𝑚
(with a standard deviation of 220 ⋅ 10ኽ Ω𝑐𝑚) and the sensitivity is high with a B-value = 3290 K and
𝛼ኼ = −3.7 %/𝐾. The overall composite resistance and sensitivity can be tailored and customised
by changing the gap width of the interdigitate electrodes. At an electrode gap width of 0.13 mm, with
our interdigitate electrodes, 𝑅ኼ = 280 𝑘Ω and 𝑅ዂ = 45 𝑘Ω. The composite with 10 wt% fibre particle
content and an electrode gap of 0.13 mm can survive 300 bends cycles (100 cycles with bending radius
10 mm (𝜀 ≈ 0.621%), 100 cycles with bending radius 5 mm (𝜀 ≈ 1.23%), 100 cycles with bending
radius 2.5 mm (𝜀 ≈ 2.44%) without any observable, aesthetic damage. The relative resistance (R/R0)
does increase with bending, but after 20 bend cycles it appears to stabilise for every bending radius. In
comparison to other flexible temperature sensors in recent literature, this thermistor composite is found
to deliver a superior combination of thermistor performance and mechanical flexibility.

vii





Contents

Abstract vii

List of Figures xi

List of Tables xv

1 Introduction 1
1.1 Temperature Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Flexible Temperature Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Thermistors (NTC vs PTC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 NTC Thermistor Material Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4.1 Crystal Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4.2 Mechanism Behind Electrical Conductivity . . . . . . . . . . . . . . . . . . . . . . 8
1.4.3 NTC Material Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4.4 Electrical Conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4.5 Important Parameters for NTC Thermistors . . . . . . . . . . . . . . . . . . . . . . 10

1.5 Literature Review of Flexible Temperature Sensors . . . . . . . . . . . . . . . . . . . . . 12
1.5.1 Conclusions Drawn From Literature Review . . . . . . . . . . . . . . . . . . . . . 14

1.6 Functional Granular Composites FGC . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.6.1 Connectivity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.6.2 Percolation Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.6.3 Coefficient of Expansion Mismatch in Composites . . . . . . . . . . . . . . . . . . 20
1.6.4 Modelling the Resistivity of Composite Conductors. . . . . . . . . . . . . . . . . . 20
1.6.5 Modelling the Resistivity of Composite Thermistors . . . . . . . . . . . . . . . . . 24

1.7 Objective of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2 Phase 1: Tailoring NTC metal-oxide composition 27
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
2.2 Selecting the Active NTCMaterial: Nickel Manganate Copper CeramicsMn2.2Ni0.5Cu0.3O4

28
2.2.1 Selecting the Nickel Content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.2.2 Selecting the Copper Content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3 Phase 2: Characterisation of Ceramic Bulk Properties 35
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.2 Conventional Manufacturing Route of NTC Ceramics . . . . . . . . . . . . . . . . . . . . 35
3.3 Manufacturing Route for Bulk Pellets of Mn2.2Cu0.3Ni0.5O4 . . . . . . . . . . . . . . . . . 37
3.4 Characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.4.1 Characterisation of Electrical Performance - Experimental Setup . . . . . . . . . . 37
3.4.2 Validation of Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.5 Results of Processing Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5.1 Sintering Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.5.2 Pellet Size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.5.3 Copper Content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.5.4 Sintering Temperature and Ramp . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3.5.5 Effect of Binder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.5.6 Sintering Temperature Revisited (with binder) . . . . . . . . . . . . . . . . . . . . 44

3.6 Validating Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.7 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

ix



x Contents

4 Phase 3: Fibre Preparation 47
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2 Fibre Spinning Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.2.1 Fibre Spinning Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3 Fibre Sintering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.3.1 Fibre Sintering Scheme A vs B . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3.2 Fibre Sintering Scheme B vs C . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.3.3 Fibre Width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

5 Phase 4: Ceramic Fibre - Polymer Matrix Composites 55
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.2 Candidate Polymers for Composite Matrix . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5.3 Composite Thermistor Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.4 Characterisation of Electrical Performance - Experimental Setup . . . . . . . . . . . . . . 58
5.5 Results of PDMS - NiMnCuO Composites . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.5.1 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
5.6 Results of BCB - NiMnCuO Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.7 Results of Electrodag - NiMnCuO Composites . . . . . . . . . . . . . . . . . . . . . . . . 61
5.8 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6 Phase 5: Stencil printed flexible thermistor composites 65
6.1 Stencil Printing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
6.2 Results of varying fibre volume content . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
6.3 Results of increasing IDE gap width . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.4 Bending tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

7 Discussion 75
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
7.2 Comparison of Electrical Properties of NTC Composites. . . . . . . . . . . . . . . . . . . 75

8 General Conclusions 79

References 83

A Summary of Relevant Flexible Temperature Sensors in Literature 87

B Summary of Relevant NTC Ceramic Compositions Found in Literature 89

C Summary of polymers used as matrix or substrates in flexible thermistor systems in
Literature 91

D Resistance Change After Cyclic Tensile Bending of Sample from Batch G,H,J,K,M 93



List of Figures

1.1 Examples of Various Temperature Sensors . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Flexible electronic skin for humanoid robot developement . . . . . . . . . . . . . . . . . 4
1.3 A prototype of MC10’s BioStamp sensor [10] . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Resistance vs temperature behaviour of NTC & PTC thermistors compared to a platinum

resistance thermistor [35] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Close Packing of Atoms (images taken from [34]) . . . . . . . . . . . . . . . . . . . . . 6
1.6 Geometrical representation of tetrahedral and octahedral voids (taken from [3]) . . . . . 7
1.7 Configuration of 3-layers (images taken from [40]) . . . . . . . . . . . . . . . . . . . . . 7
1.8 Spinel crystal structure of MgAl2O4 (AB2O4) where Mg cations occupy the yellow tetra-

hedra and Al cations occupy the blue octahedra (taken from [12]) . . . . . . . . . . . . 8
1.9 Resistivity versus Temperature Curve of Fe3O4 – MgCr2O4 with varying percentage of

the addition of MgCr2O4 to tailor the NTC thermistor B-value and temperature coefficient
of resistance. (taken from [17]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

1.10 Resistivity and B-value vs filler volume content of NiMnO particles in NiMnO-Epoxy com-
posites [13] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.11 Possible connectivity patterns of a 2-phase composite [36] . . . . . . . . . . . . . . . . 16
1.12 Examples of piezoelectric ceramic-polymer composites with different connectivites [52] 16
1.13 Determining the percolation limit from the plot of electrical conductivity of the composite

versus the volume fraction of the conductive filler. The percolation limit is smaller when
the ratio of filler particle size to matrix particle size is large [45] . . . . . . . . . . . . . . 17

1.14 Effect of varying filler particle size on the percolation curve of a conductive composite (𝑉
is equivalent to 𝑉 ) [51] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.15 Changing the geometry factor of a conductive composite sample [51] . . . . . . . . . . 19
1.16 Percolation curves showing the effect of increasing the geometry factor (by lowering

sample thickness) and its effectiveness to alter the percilation limit when smaller particle
sizes are used (graphs taken from [51]) . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.17 Change in critical volume fraction 𝑉 or percolation limit due to a change in geometry
factor 𝐺 = ፀ

፭ and the influence of Γ =
፭
፝ [51] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.18 Simple cubic packing of conductive filler particles in a polymer matrix [50] . . . . . . . . . . 21

2.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.2 Resistivity vs nickel content (x) for Mn3ዅዼNiዼO4 NTC material where (1) was manu-

factured using the conventional industrial method and (2) was manufactured using the
chemical process (oxalic precursors), taken from [49] . . . . . . . . . . . . . . . . . . . 29

2.3 Resistivity versus doping content of cobalt inMn2.25ዅዼNi0.75CoዼO4 andCu inMn2.3ዅዼNi0.7CuዼO4,
taken from [49] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.4 Two studies that have investigated the effect of copper doping on nickel manganite re-
sistivity using different Ni content where (a) [49] used 0.70 and (b) [62] used 0.5 . . . . 30

2.5 Partial phase diagram of Ni1ዅዼMn2ዄዼO4 where samples were quenched from the tem-
peratures displayed on the y-axis, taken from [31] . . . . . . . . . . . . . . . . . . . . . 32

2.6 The effect of copper doping on nickel manganite resistivity, B-value, and resistivity drift
[62] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.1 General Process Procedure for Thermistor Manufacture . . . . . . . . . . . . . . . . . . 35
3.2 Schematic of Kelvin (4-Wire) Resistance Measurements, ammeter and voltmeter are

decoupled with low current passing through voltmeter and high current through ammeter,
[27] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3 Experimental Setup for Measuring NTC Electrical Performance . . . . . . . . . . . . . . 39

xi



xii List of Figures

3.4 Comparison of reference values and experimentally measured resistivity and B-value for
experimental validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.5 Pellets sintered at 1100∘𝐶 for 6 hours were more likely to crack and warp . . . . . . . . 41
3.6 XRD pattern of sintered Mn2.4Ni0.5Cu0.1O4 pellets that used binder compared to ref-

erence pattern of Mn2.17Ni0.7Cu0.13O4 . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.7 Comparison of SEM images ofmicrostructure inside sintered pellets ofMn2.4Ni0.5Cu0.1O4

at same magnification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.1 Experimental Setup of Wet Fibre Spinning Technique [54] for ceramic fibres . . . . . . . 48
4.2 Experimental Setup of Spin Head [54] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
4.3 Fibres before and after sintering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
4.4 SEM images of sintered fibres ofMn2.4Ni0.5Cu0.1O4 comparing sintering scheme A to

B at low and high magnification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.5 SEM images of microstructure of pellet sintered at 1200∘𝐶 for 2.5 hrs with ramp of

180∘𝐶/ℎ𝑟 versus fibre sintered with SchemeA, both of compositionMn2.4Ni0.5Cu0.1O4,
at the same magnification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.6 Comparison of XRD pattern of calcined powder, sintered pellets and sintered fibres of
Mn2.4Ni0.5Cu0.1O4 compared to reference pattern of Mn2.17Ni0.7Cu0.13O4 . . . . . . 52

4.7 SEM images of sintered fibres ofMn2.4Ni0.5Cu0.1O4 comparing sintering scheme B to
C at low and high magnification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.8 SEM image of fibre end . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.1 Optical images of silver interdigitate electrodes on PET substrate . . . . . . . . . . . . . 57
5.2 Schematic of Composite Connectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
5.3 Experimental Setup to Composite Thermistor . . . . . . . . . . . . . . . . . . . . . . . . 58
5.4 Optical images of PDMS-NiMnCuO composite thermistors on PET substrate . . . . . . 60
5.5 BCB-NiMnCuO Composites on Kapton substrates with stencil printed silver electrodes . 61
5.6 Optical images of Fibre-Placed Electrodag-NiMnCuO composite thermistors on PET

substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.7 Optical Images of Electrodag-NiMnCuO composite thermistor on PET substrate . . . . 63

6.1 Schematic representation of stencil printing thermistor composites . . . . . . . . . . . . 65
6.2 Optical Images of Stencil Printed Electrodag-NiMnCuO composite thermistor on PET

substrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
6.3 Composite resistance at 25∘𝐶 and 85∘𝐶 for varying fibre content by 𝑤𝑡% . . . . . . . . . 68
6.4 Composite B-value for varying fibre content by 𝑤𝑡% . . . . . . . . . . . . . . . . . . . . 68
6.5 Composite resistance at 25∘𝐶 and 85∘𝐶 for varying fibre content by 𝑣𝑜𝑙%. Trend lines

are for guidance only . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
6.6 Comparison of effect of larger electrode gap on composite resistance at 25∘𝐶 and 85∘𝐶

for varying fibre content by 𝑤𝑡% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.7 Comparison of effect of larger electrode gap on composite B-value for varying fibre con-

tent by 𝑤𝑡% . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.8 Schematic of cyclic tensile bending method . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.9 Resistance after cyclic tensile bending of thermistor composite with 50 𝑤𝑡% of fibres . . 72
6.10 Resistance after cyclic tensile bending of pure electrodag . . . . . . . . . . . . . . . . . 73
6.11 Comparison of relative resistance change over 100 bends at 10 mm radius . . . . . . . 73
6.12 Optical Images of Stencil Printed Composite thermistor Before and After 300 Bend Cycles 74

7.1 Estimated Length of Interdigitate Electrodes with 0.13 mm gap size . . . . . . . . . . . . 76
7.2 Schematic of cross section of electrode gap . . . . . . . . . . . . . . . . . . . . . . . . . 76
7.3 Resistivity and B-value vs filler volume content of NiMnO particles in NiMnO-Epoxy com-

posites [13] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

8.1 Flexible NTC Thermistor Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

D.1 Resistance after cyclic tensile bending of thermistor composite with pure Electrodag . . 93
D.2 Resistance after cyclic tensile bending of thermistor composite with 1.41 𝑤𝑡% of fibres . 94



List of Figures xiii

D.3 Resistance after cyclic tensile bending of thermistor composite with 10 𝑤𝑡% of fibres . . 94
D.4 Resistance after cyclic tensile bending of thermistor composite with 25 𝑤𝑡% of fibres . . 95
D.5 Resistance after cyclic tensile bending of thermistor composite with 50 𝑤𝑡% of fibres . . 95





List of Tables

1.1 Characteristic Advantages and Disadvantages of Temperature Sensor Types [17] . . . 3
1.2 Critical Volume Fractions for Conductive Composite Systems [51] . . . . . . . . . . . . 17

3.1 Constant Variables - Processing Parameters . . . . . . . . . . . . . . . . . . . . . . . . 40
3.2 Effect of sintering time on thermistor performance of NTC ceramic pellets . . . . . . . . 40
3.3 Constant Variables - Processing Parameters . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4 Effect of pellet size on thermistor performance of NTC ceramic pellets . . . . . . . . . . 41
3.5 Constant Variables - Processing Parameters . . . . . . . . . . . . . . . . . . . . . . . . 41
3.6 Effect of copper content on thermistor performance of NTC ceramic pellets . . . . . . . 42
3.7 Constant Variables - Processing Parameters . . . . . . . . . . . . . . . . . . . . . . . . 42
3.8 Effect of sintering temperature and ramp on thermistor performance of NTC ceramic pellets 42
3.9 Constant Variables - Processing Parameters . . . . . . . . . . . . . . . . . . . . . . . . 43
3.10 Effect of adding binder (polyethylene glycol) on thermistor performance of NTC ceramic

pellets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.11 Constant Variables - Processing Parameters . . . . . . . . . . . . . . . . . . . . . . . . 45
3.12 Effect of higher sintering temperature on thermistor performance of NTC ceramic pellets

with binder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.13 Comparison of thermistor performance of manufactured NTC ceramic pellets with refer-

ence sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.1 Fibre Sintering Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

5.1 Resistance Values of Isotropic PDMS-NiMnCuO composites . . . . . . . . . . . . . . . 59
5.2 Resistance Values of Fibre-Placed PDMS-NiMnCuO composites . . . . . . . . . . . . . 59
5.3 Fibre-Placed PDMS-NiMnCuO composites using differently sintered fibres . . . . . . . . 60
5.4 Resistance Values of Isotropic Electrodag-NiMnCuO composites . . . . . . . . . . . . . 62
5.5 Resistance Values of Isotropic Electrodag-NiMnCuO composites diluted with isopropyl

alcohol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6.1 Resistance Values of Stencil Printed Electrodag-NiMnCuO composites . . . . . . . . . 66
6.2 Resistance Values of Stencil Printed Electrodag-NiMnCuO composites with larger elec-

trode gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

7.1 Resistivity Values of Stencil Printed Electrodag-NiMnCuO composites . . . . . . . . . . 76

A.1 Summary of Relevant Flexible NTC Thermistor Systems in Literature - Part I . . . . . . 88
A.2 Summary of Relevant Flexible NTC Thermistor Systems in Literature - Part II . . . . . . 88

B.1 Summary of Relevant NTC Ceramics for Thermistors Found in Literature . . . . . . . . 90

C.1 Summary of relevant polymers used asmatrix or substrates in flexible thermistor systems
in Literature - Part 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

C.2 Summary of relevant polymers used asmatrix or substrates in flexible thermistor systems
in Literature - Part 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

xv





List of Symbols & Abbreviations
𝛼 Temperature Coefficient of Resistance [% per ∘𝐶]

Δ𝑅/𝑅 Resistivity drift after being exposed to 150∘𝐶 for 1000 hours [%]

Γ Geometry Factor Γ that influences the degree of anisotropy in conductivity

𝜇 Charger carrier mobility [𝑐𝑚ኼ per V sec]

𝜌 Resistivity [Ω ⋅ 𝑚]

𝜌ጼ Resistivity at infinite temperature

𝜌። Intrinsic resistivity [Ω ⋅ 𝑚]

𝜌፭ Tunneling resistivity [Ω ⋅ 𝑚]

𝜎 Conductivity [Simens per meter 𝑆/𝑚]

𝜎ጼ Conductivity at infinite temperature

𝑒 Charge carrier charge [coulombs]

𝐺 Geometry Factor 𝐺 that influences the degree of anisotropy in conductivity

𝑘 Stefan-Boltzmann constant [5.6704 × 10ዅዂ𝑊 ⋅ 𝑚ዅኼ ⋅ 𝐾ዅኾ]

𝑁 The number of charge carriers per 𝑐𝑚ኽ

𝑃ፚ Probability that the adjacent B-site is occupied by an acceptor cation

𝑃 Probability that the particular B-site is occupied by a cation capable of being an electron donor

𝑞 Hopping mechanism activation energy

𝑅 Resistance [Ohms, Ω]

𝑅ጼ Device resistance at infinite temperature

𝑅 Overall resistance of a composite conductor [Ohms, Ω]

𝑅፞ Lead resistance to electrodes [Ohms, Ω]

𝑅። Intrinsic resistance of a particle [Ohms, Ω]

𝑅፩ Particle to particle contact resistance [Ohms, Ω]

𝑅፭ Tunneling resistance [Ohms, Ω]

𝑅፫ Constriction resistance [Ohms, Ω]

𝑣 Frequency factor

𝑣፟ Percolation limit or critical volume fraction [% filler]

B-value Also known as the Thermal Constant of an NTC thermsitor

IC Integrated Circuits

IDE Interdigitate Electrodes

xvii



xviii List of Tables

NTC Negative Temperature Coefficient

PTC Positive Temperature Coefficient

RTDs Resistance Temperature Detectors

SD Standard deviation

SEM Scanning Electron Microscope

XRD X-ray Diffraction



1
Introduction

1.1. Temperature Sensors
Temperature sensing for temperature monitoring and regulation is necessary in many diverse appli-
cations and processes across many industries, sectors, and daily life. Towards this, there have been
many different types of temperature sensors that have been developed using differing principles of op-
eration. At the most basic level, temperature sensors can be categorised into contact vs. non-contact
temperature sensors. Contact temperature sensors principally use conduction to ’sense’ and measure
the temperature of something, as opposed to non-contact temperature sensors that use convection
and radiation. Within the two very basic categories there are many sub-divisions, but most contact
temperature sensors used in industry would fall under the following general groups:

• Thermocouples
• Resistance Temperature Detectors (RTDs)
• Integrated Circuit (IC) sensors
• Thermistors (Thermally Sensitive Resistors)

Thermocouples are the most commonly used type of temperature sensor because they are rela-
tively simple, small and have a good speed of response. They are basically made by connecting two
dissimilar metal wires at two points (a reference point, kept at a constant temperature called the cold
junction, and one point to measure the temperature of something, called the hot junction). An example
of a thermocouple device is presented in figure 1.1a. The difference in temperature between the two
points causes a difference in voltage, which can be used to determine the temperature of something.
Although they typically have the widest temperature range, they have lower accuracy and are less sen-
sitive to small changes in temperature (requiring amplification). Moreover, they also require a reference
point or junction as a reference temperature (hence, the device architecture of the temperature sensor
needs to insulate and isolate the reference junction).

Resistance Temperature Detectors (RTDs) are made from high purity conducting metals (e.g. typi-
cally platinum) as a film or wire wrapped around a glass or ceramic core, an example of which is shown
in figure 1.1b. When connected to a current they output a voltage that changes linearly with temperature
(since their resistance changes with temperature) and is how they are used as temperature sensors.
They are good temperature sensors because they deliver a linear response and have good accuracy.
However, they have low temperature sensitivity and slow response time. Also, due to the use of plat-
inum, they are expensive devices. One of the most common RTDs is the PT1000 temperature sensor
which uses platinum and has superb accuracy over a wide temperature range, typically -200 to+850∘𝐶.
The PT1000 has a resistance R = 1000 Ω at 0∘𝐶 and is why it is so appropriately named. Linearisation is
applied to the temperature sensor, but typically for a PT1000 sensor, a change of 1∘𝐶 causes a change
of 3.91 Ω [4]. This means that errors in measuring the resistance translate to large errors in measuring
the correct temperature, possibly due to the resistance of the electrode wires or due to self-heating.

1
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This is why many PT1000 sensors have two wires, for current in and out, and two wires for the volt-
age measurements, while sensor packaging is designed to efficiently dissipate heat to the environment.

Integrated circuit (IC) sensors are temperature sensors based on semiconductors that are placed
on an integrated circuit. They are typically two temperature sensitive diodes that produce an output
current proportional to their temperature [2]. Figure 1.1d presents an example of an IC temperature
sensor. Their main advantages are highly linear output over it’s temperature range and general low
cost. They are however, low in accuracy and have a very narrow temperature range as compared to
the other temperature sensor types.

Thermistors are thermally sensitive resistors and vary in resistance when subjected to a change
in temperature. An example of a conventional thermistors is shown in figure 1.1c. They used to be
limited by poor stability and a moderate operational temperature range but due to advancements in
development, they have largely overtaken thermocouples [35]. Thermistors generally experience a
large change in electrical resistance per degree celsius in temperature (-2 to -6 %/∘𝐶) which makes
them more sensitive to smaller temperature changes, as compared to other temperature sensors like
platinum RTDs. Furthermore, the response time is fast and has high accuracy (0.001 − 1 ±∘ 𝐶). They
have a rather wide operating temperature range, are low in cost to manufacture, and can be produced
in small sizes and in a variety of shapes.

(a) Thermocouples [14] (b) RTD [4]

(c) Thermistor [22] (d) IC sensor [14]

Figure 1.1: Examples of Various Temperature Sensors

Each group of temperature sensor has it’s advantages and disadvantages. A review of these sen-
sors has been summarised and tabulated by [17] and presented in table 1.1.

As a temperature sensor, thermistors are very popular due to their aforementioned advantages. So
much so that they are found in such a wide range of applications in different sectors of industry from
engine temperature monitors, to air conditioning controllers, general body temperature measurements,
to chemical industries to control process temperatures [35]. According to [17], 40% of most thermistors
produced are for use in the automobile industry, while 30% are used for the consumer electronics
industry. Although, these figures may have significantly changed since the time of publication due to
the emergence of thermistors for new markets like medical applications (e.g. for blood temperature
monitoring during hemodialysis).
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Table 1.1: Characteristic Advantages and Disadvantages of Temperature Sensor Types [17]

Thermistors are undoubtably very popular in industry as temperature sensors. However, their
unique characteristics aren’t limited to temperature sensing, after all their principle behaviour is that
they produce a change in electrical resistance due to a change in temperature. They are therefore
invaluable as a circuit component since thermistors can also act as an:

• Electronic time delay
• Capacitor/inductor in a low frequency oscillator
• Surge supressor in capacitive/inductive/resistive circuits
• Voltage/current limiter
• Resettable fuse for current overload protection, etc.

1.2. Flexible Temperature Sensors
Flexible temperature sensors are desirable as part of the increasing trend in industry to produce flexi-
ble electronics. Real-time measurements are often necessary for sensor applications, which conven-
tionally were limited to being embedded on flat and rigid surfaces, but ”large sensor dimensions and
difficulty in packing have long been the key limiting factors to desirable measurements” [58]. Flexible
sensors open a new world of possibilities since designs can now use non-conventional form factors to
allow new devices like flexible wearable devices / electronics (from wearable sensors to smart fabrics).
Previously attention was mostly paid to miniaturisation of electronic components, to some extent this
enabled rigid sensors to be placed onto flexible substrates to enable quasi-flexible electronics. How-
ever, new applications are pushing industry to produce sensors with greater flexibility, greater durability,
greater electrical performance, ease of handling, lower cost, lighter weight, and biocompatibility [37].
Some specific examples for the potential of flexible temperature sensors are covered but are not limited
to the following:

Humanoid robot development has seen a upsurge in recent years and there is a need for intelligent
sensing capabilities which has led to the desire for artificial skin. This artificial skin would enable the
robots to sense and avoid damage to itself and others through the provision of a basic sense of touch
and temperature, schematically illustrated in figure 1.2a. Towards this application, flexible temperature
sensors are required that have enough flexibility to cover three dimensional surfaces [60]. An example
of flexible electronic skin embedded with sensors (organic transistors) is illustrated in figure 1.2b, pro-
duced by the Someya Lab at the University of Tokyo [53].
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(a) Artificial skin desired for humanoid robots [60] (b) Prototype robot hand covered in flexible
skin integrated with sensors [28]

Figure 1.2: Flexible electronic skin for humanoid robot developement

Wearable health monitoring systems is a growing area of interest as the current world’s population
is ageing and healthcare in some places is becoming more expensive. Real-time monitoring of health
indicators (e.g. body and skin temperature) is desirable for patients admitted to hospital to improve
patient comfort, but also to monitor a discharged patient when in their normal environment. This real-
time monitoring can then be used to either alert the patient himself, or be connected to a health system
that can flag for potential problems either through a smart artificial intelligence system or to a physician
directly. The challenge with wearable sensors is to comply with ergonomic constraints and significant
hardware resource limitations. The size and weight of the sensor/device needs to be small and light,
and there shouldn’t be aesthetic issues or the patient may refuse to wear the sensor. Security and pri-
vacy of the patient needs to be safeguarded, and power consumption needs to be kept low to ensure
a long operational lifetime so the device is practical in real life usage. Moreover, to be actually used in
practice, the device needs to be affordable to enable the use of many sensors if needed (i.e. it needs
to be cheap enough for the market to actually be interested) [47]. A good example that will help the
reader to visualise the goal of wearable health monitoring systems is depicted in figure 1.3 which is
a wearable sensor under development by a startup company called MC10, who specialises in flexible
electronics.

Figure 1.3: A prototype of MC10’s BioStamp sensor [10]

Another potential application of flexible temperature sensors is the creation of a human protective
suit that is equipped with a complete set of biomedical monitoring sensors to monitor the internal tem-
perature, external chemicals, and other life signals [7]. The purpose of such a protective suit could
extend from hazardous environments like chemical waste disposal, to nuclear contamination, to harsh
space environments. What is then required from the biomedical monitoring sensors, like the tempera-
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ture sensor, is high accuracy, small size and low weight, good durability, biocompatibility and of course,
flexibility.

Moreover, a constant pursuit within the aerospace industry is to reduce the size and weight of
aircraft and spacecraft structural elements to achieve lighter vehicles. Weight savings in the operational
empty weight directly correlates to savings in fuel costs or an increase in payload capability [16]. This
translates to cheaper operational costs as well as lowering environmental impact. However, to lower
the safety factors used on over-engineered structural elements in aircraft, better health monitoring
systems are needed. Towards better and more extensive health monitoring systems, flexible sensors
(including temperature sensors) are required. Conventional thermistors are made from electro-ceramic
material that are often inflexible and heavy. So by shifting to a flexible composite, a lighter sensor
will consequently be made.This would then make the flexible temperature sensor desirable to other
markets that also value weight reduction (not just flexibility). Furthermore, when designed correctly,
sensors with greater mechanical flexibility can have higher durability and better reliability. Sensors with
better reliability are very desirable for the aerospace industry for critical systems like satellites and other
spaceflight equipment where resources are scarce.

1.3. Thermistors (NTC vs PTC)
Thermistors are thermally-sensitive-resistors and are called such because their electrical resistance
varies over a temperature range by it’s coefficient of resistance. This coefficient of resistance can be
positive or negative or switch from one to the other. Negative temperature coefficient (NTC) thermistors
have a decrease in resistance as temperature increases, while positive temperature coefficient (PTC)
thermistors experience an increase in resistance with increasing temperature. However, the resistance
versus temperature behaviour can be non-linear as can be seen in figure 1.4. Switching thermistors can
show NTC behaviour over an initial range, then switch to PTC behaviour beyond a certain temperature.

For many applications NTC or PTC thermistors can be used, but selection ultimately depends upon
many factors (e.g. required operational voltage, power level, physical size, mechanical construction,
cost, availability or personal experience, etc.). For temperature measurement, which is the scope of
this thesis, NTC thermistors are typically chosen due to their large temperature range, large change in
resistance vs temperature, and sensitivity. For these reasons and other advantages covered in section
1.1, NTC thermistors are examined further in the next section.

1.4. NTC Thermistor Material Properties
1.4.1. Crystal Structure
Crystallographically, most NTC thermistor compounds have the same structure; the spinel structure.
The spinel structure takes its name from the mineral MgAl2O4 and is a term used to describe a class of
minerals with the common formula of A+2 B+32 O4. 𝐴 can be one or more divalent metals that form 𝐴𝑂
oxides (e.g. FeO, CuO, NiO, CoO) while 𝐵 can be one or more trivalent metals that form B2O3 oxides
(e.g. Fe2O3, Mn2O3). By combining them we get the spinel structure AO + B2O3 = AB2O4 (e.g. MgO +
Al2O3 = MgAl2O4).

The spinel crystal structure is best described by a cubic close packing of O2– anions, where some
of the interstitial sites are then occupied by Mg2+ and Al3+ cations. To better understand the crystal
structure, its best to visualise atoms within a crystal lattice as hard spheres which can be packed into
solid structures of crystals, as proposed by Goldschmidt in 1926. Closed packed structures refers to
the closest arrangement of atoms to minimise the volume of unfilled space, hence maximise the ef-
ficiency of packing. For a single layer of atoms this is achieved by a hexagonal coordination around
each sphere, depicted in figure 1.5a. To get the closest packed 3D structure, when the second layer of
spheres is added, it gets placed in the indentations left by the first layer. When this is performed, two
types of holes (also called interstitial sites) are formed from the spaces trapped between the first and
second layers. The first type is called tetrahedral hole/interstices which is a hole formed with 4 near-
est sphere neighbours, depicted in figure 1.5b. The second type is called octahedral holes/interstices
which are holes with 6 nearest neighbours, depicted in figure 1.5c. In crystallography, tetrahedral or
octahedral holes or interstices are often geometrically represented by a tetrahedron or octahedron,
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Figure 1.4: Resistance vs temperature behaviour of NTC & PTC thermistors compared to a platinum resistance thermistor [35]

which is formed by treating each atom as a vertex and joining the lines, as shown in figure 1.6. When
a third layer of atoms is added and placed in the indentations of the second layer, the configuration
has two options. Either the third layer and first layer are directly in line or the third layer is staggered
with respect to the first and second layer. The first option has a layer ordering of 𝐴𝐵𝐴 and is referred
to as Hexagonal Close-Packing (HCP), as shown in figure 1.7a. The second option has a layer order
of 𝐴𝐵𝐶, also called Cubic Close-Packing (CCP), as shown in figure 1.7b.

(a) Hexagonal Coordination (b) Tetrahedral Interstitual (c) Octahedral Interstitual

Figure 1.5: Close Packing of Atoms (images taken from [34])

In closed packed structures, for every 𝑁 amount of spheres there are 2𝑁 number of tetrahedral
interstices and 𝑁 number of octahedral interstices created. So when looking at the unit cell of a spinel
crystal, the unit cell contains 8 formula units of MgAl2O4 which amounts to 8 Mg2+, 16 Al3+, and 32
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Figure 1.6: Geometrical representation of tetrahedral and octahedral voids (taken from [3])

(a) Hexagonal Close-
Packing (HCP)

(b) Cubic Close-Packing (CCP)

Figure 1.7: Configuration of 3-layers (images taken from [40])

O2– atoms. Therefore, there are 64 tetrahedral interstices and 32 octahedral interstices. Or in the
more general form; a spinel unit cell of formula AB2O4 has 8 𝐴 atoms, 16 𝐵 atoms, and 32 O2– atoms.
The 64 tetrahedral interstices are also called A-sites, since 𝐴 atoms (e.g. Mg2+) normally occupy these
holes. Hence, ኻዂ of the tetrahedral holes (A-sites) are occupied (8𝐴 atoms and 64 A-sites). Similarly,
the 32 octahedral interstices are also called B-sites, since 𝐵 atoms (e.g. Al3+) normally occupy these
holes. Hence, ኻኼ of the octahedral holes (B-sites) are occupied (16𝐵 atoms and 32 B-sites). The spinel
crystal structure is given in figure 1.8 which shows how the octahedrons occupied with Al3+ cations
share edges between octahedra, and share corners with tetrahedra occupied with Mg2+ cations.

The aforementioned spinel structure where 𝐴 cations (Mg2+) occupy tetrahedral holes (A-sites) and
𝐵 cations (Al3+) occupy octahedral holes (B-sites) is referred to as normal spinels. They can be denoted
simply as [A]tet[B2]

octO4. Inverse spinels exist where half of the 𝐵 cations (Al3+) occupy tetrahedral
holes while the other half occupy the octahedral holes along with the 𝐴 cations (Mg2+). These inverse
spinels can be denoted as [B]tet[A, B]octO4. Structures in between normal and inverse spinels exists
and are characterised by the degree of inversion or 𝛾, which is a parameter that defines the fraction
of 𝐴 ions on the octahedral sites [17]. For example, for MnFe2O4 with a 𝛾 = 0.3 we have a cation
distribution of Mn2+0.7 Fe

3+
0.3 (Mn

2+
0.3 Fe

3+
0.7) O4.
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Figure 1.8: Spinel crystal structure of MgAl2O4 (AB2O4) where Mg cations occupy the yellow tetrahedra and Al cations occupy
the blue octahedra (taken from [12])

1.4.2. Mechanism Behind Electrical Conductivity
For nonmetallic materials conductivity can be a result of one or both electrical conductivity (i.e. move-
ment of electrons) or ionic conductivity (i.e. movement of ions). Due to the fact that chemical changes
and polarisation phenomena simultaneously occur with ionic conduction, electronic semiconducting
materials are favoured when manufacturing NTC sensors [17].

The electrical conductivity mechanism in spinel structures are caused by a hopping mechanism
where charge carriers hop across ionic sites. Furthermore, its has been determined empirically that
the spinel must satisfy the following conditions to have electrical conductivity in a spinel crystal [35]:

• Ions of the same element, but of different valency, occupy crystallographically equivalent lattice
sites.

• The ions must differ by only one valency (e.g. Mn2+ and Mn3+, but not Mn2+ and Mn4+)
• The differing ions must occupy the octahedral (B-sites). (Tetrahedral (A-sites) are too greatly
spaced for electron hopping to be successful).

To illustrate, with a spinel material like Fe3O4, the cation distribution needs to be [Fe
3+]A–site [Fe2+, Fe3+]B–siteO4

so that electron hopping is possible.

𝐹𝑒ኼዄ 𝑒ዅ ⟶ 𝐹𝑒ኽዄ
↓ ↓

𝐹𝑒ኽዄ 𝐹𝑒ኼዄ 𝑒ዅ ⟶ 𝐹𝑒ኽዄ
↓ ↓

𝐹𝑒ኽዄ 𝐹𝑒ኼዄ

As illustrated, electrons can therefore move through the spinel structure when an external electric
field is applied while keeping the entire crystal electrically neutral. Conductivity is then determined by
the number of these ions that can allow electron hopping and the activation energy of the hopping
mechanism. The activation energy is the minimum energy needed for the electron to escape (or hop)
from an ion and is a function of temperature.

By doping or adding different elements to a NTC material, the conductivity can be drastically altered
due to a change in the valency distribution on the B-sites of the crystal lattice. Thus influencing the
amount and distribution of acceptor and donor ions that then influence the amount of electrons that can
travel through the lattice. To illustrate, Mn3O4 has a normal spinel structure which is non-conducting
because the valency distribution is: [Mn2+]A–site [Mn3+,Mn3+]B–siteO4. Through the addition of Nickel
to this system, Ni2+ will replace some Mn3+ ions at the B-site, and some Mn3+ ions will change to Mn4+
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to preserve the overall electrical neutrality of the material. The new valency distribution will now be
[Mn2+]A–site [Ni2+x ,Mn4+x ,Mn3+1–2x,Mn

3+]B–siteO4. This new system is now electrically conductive since
Mn3+ and Mn4+ ions at the B-sites will enable electron hopping through the lattice. (It must be noted
that it is argued in literature that some Ni2+ ions exist on the A-sites, but whether this is in fact true or
not is less relevant since its the valency distribution of the b-site that effects conductivity [35]).

1.4.3. NTC Material Stability
The stability of thermistors is a difficult topic because thermistors experience ageing where the resis-
tance of a NTC thermistor device at a particular value progressively changes with time, temperature
and use. This then directly affects the accuracy of the NTC thermistor device for temperature measure-
ment. The underlying mechanisms that cause ageing is not well understood in literature. Macklen [35]
proposed three different mechanisms that are the potential underlying mechanism that causes ageing
in thermistor materials:

1. Changes of oxygen content of the oxide composition.
2. Rearrangement of cation distribution within the ceramic material by diffusion.
3. Changes in the electronic states on the surface of the crystallites in contact with each other over

time.

These mechanisms aren’t fully comprehensive nor fully proven. Instead, Groen et al. [19] derived a
model that describes the ageing mechanism of NTC ceramics with the crystal spinel structure due to
the process of:

1. Migration of cationic vacancies from grain boundary to bulk.
2. Migration of cations and cationic vacancies to their thermodynamic favourable site, within the

spinel structure [19].

Considering that the electrical conductivity mechanism in spinel structures is caused by a hopping
mechanism of charge carriers across mostly the B-sites. This ageing model can then account for the
increase in resistivity observed in aged NTC thermistors due to the increase in vacancies in the B-sites
in the bulk of the grains.

Irrespective of the precise underlying mechanism for the ageing phenomena observed in NTC ther-
mistors, thermistor manufacturers have exercised better control over manufacturing techniques (pre-
cursor material purity, mixing technique, sintering recipes, etc) that have improved the stability of de-
vices. Furthermore, experimental trials have shown that for many NTC thermistor materials, most
ageing occurs in the first few weeks. Thermistor manufacturers then pre-age their devices so that the
devices they deliver have stabilities that are better than 1% resistance change per year for tempera-
tures up to their maximum recommended operating temperatures. Through better control of processing
operations and pre-aging, the stability of NTC devices are no longer a concern for practical purposes.
For this reason, thermistor stability will not be further investigated since it is an active area of research
that is beyond the scope of this work.

1.4.4. Electrical Conductivity
The underlying hopping mechanism through which a n-type NTC material can conduct is explained in
section 1.4.2 and its conductivity is given by formula 1.1 where N is the number of charge carriers per
𝑐𝑚ኽ, 𝑒 is their charge [coulombs], and 𝜇 is charger carrier mobility [𝑐𝑚ኼ per V sec].

𝜎 = 𝑁𝑒𝜇 (1.1)

Where N is a factor of the density of B-sites and 𝑃 , the probability that the occupied B-sites are
occupied by a cation capable of acting as an electron donor. N is given by equation 1.2 where 𝑎 and 𝑐
are the unit cell dimensions in cm.

𝑁 = 16𝑃
𝑎ኼ𝑐 (1.2)
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The charge carrier mobility 𝜇 is given by equation 1.3, where 𝑑 is the distance between B-site
cations’ nearest neighbours, 𝑣 is a frequency factor, 𝑞 is the hopping mechanism activation energy, 𝑘
is the Stefan-Boltzmann’s constant, and T is the absolute temperature in ∘𝐾.

𝜇 = 𝑒𝑑ኼ𝑣𝑒(
ᑢ
ᑜᑋ )

𝑘𝑇 (1.3)

The formula for electrical conductivity can then be re-expressed by combining equations 1.1, 1.2,
1.3 and by correcting for true mobility (by multiplying by 𝑃ፚ, the probability that the adjacent B-site
contains an acceptor cation):

𝜎 = 𝑃ፚ ⋅ 𝑃
16𝑒ኼ𝑑ኼ𝑣𝑒(

Ꮍᑢ
ᑜᑋ )

𝑎ኼ𝑐𝑘𝑇 (1.4)

Further simplifying equation 1.4 for a spinel since 𝑑 = (𝑎√2)/4 so 𝑑ኼ = 2𝑎ኼ/16, conductivity can
be re-expressed as:

𝜎 = 𝜎ጼ𝑒(
Ꮍᑢ
ᑜᑋ ) (1.5)

Where it has been implicitly assumed that the variation of conductivity with temperature is due to
only the exponential term and 𝜎ጼ is the conductivity at infinite temperature, defined as:

𝜎ጼ = 𝑃ፚ ⋅ 𝑃 ( 𝑒
ኼ𝑣
𝑐𝑘𝑇) (1.6)

However, for thermistors resistivity is more often used, being the inverse of conductivity 𝜌 = (1/𝜎),
resistivity is therefore given by equation 1.7

𝜌 = 𝜌ጼ𝑒(
ᑢ
ᑜᑋ ) (1.7)

Similarly, resistivity at infinite temperature 𝜌ጼ is given by equation 1.8.

𝜌ጼ =
𝑐𝑘𝑇

𝑃ፚ𝑃 𝑒ኼ𝑣
(1.8)

1.4.5. Important Parameters for NTC Thermistors
In general, there are two categories of thermistor characteristics:

1. Characteristics of the semiconductor material (e.g. resistance vs temperature curves, B-value,
Temperature Coefficient of Resistance values).

2. Characteristics mainly determined by the physical shape, size or mode of encapsulation (e.g.
voltage vs current curves, time constant, dissipation factor).

This section will look into some thermistor characteristics that are important for the practical application
of thermistors.

Resistance vs Temperature Characteristics
An NTC thermistor material is largely characterised by its resistivity, given by equation 1.7 and 1.8.
However, for thermistors of a given dimension, resistance (𝑅 and 𝑅ጼ) is often used over resistivity (𝜌
and 𝜌ጼ). Also, a constant 𝐵 [∘𝐾] is used as an expression of the combined terms of activation energy
(𝑞) and the Stefan-Boltzmann constant (𝑘) so that 𝐵 = 𝑞/𝑘. This constant is commonly called the
NTC thermistor thermal constant or B-value, or B factor. The resistance at infinite temperature 𝑅ጼ, the
counterpart of 𝜌ጼ, is also typically denoted as a constant 𝐴, so that 𝑅ጼ = 𝐴. Hence, the resistance of
a thermistor device is expressed by equation 1.9.

𝑅 = 𝐴 𝑒𝑥𝑝(𝐵𝑇 ) (1.9)
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When using equation 1.9 to plot the resistance (or resistivity) versus temperature curve, often the
plot uses the logarithm of resistivity (𝑙𝑜𝑔(𝜌)) and the reciprocal of the absolute temperature (1/𝑇) to
produce a linear curve, also called an Arrhenius plot. An example of which is given in figure 1.9 where
Verwey et al. [55] were the first to demonstrate how manipulating the chemical doping of a Fe3O4 –
MgCr2O4 system could control the desired B-values and resistivity of the NTC material.

Figure 1.9: Resistivity versus Temperature Curve of Fe3O4 – MgCr2O4 with varying percentage of the addition of MgCr2O4 to
tailor the NTC thermistor B-value and temperature coefficient of resistance. (taken from [17])

As seen in figure 1.9, the curves are linear, however for the curve of 0% at higher temperatures the
slope of the curve starts to change which is characteristic for many materials. This led to the empirical
equation 1.10 that better fitted experimental results which added a constant term 𝜃 [∘𝐾].

𝑅 = 𝐴 𝑒𝑥𝑝( 𝐵
𝑇 + 𝜃) (1.10)

B-Value or Thermal Constant
As previously described the B-value or Thermal Constant of an NTC thermistor is a value that helps
characterise it’s resistance versus temperature behaviour according to equation 1.9. It’s value can be
calculated through experimental results of resistance measurements at two specific temperatures, 𝑅ኻ
at 𝑇ኻ and 𝑅ኼ at 𝑇ኼ. Using equation 1.9, the equation of the B-value can be derived in the following:

𝑅ኻ = 𝐴 𝑒𝑥𝑝(
𝐵
𝑇ኻ
) 𝑅ኼ = 𝐴 𝑒𝑥𝑝(

𝐵
𝑇ኼ
)

By dividing both equations:

𝑅ኻ
𝑅ኼ

= 𝐴𝑒
ᐹ
ᑋᎳ

𝐴𝑒
ᐹ
ᑋᎴ

𝑙𝑛 (𝑅ኻ𝑅ኼ
) = 𝑙𝑛 𝑒(

ᐹ
ᑋᎳ ዅ

ᐹ
ᑋᎴ ) = ( 𝐵𝑇ኻ

− 𝐵
𝑇ኼ
) = 𝐵( 1𝑇ኻ

− 1
𝑇ኼ
)

𝑙𝑛 (𝑅ኻ𝑅ኼ
) = 𝐵( 1𝑇ኻ

− 1
𝑇ኼ
)
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𝐵 =
𝑙𝑛 (ፑᎳፑᎴ )
( ኻፓᎳ −

ኻ
ፓᎴ )

(1.11)

Hence the B-value of an NTC Thermistor can be calculated from experimental resistance mea-
surements using equation 1.11. However, the calculated B-value can change for the same system
depending on what 𝑇ኻ and 𝑇ኼ temperatures are chosen. To have B-values that are comparable be-
tween different material systems the same 𝑇ኻ and 𝑇ኼ temperatures need to be chosen, this is usually
25∘𝐶 and 100∘𝐶.

A typical spinel-based NTC ceramic thermistor used in industry has a B-value between 2000-5000
K, that has a corresponding temperature coefficient of resistance, 𝛼 ranging from -2.2 to -5.5%/𝐾 at
room temperature [17]. As a general rule, high B-value thermistors find applications in temperature
sensing, while low B-value thermistors find applications in circuit compensation and cryogenic temper-
ature sensing.

Temperature Coefficient of Resistance
The temperature coefficient of resistance 𝛼 is the ratio of the rate of change of resistance with temper-
ature to the resistance at a specific temperature with units of [% per ∘𝐶].

𝛼 = rate of change of resistance with temperature
resistance at a specific temperature

The temperature coefficient of resistance 𝛼 can be derived mathematically in the following:

𝛼 = 𝑑
𝑑𝑇[𝑅 = 𝐴 𝑒𝑥𝑝(

𝐵
𝑇 )]

𝛼 = 𝑑
𝑑𝑇 [𝑙𝑛(𝑅) = 𝑙𝑛 (𝐴𝑒

ᐹ
ᑋ )]

𝛼 = 𝑑
𝑑𝑇[𝑙𝑛(𝑅) = 𝑙𝑛(𝐴) + 𝑙𝑛 (𝑒

ᐹ
ᑋ )]

𝛼 = 𝑑
𝑑𝑇 [𝑙𝑛(𝑅)] =

𝑑
𝑑𝑇 [𝑙𝑛(𝐴)] +

𝑑
𝑑𝑇 [

𝐵
𝑇 ]

𝛼 = 1
𝑅 ⋅

𝑑𝑅
𝑑𝑇 =

−𝐵
𝑇ኼ (1.12)

Therefore, the temperature coefficient of resistance 𝛼 is given by equation 1.12 with units of [%
per ∘𝐶]. Hence, 𝛼 and B-values are both parameters used to characterise and compare NTC thermis-
tors, but these two parameters are directly related to each other and one cannot change one without
changing the other.

𝐵 =
𝑙𝑛 (ፑᎳፑᎴ )
( ኻፓᎳ −

ኻ
ፓᎴ )

𝛼 = 1
𝑅 ⋅

𝑑𝑅
𝑑𝑇 =

−𝐵
𝑇ኼ

1.5. Literature Review of Flexible Temperature Sensors
When surveying literature for recent advancements in flexible temperature sensors (specifically flexible
thermistors) many recent studies have used different architectures and materials that enable flexibility.
Two trends from literature have emerged in the pursuit to develop flexible temperature sensors:

1. Use conventional thermistor material → Develop new architecture to allow flexibility
2. Use new unconventional, intrinsically flexible thermistor material → Improve thermistor perfor-

mance

Hence, flexible temperature sensors are attempted either through the smart mechanical re-design of
active and nonactive materials to form new device architectures (e.g. functional granular composites or
thin-films), or by using intrinsically stretchable active materials (e.g. conductive polymer or graphene).
In any case, the device architecture and material choice have to be taken in concert. A summary of
flexible temperature sensors found in recent literature are presented in tables A.1 and A.2 in appendix
A to provide the reader with a broad overview. A few of the most relevant concepts will be discussed
in greater detail, but in summary, the types of flexible thermistors reviewed were:
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1. Non-Flexible NTC element with Flexible Polymer

• Functional Granular Composites (active filler in polymer matrix)
– Spherical Particles
– Aggregated Particles (i.e. Clusters)
– Crumpled sheets (thin platelets)
– Fibres

• Thin-film lay ups (thin-film of active NTC material and thin-film of polymer substrate)
– Flat stacked or through layers
– Corrugated, wavy layers
– Serpentine thin-film design

2. Flexible NTC Element with Flexible Polymer

• Thin-film lay-ups
• Pairing with conductive polymer (e.g. Graphene with PEDOT:PSS)

Within recent literature, conductive composites have been widely explored [30], however the use
of NTC ceramic materials as fillers in polymer matrices has, to the best of our knowledge, not been
well explored. Deutz [13] investigated the use of NTC nickel-manganite spinel particles in an epoxy
matrix, using the concept of functional granular composites where particles of ceramic NTC material
were added to a polymer matrix to form a percolated network. In theory, they could have the electrical
characteristics of the ceramic material and the mechanical flexibility of the polymer. Deutz mainly
investigated the effect of the filler volume fraction on composite resistivity (15-50 vol% filler), the effect
of structuring the filler particles (using dielectrophoresis turning 0-3 to 1-3 composites), and the effect
of agglomerating filler particles (particle diameters of 1-10 𝜇𝑚 and agglomerates diameters of 10-100
𝜇𝑚). Deutz’s findings, summarised in figure 1.10a, show that at high filler volume of NTC particles (up
to Φ = 50%) the resistivity of the NiMnO-Epoxy composite was still very high and behaved similarly to
a pure epoxy system. Similarly, figure 1.10b also shows that at high filler volume of NTC particles the
corresponding B-value is still low, similar to the pure epoxy system.

Hence, a composite with conductivity and B-value similar to the bulk ceramic cannot be produced
simply by increasing the filler volume fraction alone. An attempt was made to better structure the par-
ticles into a percolated network using dielectrophoresis (DEP) to increase the conductivity. However,
it is evident from figure 1.10a that structuring on spherical particles of 1-10 𝜇𝑚 in size did little to lower
the overall resistivity of the composite. Only when inhomogenousley dispersed agglomerates of NTC
material were used, at high filler volumes, did the composite have a conductivity and B-value closer
to the bulk ceramic. This system was the most conductive where the composite had a resistivity on
the order of 10 Ω𝑐𝑚 and a B-value of about 1500 K at a filler volume content of ≈ 45 vol%. This
study suggests that functional granular composites can be successful, but not with homogeneously
dispersed, small spherical filler particles. Instead, agglomerated particles or high aspect ratio particles
(e.g. fibres) are needed.

Similar to the approach of using functional granular composites by Deutz, Murugaraj et al. [43] cre-
ated a composite thermistor of carbon nanoparticle fillers in a polyimide matrix. Spherical filler particles
of 30 𝑛𝑚 were used at varying volume fractions of 1-10 vol%. Unfortunately, the thermal sensitivity
parameters (B-value and 𝛼) are very low (by orders of magnitude) compared to commercially avail-
able ceramic-based thermistors. Khan et al. [23] also took the same approach using NiO nanoparticles
mixed with polystyrene-butadiene rubber (PSBR) binder. A conductive composite ink was created and
stencil-printed as a thin-film onto kapton polyimide. The B-value and 𝛼 were high, but the mechanical
flexibility achieved was low.

Other researchers like Huang et al. [21] went for the simple thin-film approach using a very thin
layer of NiO as the NTC material deposited on a flexible substrate of polyimide film. The design takes
a conventional well performing NTC thermistor material and produces it as a thin-film so that its bend-
able (to a degree) and supported on a flexible polymer substrate. However, the mechanical flexibility
is very limited since the thin-film NiO thermistor cannot survive a bend test of radius 0.5 cm and fails
catastrophically by exfoliation. Yu et al. [61] adapted the simple thin-film approach and made the thin-
film element a wavy (corrugated) buckled thin-film, supported by a PDMS substrate so that it enables
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(a) Resistivity vs Filler Volume Content (b) B-value vs Filler Volume Content

Figure 1.10: Resistivity and B-value vs filler volume content of NiMnO particles in NiMnO-Epoxy composites [13]

reversible stretching and compression up to 30% strain with unchanging performance. Although the
active thermistor material used was a positive temperature coefficient (PTC) material, the architecture
and production method that enabled mechanical flexibility is very interesting and could potentially be
applied to NTC materials.

Alternatively, other researchers took a different approach and avoided ceramic based materials
lacking mechanical flexibility, instead using novel materials that can perform as a NTC while also being
intrinsically flexible. Yan et al. [59] used a graphene-based thermistor to try to achieve a temperature
sensor that can withstand very high strains (higher than 30%), beyond the smaller strains usually in-
duced with moderate bending (usually below 1% [59]). Yan et al. [59] used crumpled graphene sheets
stitched together with nanocellulose fibril, forming a conductive network within a polymer matrix of poly-
dimethylsiloxane (PDMS). It is mechanically flexible and robust, but its temperature sensing properties,
specifically sensitivity, is inferior to ceramic based devices (most ceramic materials have B-values =
3000-5000 K, while the unstretched graphene-based thermistor has a B-value of 945 K [59]). Kong et al.
[24] also used graphene as the stretchable NTC material but used inkjet printing to deposit graphene
layers onto flexible substrates of polyethylene terephthalate (PET). A trend is evident where the per-
formance as a temperature sensor is low when the mechanical flexibility achieved is high. The same
trend was reinforced by Bendi et al. [6] who used graphene on a thin-film of poly[(vinylidenefluoride-co-
trifluoroethyle)] (PVDF-TrFE) and by Vuorinen et al. [56] who produced a composite system of graphene
and the conductive polymer poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS).

1.5.1. Conclusions Drawn From Literature Review
The literature review of the state-of-the-art in flexible temperature sensors shows that researchers are
following two general trends. The first trend is to use well-established thermistor materials (e.g. ceramic
metal-oxides) that already perform well and try to develop device architectures that enable flexibility.
This is done through functional granular composites, thin-film lay ups, corrugated or serpentine thin
film shapes. Many researchers are producing impressive devices with good thermistor performance
(high sensitivity and response speed, and low fabrication cost), but mechanical flexibility is limited, and
stretchability is an issue. This is especially true for thin-film architectures that have poor adhesion to
the substrate and are limited in bending (they can bend to a degree, but cannot be stretched in-plane)
and fail by exfoliation.

The second trend is to use novel, inherently stretchable thermistor materials (e.g. graphene and
conductive polymers) which can also capitalise on new and efficient production techniques like ink-
jet printing and screen-printing. Many researchers are producing very stretchable thermistor devices,
but the manufacturing process can be difficult and/or expensive, but more importantly, the thermistor
performance is sub-par (specifically low sensitivity, B-value and temperature coefficient of resistance).
Moreover, using conductive polymers has other drawbacks, like high manufacturing costs, instability,
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and high moisture sensitivity [33].
These drawbacks led many researches to use more conventional thermistor materials with good

electrical properties and develop novel twists to enable flexibility throughmechanical design. This thesis
work wants to capitalise on the benefits of ceramic-based thermistors because of their key advantages
in having low fabrication cost, high sensitivity, and high response speed [59], and investigate ways
to enable mechanical flexibility and stretchability. Polymer-ceramic composites are very promising, as
seen by the work of Deutz that uses the concept of functional granular composites, which will be further
examined in the next section.

1.6. Functional Granular Composites FGC
In literature, there are many studies that look into piezoelectric ceramic-polymer composites. What is
learnt from these studies can be directly extrapolated to a potential thermistor ceramic-polymer compos-
ite, where active temperature sensing ceramics are combined with the flexibility of non-active polymers
to produce functional granular composites (FGC). Many of the techniques and methods will be the
same, but they may have to be adapted to accommodate the substitution of the active element from
being a piezoelectric ceramic to a conductive ceramic.
The following subsections will address some of the factors and issues that will affect the overall con-
ductivity of a composite thermistor and therefore need to be taken into account in its design.

1.6.1. Connectivity
If we consider a composite that is comprised of two distinct phases, each phase may be self-connected
in any combination of the 3 dimensions. Newnham et al [46], created the conventional terminology to
describe the connectivity of the phases in a binary composite; a two digit number e.g. 0-3. The first digit
denotes the connectivity of the filler material (e.g. ceramic) in the 3-dimensions (x,y,z, directions) while
the second denotes the connectivity of the matrix (e.g. polymer) in the 3-dimensions (x,y,z, directions).
According to [46], there are 10 different possibilities of how the two phases can be self-connected: 0-0,
1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 3-2, 3-3. These 10 possibilities are graphically illustrated in figure 1.11.
Practical examples of how some of these connectivity options can be produced as a ceramic-polymer
composite are given in figure 1.12.

In practice, composites with 3-3 connectivity would be comparatively more difficult and costly than
producing composites of 0-3 or 1-3 composites. Hence, many studies have focused on producing 0-3
or 1-3 composites through the dispersion of particles or fibres of the active material within a polymer
matrix. The following section will discuss the role of percolation in random and segregated functional
granular composites.

1.6.2. Percolation Theory
To understand percolation theory an example is necessary, take copper - polyvinylchloride (Cu-PVC)
composites as an example towards a conductor-filled composite. The Cu particles are the conductive
filler material and the PVC is the non-active matrix material. At low volumes of filler added to the matrix,
the properties of the matrix material dominate the overall properties of the composite. However, with
increasing volumes of filler added the copper particles begin to contact one another and form a conduc-
tive network within the polymer matrix. The critical volume fraction at which the filler particles form a
conductive network, denoted 𝑣፟, is commonly referred to as the percolation limit. The percolation limit
is clearly visible when the electrical conductivity of the composite is plotted against the volume fraction
of the conductive filler, as can be seen in figure 1.13a. Before the percolation limit, the composite con-
ductivity is characterised by the polymer. Near the percolating limit, the conductivity is characterised
by the thin layers of polymer that lie in between the conductive filler particles. After the percolating limit,
the conductivity is characterised by the conductive filler particles that are in contact with each other.

Factors Affecting the Percolation Limit
Standard percolation theory normally models the filler-matrix composites as isometric matrices that are
randomly filled by particles based on statistical probabilities. However, in reality the distribution of filler
particles are not random and the conductivity pattern is not isometric. Many researchers have looked
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Figure 1.11: Possible connectivity patterns of a 2-phase composite [36]

Figure 1.12: Examples of piezoelectric ceramic-polymer composites with different connectivites [52]
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(a) Filler particle size≊Matrix particle size(b) Filler particle sizeጺMatrix particle size

Figure 1.13: Determining the percolation limit from the plot of electrical conductivity of the composite versus the volume fraction
of the conductive filler. The percolation limit is smaller when the ratio of filler particle size to matrix particle size is large [45]

into the critical volume fraction at which the filler particles form a conductive network, 𝑣፟ (also called
the percolation limit) for many different conductive composites. Table 1.2 is taken from [51], where it
is evident that for some of the very same composite systems the percolation limit (denoted 𝑉 in this
study) experimentally determined was different. This is evidence that there are many other factors that
affect the percolation limit, some of which are addressed in the following:

Table 1.2: Critical Volume Fractions for Conductive Composite Systems [51]

Filler Polymer 𝑉
Cu Polyvinylchloride 0.01
Cu Polyvinylchloride 0.20
Cu Polystyrene 0.15
Cu Polystyrene 0.35

Ag Polystyrene 0.36
Ag Rigid Epoxy 0.09
Ag Rigid Epoxy 0.30
Ag Silicone Rubber 0.15
Ag Silicone Rubber 0.27

𝑆𝑏 ∶ 𝑆𝑛𝑂ኼ Flexible Epoxy 0.30
𝑆𝑏 ∶ 𝑆𝑛𝑂ኼ Flexible Epoxy 0.40

Fe Styrene / acrylonitrile 0.20
Al Styrene / acrylonitrile 0.40

One crucial factor is the influence of the size ratio of the filler particles to the matrix particles. If the
filler particles are substantially smaller than the matrix particles, they will be forced into the interstitial
sites created by the larger matrix particles. The effect would be the creation of a conductive network
at a relatively lower amount of filler particles, thus decreasing the critical volume fraction or percolation
limit. This effect is illustrated in figure 1.13b, which has a larger matrix particle size than filler particle
size and therefore a lower percolation limit than if matrix and filler where of equal size, as seen in figure
1.13a. Hence, if we keep the matrix particles the same, decreasing the filler particle size lowers the 𝑉
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needed for percolation. This is illustrated schematically in figure 1.14

Figure 1.14: Effect of varying filler particle size on the percolation curve of a conductive composite (ፕᑔ is equivalent to ፕᑗ) [51]

Another important variable is the geometry factor, 𝐺 which is given by equation 1.13, that helps to
characterise the effect the size and shape of the overall composite has on the percolation limit. The
geometry factor, 𝐺 is basically the ratio of the area of the electrode contact (𝐴 = 𝑤 ⋅ 𝑡) vs the length
between the electrodes (𝐿). If you decrease the value of 𝐺 (by decreasing 𝐴 and/or increasing 𝐿), il-
lustrated by figure 1.15b, the percolation limit or critical volume fraction of filler required for conduction
is higher. This was proven experimentally by [51] and depicted in figure 1.16a where the thickness of
the sample was decreased (thus decreasing 𝐴), decreasing G and consequently increasing the critical
volume fraction of filler needed for percolation. This can be explained when looking at the probability
that a filler particle will fill an adjacent lattice site, the probability of continuing a percolation path is
greater for a particle in the bulk of the composite than for a particle at the surface [51]. This is due to
the greater amount of adjacent lattice sites available for bulk particles so that the conductive path can
continue.

The effect that sample geometry has on the percolating limit is less pronounced when the particle
size is smaller in relation to the sample thickness. This can be seen in figure 1.16b whereby smaller
filler particles are used and the thickness of the sample is again decreased, decreasing the 𝐺, and
consequently increasing the percolation limit. However, the increase in the percolation limit is not
as drastic due to the smaller particle size used. This is where the second geometry factor can be
introduce, Γ which is given by equation 1.14 and is basically the ratio of the smallest sample dimension
to the particle size. The smallest sample dimension is typically the thickness dimension for thin, flexible
sheet-type conductive composites. The larger the particle size in relation to the sample’s dimension,
the more particles will occupy positions at the surfaces rather than in the bulk [51]. As mentioned
before, particles at the surface have lower probability of continuing a percolation path.

𝐺 = 𝐴
𝐿 =

Area of Electrode Contact(𝐴 = 𝑤 ⋅ 𝑡)
Length between electrodes (1.13)

Γ = 𝑡
𝑑 =

the smallest sample dimension
diameter of filler particle (1.14)

To summarise:

• Low geometry factors 𝐺 (𝐺 ≦ 1.0𝑐𝑚 [51]) are unfavourable geometries for percolation, especially
when Γ is small (↓ Γ = ↓፭

↑፝ ).
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(a) Normal Value of ፆ (b) Higher value of ፆ

Figure 1.15: Changing the geometry factor of a conductive composite sample [51]

(a) ዃ.ኺ᎙፦ Ag powder-filled silicone rubber composites (b) ኺ.᎙፦ Ag powder-filled silicone rubber compos-
ites

Figure 1.16: Percolation curves showing the effect of increasing the geometry factor (by lowering sample thickness) and its
effectiveness to alter the percilation limit when smaller particle sizes are used (graphs taken from [51])

• Large geometry factors 𝐺 (𝐺 ≧ 1.0𝑐𝑚 [51]) are favourable geometries for percolation.

This is visually illustrated in figure 1.17, where the geometry factor is plotted against the critical
volume fraction for percolation. It becomes evident that higher values of 𝐺 enable lower 𝑉 of filler re-
quired for percolation. Also, higher values of Γ by using smaller filler particles also enable lower volume
fractions of filler particles required to achieve percolation.

Figure 1.17: Change in critical volume fraction ፕᑔ or percolation limit due to a change in geometry factor ፆ  ᐸ
ᑥ and the influence

of ጁ  ᑥ
ᑕ [51]
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Lastly, another factor that effects percolation in conductive composites is the particle shape. Non-
spherical particles have a greater tendency to bridge and result in lower volumes of filler particles
needed to create a conductive network. Bridging is very significant in lowering the percolating limit and
𝑉 when fibres and flakers are used [51].

Knowing the factors that effect percolation and how to reduce the 𝑉 of conductive filler particles
is extremely important for manufacturing and performance reasons. For a desired performance, if
the amount of conductive filler can be reduced it can offer more benefits, inherent to the particular
composite system chosen. If the polymer was chosen for its price, mechanical flexibility, durability or
other features, using less filler particles potentially would enable the composite properties to be closer
to the polymer’s properties. E.g. a more flexible thin-film thermistor can be achieved from a conductive
composite that has a lower filler volume fraction of conductive ceramic. Moreover, conductive ceramics
are technical ceramics and are usually more laborious and expensive to make, so using lower amounts
of them translate directly to cost savings.

1.6.3. Coefficient of Expansion Mismatch in Composites
The behaviour of a composite thermistor with varying temperature can be complicated by the mismatch
in thermal expansion of the constituents. If a composite thermistor is formed with the volume of con-
ductive filler near the percolation limit, at low temperatures the behaviour would be characterised by the
properties of the conductive filler. If the conductive filler is an NTC ceramic, the composite will behave
like an NTC material. For example, carbon particles dispersed in a polyethylene matrix. However, at
increasing temperatures the polymer may expand more rapidly then the ceramic particles, effectively
pulling the particles apart and discontinuing the conductive network, thus lowering the composite’s
conductivity. The composite thermistor at high temperatures then can act as a PTC thermistor, despite
having NTC ceramic filler material. Therefore, a NTC-PTC thermistor is possible, albeit under certain
conditions, which should be considered when designing a composite thermistor.

1.6.4. Modelling the Resistivity of Composite Conductors
When sufficient conductive particles are added to a polymer matrix percolated networks form that cre-
ate conductive pathways. When modelling, it is incorrect to assume each conductive pathway acts
similar to a conductive filament. Electrically, they behave like many resistors placed in series. The total
resistance of a composite conductor is a function of mainly three independent contributions:

• The constriction resistance at the contacts
• The tunnelling resistance at the contacts
• The intrinsic filler resistance of each particle

Where the tunnelling resistance is typically the most dominant contribution to the overall resistance
of the composite. The overall resistance of a composite conductor, 𝑅 can be characterised by equation
1.15, devised by Yasuda and Nagata.

𝑅 = 2𝑅፞ +
(𝑀 − 1)𝑅፩ +𝑀𝑅።

𝑁 (1.15)

Where,

• 𝑅 is the composite resistance
• 𝑅፞ is the lead resistance to the electrodes
• 𝑅፩ is the particle-particle contact resistance
• 𝑅። is the intrinsic resistance of each particle
• 𝑀 is the number of particles that form a single conductive pathway
• 𝑁 is the number of conductive pathways

Yasuda and Nagata’s equation is based on their model that has a few underlying assumptions that
are critical to note. Firstly, it was assumed that the maximum number of filler particles are added to the
polymer matrix. This was assumed so that the conductive composite can be modelled as a conductive
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skeleton of simple cubic packing of filler particles in a polymer matrix. Hence, the filler volume fraction
is high enough to avoid the percolation threshold effects. Furthermore, the filler particles are assumed
to be of the exact same size and are spherical in shape to allow for simply cubic packing, as illustrated
in figure 1.18 for a conductive composite of length 𝐿, width 𝑤, and thickness 𝑡.

Figure 1.18: Simple cubic packing of conductive filler particles in a polymer matrix [50]

Considering the ideal model of simple cubic packing of filler particles as presented in figure 1.18,
each filler particle in the cross section along the width of the composite, represents one path of con-
duction through the length of the composite. Therefore, the number of conductive pathways, N, can be
calculated from equation 1.16:

𝑁 = 𝑤𝑡
𝑑ኼ (1.16)

Where 𝑤𝑡 is the cross sectional area of the composite and 𝑑 is the diameter of filler particles, so 𝑑ኼ
is the cross sectional area of one chain with its surrounding insulation. Then, the number of particles
that form a single conductive pathway, 𝑀 (through the length of the composite) is given by equation
1.17.

𝑀 = 𝐿
𝑑 (1.17)

Where 𝐿 is the length of the composite and 𝑑 is again the diameter of the filler particles. [50] admits
that this model is very idealistic and that actual samples will use much lower filler volumes and hence
conductive pathways will be more irregular and curvy, but these assumptions are necessary to build a
model for comparison purposes. From equation 1.15 one can note that the important factors to consider
is the particle-particle contact resistance (𝑅፩ ) and the intrinsic resistance of each particle (𝑅።). The lead
resistance to the electrodes (𝑅፞) is less important because it can be eliminated by using a four-point-
probe resistance measurement [50]. Between the two resistances 𝑅፩ and 𝑅።, 𝑅፩ is generally the more
dominant resistance and will be subject of the following subsection.

Particle-Particle Contact Resistance, 𝑅፩
Asmentioned earlier, the total resistance of the conductive composite is a summation of the constriction
resistance at the contacts, the tunnelling resistance at the contacts, and the intrinsic filler resistance
of each particle. The first two comprise the particle-particle contact resistance, so that 𝑅፩ is given by
equation 1.18 where both components will be addressed in the following section.

𝑅፩ = 𝑅፫ + 𝑅፭ (1.18)

Constriction Resistance
Constriction resistance 𝑅፫ is the resistance caused by the constriction of the electron flow between two
spheres that touch where the area of contact is small. This constriction of conductivity is characterised
by equation 1.19.

𝑅፫ =
𝜌።
𝑑 (1.19)
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Where 𝑑 is the diameter of the contact spot and 𝜌። is the intrinsic resistivity of the filler particles. More-
over, this equation is valid when the ratio between the particle diameter 𝐷 and contact spot diameter
𝑑 is not too large. When the particle diameter is much larger than the contact spot diameter so that
𝐷/𝑑 > 10, the resistivity from constriction diverges form equation 1.19 and is so large, almost all con-
ductivity is lost.

Tunnelling Resistance
Tunnelling resistance is the resistance associated with any insulating film that may exist between two
conducting particles, usually as insulating films that are coated on the filler particles. The three most
common sources of films that can be present in varying thickness on filler particles that act as an
insulating layer are:

• Oxide films or tarnish films that usually form on metal particles.
• Residual organic films usually on processed powders that can remain after processes like milling.
• The matrix polymer itself that covers the conductive particles and exist in between two otherwise
contacting particles.

According to quantum-mechanical tunnelling, the probability that an electron will tunnel through a
potential barrier is proportional to the work function of the conductor, the film’s thickness, and the rel-
ative dielectric permittivity of the film. Unintutiviely, the resistivity of the film is not a factor, so similar
tunnelling resistivities are found for films of organics, polymers and oxides which have similar work func-
tions, thicknesses and dielectric permittivities [50]. The tunnelling resistance of contact in a conductive
composite can be characterised by equation 1.20.

𝑅፭ =
𝜌፭
𝑎 (1.20)

Where 𝑎 is the area of the contact spot and 𝜌፭ is the tunnelling resistivity of the contact. This 𝜌፭
can be determined if the thickness of the insulating film is known since Dietrich [50] had derived an
empirical relation for the dependence of tunnelling resistivity on the thickness of the insulating film that
can be applied to all materials (the relation was empirically derived from TiO2 films on Ti).

Hence, substituting equation 1.19 and 1.20 into 1.18 gives the new equation that describes the
particle-particle contact resistance, 𝑅፩

𝑅፩ =
𝜌።
𝑑 +

𝜌፭
𝑎 (1.21)

Contact Spot Area
Equation 1.21 describes the particle-particle contact resistance, 𝑅፩ which is generally the dominating
resistivity contribution to the overall resistivity of the composite conductor, characterised by equation
1.15. The equation is dependent on both the diameter and area of the circular contact spot between two
spheres that touch. This actual contact spot is a function of the applied pressure placed on the spheres
and the resulting deformation that occurs. This deformation has both an elastic and plastic element.
According to [50], the contact spot area between two spheres that touch is fairly well determined by
equation 1.22 where plastic deformation occurs, and equation 1.23 where purely elastic deformation
occurs.

𝑎፩፥ፚ፬፭። =
𝑎
𝐻 (1.22)

𝑎፞፥ፚ፬፭። = 2.43
𝐹𝐷
𝐸

Ꮄ
Ꮅ

(1.23)

Where 𝐹 is the applied force on the particles, 𝐻 is the contact hardness, 𝐷 is the diameter of the
spherical particles, and 𝐸 is their modulus of elasticity. However, when plasticity occurs, it is usually
accompanied by an elastic element, therefore for the case where both elastic and plastic deformation
occurs, the contact area is simplified into equation 1.24.
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𝑎፞፥ፚ፬፭።ዅ፩፥ፚ፬፭። =
𝐹
𝜉𝐻 (1.24)

Where 𝜉 is elasticity factor that ranges from 0.2 ≤ 𝜉 ≥ 1.0, 0.2 for purely elastic deformation and
1.0 for purely plastic deformation.

Therefore, when looking back at equation 1.18 that describes the particle-particle contact resis-
tance, 𝑅፩

𝑅፩ =
𝜌።
𝑑 +

𝜌፭
𝑎

This equation can be updated for the 𝑎 and 𝑑 terms that describe the contact spot area and diameter
which are a function of the applied pressure between particles and the resulting deformation that occurs
for the plastic (with some elastic) deformation case, given by equation 1.25 and the purely elastic
deformation case, given by equation 1.26.

𝑅፩(፩፥ፚ፬፭።) = 0.89𝜌።(
𝜉𝐻
𝐹 )

Ꮃ
Ꮄ + 𝜌፭

𝜉𝐻
𝐹 (1.25)

𝑅፩(፞፥ፚ፬፭።) = 0.57𝜌።(
𝐸
𝐹𝐷)

Ꮃ
Ꮅ + 0.26𝜌፭(

𝐸
𝐹𝐷)

Ꮄ
Ꮅ (1.26)

Conclusions from the models
The overall models and equations presented here to help characterise the resistivity of conductive
composites are based on an ideal model that isn’t very applicable to a real-life conductive composite.
These idealised assumptions are summarised in the following:

• The maximum number of filler particles are added to polymer matrix, avoiding percolation thresh-
old effects.

• The filler particles are arranged as a conductive skeleton of simple cubic packing through the
entire composite.

• The filler particles are all the same size and are perfectly spherical.
• All the filler particles are involved in conduction and conductive chains are all straight, without
dead ends or nonpercolated members.

• The contact force and tunnelling resistivity is the same for all particles.
• Conduction through regions other than at particle-particle interfaces along a chain are insignificant
contributions to the overall resistivity.

Thus the equations presented therefore may not accurately characterise real-life conductive compos-
ites to which the aforementioned simplifying assumptions are not valid. However, they are extremely
valuable relations because they still describe the factors that affect resistance and enable qualitative
comparisons to which factors are most influential. Furthermore, the relations enable a quantitative way
to compare different filler materials which is extremely valuable for design purposes for producing con-
ductive composites.

In summary, some of the design lessons learned from the characteristic equations are:

• Resistivity increases with higher filler hardness, elastic modulus, and larger insulating film thick-
ness.

• Resistivity decreases with increasing particle size, and intrinsic stress.

This leads to the conclusion that highly conductive composites are attained by using soft, large filler
particles and by inducing mechanical stress, possibly by having a polymer matrix that undergoes large
shrinkage. Also, particles with higher aspect ratio, i.e. fibres, would be better in conduction since it
minimises the amount of particle-particle contacts for a given length.
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1.6.5. Modelling the Resistivity of Composite Thermistors
As described in section 1.6.4, the total resistance of a composite conductor 𝑅 is a function of the
constriction resistance at the contacts, the tunnelling resistance at the contacts, and the intrinsic filler
resistance of each particle that follows the relation given by equation 1.15, devised by Yasuda and
Nagata. This relation is repeated below:

𝑅 = 2𝑅፞ +
(𝑀 − 1)𝑅፩ +𝑀𝑅።

𝑁
Where the particle-particle contact resistance was described by equation 1.18 and equation 1.21,

repeated again below for the reader’s convenience.

𝑅፩ = 𝑅፫ + 𝑅፭ =
𝜌።
𝑑 +

𝜌፭
𝑎

Where the intrinsic resistivity of the filler particles 𝜌። for NTC ceramic filler material is described in
section 1.4.4, and given by equation 1.7 and 1.8.

𝜌 = 𝜌ጼ𝑒𝑥𝑝(
ᑢ
ᑜᑋ ) 𝜌ጼ =

𝑐𝑘𝑇
𝑃ፚ𝑃 𝑒ኼ𝑣

And the intrinsic resistance of the NTC particle 𝑅። is given by equation 1.9.

𝑅 = 𝐴 𝑒𝑥𝑝(𝐵𝑇 )

By combining all terms into equation 1.15 for the total resistance of a composite conductor that uses
NTC filler material, the total resistance of a composite thermistor 𝑅፭ can be re-expressed in equation
1.27. The lead resistance to the electrodes 𝑅፞ can be eliminated by using a 4-wire resistance setup
and is therefore dropped.

𝑅 =

(𝑀−1)[
ᑔᑜᑋ

ᑇᑒᑇᑕᑖᎴᑧ
⋅፞፱፩(

ᑢ
ᑜᑋ )

፝ + ᑥ
ፚ ]+𝑀[𝐴 𝑒𝑥𝑝(

ፁ
ፓ )]

𝑁 (1.27)

Where,

• 𝑅፭ is the resistance of the composite thermistor
• 𝑀 is the number of particles that form a single conductive pathway
• 𝑐 is the unit cell dimensions [cm]
• 𝑘 is the Stefan-Boltzmann’s constant
• 𝑇 is the absolute temperature [K]
• 𝑃ፚ is the probability that the adjacent B-site contains an acceptor cation
• 𝑃 is the probability that the occupied B-sites contains a cation capable of donating an electron
• 𝑒 is the charge of the charge carriers [coulombs]
• 𝑣 is a frequency factor
• 𝑞 is the hopping mechanism activation energy
• 𝜌፭ is the tunnelling resistivity of the contact
• 𝑎 is the area of the contact spot
• 𝐴 is a constant equal to the resistance at infinite temperature 𝑅ጼ (counterpart of 𝜌ጼ)
• 𝐵 is the B-value of the NTC material (𝐵 = 𝑞/𝑘) [k]
• 𝑁 is the number of conductive pathways
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1.7. Objective of the Thesis
The technology sector is moving towards flexible electronics with new fields emerging like wearable
sensors for health monitoring. Towards this, there is a need to develop flexible sensors like temperature
sensors. A literature review of flexible thermistors has highlighted the gap that there are no current
systems, to the best of our knowledge, that can adequately satisfy both the mechanical and sensing
performance demanded for commercial applications. The main research question of this thesis is then:

How can we produce a mechanically flexible temperature sensor with commercially de-
sirable sensing performance by using composite materials of negative temperature coef-
ficient (NTC) ceramics and polymers?

This work aims to tackle this research question with a research objective to suggest a design for a me-
chanically flexible temperature sensor by designing a thermistor using functional granular composites
that can have good thermistor performance (high sensitivity: B-value > 3000 K, and low resistivity:
𝜌 ≈ 10ኻ−10ኼ Ω𝑐𝑚) while being mechanically flexible (surviving bending radii ≤ 1 cm over 100 cycles).

This work draws inspiration from the growing trend of using high aspect ratio particles like fibres as
filler materials (e.g. silver nanowires embedded in polymer matrices to produce stretchable electrodes
[20]). This architecture benefits from the general manufacturing simplicity of 0-3 functional granu-
lar composites, while being more effective at forming a conductive network than spherical particles.
Switching to higher aspect ratio particles (e.g. fibres) makes forming a network easier, and lowers the
amount of contact points. (This effectively agglomerates particles into larger high aspect ratio particles
and lowers the role of constriction resistance through the lowering of the amount of contact points).

The work of Stuber [54], takes a similar approach where promising advancements have been made
in using ceramic-fibres and polymer matrix composites for energy harvesting application. Stuber man-
aged to produce a flexible ceramic-polymer fibre composite for energy harvesting applications. Potas-
sium sodium niobate with 3 mol% lithium (KNLN3), with 5 mol% lithium (KNLN5), and PZT ceramic
powders were used in a wet fibre spinning process that produced fibres that were sintered and em-
bedded into a polymer matrix. This wet fibre spinning manufacturing technique can be adapted to a
ceramic NTC thermistor system and will be the focus of this thesis work to ultimately produce a flexible
temperature sensor using ceramic-fibre polymer-composites. Hence, a ceramic NTCmaterial will need
to be chosen where a metal-oxide based composition will ultimately be selected due to their advan-
tages over other cutting edge materials (e.g. graphene) in low fabrication costs, high sensitivity, and
high response speed. This thesis work is organised into the phases listed below with the intention to
create the first fully flexible temperature sensor that can perform on par with conventional thermistors
that can be immediately adopted into industry.

Phase

1. Tailoring NTC metal-oxide composition.
2. Characterisation of ceramic bulk properties.
3. Fibre Preparation.
4. Ceramic fibre - polymer matrix composites.
5. Stencil printed flexible thermistor composites.





2
Phase 1: Tailoring NTC metal-oxide

composition

2.1. Introduction
It must be mentioned that existing NTC ceramic compositions, with their exact processing conditions,
that are used in industry are kept as trade secrets. Almost all processing conditions affect the final
performance of NTC ceramics and so processing conditions and techniques are just as important as
the material composition. Due to its high commercial value, no reference NTC ceramic composition
and processing conditions are available in Literature that produce a thermistor with commercially desir-
able properties (i.e. high sensitivity over a large temperature range, with high thermal stability and low
resistance drift). Hence, this thesis work needs to select a NTC ceramic composition and processing
conditions to firstly be able to produce bulk ceramics with adequate temperature sensing performance,
before modifying the processing conditions to make NTC ceramic filler material for thermistor compos-
ites.

When choosing the active NTC material for the temperature sensing composite it is important to
realise that many different material systems have potential, there is no single material system that
is optimum with respect to all the important criteria involved for thermistors (e.g. resistivity, B-value,
temperature coefficient of resistance, stability, etc.). All the material compositions currently used in
industry have their strengths and weaknesses and choosing the right material system for a target ap-
plication involves trade-offs. To illustrate, nickel manganite is a good basis for NTC materials that is
widely used and relatively well understood and doping can be used to improve certain characteristics
with trade-offs. Copper is effective at reducing the overall resistivity, but reduces the thermal stability.
However, further doping can reduce or alleviate the problems in stability at the expense of something
else (higher resistivity). Producing a NTC material that has desirable characteristics in all the relevant
criteria for a thermistor that is desirable for industrial applications is a very difficult feat and an active
area of research, somewhat beyond the scope of this thesis.

For wearable sensors in general, an ideal composite thermistor has low resistivity (at room temper-
ature), but retains high/moderate sensitivities [48], i.e. high temperature coefficient of resistance and
high B-value. This can be represented schematically on a resistance vs temperature curve shown in
figure 2.1a. But for thermistor materials, having a low resistivity is usually coupled to having a low 𝛼
and B-value.This is represented schematically by figure 2.1b.

This thesis will focus on producing a NTC material that has low resistivity as a filler material for
a functional granular composite with a polymer matrix, that as a whole, can function as a thermistor
with acceptably low resistivity and good mechanical flexibility. Hence an NTC material composition
that gives low resistivity is desired. Low resistivity is prioritised because it is important from a design
perspective. Resistivity is a dimensionless, intrinsic characteristic of a material, while the resistance
depends on geometry and circuit design. If the material has a low intrinsic resistivity, and a higher

27
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(a) Want low ᑉᑋ and high ᎎ and B-value (b) Low ᑉᑋ is usually coupled to low ᎎ and B-value

Figure 2.1

resistance is desired, a longer length or smaller cross section can be used. However, if the material
has a high resistivity and a lower resistance is desired, it is generally more difficult to attain a low re-
sistance through the reduction of the geometry alone. Additionally, low resistance thermistors enable
larger currents and are easier signals to detect allowing cheaper (lower fidelity) measuring devices.
These are the main reasons a NTC composite thermistor with low resistivity is desired.

Furthermore, polymers that can provide good flexibility and compatibility with ceramic NTC filler par-
ticles are typically very intrinsically resistive. This is another reason why low resistivity is the criterion
that is prioritised for the selection of the ceramic NTC filler material. In order to move forward, a com-
position will need to be chosen as the NTC material that will be used in a composite system of ceramic
NTC in a polymer matrix system that can act as a flexible thermistor. Once a good basis is established,
one can return to further improve on the nickel manganite based NTC material through doping with ad-
ditional elements for improved characteristics (e.g. thermal stability). However, ”Most of the industrial
products are now manufactured with only three elements, which simplifies the manufacturing process,
increases productivity, avoids having to manage a stock of many different raw materials, and limits the
risk of irregularities in the quality of the supply” [49]. Although this was the view in 1994, at the time this
study was published, it is relevant now to this thesis to aim to use 3 elements for the same reasons,
since almost all the ceramic processing parameters affect the final electrical performance, and so the
author can minimise the possibilities of irregularities to ensure the reproducibility of the final results.

2.2. Selecting the Active NTC Material: Nickel Manganate Copper
Ceramics Mn2.2Ni0.5Cu0.3O4

Themost widely used materials for NTC thermistors are nickel manganate based systems that have the
general formula AB2O4 and have a cubic spinel crystal structure, as described in section 1.4.1, such as
Ni-Mn-O, Fe-Ni-Mn-O, Cu-Ni-Mn-O [62], [42]. To reiterate, Mn3O4 has a normal spinel structure where
oxygen atoms form a cubic close packing structure and Mn cations fill both tetrahedral a-sites and octa-
hedral b-sites. Mn3O4 is non-conducting because the valency distribution is: [Mn

2+]A–site [Mn3+, Mn3+]B–siteO4.
Through the addition of Nickel to this system, Ni2+ will replace some Mn3+ ions at the B-site, and some
Mn3+ ions will change to Mn4+ to preserve the overall electrical neutrality of the material. The new va-
lency distribution will now be [Mn2+]A–site [Ni2+x ,Mn4+x ,Mn3+1–2x,Mn

3+]B–siteO4. This new system is now
electrically conductive since Mn3+ and Mn4+ ions at the B-sites will enable phonon assisted hopping
of charge carriers between the octahedral b-sites. Hence the effect of doping with nickel changes the
crystal structure and increases the conductivity by increasing the concentration of donor-acceptor pairs
of Mn3ዄ and Mn4ዄ ions.
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Rousset et al. [49] investigated the effect the variation of Ni content had on the overall resis-
tivity of the NTC material of Mn3ዅዼNiዼO4. The effect was also compared when the NTC material
of Mn3ዅዼNiዼO4 was manufactured using the chemical route (oxalic precursors) or the conventional
method used in industry. This is an important comparison because the chemical processing route
is indicative of ceramics made in a laboratory while the conventional method is indicative of what is
widely used in industry, which usually is limited by many more constraints and often isn’t as precise as
laboratory developed ceramics. The results are summarised in figure 2.2. It shows that when using
Mn3ዅዼNiዼO4 produced using the chemical method, Ni content of 𝑥 = 0.78 resulted with the lowest re-
sistivity. While when produced using conventional methods a higher minimum resistivity was obtained
at a Ni content of 𝑥 = 0.6. However, it greatly differs depending on different authors since almost
all the ceramic processing parameters affect the result. Though it is clear that resistivity lower than
1000 Ω𝑐𝑚 is unobtainable through optimisation of nickel content in nickel manganites manufactured
by the chemical process, and resistivity lower than 2000 Ω𝑐𝑚 is unobtainable by production using the
conventional process. For lower resistivities doping using an additional element is required, towards
this cobalt and/or copper are effective as dopants for lowering the resistivity of nickel manganite NTC
materials.

Figure 2.2: Resistivity vs nickel content (x) for Mn3ᎽᏴNiᏴO4 NTC material where (1) was manufactured using the conventional
industrial method and (2) was manufactured using the chemical process (oxalic precursors), taken from [49]

Rousset et al. [49] also investigated the effect of doping nickel manganite with copper or cobalt to
see the effect the doping content has on the overall resistivity. The results are presented in figure 2.3
where it can be seen that the nickel content was chosen near the composition for minimum resistivity
(𝑥 ≈ 0.73) and the cobalt content was varied from 0 ≤ 𝑥 ≤ 1 forMn2.25ዅዼNi0.75CoዼO4 while the copper
content was varied from 0 ≤ 𝑥 ≤ 0.6 for Mn2.3ዅዼNi0.70CuዼO4. The graph of resistivity versus doping
content in figure 2.3 shows that doping with copper content is very effective in reducing the overall
resistivity (and can be as low as 𝜌 ≈ 3 Ω𝑐𝑚) and is more effective than doping with cobalt (where 𝜌
can be as low as 𝜌 ≈ 300 Ω𝑐𝑚). Due to the effectiveness of copper at reducing the overall resistivity, a
closer look at the effect of copper doping is warranted. But first, if copper doping of nickel manganite is
more effective at lowering the resistivity than simply increasing the nickel content in nickel manganites,
then at what amount should the nickel content be fixed at?
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2.2.1. Selecting the Nickel Content
The interactions of dopants are very complex where even the exact ionic distributions of well used com-
positions are sometimes disputed, so instead this work will compare two studies that have measured
the effect of copper doping using a slightly different amount of Nickel, seen in figure 2.4.

Figure 2.3: Resistivity versus doping content of cobalt inMn2.25ᎽᏴNi0.75CoᏴO4 and Cu inMn2.3ᎽᏴNi0.7CuᏴO4, taken from [49]

(a) Resistivity vs doping content of Cu
in Mn2.3ᎽᏴNi0.7CuᏴO4 [49]

(b) Resistivity vs doping content of Cu
in Mn2.5ᎽᏴNi0.5CuᏴO4 [62] curve (b)

Figure 2.4: Two studies that have investigated the effect of copper doping on nickel manganite resistivity using different Ni
content where (a) [49] used 0.70 and (b) [62] used 0.5

As can be seen from comparing the two similar figures in 2.4, if we compare the resistivity obtained
for a copper content of 0.4, the curve in figure 2.4a shows that Mn1.9Ni0.7Cu0.4O4 has a resistivity
of 𝜌 ≈ 11 while the curve in figure 2.4b shows that Mn2.1Ni0.5Cu0.4O4 has a resistivity of 𝜌 = 12.6.
The resistivities are almost the same for the same amount of copper. Therefore, the extra 0.2 atomic
percent of Ni contributes very little to reducing the overall resistivity of the composition when copper is
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involved. Moreover, [49] pointed out that an increase of nickel content beyond a certain concentration
causes precipitation of NiO since the extra nickel atoms no longer enter the spinel lattice. This creates a
polyphase ceramic which can have both advantages and disadvantages. According to [49]; ”thermistor
polyphase ceramics have better stability than monophase ones”, but this improvement of thermal sta-
bility comes at the cost of higher resistivity. Furthermore, the NiO precipitates typically arise by having
excessively high sintering temperature (e.g. 1300∘𝐶) followed by rapid cooling (e.g. 150∘𝐶/ℎ). This
controlled, rapid cooling presents a difficulty for industrial manufacturing of NTC ceramics. Industrial
scale tooling, process control and batch and sample sizes can prove to be difficult to accurately control
a rapid cooling rate (e.g. large bulk ceramics that cool slower in their centres creating thermal stresses
and unstable phases). For this reason a single phase ceramic is desired, so that it is independent
of the cooling rate and reproducible on industrial scales. ”Single-phase, homogenous, fine-grained
ceramics with sufficient density are the most advantageous for practical uses” [9] because they have
electrical characteristics that are highly reproducible. The exact threshold at which the added nickel
concentration no longer enters the spinel lattice is unclear in [49], but from figure 2.3 it can be inferred
that it is at the minimum of the curve of resistivity vs nickel content, since beyond this minimum an
increase in nickel content causes an increase in the resistivity. When looking at the appropriate curve
((1) that correlates to nickel manganite prepared using the conventional industrial method), the mini-
mum of resistivity occurs close to a nickel content of 0.6 atomic percentage. A nickel content of 0.5 is
then an arguably safe and conservative choice, which agrees well with the results of [62] where a base
composition of Mn2.5ዅዼNi0.5CuዼO4 was chosen.

This also agrees well with the phase diagram of Ni1ዅዼMn2ዄዼO4 presented by [31] and illustrated
in figure 2.5. The partial phase diagram shows that for 𝑥 < 0.5 for Ni1ዅዼ, which is equivalent to a
high nickel content 𝑥 > 0.5 for Niዼ at high sintering temperatures, two phase (NiO + Spinel) will oc-
cur. Conversely, according to [31], for compositions of low nickel content where 𝑥 = 0.60 − 0.85 for
Ni1ዅዼ (so if nickel content Niዼ 𝑥 = 0.15 − 0.4) prepared at 1200∘𝐶 or above, it was difficult to obtain
well-crystalized material which was possibly due to the occurrence of a two phase region at lower tem-
peratures. In addition, for low nickel content where 𝑥 > 0.5 for Ni1ዅዼ, if the sample was cooled too
slowly when quenched, the samples were oxidised by the air and Mn2O3 would appear as suggested
by the x-ray powder diffraction tests performed by [31]. It is important to note that according to [31] the
phase boundaries presented in figure 2.5 are approximate boundaries. Therefore, the phase diagram
indicates that low (𝑥 > 0.5 for Ni1ዅዼ) and high (𝑥 < 0.5 for Ni1ዅዼ) nickel content can both cause two
phases to occur and so a nickel content of x=0.5 is the safest choice if a well-crystalized, mono-phase,
cubic spinel phase is desired.

2.2.2. Selecting the Copper Content
Now knowing a target composition of Mn2.5ዅዼNi0.5CuዼO4 is desired, how much copper should be
used? Firstly, some insight into copper doping is provided by a study of [62] who referenced El-
badraoui et al. [15] who proposed a cationic distribution for copper nickel-manganite of composition
Cu0.41Ni0.66Mn2.93O4 of:

[Mn2ዄ0.616,Cu
2ዄ
0.360,Cu

ዄ
0.024]

Aዅsiዸe [Ni2ዄ0.660,Mn3ዄ0.604,Mn4ዄ0.710,Cu
2ዄ
0.026]

BዅsiዸeO4
2ዅ

Evident from the cationic distribution is the contribution copper has to the conduction mechanism be-
cause the 𝐶𝑢ኼዄ and 𝐶𝑢ዄ in the A-site (tetrahedral sites) also contributes to the electron conduction
process. The copper ions follow the same rules, proposed in section 1.4.2, that applies to the main
conduction mechanism of electron hopping from 𝑀𝑛ኽዄ to 𝑀𝑛ኾዄ. The copper ions are cations of the
same element, but of different valency, that vary by only one valency, that occupy crystallographically
equivalent lattice sites. Hence, one reason why copper doping of nickel-manganite spinel crystals is
so effective at reducing electrical resistivity is the 𝐶𝑢ኼዄ and 𝐶𝑢ዄ ions that occupy tetrahedral sites that
allow electron hopping [15]. Another reason is proposed by Muralidharan et al. [42] who proposed that
increasing copper content increases the 𝑀𝑛ኽዄ/𝑀𝑛ኾዄ pairs in the B-sites (octahedral sites), being the
main conductivity mechanism for nickel-manganite spinels. Bodak et al. [9] claim that 𝐶𝑢ኼዄ ions that
occupy the B-sites (octahedral sites) are also involved in the conduction mechanism with Mn cations.
Again the exact cationic distributions (and their conductivity mechanisms) are somewhat disputed in
literature depending on the exact dopants used and their quantities, so it is important to look at em-
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Figure 2.5: Partial phase diagram of Ni1ᎽᏴMn2ᎼᏴO4 where samples were quenched from the temperatures displayed on the
y-axis, taken from [31]

pirical data on the effect of copper doping on electrical performance characteristics. Zhao et al. [62]
have measured the effect of copper doping on nickel-manganite’s resistivity, B-value and resistivity
drift, and is presented in figure 2.6. In addition to looking at the effect of differing copper amounts in
CuዼNi0.5Mn2.5ዅዼO4, Zhao et al. also looked at at the effect of increasing copper in nickel manganite
that also contains zinc CuዼZn1.0Ni0.5Mn1.5ዅዼO4.

From observing the 3 subfigures in figure 2.6, it appears that copper is effective in reducing the
resistivity, but it comes at the cost of a lower sensitivity (i.e. lower B-value). This trade-off between
a desired lower resistivity and undesirable, lower sensitivity is also noted for copper doping in [42].
Another factor that is traded-off with increasing copper content is the lowering of the thermal stability
(i.e. higher resistivity drift). The time stability under thermal stress of a NTC thermistor is typically mea-
sured by the relative change in resistance Δ𝑅/𝑅 (also referred to as drift) after being exposed to 150∘𝐶
for 1000 hours. According to [49], Mn-Ni-Cu systems show some of the largest drifts that can exceed
20% due to the copper ions since Mn-Cu systems can show drifts of over 100%. This is obviously
unfavourable for NTC thermistors as it affects the device’s reliability to sense/measure temperature
accurately over time. However, as previously mentioned, having a low resistivity will be prioritised and
the adverse effects can later be mitigated and optimised with further doping, after a baseline ceramic-
polymer composite thermistor has been developed. Keeping this in mind, looking at figure 2.6a of the
curve of resistivity vs copper content for CuዼNi0.5Mn2.5ዅዼO4. If a low resistivity is desired, the copper
content 𝑥 ≥ 0.2, but also 𝑥 ≤ 0.4 because no further significant reduction in resistivity is achieved
with a further increase in copper content. A choice of 𝑥 = 0.3 is a safe pick for copper content so it
isn’t too close to the threshold where a slight decrease in copper content from processing errors could
cause a huge increase in resistivity. Unfortunately the graph of CuዼNi0.5Mn2.5ዅዼO4 only tests 𝑥 = 0.2
and 𝑥 = 0.4 and there could be a local minimum, but the graph of CuዼZn1.0Ni0.5Mn2.5ዅዼO4 in the
same figure suggests the local minimum is at a copper content of 𝑥 = 0.3. This should also hold true
for CuዼNi0.5Mn2.5ዅዼO4 since the role of zinc in nickel manganites is mainly to improve the stability
against oxidation [62] at the expense of higher resistivity. Therefore a copper content of 𝑥 = 0.3 will be
chosen, to potentially give minimum resistivity which can be expected to be on the order of 𝜌ኼ ≈ 12.6
Ω𝑐𝑚 at 25∘𝐶. Using figure 2.6b, the B-value of this system should be on the order of 𝐵ኼ/ኺ ≈ 2960 K.
Similarly, using figure 2.6c, the resistivity drift should be on the order of Δ𝑅/𝑅 ≈ 12% after 1000 hours
at 150∘𝐶.
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This agrees quite well with a study performed by Gao et al. [18] where a very similar composition of
copper nickel-manganite Cu0.3Ni0.66Mn2.04O4 was prepared and its electrical properties were mea-
sured. A resistivity of 𝜌ኼ = 63.3 Ω𝑐𝑚 was obtained, a 𝐵ኼ/ኺ = 2740 K, and a resistivity drift of 5.4%
after 500h at 150∘𝐶. It is important to note that this composition has a higher nickel content and all the
ceramic processing parameters involved in manufacturing affect the performance results. To reiterate,
this is again why this thesis work will aim to use only 3 elements (at least in the initial phase) to sim-
plify the manufacturing process, to limit the risk of irregularities, and to ensure the reproducibility of the
results. Hence, this thesis work will commence with using a composition of Cu0.3Ni0.5Mn2.2O4 as the
active NTC materials in a ceramic-polymer composite.

If problems arise and the performance is determined to be unacceptable or lower than required, it
is important to know the role that dopants can play in improving specific characteristics (e.g. Ni, Ba,
Zn, Co). As perviously mentioned, polyphase ceramics have better stability then monophase ceramics
[49]. So if thermal stability is a problem, one can induce more phases to precipitate by altering the
composition and the sintering and cooling treatments. A higher nickel content would be needed and
higher sintering temperature (e.g. 1300∘𝐶) with a fast cooling rate (e.g. 150∘𝐶/ℎ).This can cause
NiO phases to precipitate which according to [49] can reduce drift by a factor of 2, at the expense of a
higher resistivity. Alternatively, by doping with 𝐵𝑎ኼዄ and quenching, precipitates of BaMnO3, NiO, and
CuMnO2 can form, reducing the drift to 1−2% at the expense of increasing resistivity. According to [62],
the addition of zinc in nickel manganites can improve stability and limit the reduction in sensitivity (i.e.
B-value) that a high content of copper causes, again at the expense of a higher resistivity. According
to Muralidharan et al. [42], doping nickel manganite with cobalt also decreases the resistivity and B-
value with increasing cobalt content, thus having a similar effect as copper doping. However, if you
co-dope with cobalt and very small amounts of copper then low resistivities (although not lower than
when doped with only copper) can be achieved with good sensitivities. A common theme is that there is
always a trade-off with every dopant and is why a baseline composition was chosen that prioritised low
resistivity. If certain characteristics need improvement through doping, a collection of different relevant
compositions of NTC ceramics found in literature are compiled in table B.1 in appendix B for future
reference.
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(a) Resistivity vs doping content of Cu in Mn2.5ᎽᏴNi0.5CuᏴO4 [62]

(b) B-value vs doping content of Cu in Mn2.5ᎽᏴNi0.5CuᏴO4 [62]

(c) Resistivity drift vs doping content of Cu in Mn2.5ᎽᏴNi0.5CuᏴO4 [62]

Figure 2.6: The effect of copper doping on nickel manganite resistivity, B-value, and resistivity drift [62]



3
Phase 2: Characterisation of Ceramic

Bulk Properties

3.1. Introduction
As discussed in the previous chapter, NTC ceramic compositions with their exact processing conditions
are of high commercial value and are therefore trade secrets. So after selection of a NTC composi-
tion described in Chapter 2, bulk ceramic pellets were processed to determine the best processing
conditions and techniques to see and characterise their thermistor performance. Ceramic pellets were
produced with the intention to carry-over the same processing conditions (e.g. sintering time and tem-
perature) to produce ceramic fibres for flexible composites.

3.2. Conventional Manufacturing Route of NTC Ceramics
Although thermistors come in many different shapes, sizes, and base materials, they all have a rel-
atively similar production process that follows the stages illustrated in figure 3.1. With the exception
of film thermistors, most thermistor manufacturers follow this general production scheme with some
variations.

In stage 1, metal oxides that form the basis of the NTC thermistor are selected and weighed to the
appropriate ratios needed for the final composition. These materials are usually divalent metals that
form 𝐴𝑂 oxides (e.g. FeO, CuO, NiO, CoO) and trivalent metals that form B2O3 oxides (e.g. Fe2O3,
Mn2O3) as already discussed in section 1.4.1.

1. Weighing Component Materials
↓

2. Powdering Mixing/Milling
↓

3. Calcination
↓

4. 2nd Milling
↓

5. Formation of Green Bodies
↓

6. Sintering
↓

7.Finishing

Figure 3.1: General Process Procedure for Thermistor Manufacture

35



36 3. Phase 2: Characterisation of Ceramic Bulk Properties

In stage 2, mixing andmilling is usually performed where milling is needed to reduce the particle size
and to eliminate aggregates that have formed. These aggregates would otherwise need lots of time
during the sintering process for the neighbouring particles to inter-diffuse. Breaking them up, homog-
enizing them, and mixing them in this stage helps the constituents react faster and more completely in
the following stage to produce a more uniform final composition.

In the calcination stage, the powder constituents that have been physically mixed together are chem-
ically reacted (by solid state reaction) at high temperature to form the desired compound. Significant
shrinkage will occur during calcination, which is advantageous to have the most shrinkage occur in
this stage before the final shaping of the material has been performed (i.e. to avoid crack formation).
The temperature and time of calcination needs careful consideration and control since it influences the
particle size of the calcined product and the amount of shrinkage.

Stage 4 involves milling again since the calcined product may have formed aggregates which are
undesirable for the following shaping stage, but to also reactivate any unreacted materials. This stage
may consists of a series of milling operations in order to arrive at the desired controlled particle size.

Stage 5 is the shaping stage where the desired form is given (e.g. disc, rod, beads, etc) before
the sintering process is performed. A binder (and frequently solvents, plasticisers, and surfactants) is
usually added to the mix (normally already in the milling stage) to make the formation of green bodies
easier. The binder’s role is to give the dry shape enough strength to be handled for shaping and
sintering. It is also extremely important that the binder can be removed (e.g. burnt-out) from the mix
without having a disruptive effect. The powder mix is usually thoroughly mixed with a solution containing
the binder (e.g. polyvinyl alcohol, acetate, methacrylate, phthalates, methyl celluloses, starch, etc.)
and then subsequently dried and then shaped. The shaping then depends on the desired form, e.g.
rod shapes are extruded through a die and cut into the desired length while discs and washers are
pressed into shape by a tabulating press. The binder and the particle size then have to be controlled
and adjusted to the shaping method to ensure good formability and avoid cracking and void formation
in the green bodies. Some of the shaping methods that can be used are [41]:

• Dry-pressing
• Isostatic pressing
• Calendering viscous plastic processing
• Extrusion
• Jiggering
• Injection Moulding
• Slip-casting
• Band-casting
• Screen-printing

Stage 6 is Sintering where densification occurs to form a single phase of polycrystalline semicon-
ducting ceramic. The temperature/time profile needs careful design since many factors needs consid-
eration that affect the final product. The heating rate needs to be controlled so that the burn out of
the binder doesn’t cause crack or void formation, warping, bloating, or particle rearrangements. The
soak temperature needs to account for grain growth and shrinkage, and the cool-down rate needs to
avoid introducing thermal shock stresses than can create residual stresses and even cracks. A typ-
ical sintering cycle can take 8-24 hours, with a soak temperature of around 1200∘𝐶 held at 1−12 hours.

The remaining stages are related to the ’finishing’ of the ceramic to create an electronic device.
Slicing would be performed if smaller sizes or shapes are needed from the bulk material. Metallisation
is then performed to create electrical contact areas on the surface of the ceramic from which leads can
be attached. The choice of metal is important as adhesion to the ceramic is important, as well as to
avoid introducing unwanted barriers to the flow of current carriers. After metallisation soldering leads
would be attached so that the thermistor can be incorporated into a circuit. Encapsulation or lacquering
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is then performed to provide shielding from the environment (e.g against moisture and oxidation) and
to control the electrical properties of the device. However, this step and the entire finishing stage is
highly dependent on the final desired thermistor design, shape, and target properties and the whole
process is adapted accordingly, but generalised in this description.

3.3. Manufacturing Route for Bulk Pellets of Mn2.2Cu0.3Ni0.5O4
To produce pellets of Mn2.2Cu0.3Ni0.5O4, the conventional manufacturing route will be followed with
someminor adjustments. The correct ratio of powder constituents of themetal oxide powders of𝑀𝑛ኼ𝑂ኽ,
𝑁𝑖𝑂, and 𝐶𝑢𝑂 (obtained from Sigma-Aldrich) were measured using a balance scale. The un-calcinated
powder was then mixed and milled using a planetary ball mill (Retsch, PM100, Haan, Germany) for 1
hour 30 minutes at 150 rpm using a container filled with 5.20 mm Y-stabilised zirconium oxide (𝑍𝑟𝑂)
balls. For better milling performance, the container was filled up to ኼ

ኽ with cyclohexane. After milling,
the powder is poured through a sieve to collect the 𝑍𝑟𝑂 balls, and left in a pan for the cyclohexane
to evaporate and the powder to dry. The powder is then collected into a Y-stabilised zirconium ox-
ide crucible and calcined at 800∘𝐶 for 6 hours in a furnace (Nabetherm L5/13/B180, Lilienthal/Bremen,
Germany), with a heating rate of 300∘𝐶/ℎ𝑟. After calcination, the powder aggregates are stuck together
and are re-milled again using the planetary ball mill for 1 hour and 30 minutes. The calcined powder
mixture is then dried again in a pan and placed in a oven at 100∘𝐶 for 1 hour to ensure it is thoroughly
dry. The dried powder is then stored in vacuum to avoid moisture absorption.

Pellets are subsequently made using the calcined powder to primarily investigate the effects of
sintering time and temperature (among other factors) on the densification of the powder and its cor-
responding electrical properties. Towards this, the calcined powder is pressed into pellets of 20 mm
diameter using 1.5 grams of powder and 3 tonnes of pressure, held for 1 minute before being released.
The pellets are then placed onto a Y-stabilised 𝑍𝑟𝑂 plate with a thin layer of loose calcined powder to
prevent sticking when sintered in a furnace. The pellets are then placed in a furnace to sinter under
different sintering schemes (e.g. 1100∘𝐶 for 6 hours with a 300∘𝐶/ℎ𝑟 heating rate). After the pellets
are sintered, the top layer of the pellets need to be polished to remove the thin oxide layer that has
developed. This is performed gently by hand using carbon sanding paper with 1000 grit and ethanol for
lubrication. To measure the electrical performance of the sintered pellets, both surfaces of the circular
pellets need electrodes, applied using a gold sputter coater (Balzers SCD 040, Lichtenstein) using an
electrical current of 15 𝑚𝐴 for 15 minutes on each side. The finished electrodes are tested using a
multimeter (Fluke 114) to check for conductivity.

3.4. Characterisation
To make sure that the right phase was obtained, X-ray diffraction (XRD) using Cu 𝐾𝛼 radiation (Rigaku
MiniFlex600) is performed on the calcined powder and compared with indexed results of similar com-
positions that are stored in the database of PDXL2 (Rigaku’s full-function powder diffraction analysis
package). The crystal structure of the pellets after sintering was determined using XRD to verify the
composition, and to determine the lattice parameters to help calculate the maximum theoretical density.
The maximum theoretical density is needed to later calculate the relative density of the pellets. The
density of the sintered pellets was measured using Archimedes’ principle. A scanning electron micro-
scope (SEM) (JEOL, JSM-7500F, Nieuw Vennep, The Netherlands) is used to observe the particle size
of the ceramic powder and the microstructure of the sintered ceramic (e.g. particle size, porosity, de-
fects). Observing microstructure and defects was also performed using an optical microscope (Zeiss,
Discovery V8, Germany and Keyence, VHX 2000, Osaka, Japan). Pellet weight and dimensions were
measured using a regular balance scale and calliper.

3.4.1. Characterisation of Electrical Performance - Experimental Setup
DC Resistance measurements were performed using a Keithley Model 2000 Multimeter, where the
Model 2000 can make 4-wire resistance measurements from 100𝜇Ω to 120𝑀Ω. The kelvin (4-wire) re-
sistance measurement is a method to avoid errors from wire resistance and measures only the subject
resistance. How this is achieved is schematically shown in figure 3.2. The subject resistance is ob-
tained by measuring the current that passes through the subject, the voltage drop across, and by using
Ohms Law (𝑅 = ፕ

ፈ ). The trick is that a very small current runs through the voltmeter’s wires so the drop
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in voltage due to long wires is insignificant compared to the voltage drop of the subject resistance. By
decoupling the ammeter, the voltmeter will not measure any voltage drop across the ammeter’s wires,
which carry the main current.

Figure 3.2: Schematic of Kelvin (4-Wire) Resistance Measurements, ammeter and voltmeter are decoupled with low current
passing through voltmeter and high current through ammeter, [27]

Resistance measurements were performed at constant temperature, 25 or 30∘𝐶 and 85∘𝐶, by sub-
merging the ceramic pellets into an oil bath (Lauda K20) of sunflower oil that accurately holds the
temperature constant to 0.1∘𝐶 accuracy. The electroded pellets were held using a custom device,
shown in figure 3.3a, to both submerge the pellet into the oil and electrically connect both sides to
the Keithley 2000 multimeter. The complete experimental setup for the resistance measurements is
pictured in figure 3.3b. The B-value can then be calculated using equation 1.11 and the temperature
coefficient of resistance using equation 1.12. Resistivity at a particular temperature (e.g. 𝜌ኼ or 𝜌ዂ)
can be simply calculated using equation 3.1.

𝜌 = 𝑅 ⋅ 𝐴
𝐿 [Ω ⋅ 𝑐𝑚] (3.1)

Where,

• R is the resistance in Ohms.
• A is the cross sectional area (area of the electrode) in 𝑐𝑚ኼ.
• L is the length (thickness of the pellet disk) in 𝑐𝑚.

3.4.2. Validation of Experimental Setup
The experimental setup needs to be validated to ensure that future resistivity results are reliable. To-
wards this, 3 reference samples of slightly different compositions of NTC ceramic pellets were obtained
from Prof. dr. ir. Pim Groen’s personal archive. The reference samples are of the following composi-
tion:

• Mn2.4Ni0.6O4

• Mn2.35Ni0.6Cu0.05O4

• Mn2.3Ni0.6Cu0.1O4

Their resistance was measured at 25∘𝐶 and 85∘𝐶 and their corresponding resistivity and B-value
were calculated and plotted against their known values (from Pim Groen, Internal Communications)
shown in figure 3.4.

As can be seen from figure 3.4, the experimentally measured values are close to the reference
values of resistivity and B-value. There is some variation, but considering the NTC pellets were man-
ufactured in 2001, it is suspected that the variation is due to ageing and moisture absorption of the
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(a) Custom device for submerging pel-
lets

(b) Complete Experimental Setup

Figure 3.3: Experimental Setup for Measuring NTC Electrical Performance

Figure 3.4: Comparison of reference values and experimentally measured resistivity and B-value for experimental validation

pellets. This then explains why the experimentally obtained resistivity is systematically higher then
their corresponding reference values. Therefore, due to the similar values obtained between the ex-
perimentally measured resistance readings and the reference values, the experimental setup has been
validated.

3.5. Results of Processing Conditions
From Chapter 2, the NTC ceramic composition chosen wasMn2.2Cu0.3Ni0.5O4 where one can expect
to obtain thermistor performance values similar to those reported in literature. I.e. a 𝜌ኼ ≈ 12.6 Ω𝑐𝑚,
a 𝐵ኼ/ኺ ≈ 2960 K, and a resistivity drift on the order of Δ𝑅/𝑅 ≈ 12% after 1000 hours at 150∘𝐶 [62].
But as previously noted, all processing conditions have an effect on the overall final performance of
the NTC ceramic. Therefore, this section investigates the following processing factors affecting the
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ceramic bulk properties:

1. Sintering time ( 6 vs 2.5 hours)
2. Pellet size ( 20 vs 7 mm)
3. Copper content (Cu 0.3, Cu 0.1, Cu 0.05)
4. Sintering temperature and ramp (1100∘𝐶 vs 1200∘𝐶)
5. Effect of adding binder (no binder vs binder)
6. Sintering temperature revisited (1200∘𝐶 vs 1250∘𝐶 with binder)

This list is not exhaustive, but given the time constraints of the thesis, each relevant processing fac-
tor was sequentially investigated in themanufacturing route. To start, the composition ofMn2.2Cu0.3Ni0.5O4
was used and pressed into pellets of 20 mm diameter using the same mass of calcined powder (1.5
g). The pellet pressing technique was always kept constant going to a maximum pressure of 3 tons
and holding for exactly 1 minute, before releasing the pressure and removing the pellets. A sintering
temperature of 1100∘𝐶 was chosen with a sintering ramp of 300∘𝐶/ℎ𝑟. The first processing condition
to be investigated was then the sintering time.

3.5.1. Sintering Time
To summarise, the processing parameters that are kept the same are listed in table 3.1 of constant
variables. The sintering time was varied from a long 6 hours to a shorter and more convenient 2.5
hours. It should be noted that the values presented in 3.2 are an average of 5 specimens and the
standard deviation (SD) is included.

Table 3.1: Constant Variables - Processing Parameters

Constant Variables

Composition Mn(2.2) Ni(0.5) Cu(0.3) O(4)

Pellet Diameter 20 mm

Sintering Temperature 1100 °C

Sintering Ramp 300 °/hr

Table 3.2: Effect of sintering time on thermistor performance of NTC ceramic pellets

Sintering Time [hrs] Density [g / mL] Relative Density [%] ρ30 [Ω·cm] ρ85 [Ω·cm] B30/85 [K] α30 [% / K]

6 4.92 (SD 0.02) 93.6 (SD 0.4) 450 (SD 320) 180 (SD 40) 1490 (SD 1300) -1.6 (SD 1.4)

2.5 4.84 (SD 0.03) 92.1 (SD 0.5) 310 (SD 120) 180 (SD 80) 1160 (SD 630) -1.3 (SD 0.7) 

As can be seen from the thermistor performance values in table 3.2, there is some difference in
the resistivity at 30∘𝐶 which translates to a difference in the B-value. But more importantly, the pellets
exposed to 6 hours of 1100∘𝐶 showed a high amount of disk warpage and cracking. Any cracks and
defects were exacerbated by the long sintering treatment which led them to break very easily after
being handled, as can be seen in figure 3.5. The difference in colour of the gold electrode is due to a
height difference, caused by warpage. This is what also causes a larger spread in resistivity values and
why the standard deviation is very large for the B-value obtained. In conclusion, sintering for a shorter
time (2.5 hours) achieves good thermistor performance, while avoiding cracking and disk warpage and
is cheaper and quicker to manufacture.

3.5.2. Pellet Size
The achievable density and performance of the NTC ceramic proved to be very sensitive to the pellet
pressing technique. For this reason, making pellets of smaller diameter size could help in producing
pellets with less defects and cracking. Hence, pellets of 7 mm diameter were made and compared
to the pellets of 20 mm diameter. Again the constant variables are summarised in table 3.3 and the
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(a) (b)

Figure 3.5: Pellets sintered at ኻኻኺኺ∘ፂ for 6 hours were more likely to crack and warp

Table 3.3: Constant Variables - Processing Parameters

Constant Variables

Composition Mn(2.2) Ni(0.5) Cu(0.3) O(4)

Sintering Temperature 1100 °C

Sintering Ramp 300 °/hr

Sintering Time 2.5 hrs

Table 3.4: Effect of pellet size on thermistor performance of NTC ceramic pellets

Pellet Size [mm] Density [g / mL] Relative Density [%] ρ30 [Ω·cm] ρ85 [Ω·cm] B30/85 [K] α30 [% / K]

20 4.84 (SD 0.03) 92.1 (SD 0.5) 310 (SD 120) 180 (SD 80) 1160 (SD 630) -1.3 (SD 0.7) 

7 4.93 (SD 0.01) 93.9 (SD 0.1) 230 (SD 95) 70 (SD 25) 2610 (SD 135) -2.8 (SD 0.1)

results are an average of 5 specimens, presented in table 3.4.

As can be seen from the performance characteristics presented in table 3.4, smaller pellets have
higher density, lower resistivity at both 30∘𝐶 and 85∘𝐶, while having a larger B-value and temperature
coefficient of resistance. The pressing technique is a very sensitive processing factor and smaller
pellets are easier to press to produce consistent pellets with less cracks and defects, and thus they are
able to achieve higher density, and consequently better thermistor performance.

3.5.3. Copper Content
The pellets ofMn2.2Ni0.5Cu0.3O4 were achieving high relative densities (above 92%), and their resistiv-
ity at room temperature was quite low, but their B-value was also low (B-value < 3000 K). Note in section
1.7, the thesis objective was to ultimately create flexible thermistors with a B-value > 3000K. Hence, it
was necessary to look to reduce the copper content of the material composition to raise the sensitivity
(B-value and 𝛼) at the cost of higher resistivity. Hence, new pellets of compositionMn2.4Ni0.5Cu0.1O4
andMn2.45Ni0.5Cu0.05O4 were produced and compared to the originalMn2.2Ni0.5Cu0.3O4 specimens.
The constant variables are summarised in table 3.5 and the results presented in table 3.6.

Table 3.5: Constant Variables - Processing Parameters

Constant Variables

Pellet Diameter 7 mm

Sintering Temperature 1100 °C

Sintering Ramp 300 °/hr

Sintering Time 2.5 hrs
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Table 3.6: Effect of copper content on thermistor performance of NTC ceramic pellets

Composition Density [g / mL] Relative Density [%] ρ30 [Ω·cm] ρ85 [Ω·cm] B30/85 [K] α30 [% / K]

Mn(2.2) Ni(0.5) Cu(0.3) O(4) 4.93 (SD 0.01) 93.9 (SD 0.1) 230 (SD 95) 70 (SD 25) 2610 (SD 135) -2.8 (SD 0.1)

Mn(2.4) Ni(0.5) Cu(0.1) O(4) 4.81 (SD 0.002) 93.5 (SD 0.05) 4560 (SD 930) 820 (SD 100) 3530 (SD 225) -3.7 (SD 0.2)

Mn(2.45) Ni(0.5) Cu(0.05) O(4) 4.63 (SD 0.03) 90.1 (SD 0.6) 25360 (SD 7500) 4110 (SD 1320) 4030 (SD 60) -4.2 (SD 0.1)

Evident from table 3.6 is that a higher density is obtainable with a higher copper content in copper
nickel manganate ceramics. With higher copper content, the resistivity is lower, but so is the sensitivity
(B-value and 𝛼). Additionally, the resistance drift (i.e. thermal instability) was observed to be high
and plays a larger role at lower resistances. A copper content of 0.1 is evidently a better composition
because it delivers a higher B-value and 𝛼, close to those delivered by a copper content of 0.05, but with
a lower trade-off in increased resistivity. For these advantages, the new NTC thermistor composition
selected is Mn2.4Ni0.5Cu0.1O4.

3.5.4. Sintering Temperature and Ramp
To obtain a higher density and better thermistor performance, a higher sintering temperature can be
tested. From literature (Prof. dr. ir. Pim Groen, Internal Communications), similar copper nickel
manganate NTC pellets (but of slightly different composition) had promising performance being sintered
at 1200∘𝐶 with a ramp of 180∘𝐶/ℎ𝑟. Its exact manufacturing conditions are unknown, but it indicates a
higher sintering temperature with slightly slower heating rate may be better for copper nickel manganate
pellets. New pellets were therefore sintered at 1200∘𝐶 for 2.5 hours with a ramp of 180∘𝐶/ℎ𝑟 and
compared to the original scheme of 1100∘𝐶 for 2.5 hours with a ramp of 300∘𝐶/ℎ𝑟. Again, the constant
variables are presented in table 3.7 and the results presented in table 3.8.

Table 3.7: Constant Variables - Processing Parameters

Constant Variables

Composition Mn(2.4) Ni(0.5) Cu(0.1) O(4)

Pellet Diameter 7 mm

Pellet Mass 0.25g

Sintering Time 2.5 hrs

Table 3.8: Effect of sintering temperature and ramp on thermistor performance of NTC ceramic pellets

Sintering Temp & Ramp Density [g / mL] Relative Density [%] ρ [Ω·cm] ρ85 [Ω·cm] B [K] α [% / K]

Temp = 1100 °C 
Ramp = 300 °C / hr 4.81 (SD 0.002) 93.5 (SD 0.05) ρ30 = 4560 (SD 930) 820 (SD 100) B30/85 = 3530 (SD 225) α30 =-3.7 (SD 0.2)

Temp = 1200 °C 
Ramp = 180 °C / hr 4.75 (SD 0.09) 92.4 (SD 1.8) ρ25 = 5370 (SD 2230) 650 (SD 330) B25/85 = 3790 (SD 140) α25 = -4.3 (SD 0.2)

When comparing the results presented in table 3.8, resistivity at 25∘𝐶 is not very comparable to
resistivity at 30∘𝐶, but all new samples were measured at 25∘𝐶 to be more comparable to results pub-
lished in literature. When looking at resistivity at 85∘𝐶, it is evident that a higher sintering temperature
produced an average resistivity that was lower. Consequently, the B-value and temperature coefficient
of resistance were higher. However, the measured density doesn’t seem to agree, having a lower den-
sity with higher sintering temperature. This is probably due to a measuring error with the archimedes
principle where trapped air bubbles could have introduced measurement errors. This was confirmed
by measuring the diameter of the pre and post sintered pellets for both sintering schemes producing a
4.43% shrinkage in pellet diameter for the 1100∘𝐶 sintering scheme, and a 7.04% shrinkage in pellet di-
ameter for the 1200∘𝐶 sintering scheme. This suggests that the pellets exposed to the higher sintering
scheme had higher geometrical shrinkage and therefore should have a higher density, corroborating
the theory that the measured density was lower due to a measurement error. Hence, the scheme of
1200∘𝐶 for 2.5 hours with a ramp of 180∘𝐶/ℎ𝑟, has been shown to be a better sintering scheme.
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3.5.5. Effect of Binder
In preparation for the wet fibre spinning process, where a binder will be used, it is important to see
if the addition of binder to bulk ceramic pellets has an effect on the final density and performance of
the pellets. In theory, the binder should burn-out at low temperature and should not be detrimental
to the final density and performance. However, the spaces left by the binder could be large enough
that the sintering time and temperature does not allow for a comparatively high density to be reached.
Pellets using binder were produced with the same processing conditions presented in table 3.9 and
the results are presented in table 3.10. The binder used was polyethylene glycol with molecular weight
𝑀፰ = 20, 000 (PEG, Fluka 81300, Sigma-Adlrich Chemie GMBH, Steinheim, Germany). The ratio
used was 50𝑔 ∶ 1.5𝑔 ∶ 10𝑚𝐿 ofMnCuNiO : PEG : H2O, where the PEG was dissolved in warm water
and then gradually mixed with the MnNiCuO calcined powder and then pressed into pellets.

Table 3.9: Constant Variables - Processing Parameters

Constant Variables

Composition Mn(2.4) Ni(0.5) Cu(0.1) O(4)

Pellet Diameter 7 mm

Pellet Mass 0.25 g

Sintering Temperature 1200 °C

Sintering Ramp 180 °/hr

Sintering Time 2.5 hrs

Table 3.10: Effect of adding binder (polyethylene glycol) on thermistor performance of NTC ceramic pellets

Binder Density [g / mL] Relative Density [%] ρ25 [Ω·cm] ρ85 [Ω·cm] B25/85 [K] α25 [% / K]

Without 4.75 (SD 0.09) 92.4 (SD 1.8) 5370 (SD 2230) 650 (SD 330) 3790 (SD 140) -4.3 (SD 0.2)

With 4.81 (SD 0.03) 93.6 (SD 0.6) 690 (SD 33) 90 (SD 1) 3650 (SD 64) -4.1 (SD 0.1)

What was evident from the manufacturing of the pellets is that the addition of binder helped with the
processability of the calcined ceramic powder and helped to produce more consistent pellets with less
defects, chipping, and cracks. The binder also helped the unsintered pellets keep shape and were less
fragile making them easier to handle prior to sintering. This is probably why the resistivity at both 25∘𝐶
and 85∘𝐶 was drastically lower when a binding agent was used. Surprisingly, the addition of binder
helped produce pellets with higher density, but the improvement in drastically lowering resistivity can-
not be attributed to just the increase in density. It is probably due to the binder helping to avoid crack
and void formation within the pellet. It was observed that pellets without binder had a characteristic
crack around the circumference, midway through the thickness of the disk, this also caused the pellets
to crack into two halves if mishandled. Hence, the addition of binder helped improve the achievable
density and avoid crack and defect formation leading to drastically lower resistivity, while keeping sen-
sitivity (B-value and 𝛼) high.

To confirm that a monophase ceramic was still obtained, XRD was performed to make sure there
was no unexpected peaks. The XRD results are presented in figure 3.6 where the pattern is compared
to a reference pattern from the PDXL2 archive of the closest composition available: Mn2.17Ni0.7Cu0.13O4.
The peaks match very well and there are no unexpected or extra peaks, leading to the conclusion that
a monophase exists of the spinel structure. To confirm that all the binder has been burn-out, leaving no
residual components, SEM images were taken to compare the microstructure of sintered pellets that
used binder versus pellets that did not. Presented in figure 3.7 is a comparison of the microstructure
inside the pellets, it is evident that they are very similar, confirming that the use of a binder doesn’t
have a detrimental effect on the microstructure.
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Figure 3.6: XRD pattern of sintered Mn2.4 Ni0.5 Cu0.1O4 pellets that used binder compared to reference pattern of
Mn2.17 Ni0.7 Cu0.13O4

(a) No Binder Used (b) Binder Used

Figure 3.7: Comparison of SEM images of microstructure inside sintered pellets of Mn2.4 Ni0.5 Cu0.1O4 at same magnification

3.5.6. Sintering Temperature Revisited (with binder)
With the addition of a binder that gets burnt out at low temperatures during the sintering scheme, the
ceramic particles need to diffuse over a greater distance to form a compact, dense ceramic. However,
the effect of the binder was shown to slightly help the final density of the ceramic in section 3.5.5.
Evidently, the highest obtainable density is most sensitive to the physical pressing and forming tech-
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nique, for which the binder greatly helps (producing less defects). It is then interesting to revisit the
sintering temperature and see if an even higher sintering temperature will help obtain a slightly higher
density. New specimens were made with binder (where the constant variables are presented in table
3.11) and sintered at 1250∘𝐶 for 2.5 hours with a ramp of 180∘𝐶/ℎ𝑟. This is the maximum temperature
that the furnace (Nabetherm L5/13/B180, Lilienthal/Bremen, Germany) can deliver over an extended
period of time. The results are compared with the pellets sintered at 1200∘𝐶 for 2.5 hours with a ramp
of 180∘𝐶/ℎ𝑟 and are presented in table 3.12. It must be noted that the pellets were produced with lower
mass (0.15 g) since it has been observed that pellets of the same diameter (7mm) but with lower mass
leads to less defects and cracks.

Table 3.11: Constant Variables - Processing Parameters

Constant Variables

Composition Mn(2.4) Ni(0.5) Cu(0.1) O(4)

Pellet Diameter 7 mm

Pellet Mass 0.15 g

Binder With Binder

Sintering Ramp 180 °/hr

Sintering Time 2.5 hrs

Table 3.12: Effect of higher sintering temperature on thermistor performance of NTC ceramic pellets with binder

Sintering Temp Density [g / mL] Relative Density [%] ρ25 [Ω·cm] ρ85 [Ω·cm] B25/85 [K] α25 [% / K]

1200 °C 4.79 (SD 0.15) 93.1 (SD 3.0) 910 (SD 280) 120 (SD 30) 3600 (SD 40) -4.1 (SD 0.05)

1250 °C 4.69 (SD 0.10) 91.2 (SD 2.0) 720 (SD 180) 90 (SD 20) 3630 (SD 30) -4.1 (SD 0.03)

From the results presented in table 3.12, pellets sintered at 1250∘𝐶 had slightly lower resistivity
and slightly higher sensitivity (B-value and 𝛼). However, the density obtained from the archimedes
principle shows conflicting results where the higher sintering temperature produced pellets with lower
density. It is speculated that this is again a measurement error (probably due to trapped air-bubbles)
because the shrinkage in diameter of the pellets after sintering is higher. Pellets sintered at 1250∘𝐶
had 8.01% shrinkage in diameter, while pellets sintered at 1200∘𝐶 shrunk by 6.43%. This suggests
the pellets sintered at 1250∘𝐶 had higher geometrical shrinkage and therefore should have a higher
density, corroborated by the lower resistivity values. However, when taking the standard deviation of
the averaged results into account, the results are not significantly different. Hence, either sintering
scheme can practically be used.

3.6. Validating Results
To validate the results of the thermistor performance obtained from our composition and manufactur-
ing process for NTC ceramics, it was necessary to compare to a reference sample of similar com-
position and processing conditions to validate the results. Towards this, the reference sample of
Mn2.3Ni0.6Cu0.1O4 used in section 3.4.2 is used to compare to the results from section 3.5.6. Both
used binder and were sintered at 1200∘𝐶 with a ramp of 180∘𝐶/ℎ𝑟. The thermistor performance can
be compared in table 3.13.

Although the nickel content of the reference sample is higher, the composition is very comparable.
Notably, the reference sample is very dense at almost 99.5% relative density, which could account for
the lower resistivity. The order of magnitude is the same and the B-value and temperature coefficient of
resistance 𝛼 are very similar. Based on the similarity of the results and taking into account the different
in relative density, the results obtained from the experimentally manufactured NTC ceramic pellets are
very sensible and therefore validated.
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Table 3.13: Comparison of thermistor performance of manufactured NTC ceramic pellets with reference sample

Composition Density [g / mL] Relative Density [%] ρ25 [Ω·cm] ρ85 [Ω·cm] B25/85 [K] α25 [% / K]

Mn(2.4) Ni(0.5) Cu(0.1) O(4) 4.79 (SD 0.15) 93.1 (SD 3.0) 910 (SD 280) 120 (SD 30) 3600 (SD 40) -4.1 (SD 0.05)

Mn(2.3) Ni(0.6) Cu(0.1) O(4) 5.12 99.5 330 45 3550 -4.0

3.7. Conclusions
As stated in the introduction to this chapter, It was important to develop my own composition since
every composition needs a bespoke processing route (where all stages affect the final performance)
since successful compositions and their exact processing conditions are never published since they
are commercially valuable. Hence, bulk ceramic pellets were processed to determine the best pro-
cessing conditions and techniques and to characterise their thermistor performance with the intention
to carry-over the same processing conditions to produce ceramic fibres for flexible composites. It was
discovered that the most sensitive manufacturing parameter is the physical pellet pressing process
prior to sintering (to avoid cracks and defects), which will be interesting for the fibre sintering behaviour
since the fibre spinning process doesn’t involve pressing for compaction.

To conclude, chapter 2 used theory to select a NTC ceramic composition ofMn2.2Ni0.5Cu0.3O4 that
should give a 𝜌ኼ ≈ 12.6 Ω𝑐𝑚 and a 𝐵ኼ/ኺ ≈ 2960 K. In practice, with our in-house manufacturing route
a more suitable composition of Mn2.4Ni0.5Cu0.1O4 was selected with a sintering scheme of 1200∘𝐶
or 1250∘𝐶 for 2.5 hours with a ramp of 180∘𝐶/ℎ𝑟 that should give a relative density of 91-93%. The
resistivity at 25∘𝐶 (𝜌ኼ) should be near 720 Ω𝑐𝑚, the resistivity at 85∘𝐶 (𝜌ዂ) should be close to 90 Ω𝑐𝑚,
the B-value (𝐵ኼ/ዂ) near 3600 K and a temperature coefficient of resistance (𝛼ኼ) close to -4.1 %/𝐾.
Now we have a composition, bespoke processing conditions for bulk ceramic pellets and performance
characteristics that will provide a benchmark for the ceramic fibres for functional granular composites,
that is the subject of the following chapter.
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4.1. Introduction
The work of Stuber [54] has made promising advancements in using ceramic-fibres and polymer matrix
composites for energy harvesting application. Potassium sodium niobate with 3 mol% lithium (KNLN3),
with 5 mol% lithium (KNLN5), and PZT ceramic powders were used in a wet fibre spinning process
that produced fibres that were sintered and embedded into a polymer matrix. This wet fibre spinning
manufacturing technique can be adapted to a ceramic NTC thermistor system, which is the focus of
this chapter. Ultimately, the NTC ceramic fibres will be used to produce a flexible temperature sensor
by ceramic-fibre polymer-composites.

4.2. Fibre Spinning Process
According to Stuber [54] ceramic fibres of potassium sodium niobate (KNLN) were spun using a spin
dope that was prepared using KNLN powder, cellulose acetate (CA) (Mn 30,000, Aldrich Chemistry),
and acetone. The volume ratio of KNLN powder to CA powder is 1:1. The cellulose acetate needs
to be dissolved in acetone, to form a solution of 20 wt% CA in acetone. Stuber noticed that the fibre
spinning process was very sensitive to the total volume of KNLN included in the spin dope used for a
single spinning session. The optimal spin dope used a KNLN volume equivalent to 12 grams of pow-
der. Knowing 𝜌ፊፍፋፍ = 4.51𝑔/𝑚𝐿, the optimal spin dope uses 2.66𝑚𝐿 of ceramic powder. For calcined
Mn2.4Ni0.5Cu0.1O4 powder, 𝜌 = 5.1430𝑔/𝑚𝐿 so 2.66 𝑚𝐿 translates to 13.68 grams of powder. Fol-
lowing a 50:50 volume ratio of cellulose acetate to ceramic powder, 3.41 grams of CA should be used
given 𝜌ፂፀ = 1.28𝑔/𝑚𝐿. To dissolve the cellulose acetate, 13.64 grams of acetone is needed to make
a solution of 20 𝑤𝑡% CA in acetone. This gives a total spin dope of 13.68g of NiMnCuO, 3.41g of CA,
and 13.64g of acetone to combine into the optimum spin dope for the wet fibre spinning setup. The
spin dope is prepared by firstly mixing the NiMnCuO powder and CA powder in a 60 𝑚𝐿 sealed cup
and mixed at 1500 RPM for 5 minutes in a speed mixer. The acetone is then added and mixed again
at 1500 RPM for 5 minutes. To ensure thorough mixing and a uniform consistency, a spatula is used
to scrape the bottom of the cup to check if there is any sedimentation. If there is any sedimentation,
the solution is mixed again using the speed mixer. If the solution is consistent, then the cup is sealed
until used for fibre spinning. The acetone evaporates quickly, and care needs to be taken to avoid that
too much evaporation takes place, or it will affect the quality of the fibres that are spun.

The fibre spinning technique used is the exact same as Stuber [54], where the setup is depicted in
figure 4.1. The spin dope gets poured into the spin tube, where the piston head lowers and forces the
spin dope to be extruded through the spin headwhich is submerged in the water bath of deionised water.
The configuration in the spin head is depicted in figure 4.2. It includes a spinneret with 6 holes of 100
𝜇𝑚 diameter from which the fibres are extruded. There is a 325 𝜇𝑚 mesh to ensure that no aggregate
particles can block the holes or become part of the fibres. Polytetrafluoretheen (PTFE) washers are
used to space and support the mesh and spinneret. When the extruded fibres contact the water bath,
the acetone evaporates and the cellulose acetate solidifies, binding the NiMnCuO powder into a green
fibre (i.e. un-sintered fibre). The fibres are pulled and wound by a fibre winder and supported by the
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black supports of the spin bath and the separate supports depicted in figure 4.1. The fibre winder helps
to stretch the fibres and helps with the extrusion process, by pulling the fibres out the spinhead.

Figure 4.1: Experimental Setup of Wet Fibre Spinning Technique [54] for ceramic fibres

Figure 4.2: Experimental Setup of Spin Head [54]

4.2.1. Fibre Spinning Procedure
The piston head is lowered to a position just above the top of the spin tube, then the spin dope is quickly
poured into the spin tube using a spatula to help scrape all of the solution, while avoiding any dried
solutes. This must be done as fast as possible to avoid the acetone evaporating. The piston head is
then lowered using a speed of 1500 units (TU-Delft in-house setup and unit, approximately equal to
a piston head speed of 1.9 cm/min). When spin-dope starts emerging from the spin head the speed
is reduced to 150 units (approximately 0.2 cm/min) and the water bath is raised to submerge the spin
head under water. Fibres are extruded in the water bath and grabbed using tweezers, and pulled in a
smooth motion over the supports of the spin bath and over the separate supports and onto the fibre
winder (Set at a speed of 3 units, of the TU Delft in-house setup that is approximately equal to 75 RPM
or 2400 cm/min). After some of the fibre starts being wound, the speed of the fibre winder is increased
to 6 units (approximately equal to 5200 cm/min) so that the fibre is stretched thinner. The speed of



4.3. Fibre Sintering 49

fibre extrusion is about 2000 cm/min, giving a stretch ratio with the fibre winder of about 2.6.

The fibre spinning process needs to be continuously supervised since the extruded fibres sometimes
break or a hole on the spinneret gets blocked. The spinneret might need some scraping and the new
fibres need to be pulled and fed to the fibre winder. The spun fibres are wound on the cylinder of the
fibre winder and are left there to dry. They are then removed and placed into an oven at 100∘𝐶 for 1
hour to ensure they are dry. The amount of fibres produced in a single run can vary depending on how
many spinneret holes become blocked during the spinning process.

4.3. Fibre Sintering
The green ceramic fibres need to be sintered, similar to the pressed pellets, to undergo densification.
With the bulk ceramic pellets, a sintering scheme of 1200∘𝐶 or 1250∘𝐶 for 2.5 hours with a ramp of
180∘𝐶/ℎ𝑟 was determine to be best for the composition of Mn2.4Ni0.5Cu0.1O4. However, the pellets
of Mn2.4Ni0.5Cu0.1O4 used the binder; polyethylene glycol with molecular weight 𝑀፰ = 20, 000 in a
ratio of 50𝑔 ∶ 1.5𝑔 ofMnCuNiO : PEG. The fibres used a significantly higher ratio of binder with 13.68g
: 3.41g of NiMnCuO to cellulose acetate (Mn = 30,000). This prompted the need to investigate whether
a special binder burn-out step was required. Three different sintering schemes were investigated with
fibre sintering. They are presented in table 4.1. Scheme A, is the same sintering treatment as the
ceramic pellets (1200∘𝐶 for 2.5hrs with a ramp of 180∘𝐶/ℎ𝑟), with the addition of a binder burnout step
(400∘𝐶 for 1min with a ramp of 100∘𝐶/ℎ𝑟) which is basically just a slower heating ramp to ensure all the
binder is slowly and completely burnt-out. Fibre densification occurs through shrinkage only, whereas
pellets are densified by mechanical pressing with high pressure and shrinkage. Hence, Scheme B
raises the sintering temperature and time to hopefully provide more time and energy for densification.
It also simultaneously tests if a specific binder burn-out step is really necessary. Scheme C is a vari-
ation of Scheme B, and is designed to test if the heating rate has an effect on the sintered fibres. For
industrial purposes, a faster heating ramp translates to a quicker process which is beneficial.

Table 4.1: Fibre Sintering Schemes

Scheme Parameters

A Step 1: 400°C for 1 min with 100°C/hr ramp 
Step 2: 1200°C for 2.5 hours with 180°C/hr ramp

B Step 1: 1250°C for 6 hours with 180°C/hr ramp

C Step 1: 1250°C for 6 hours with 300°C/hr ramp

Before sintering, the green fibres are tough and very easy to handle. They appear and feel very
much like human hair, as can be seen in figure 4.3. After sintering, they are much thinner and very
brittle to the touch.

(a) Greem Fibres (b) Sintered Fibres (c) Sintered Fibres

Figure 4.3: Fibres before and after sintering
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4.3.1. Fibre Sintering Scheme A vs B
Due to the nature of the sintered fibres being small and brittle, measuring their resistance directly is very
difficult. The ceramic fibres break when handled and so directly measuring the thermistor performance
characteristics is not possible. Instead, SEM images will be taken to compare their microstructure.

(a) Sintering Scheme A (b) Sintering Scheme B

(c) Sintering Scheme A (d) Sintering Scheme B

(e) Sintering Scheme A (f) Sintering Scheme B

Figure 4.4: SEM images of sintered fibres of Mn2.4 Ni0.5 Cu0.1O4 comparing sintering scheme A to B at low and high magnifi-
cation

As can be seen from the SEM images in figure 4.4, the fibres sintered with scheme A have high
porosity and are not as dense as their pellet counterpart, despite undergoing similar sintering schemes.
A comparison is given in figure 4.5. This is mainly due to two reasons. The first is due to the high amount
of cellulose acetate used as binder that was necessary for fibre production, but leaves large significant
space when burn-out that the NiMnCuO particles need to diffuse across to form a dense ceramic fibre.
The second, is the fibres didn’t experience much mechanical pressing (beyond the pressure involved in
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extrusion) which is the most critical factor for obtaining high density ceramic pellets. Sintering Scheme
B was designed to try to compensate for this and increased the sintering temperature to 1250∘𝐶 and
extended the sintering time to 6 hours to provide more time and energy for densification. It is evident
from the figure 4.4 that it was successful in producing denser ceramic fibres. Also, sintering scheme B
proves that a specific binder burn-out scheme is unnecessary and that a heating ramp of 180∘𝐶/ℎ𝑟 is
sufficiently slow to provide complete and thorough burn-out of the binder.

(a) Sintered Pellet (b) Sintered Fibre

Figure 4.5: SEM images of microstructure of pellet sintered at ኻኼኺኺ∘ፂ for 2.5 hrs with ramp of ኻዂኺ∘ፂ/፡፫ versus fibre sintered
with Scheme A, both of composition Mn2.4 Ni0.5 Cu0.1O4, at the same magnification

XRD was performed on the ceramic fibre and compared to the calcined powder, sintered pellet, and
reference pattern of Mn2.17Ni0.7Cu0.13O4, presented in figure 4.6. The pattern of the sintered fibre
is very diffused because the XRD is designed for powder specimens and the crushed and compacted
fibres were held in an amorphous putty. The pile of fibres had elevation differences which contributed
to the pattern having low and diffused peaks. However, the distinguishable peaks still match at the
right angles and seems to indicate that the fibre is a single phase.

4.3.2. Fibre Sintering Scheme B vs C
Sintering scheme B and C are both 1250∘𝐶 for 6 hours, but Scheme B has a heating ramp of 180∘𝐶/ℎ𝑟
while Scheme C has a heating ramp of 300∘𝐶/ℎ𝑟. A faster heating ramp would be beneficial as it trans-
lates to a quicker process, but its effect on the densification of the fibre is unknown and interesting to
investigate. As can be seen from figure 4.7, the faster heating ramp had very little effect on the overall
density of the ceramic fibre. The porosity, crystal size and distribution are comparable on the ceramic
fibres from both sintering schemes.

SEM images can only give a sense of the microstructure on the outside of the fibre, it has been
observed with other systems that hollow fibres can be created due to the process of the binder burning
out. However SEM images of the fibres show that completely solid fibres were produced, but they are
oddly flat shaped, as can be seen in figure 4.8. This is probably due to the fibre forming a hollow core
and then collapsing upon further densification.

4.3.3. Fibre Width
Image processing software (imageJ) was used on the SEM images of the fibres to measure the average
width of the sintered fibres. Fibres sintered with Scheme A had an average width of 62 𝜇𝑚, while
fibres sintered with Scheme B had an average width of 83 𝜇𝑚. Fibres sintered with Scheme C had an
average width of 78 𝜇𝑚. It was observed that the average width of the fibres are more sensitive to the
fibre spinning process, rather than the sintering scheme. Some problems with spinning occurred with
the batches used for sintering scheme B and C, which led to a larger average fibre width and a greater
spread of distribution in the fibre width observed. The stretching in the wet fibre spinning process is the
most critical factor to control the final fibre width.
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Figure 4.6: Comparison of XRD pattern of calcined powder, sintered pellets and sintered fibres ofMn2.4 Ni0.5 Cu0.1O4 compared
to reference pattern of Mn2.17 Ni0.7 Cu0.13O4

4.4. Conclusion
Green ceramic fibres of Mn2.4Ni0.5Cu0.1O4 were produced via fibre spinning that was successfully
adapted from the work of Stuber [54]. Three fibre sintering schemes were tested and their effect on the
densification of the ceramic fibre was observed using scanning electron microscopy. There is a clear
improvement in higher obtainable density with scheme B and C, over scheme A. However, due to the
fragile nature of the brittle ceramic fibres, their thermistor performance could not be measured without
embedding them into a composite. This is the focus of the following chapters.
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(a) Sintering Scheme B (b) Sintering Scheme C

(c) Sintering Scheme B (d) Sintering Scheme C

(e) Sintering Scheme B (f) Sintering Scheme C

Figure 4.7: SEM images of sintered fibres of Mn2.4 Ni0.5 Cu0.1O4 comparing sintering scheme B to C at low and high magnifi-
cation
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Figure 4.8: SEM image of fibre end
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Matrix Composites

5.1. Introduction
Many composite thermistor systems that used polymer matrices or substrates were reviewed in Liter-
ature. A summary of the polymer matrices and substrates that were used is presented in tables C.1
and C.2 in Appendix C. According to [11], composite systems of conductive filler particles in polymer
matrices can show NTC or PTC behaviour depending on the characteristics of the polymer and the
filler. As already discussed, the filler particle’s aspect ratio, shape, particle size and volume content
all play a role. For the polymer, it’s thermal expansion coefficient, melting point, stiffness, and glass
transition temperature also influence the system. The list below gives a sense of the selection criteria
involved in selecting an appropriate polymer matrix:

Selection Criteria: Preferred characteristics for polymer matrix

• Want low intrinsic resistivity without forming a conductive network of its own.
• Want low/bad wetting properties.
• Want high shrinkage of curing of polymer matrix.
• Want low heat capacity so that the sensor can obtain a quick and accurate response.
• Want high thermal conductivity to lower thermistor time delay.
• Want short working time so that heavy fibres do not sink and aggregate.
• Want low stiffness to have high flexibility and stretchability.
• Want low thermal expansion coefficient to avoid PTC effect.
• Want glass transition temperature to correlate with intended operating temperature

Conductive polymers (e.g. PEDOT:PSS) are avoided because they tend to be complex to process,
sensitive to moisture, and expensive. Moreover, if they are too conductive, there is a danger that a
short circuit is formed. The polymer-filler interaction can be very complex depending on the exact sys-
tem. Evident from the literature study is that there is no single, optimal polymer. Instead trade-offs
need to be made, and polymer selection is often trial based, so it is necessary to test the filler particles
with a variety of polymer matrices.

5.2. Candidate Polymers for Composite Matrix
Three candidate polymers were chosen for the polymer matrix. Polydimethylsiloxane (PDMS) (Slygard
184, Dow Corning), Bisbenzocyclobutene (BCB) (Cyclotene 3022-35, Dow) and Electrodag (Loctite
NCI 7002 E&C, Henkel Electronic Materials, Belgium).

55



56 5. Phase 4: Ceramic Fibre - Polymer Matrix Composites

Polydimethylsiloxane (PDMS) (Slygard 184, Dow Corning) is readily available and used for many
applications due to its many advantages.

Advantages of using PDMS

• Simple and convenient processing (long shelf life and working time)
• Easy to obtain (readily available, relatively cheap)
• Compatible with metals and ceramics, and good biocompatibility.
• Good stiffness/flexibility
• Low curing temperature and short curing time
• Optically transparent
• Relatively low dielectric constant (2.72 at 100Hz)
• Relatively high thermal conductivity (0.27 Watts per meter K)

Bisbenzocyclobutene (BCB) (Cyclotene 3022-35, Dow) is used in microelectronic packaging and
interconnect applications. Mainly used as coatings for microchips (e.g. silicon wafers) for dielectric
isolation, moisture barrier, bonding (wafer-to-wafer adhesion), and planarization (i.e. surface leveling).
It’s advantages include:

Advantages of using BCB

• Has low dielectric constant (will insulate against electrical current loss and electrical field interfer-
ence).

• Low moisture absorption
• Low cure temperature (1-2 hrs at 200∘𝐶)
• High degree of planarization
• Low level of ionic contaminants
• High optical clarity
• Good thermal stability (up to 350∘𝐶)
• High chemical resistance
• Good compatibility with various metallization systems [compatibility with copper, prevents copper
electromigration]

• Rapid thermal curing
• Doesn’t emit any volatiles in curing process.

Electrodag (Loctite NCI 7002 E&C, Henkel Electronic Materials, Belgium) is used in blends for force
sensitive inks with tunable resistance and sensitivity profiles. Part of a 2 component force sensing ink
(ECI 7004 E&C and ECI 7002 E&C). Designed for force sensitive resistors for medical, consumer elec-
tronic, industrial, musical and commercial applications. NCI 7002 E&C is the non-conductive element.
It’s advantages include:

Advantages of using Electrodag

• Good consistency (higher viscosity).
• Suitable for screen-print applications.
• Excellent screen residence time.
• Allows low temperature drying (1-2 hrs at 130∘𝐶).
• Good adhesion to treated PET
• Success with NTC powder at Holst Centre
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5.3. Composite Thermistor Architecture
Composite thermistors of ceramic fibre particles of NiMnCuO were made by mixing them in a poly-
mer matrix. However, different from the ceramic pellets, the composite architecture needs a different
electrode design so that we can measure its electrical resistance. Inkjet and stencil printed silver in-
terdigitate electrodes on a polyethylene terephthalate (PET) substrate were obtained from the Holst
Centre, Eindhoven. These electrodes are circular with a diameter of 6 mm and are presented in figures
5.2. The PET substrate is 125 𝜇𝑚 in thickness and the silver electrodes are around 15 𝜇𝑚 in thickness.
Two different interdigitate electrodes are available with 0.13 mm or 0.20 mm gap sizes. Composites
of fibre particles and polymer matrix will be drop coated and cured on the silver electrodes on the PET
substrate. This thin-film architecture will enable the resistance of the composite to be measured using
the silver electrode leads.

(a) Inkjet Printed - Electrode gap 0.13 mm (b) Stencil Printed - Electrode gap 0.20 mm

Figure 5.1: Optical images of silver interdigitate electrodes on PET substrate

For the connectivity of the composite, two options are available. The first is to make an isotropic
mix of fibres and polymer matrix. According to the theory on functional granular composite, beyond
a certain volume fraction (or weight fraction) of fibre filler particles a percolated network forms. This
is illustrated in figure 5.2a. The advantages of an 0-3 composite is that it is easy to manufacture and
delivers consistent and uniform performance since it is isotropic. The second option, is to try to exploit
the use of long, fibre particles and try to control their placement so that the fibres are in contact with
each other, the electrodes, and bridge the electrode gap as efficiently as possible. This can be done
simply by aligning the fibres perpendicular to the interdigitate electrodes, stacking them together, and
then encapsulating them with the polymer matrix. This is illustrated in figure 5.2b. This would hopefully
ensure fibre to electrode contact, as well as fibre to fibre contact before encapsulation with the polymer
so that tunnelling resistance doesn’t dominate. This is effectively a quasi 3-3 composite. Furthermore,
the composite would not be isotropic but with controlled fibre placement, a lower fibre content could
potentially be used compared to its isotropic counterpart.

(a) Isotropic Mix - 0-3 Composite (b) Fibre Placement - quasi 3-3 Composite

Figure 5.2: Schematic of Composite Connectivity
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The fibres used for the production of the composites are broken into smaller fibre particles. This
is performed by hand in a crucible with a spatula. Using an optical microscope (Keyence, VHX 2000,
Osaka, Japan) and image processing software (ImageJ) the fibres are on average 569 𝜇𝑚 in length
with a standard deviation of 288 𝜇𝑚. The spread is quite large with small fibres as small as 63 𝜇𝑚 and
long fibres as long as 1430 𝜇𝑚 in length.

5.4. Characterisation of Electrical Performance - Experimental Setup
To measure the resistance of the composite thermistors at a certain temperature, the same experimen-
tal setup that was described in section 3.4.1 was used. DC resistance measurements were performed
using a KeithleyModel 2000Multimeter using the 4-wire resistance setting. However the previous setup
used a custom device, shown in figure 3.3a, to hold the pellets and to electrically connect them to the
multimeter. To connect to the thermistor composites that are on thin film PET substrates, crocodile clips
were used to clamp down onto the substrate and contact the electrode leads. The substrate needed
to be placed on a rigid support to prevent the tension from the crocodile clips to bend the flexible ther-
mistor, causing a change in the measured resistance. The rigid support was a simple piece of metal,
wrapped with an electrically insulating tape so that it wouldn’t short circuit the measurement setup. A
picture of the setup is shown in figure 5.3. The same oil bath (Lauda K20) with sunflower oil was used
to keep a steady state temperature for resistance measurements, however the composite thermistors
and electrical leads were placed in a chemically resistant latex glove to avoid the direct contact of the
specimen and electrical equipment with the oil.

Figure 5.3: Experimental Setup to Composite Thermistor

5.5. Results of PDMS - NiMnCuO Composites
Isotropic composites of NiMnCuO fibres that were sintered using scheme B were made using the inkjet
printed interdigitate electrodes (IDE) with an electrode gap of 0.13 mm. As previously mentioned, the
fibres were broken into smaller fibre particles so that they can be used in the isotropic composite.
Polydimethylsiloxane (PDMS) (Slygard 184, Dow Corning) was firstly prepared by a two part solution,
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with part A being the base material and part B being the catalyser that needs to be mixed in a 10:1 ratio.
An excess amount is prepared and mixed in a speed mixer at 2500 RPM for 5 minutes. Two batches
of isotropic composites were made. Batch A had 16 𝑤𝑡% fibres, while batch B had an increased 28
𝑤𝑡% of fibres. Different amounts of batch A and batch B mixtures were deposited by drop coating on 8
electrodes. The PDMS-NiMnCuO composites were then cured at 100∘𝐶 for 35 minutes on a hotplate.
The resistance at 25∘𝐶 and 85∘𝐶 were subsequently measured, for which the results are shown in table
5.1.

Table 5.1: Resistance Values of Isotropic PDMS-NiMnCuO composites

Sample Fiber wt% Composite wt [g] Electrode Gap [mm] R25 [MΩ] R85 [MΩ]

A1 16% 0.0316 0.20 Non-conductive Non-conductive

A2 16% 0.0269 0.20 6.050 Overflow (>120MΩ)

A3 16% 0.0196 0.20 2.990 10.950

A4 16% 0.0275 0.20 Non-conductive Non-conductive

B1 28% 0.0268 0.20 Non-conductive Non-conductive

B2 28% 0.0422 0.20 1.810 Overflow (>120MΩ)

B3 28% 0.0183 0.20 2.930 Overflow (>120MΩ)

B4 28% 0.0182 0.20 4.120 Overflow (>120MΩ)

Surprisingly, the PDMS-NiMnCuO composites displayed a PTC effect when exposed to increas-
ing temperature. The resistance at 85∘𝐶 was unmeasurable for most samples since the resistance
increased beyond the range that the Keithley 2000 multimeter can measure (R >120 𝑀Ω). For the
isotropic composites with 16 𝑤𝑡% of fibres, 2 out of the 4 samples were non-conductive. One of the
samples (A3) is given in figure 5.4a. For the isotropic composites with 28 𝑤𝑡% of fibres, only 1 was
non-conductive, but samples B3 and B4 show that with the same amount of fibre, the resistance at
25∘𝐶 can vary from 2.930 𝑀Ω to 4.120 𝑀Ω.This is probably due to the tunnelling resistivity being the
dominate factor in the overall resistivity of the composite. Sample (B3) is shown in figure 5.4b.

This is why fibre placement, schematically illustrated in figure 5.2b, can potentially produce better
performance (by orders of magnitude) since the fibres should have direct contact with each other and
the electrodes so that tunnelling resistance doesn’t dominate. Hence, different amounts of fibres were
placed onto the electrodes, but due to the short length of the fibres, controlling their direction proved to
be too difficult. After placing the fibres, mixed PDMS is applied via syringe to encapsulate all the fibres,
and then placed onto a hotplate at 100∘𝐶 for 35 minutes to cure. The resistance at 25∘𝐶 and 85∘𝐶 were
measured, for which the results are shown in table 5.2.

Table 5.2: Resistance Values of Fibre-Placed PDMS-NiMnCuO composites

Sample Fiber wt [g] Electrode Gap [mm] R25 [MΩ] R85 [MΩ]

C1 0.0135 0.20 4.110 Overflow (>120MΩ)

C2 0.0152 0.20 5.160 Overflow (>120MΩ)

C3 0.0265 0.20 Non-conductive Non-conductive

C4 0.0165 0.20 4.370 Overflow (>120MΩ)

Fibre-placed composite sample C4 is shown in figure 5.4c. Evident from the resistance results in
table 5.2 is that there is still a PTC effect and the resistance at 25∘𝐶 is higher than the isotropic com-
posites, that use lower amounts of fibres. Fibre placed composites should have quasi 3-3 composite
connectivity, however the PDMS wettability has proven to be very high and are 0-3 composites where
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tunnelling resistivity dominates. To be sure this isn’t dependent on the fact that fibres from sintering
scheme B were used, more fibre-placed composites were made using fibres from sintering scheme
A and C. Much larger, amounts of fibre were used including the interdigitate electrodes with smaller
electrode gap of 0.13 mm to see if the resistance can drop by orders of magnitude. Resistance was
measured at room temperature to make measurements quicker and 85∘𝐶 to see if the response to
temperature still shows a PTC effect. The results are given in table 5.3.

Table 5.3: Fibre-Placed PDMS-NiMnCuO composites using differently sintered fibres

Fibres from 
Sintering Scheme Sample Fiber wt [g] Electrode Gap [mm] R19.6 [MΩ] Response

A D1 0.0152 0.13 1.460 PTC

D2 0.0115 0.13 1.760 PTC

D3 0.0128 0.13 1.510 PTC

B D4 0.0310 0.13 1.500 PTC

D5 0.0448 0.13 1.340 PTC

C D6 0.0396 0.13 2.820 PTC

D7 0.0423 0.13 2.270 PTC

The results from table 5.3 confirm that the PDMS-NiMnCuO fibre placed composites have their
overall resistance dominated by tunneling resistivity. This is why fibres from sintering scheme A (which
are visibly much less dense, seen in the SEM images of figure 4.4) still have the same resistivity at room
temperature as composites using fibres from sintering scheme B, despite using much lower amount of
fibres.

(a) Isotropic Composite - 16
፰፭% of fibres

(b) Isotropic Composite - 28
፰፭% of fibres

(c) Fibre-Placed Composite

Figure 5.4: Optical images of PDMS-NiMnCuO composite thermistors on PET substrate

5.5.1. Conclusions
To conclude, PDMS-NiMnCuO composite thermistors show an overall PTC effect, due to the high ther-
mal expansion coefficient of the PDMS (linear CTE ≈ 263 ⋅ 10ዅዀ ∘𝐶ዅኻ at 23∘𝐶 [29]). A PTC thermistor
has some advantages over a NTC thermistor, but the PTC effect was observed to be non-linear and
therefore unusable for temperature sensing. It was observed that when low heat is applied, the re-
sistance can go slightly down due to the NTC ceramic fibre behaviour even with the expansion of the
PDMS, the conductive fibre network is still intact. With high heat, the PDMS expands to a point where
the electrical network breaks and only returns upon cooling. This process was observed as reversible
and repeatable, so the composite could possiblly be used as a switch. However, it is hard to know the
exact cutoff temperature (60 − 85∘𝐶) and resistance at which the electrical connection breaks due to
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the randomness of the fibre network, and the time delay of polymer heat conduction. The PDMS also
proves to be too wet, able to coat fibres that are already touching (turning quasi 3-3 composites to 0-3
composites) and causing tunnelling resistivity to dominate. Hence, a higher quantity of fibre doesn’t
necessarily reduce the overall resistivity. Due to these reasons, PDMS is unfortunately not suitable as
a polymer for composite thermistors.

5.6. Results of BCB - NiMnCuO Composites
BCB-NiMnCuO composites were made in the same manner as the PDMS-NiMnCuO composites. Fi-
bres (sintered using scheme B) were broken into smaller particles and mixed with a speed mixer (2500
RPM for 5 minutes) with BCB to form an isotropic mix. BCB cures at 200∘𝐶 for 1 hour, which is too
close to the melting point of PET (≈ 250∘𝐶). Kapton substrates with stencil printed silver electrodes
were obtained to be able to cure at the higher temperature needed. Unfortunately, the viscosity of the
BCB is too low, and curing cannot occur quick enough to avoid the bleeding out of the polymer matrix.
As can be seen from figure 5.5, it was practically too difficult to form a consistent isotropic mixture due
to the low viscosity of the BCB. Hence, from a processing viewpoint, BCB is also not suitable as a
polymer for composite thermistors.

Figure 5.5: BCB-NiMnCuO Composites on Kapton substrates with stencil printed silver electrodes

5.7. Results of Electrodag - NiMnCuO Composites
Electrodag (Loctite NCI 7002 E&C, Henkel Electronic Materials, Belgium) is part of a 2 component
force sensing ink (ECI 7004 E&C and ECI 7002 E&C) that is blended together to tune the resistance
and sensitivity profiles. NCI 7002 E&C is the more resistive element that will be used for the polymer
matrix of Electrodag-NiMnCuO composites. The viscosity of Electrodag is much higher, making it eas-
ier to handle and process. Samples were made by fibre placement, described schematically in figure
5.2b, in an attempt to produce quasi 3-3 composites and cured at 130∘𝐶 for 1 hour. Fibres (sintered
using scheme B) were placed onto the electrodes and then encapsulated with the Electrodag polymer.
However, the Electrodag proves to be very viscous and does not diffuse evenly through the fibre pile
to encapsulate all the fibres. Instead it remains as a separate phase, on top of the fibres. Upon curing,
the entire composite curls and peels off the electrodes or cracks, as can be seen in figure 5.6. More
success was obtained with an isotropic mix, creating (0-3) composites.
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(a) (b)

Figure 5.6: Optical images of Fibre-Placed Electrodag-NiMnCuO composite thermistors on PET substrate

Isotropic (0-3) composites were made in the same manner as the isotropic PDMS-NiMnCuO and
BCB-NiMnCuO composites. Fibres particles (sintered using scheme B) were mixed with a speed mixer
(2500 RPM for 5 minutes) with Electrodag to form an isotropic mix, and drop coated onto the electrodes.
They were then cured at 130∘𝐶 for 1 hour in an oven. A more consistent isotropic composite is formed
as can be seen from figure 5.7a. Five test samples were made and their resistance at 25∘𝐶 and 85∘𝐶
was measured, and its corresponding B-value was calculated and presented in table 5.4.

Table 5.4: Resistance Values of Isotropic Electrodag-NiMnCuO composites

Sample Fiber wt% Composite wt [g] Electrode Gap [mm] R25 [MΩ] R85 [MΩ] B25/85 [K]

E1 23.20 0.0197 0.13 1.930 0.310 3254

E2 23.20 0.0159 0.13 1.910 0.250 3619

E3 23.20 0.0054 0.20 10.240 3.510 1906

E4 23.20 0.0168 0.20 Overflow Overflow -

E5 23.20 0.0138 0.20 Overflow Overflow -

As can be seen from the results in table 5.4, 3 specimens showed a NTC effect albeit at high re-
sistances in the 𝑀Ω range. 2 specimens were so high in resistance it exceeded the maximum 120 𝑀Ω
that the Keithley Model 2000 Multimeter could measure. From experimental observations and consul-
tation with experts from TNO, Holst Centre, Electrodag is designed to be used as a thin film. It is very
sensitive to the applied thickness and thicker layers can induce stress upon curing that is detrimental to
its performance. Hence, the NTC performance with high B-values obtained are promising, but thinner
deposition of the Electrodag is needed for better and more consistent performance across specimens.
Diluting the Electrodag with 20 wt% Isopropyl alcohol (IPA) enabled thinner depositions of the elec-
trodag, which then correlated to lower resistances that can be seen in table 5.5. However, this caused
the Electrodag composition to become unstable and 24 hours after curing, the Electrodag cracks and
delaminates. Figure 5.7b illustrates the instability of Electrodag diluted with IPA which cracks and de-
laminated 24 hours after it has been cured.

Evident from the resistance values from table 5.5 as compared to the resistance values obtain in
table 5.4, is that thinner deposition of Electrodag leads to lower resistivity, despite using the same fibre
content. E.g. comparing sample F1 to E1, both 𝑅ኼ and 𝑅ዂ are significantly lower. However, achieving
a thinner deposition of electrodag is unsuitable by diluting with IPA because it causes the electrodag to
become unstable. Instead, a better, more reproducible technique should be used like stencil printing,
which is the subject of the next chapter.
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Table 5.5: Resistance Values of Isotropic Electrodag-NiMnCuO composites diluted with isopropyl alcohol

Sample Fiber wt% Composite wt [g] Electrode Gap [mm] R25 [kΩ] R85 [kΩ] B25/85 [K]

F1 23.20 0.0197 0.13 1000 170 3154

F2 23.20 0.0141 0.13 315 100 2042

F3 23.20 0.0244 0.20 Overflow Overflow -

F4 23.20 0.0880 0.20 900 300 1955

F5 23.20 0.0127 0.20 795 290 1795

(a) Isotropic - 23.2 Wt% fibres (b) Diluted Electrodag

Figure 5.7: Optical Images of Electrodag-NiMnCuO composite thermistor on PET substrate

5.8. Conclusions
Using an isotropic mixture of Electrodag and NiMnCuO ceramic fibres (≈ 23 wt% of fibres from fibre
batch 2) on ink-jet printed silver interdigitate electrodes (≈ 0.13 mm) on PET substrates, resistances
can be around 1.9𝑀Ω at 25∘𝐶 and 0.3𝑀Ω at 85∘𝐶. The B-value 𝐵ኼ/ዂ can be as high as 3600 K. These
results were obtained when the composites were deposited by simple drop coating. Lower resistances
and lower corresponding B-values were obtained when the electrodag was diluted with Isopropyl al-
cohol, but this made the Electrodag composition unstable. The Electrodag-NiMnCuO composites are
promising and can show NTC behaviour, but better control over the thickness of the deposited films
need to be exercised to have better results, and more consistent results across the sample population.
To do this, stencil printing will be investigated to try to make thinner, more homogenous thin films.
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thermistor composites

6.1. Stencil Printing
Composite thermistors of NiMnCuO fibre particles in an Electrodag matrix were prepared in the exact
same manner as Chapter 5. Fibres (sintered with scheme B) were broken into fibre particles that
have an average length of 569 𝜇𝑚 in length (with a standard deviation of 288 𝜇𝑚) and an average
width of approximately 83 𝜇𝑚. Fibres were mixed with a speed mixer (2500 RPM for 5 minutes) with
Electrodag to form an isotropic mix. The inkjet printed silver interdigitate electrodes on polyethylene
terephthalate substrate with electrode gap of 0.13 mm was used. A nickel stencil is then placed over
the circular electrode design that is 50 𝜇𝑚 thick. The design on the stencil is a simple circular cutout of
6 mm diameter that perfectly matches the silver electrode design and has alignment holes. An excess
amount of the isotropic mix of Electrodag and NiMnCuO fibre particles is placed on the stencil above the
cutout. Using a blade, held at a 45∘ angle, a single pass is made over the cutout, were the composite
is deposited onto the electrode. A schematic illustration is shown in figure 6.1. After deposition, the
stencil is removed and cleaned and the PET substrate is placed in an oven at 130∘𝐶 for 1 hour to
cure the Electrodag composite. Before curing, the deposited layer of Electrodag composite matches
the height of the stencil that is 50 𝜇𝑚 thick. After curing, the thickness of the Electrodag shrinks to a
thickness of 20 𝜇𝑚.

Figure 6.1: Schematic representation of stencil printing thermistor composites
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6.2. Results of varying fibre volume content
The amount of fibre particle filler needed to form a percolated network is unknown, therefore a range of
specimens were made with 0.0, 1.41, 2.86, 10, 25, 33.33, 50 𝑤𝑡% of fibre particles. 5 specimens were
made for each fibre 𝑤𝑡% and their resistance at 25∘𝐶 and 85∘𝐶 was measured using the experimental
setup described in section 5.4. The averaged resistance reading and calculated B-value and temper-
ature coefficient of resistance are presented in table 6.1. Optical microscope images of the stencil
printed composites are presented in figure 6.2.

Table 6.1: Resistance Values of Stencil Printed Electrodag-NiMnCuO composites

Batch Fiber wt% Fiber vol% Electrode Gap [mm] R25 [kΩ] R85 [kΩ] B25/85 [K] α25 [% / K]

G 0.00 0.00 0.13 57,760 (SD 11,680) 9,590 (SD 2,500) 3210 (SD 110) -3.6 (SD 0.1)

H 1.41 0.38 0.13 16,670 (SD 20,000) 2,680 (SD 3,300) 3490 (SD 360) -3.9 (SD 0.4)

I 2.86 0.77 0.13 3,010 (SD 2,810) 620 (SD 670) 3170 (SD 790) -3.6 (SD 0.9)

J 10.00 2.86 0.13 280 (SD 70) 45 (SD 15) 3290 (SD 270) -3.7 (SD 0.3)

K 25.00 8.13 0.13 300 (SD 70) 75 (SD 30) 2540 (SD 260) -2.9 (SD 0.3)

L 33.33 11.71 0.13 135 (SD 20) 25 (SD 10) 3100 (SD 600) -3.5 (SD 0.7)

M 50.00 20.97 0.13 140 (SD 20) 20 (SD 5) 3280 (SD 150) -3.7 (SD 0.2)

The composite resistance at 25∘𝐶 and 85∘𝐶 for composites of varying fibre content is plotted in fig-
ure 6.3 to see what the effect of increasing the fibre 𝑤𝑡% has on the resistance of the composite. The
corresponding B-value is also plotted against the varying fibre content in figure 6.4. The electrodes
used have a gap width of 0.13 mm. As can be seen from the graph of figure 6.3, if the composite has
a fibre content below 10 wt%, the average resistance at both 25∘𝐶 and 85∘𝐶 are very high in the 𝑀Ω
range with a very high standard deviation. A percolated network is formed with as little as 10 wt% of
fibres since the resistance drops to the 𝑘Ω range and only improves marginally with a further increase in
fibre content. This is considerably good thermistor performance at a low fibre content, where 𝑅ኼ = 280
𝑘Ω, 𝑅ዂ = 45 𝑘Ω, and the sensitivity is high with a B-value = 3290 K and 𝛼ኼ = −3.7 %/𝐾.

To make the results more comparable to other composite thermistor systems, the fibre weight per-
centage can be converted to a volume percentage. Directly measuring the density of the fibres with
the archimedes principle was difficult due to the sintered fibres’ small size and brittleness. Instead,
we must assume that the fibres are close to the same density as the pellets of the same composition
at 4.79 g/mL which is 93.1 % relative density (compared to the max theoretical density of 5.14 g/mL).
We can then re-plot the composite resistance at 25∘𝐶 and 85∘𝐶 for composites of varying fibre volume
content, plotted in figure 6.5. Hence, a percolated network is formed with as low as 2.86 𝑣𝑜𝑙% (10𝑤𝑡%)

The length of the fibre particles in the Electrodag composites were investigated using an optical
microscope (Keyence, VHX 2000, Osaka, Japan). Using image processing software (ImageJ) the
average fibre length was calculated. The variation in length can be quite large, but the average fibre
length is a bit smaller with composites that have higher fibre content. This seems logical as the brittle
fibre particles are more likely to collide and break into smaller pieces in the uncured Electrodag with



6.2. Results of varying fibre volume content 67

(a) Batch G - 0.0 fibre wt% - 0.0 fibre vol% (b) Batch H - 1.41 fibre wt% - ≈ 0.38 fibre vol%

(c) Batch I - 2.86 fibre wt% - ≈ 0.77 fibre vol% (d) Batch J - 10.00 fibre wt% - ≈ 2.86 fibre vol%

(e) Batch K - 25.00 fibre wt% - ≈ 8.13 fibre vol% (f) Batch L - 33.33 fibre wt% - ≈ 11.71 fibre vol%

(g) Batch M - 50.00 fibre wt% - ≈ 20.97 fibre vol%

Figure 6.2: Optical Images of Stencil Printed Electrodag-NiMnCuO composite thermistor on PET substrate
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Figure 6.3: Composite resistance at ኼ∘ፂ and ዂ∘ፂ for varying fibre content by ፰፭%

Figure 6.4: Composite B-value for varying fibre content by ፰፭%
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Figure 6.5: Composite resistance at ኼ∘ፂ and ዂ∘ፂ for varying fibre content by ፯፨፥%. Trend lines are for guidance only

higher fibre content. Especially when mixed in the speed mixer and when stencil printing where the
isotropic mix flows along the stencil when being blade coated onto the electrodes. Composites with 10
wt% had an average fibre length of 477 𝜇𝑚 with a standard deviation of 333 𝜇𝑚. Fibres can be as short
as 66 𝜇𝑚 and as long as 1645 𝜇𝑚 in length. Composites with 50 wt% had an average fibre length of
301 𝜇𝑚 with a standard deviation of 137 𝜇𝑚. Fibres can be as short as 51 𝜇𝑚 and as long as 662 𝜇𝑚
in length.

6.3. Results of increasing IDE gap width
If the electrode gap is increased from 0.13 mm to 0.20 mm, the sensitivity between 25∘𝐶 and 85∘𝐶 could
be larger at the cost of higher resistances, despite using the same amount of fibre content. This can be
achieved by having a proportionally higher increase of resistance at 25∘𝐶 than 85∘𝐶. It will be reflected
in the measured B-value of 𝐵ኼ/ዂ. Specimens were made with 0.0, 10, 25, 33.33, 50 𝑤𝑡% of fibre
particles on interdigitate electrodes with a gap size of 0.20 mm. 5 specimens were made for each fibre
𝑤𝑡% and their resistance at 25∘𝐶 and 85∘𝐶 was measured. The averaged resistance reading, B-value
and temperature coefficient of resistance are presented in table 6.2. A comparison of the resistance
obtained at 25∘𝐶 and 85∘𝐶 for varying fibre content by 𝑤𝑡% and larger electrode size is presented in
figure 6.6. A comparison of the B-value is given in figure 6.7.

Evident from figure 6.6 is that the resistance for a larger gap size, increased. This is logical. The
B-value (𝐵ኼ/ዂ) also increased which means that for temperature sensing between 25∘𝐶 and 85∘𝐶,
there is a larger decrease of resistance per change in degree of temperature. So the sensitivity of the
composite thermistor is higher, at the cost of being a more resistive thermistor overall. With 10 𝑤𝑡% of
fibre content, if an electrode gap size of 0.13 mm is used, the composite thermistor has a resistance
𝑅ኼ = 280 𝑘Ω, a 𝑅ዂ = 45 𝑘Ω, a B-value = 3290 K and an 𝛼ኼ = −3.7 %/𝐾. If an electrode gap size of
0.20 mm is used, the composite thermistor has a resistance 𝑅ኼ = 830 𝑘Ω, a 𝑅ዂ = 100 𝑘Ω, a B-value
= 3810 K and an 𝛼ኼ = −4.3 %/𝐾. This shows that the overall composite resistance and sensitivity
can be tailored and customised by changing the gap width of the interdigitate electrodes.
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Table 6.2: Resistance Values of Stencil Printed Electrodag-NiMnCuO composites with larger electrode gap

Batch Fiber wt% Fiber vol% Electrode Gap [mm] R25 [kΩ] R85 [kΩ] B25/85 [K] α25 [% / K]

N 0.00 0.00 0.20 112,220 (SD 6,220) 19,120 (SD 3,290) 3170 (SD 220) -3.6 (SD 0.3)

O 10.00 2.86 0.20 830 (SD 210) 100 (SD 30) 3810 (SD 460) -4.3 (SD 0.5)

P 25.00 8.13 0.20 400 (SD 70) 48 (SD 7) 3800 (SD 50) -4.3 (SD 0.06)

Q 33.33 11.71 0.20 360 (SD 100) 44 (SD 13) 3740 (SD 70) -4.2 (SD 0.08)

R 50.00 20.97 0.20 350 (SD 140) 42 (SD 15) 3770 (SD 60) -4.2 (SD 0.06)

Figure 6.6: Comparison of effect of larger electrode gap on composite resistance at ኼ∘ፂ and ዂ∘ፂ for varying fibre content by
፰፭%

6.4. Bending tests
The design of the composite thermistors was intended to enable mechanical flexibility and so their
flexibility was evaluated by bending tests. A flexible sensor needs to be able to mechanically survive
bending (and not chip-off), and still be useful for temperature sensing. For this, the thermistor perfor-
mance (i.e. the resistance at a particular temperature) needs to remain unchanged, or change in a
predicable manner that can be corrected for. Therefore, cyclic bending tests were performed on the
composite thermistors and their resistance at room temperature (19.8∘𝐶) was compared, before and
after bending.
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Figure 6.7: Comparison of effect of larger electrode gap on composite B-value for varying fibre content by ፰፭%

Figure 6.8: Schematic of cyclic tensile bending method

Composite thermistor samples of varying fibre content (0, 1.41, 10, 25, 50 𝑤𝑡%) with the smaller
electrode gap (0.13 mm) were bent to a 10 mm radius 100 times, followed by 5 mm radius 100 times,
followed by a 2.5 mm radius 100 times. A bend radius of 10 mm correlates to a strain of approximately
0.621%, a 5 mm radius correlated to 1.23%, and a 2.5 mm radius correlates to a 2.44% strain. The re-
sistance at room temperature (19.8∘𝐶) was measured after 0, 2, 5, 10, 20, 50, 100 bends. The method
in which the samples were bent is shown schematically in figure 6.8. The bottom of the PET substrates
were attached onto the sticky side of a piece of tape and slide over a metal rod of 10 mm radius. This
is performed in a slow and controlled manner. Very little force is applied on both ends of the tape to
avoid stretching, but to ensure that the composite thermistor on the PET substrate conforms to the
circumference of the metal rod to have a bending radius equal to the radius of the metal rod. After 0,
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2, 5, 10, 20, 50, and 100 bends with a 10 mm bending radius, the composite thermistor is removed
from the tape and its resistance is measured. The results of 0, 1.41, 10, 25, and 50 𝑤𝑡% are all shown
in appendix D, but 1.41, 10, 25, and 50 𝑤𝑡% all look very similar to the results of 50 𝑤𝑡% shown in
figure 6.9. A control curve is include where the sample was measured 7 times at room temperature
consecutively without bending, to show that the resistance is constant.

Figure 6.9: Resistance after cyclic tensile bending of thermistor composite with 50 ፰፭% of fibres

When bent to a radius of 10 mm, the composite with 50 𝑤𝑡% would increase dramatically by a
factor of 8 after 20 bends. However, between 20 and 100 bends, the resistance doesn’t change very
dramatically. This suggests that the fibres break and a new conductive path is formed in the first 20
bends. After 20 bends, the resistance change stabilises as the fibres no longer break and can survive
being bent to 10 mm radius (at least for 100 bends). With a bending radius of 5 mm and 2.5 mm this
behaviour is also evident, where the resistance change stabilises at a higher resistance.

The results of bending pure Electrodag were very different because it proved to be very sensitive to
bending. Its bending results are shown in figure 6.10. Between 5-20 bends at 10 mm bending radius
the resistance exceeds the 120 𝑀Ω maximum resistance that the multimeter can measure.

A comparison of the relative resistance change (R/R0) over 100 bends at 10 mm radius is given in
figure 6.11. With the exception of pure electrodag, it is logical that the results show that the relative
change in resistance due to bending is lower for composites with lower fibre content.

In terms of survivability, after 300 bends (100 at 10 mm bending radius, 100 at 5 mm bending
radius, 100 at 2.5 mm bending radius) the resulting thermistor composites are shown in figure 6.12.
The composite thermistors with 0, 1.41, and 10 𝑤𝑡% of fibre content survived 300 bends without any
observable, aesthetic damage. With higher fibre content (25𝑤𝑡% and 50𝑤𝑡%) some chip-off occurred.
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Figure 6.10: Resistance after cyclic tensile bending of pure electrodag

Figure 6.11: Comparison of relative resistance change over 100 bends at 10 mm radius
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(a) Batch G - 0 fibre wt% - Before (b) Batch G - 0 fibre wt% - After

(c) Batch H - 1.41 fibre wt% - Before (d) Batch H - 1.41 fibre wt% - After

(e) Batch J - 10 fibre wt% - Before (f) Batch J - 10 fibre wt% - After

(g) Batch K - 25 fibre wt% - Before (h) Batch K - 25 fibre wt% - After

(i) Batch M - 50 fibre wt% - Before (j) Batch M - 50 fibre wt% - After

Figure 6.12: Optical Images of Stencil Printed Composite thermistor Before and After 300 Bend Cycles
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Discussion

7.1. Introduction
From the results of chapter 6, flexible composite thermistors have been produced that can perform as
thermistors. Their thermistor performance and mechanical flexibility depend on the fibre particle con-
tent of the NTC ceramic fibres.

The functional granular composites form a percolated network with as little as 10 𝑤𝑡% of filler par-
ticles. With interdigitate electrodes of a gap width of 0.13 mm, the resistance 𝑅ኼ = 280 𝑘Ω, 𝑅ዂ = 45
𝑘Ω, the B-value = 3290 K. If the fibre content is increased the composite can have lower resistance
and higher sensitivity, but marginally so. At the extreme of 50 𝑤𝑡% of filler particles the resistance
𝑅ኼ = 140 𝑘Ω, 𝑅ዂ = 20 𝑘Ω, the B-value = 3280 K. Thus, a 5 fold increase in filler particles yields
a 2 fold decrease in resistance. However, at such a high fibre content its ability to be bent is much
lower. The relative resistance increases by a factor of 8.5 after 100 bend cycles at a bend radius of
10 mm (𝜀 ≈ 0.621%). After 300 cycles (100 cycles with bending radius 10mm (𝜀 ≈ 0.621%), 100
cycles with bending radius 5 mm (𝜀 ≈ 1.23%), 100 cycles with bending radius 2.5 mm (𝜀 ≈ 2.44%)
the composite with 50 𝑤𝑡% of filler particles has some chip-off from the PET substrate. While at 10
𝑤𝑡% of filler particles, the composite thermistor can survive 300 bend without any chip-off. The relative
resistance increases by a factor of 4.5 after 100 bend cycles at a bend radius of 10 mm (𝜀 ≈ 0.621%).
Hence, with increasing fibre content the resistance decreases, but so does its ability to mechanically
bend. Overall, the composites with 10 𝑤𝑡% of filler particle is the best all around thermistor with good
thermistor performance and good mechanical flexibility.

7.2. Comparison of Electrical Properties of NTC Composites
To compare the thermistor performance of the composite, the dimensionless value of resistivity is a bet-
ter, more objective metric. However, with the design of the composite thermistor with its interdigitate
electrode gaps, the design makes it difficult to identify the exact cross sectional area of the conductive
path needed to convert the measured resistance to resistivity 𝜌 = ፑ⋅ፀ

ፋ [Ω ⋅ 𝑐𝑚]. We can give a rough
estimate by measuring the equivalent length of the interdigitate electrode, as shown in figure 7.1. This
gives an electrode length of 51.657 mm. The height of the conductive cross-sectional area is tricky,
the cured Electrodag is 0.020 mm thick, while the fibres have a flat noodle shape, as seen in figure
4.8, with an average width of about 0.083 mm determined from SEM images in section 4.3.3. If we
take the conservative approach and estimate that the height of the conductive area is the same as the
fibre width, as seen in figure 7.2, we can calculate the cross-sectional area 𝐴 needed to determine
the resistivity. L is the gap width of the electrodes which were 0.13 mm. Therefore, the resistance
values (at 25∘𝐶) for the stencil printed thermistor composites given in table 6.1 can be converted into
an approximate resistivity, given in table 7.1.

For pellets of Mn2.4Ni0.5Cu0.1O4 produced with binder and sintered at 1250∘𝐶 for 2.5 hours, the
resistivity at 25∘𝐶 obtained was 𝜌ኼ = 720 Ω𝑐𝑚 with a standard deviation of 180 Ω𝑐𝑚. The B-value
obtained was 𝐵ኼ/ዂ = 3630 K with a standard deviation of 30 K. When compared to the composites
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Figure 7.1: Estimated Length of Interdigitate Electrodes with 0.13 mm gap size

(a) Side View (b) Front View

Figure 7.2: Schematic of cross section of electrode gap

Table 7.1: Resistivity Values of Stencil Printed Electrodag-NiMnCuO composites

Batch Fiber wt% Fiber vol% Electrode Gap [mm] R25 [kΩ] R85 [kΩ] B25/85 [K] α25 [% / K] ρ25 [kΩ·cm]

G 0.00 0.00 0.13 57,760 (SD 11,680) 9,590 (SD 2,500) 3210 (SD 110) -3.6 (SD 0.1) 190,490 (SD 38,530)

H 1.41 0.38 0.13 16,670 (SD 20,000) 2,680 (SD 3,300) 3490 (SD 360) -3.9 (SD 0.4) 54,970 (SD 65,960)

I 2.86 0.77 0.13 3,010 (SD 2,810) 620 (SD 670) 3170 (SD 790) -3.6 (SD 0.9) 9,930 (SD 9,280)

J 10.00 2.86 0.13 280 (SD 70) 45 (SD 15) 3290 (SD 270) -3.7 (SD 0.3) 920 (SD 220)

K 25.00 8.13 0.13 300 (SD 70) 75 (SD 30) 2540 (SD 260) -2.9 (SD 0.3) 980 (SD 230)

L 33.33 11.71 0.13 135 (SD 20) 25 (SD 10) 3100 (SD 600) -3.5 (SD 0.7) 450 (SD 70)

M 50.00 20.97 0.13 140 (SD 20) 20 (SD 5) 3280 (SD 150) -3.7 (SD 0.2) 455 (SD 70)

of 10 𝑤𝑡% fibre particles, the B-value is not too much lower where 𝐵ኼ/ዂ = 3290 K with a standard
deviation of 270 K. However, the estimated resistivity is much higher where, 𝜌ኼ = 920 ⋅ 10ኽ Ω𝑐𝑚 with
a standard deviation of 220 ⋅ 10ኽ Ω𝑐𝑚. This is logically orders of magnitude higher because most of
the composite (90 𝑤𝑡%) is the very resistive Electrodag. A more useful comparison is to compare the
resistivity to other flexible composite thermistors in Literature.
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Looking at the summary of flexible temperature sensors found in recent Literature presented in
tables A.1 and A.2 in appendix A. Researchers trying to develop flexible temperature sensors generally
follow two trends:

1. Use conventional thermistor material → Develop new architecture to allow flexibility
2. Use new unconventional, intrinsically flexible thermistor material → Improve thermistor perfor-

mance

Unfortunately, in recent Literature there are not many studies that follow the first trend and attempt
to use functional granular composites to achieve flexible thermistors. Deutz [13] made functional gran-
ular composites of NiMnO particles in an epoxy matrix. However, for the best electrical performance it
required using agglomerated particles of NiMnO at high filler volume of NTC particles (up toΦ = 50%)
where the composite had a resistivity on the order of 10 Ω𝑐𝑚 and a B-value of about 1500 K. The re-
sults are conveniently summarised in figures 1.10a and 1.10b, but are presented again in figure 7.3 for
the convenience of the reader. The NiMnO-Epoxy system, needed a filler volume content above 35% to
create a percolated network. This thesis work was able to achieve a percolated network with as little as
10 𝑤𝑡%, equivalent to about 2.86 vol%. For composites of 10 𝑤𝑡% fibre particles, 𝜌ኼ = 920 ⋅ 10ኽ Ω𝑐𝑚
with a standard deviation of 220 ⋅ 10ኽ Ω𝑐𝑚. This is a lower resistivity by almost 2 orders of magnitude.
The B-value from the composite thermistor was 3290 K, a factor of 2 higher than the NiMnO-Epoxy
system.

(a) Resistivity vs Filler Volume Content (b) B-value vs Filler Volume Content

Figure 7.3: Resistivity and B-value vs filler volume content of NiMnO particles in NiMnO-Epoxy composites [13]

Another impressive system in Literature is from Khan et al. [23] who used NiO nanoparticles mixed
with polystyrene-butadiene rubber (PSBR) binder that was stencil printed onto gold electrodes onto a
kapton polyimide substrate. The B-value reported was 4330 K. The resistivity wasn’t clearly reported
but they use an electrode gap of 80𝜇𝑚 and a composite thermistor that is 2mm in length and width, with
a thickness of 40𝜇𝑚. This translates to a 𝜌ኽኺ = 35 ⋅ 10ኽ Ω𝑐𝑚. Moreover, the bending performance is
very impressive since the resistance at room temperature changed by 0% after 100 bends at a radius
of 10 cm, followed by 0.5% after 100 bends at a radius of 5 cm, followed by 4% after 100 bends at a
radius of 2.5 cm. The thermistor was encapsulated to protect it from moisture and other processing
steps with poly(methyl methacrylate) and later with Cytop. The sensitivity range of the thermistor is
from 32 − 37∘𝐶. Now the B-value and 𝜌ኽኺ are more impressive, but the entire system is only applica-
ble for a very narrow operating temperature range. By contrast the Electrodag-NiMnCuO composite
thermistors can be used through the 25 − 85∘𝐶 range while delivering a B-value 𝐵ኼ/ዂ = 3290 K and
a resistivity of 𝜌ኼ ≈ 920 ⋅ 10ኽ Ω𝑐𝑚. Furthermore, while the change in resistance seems more drastic
to bending tests, it is worth noting that the composites were bent to a much smaller bending radius of
2.5 mm without any protective encapsulating layer, while the NiO-PSBR composites were only bent to
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a minimum bending radius of 2.5 cm and were encapsulated.

If the Electrodag-NiMnCuO functional granular composites are compared to a thin-film system like
the one from Huang et al. [21]. The thermistor performance is still very decent while providing bet-
ter mechanical flexibility. Huang et al. [21] ink-jet printed thin films of NiO onto polyimide films that
had silver electrodes. The system has a good operating range (room temperature to 200∘𝐶), with a
very high sensitivity (B-value ≈ 4300K). The variation in resistance from bending is very small with a
Δ𝑅/𝑅 < 10%, but this study measures resistance in bending, as opposed to after bending. Further-
more, specimens were only subjected to a single bend and the bending radii were large (7 to 1 cm).
At a lower bending radius of 0.5 cm, the NiO film chipped-off completely from the polyimide substrate.
Therefore in comparison to this system, the Electrodag-NiMnCuO functional granular composites have
demonstrated the ability to survive smaller bends and larger amount of bend cycles.

If the Electrodag-NiMnCuO composites are compared to systems that followed trend 2: using new
unconventional, intrinsically flexible thermistor material. The Electrodag-NiMnCuO delivers superior
thermistor performance, but lower mechanical flexibility. Yan et al. [59] used crumpled graphene in
a serpentine shape, embedded in a PDMS matrix. The system was a huge advancement in being
stretchable up to 50% strain, but its temperature sensing properties are fairly low. When not stretched,
the B-value was 847 K. Stretching increased the B-value to a maximum of 1712 K at a strain of 50%.
Hence in comparison to this system, the Electrodag-NiMnCuO composites cannot be subjected to the
same amount of strain, but it delivers much better temperature sensing performance.

Overall, when comparing the Electrodag-NiMnCuO composites to the other flexible temperature
sensors found in recent Literature presented in tables A.1 and A.2 in appendix A. For systems that use
conventional thermistor material with new device architectures to provide flexibility, our design hasmore
impressive bending while having good thermistor performance. For systems that use non-conventional,
intrinsically flexible thermistor materials, our design has better temperature sensing performance while
still having good bending performance.
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General Conclusions

The objective of the thesis was to suggest a design for a mechanically flexible temperature sensor by
designing a thermistor using functional granular composites that can have good thermistor performance
(high sensitivity: B-value > 3000 K, and low resistivity: 𝜌 ≈ 10ኻ − 10ኼ Ω𝑐𝑚) while being mechanically
flexible (surviving bending radii ≤ 1 cm over 100 cycles). To achieve this objective this thesis work
was organised into 5 major phases with the intention to create the first fully flexible temperature sen-
sor that can perform on par with conventional thermistors that can be immediately adopted into industry.

Due to its high commercial value, no reference NTC ceramic composition with its exact processing
conditions are available in Literature that produce a thermistor with commercially desirable properties
(i.e. high sensitivity over a large temperature range, with high thermal stability and low resistance
drift). Phase 1 was therefore to select a NTC ceramic composition and Phase 2 was to investigate
the necessary processing conditions to be able to produce bulk ceramics with adequate temperature
sensing performance, before modifying the processing conditions to make NTC ceramic fibres in Phase
3. Phase 4 involved the selection of an appropriate polymer matrix and to attempt to create thermistor
composites. Phase 5 involved creating more optimal composite thermistors using a more controlled
and reproducible method and to test its thermistor and bending performance.

In phase one, the ceramic composition chosen stuck to a maximum of 3 elements to simplify the
manufacturing process, to limit the risk of irregularities, and to ensure the reproducibility of the results.
The criteria for composition selection prioritised low resistivity over higher sensitivity (B-value and 𝛼).
A composition of Cu0.3Ni0.5Mn2.2O4 was chosen where a resistivity on the order of 𝜌ኼ ≈ 12.6 Ω𝑐𝑚
and a B-value on the order of 𝐵ኼ/ኺ ≈ 2960 K is expected.

In phase two, ceramic pellets were created to investigate the best processing conditions and to
characterise the bulk ceramic’s thermistor properties. The electrical performance of the pellets was
very sensitive to how the un-sintered pellets were handled and pressed. Towards this, a binder is help-
ful and handling smaller amounts and geometries ensures better density and less cracks and defects.
With higher copper content, higher density pellets are obtainable with lower resistivity, but also with low
sensitivity (B-value and 𝛼). The resistivity is very low that resistance drift plays a larger role. A lower
copper content was selected (Cu 0.1) because it delivers a higher B-value and 𝛼, close to those deliv-
ered by a copper content of 0.05, but with a lower trade-off in increased resistivity. With our in-house
manufacturing route a more suitable composition ofMn2.4Ni0.5Cu0.1O4 was selected with a sintering
scheme of 1250∘𝐶 for 2.5 hours with a ramp of 180∘𝐶/ℎ𝑟 that should give a relative density of 91-93%,
a 𝜌ኼ ≈ 720 Ω𝑐𝑚, a 𝜌ዂ ≈ 90 Ω𝑐𝑚, a 𝐵ኼ/ዂ ≈ 3600 K, and a 𝛼ኼ ≈ −4.1 %/𝐾.

In phase three, ceramic NTC fibres of Mn2.4Ni0.5Cu0.1O4 were produced via fibre spinning and
were sintered at 3 different schemes. Using SEM images to observe the densification of the fibres,
scheme B (1250∘𝐶 for 6 hours at 180∘𝐶/ℎ𝑟) and scheme C (1250∘𝐶 for 6 hours at 300∘𝐶/ℎ𝑟) produced
equally dense fibres. Their exact density could not be measured with the archimedes principle, due
to the small and brittle nature of the sintered fibres. XRD analysis confirms that the ceramic fibres are
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monophase and SEM images confirm the fibres are not hollow, but solid flat noodle shaped fibres. The
average fibre width was about 83 𝜇𝑚, but this is determined more by the fibre spinning process rather
than sintering scheme (i.e. spinneret hole size and stretching ratio).

In phase 4, functional granular composites are drop coated as thin films onto PET substrates with
silver electrodes. PDMS-NiMnCuO composites are made, but the polymer’s coefficient of thermal ex-
pansion was too high so the overall composite displayed a non-linear PTC effect. The PDMS had high
wettability so quasi 3-3 composites could not be made, instead producing 0-3 composites, where the
high tunnelling resistivity dominates. BCB-NiMnCuO composites were also made, but the low viscos-
ity polymer was not appropriate from a processing viewpoint. Electrodag-NiMnCuO composites were
made and showed promising NTC behaviour, but better control over the thickness of the Electrodag
deposition was required to obtain better performance.

In phase 5, stencil printed Electrodag-NiMnCuO composites were produced with varying amounts
of fibre particle content. A percolated network is formed with as little as 10 wt% of fibres (≈ 2.86 vol%).
The composite with 10 wt% of fibres has good thermistor performance at a low fibre content, where
𝑅ኼ = 280 𝑘Ω, 𝑅ዂ = 45 𝑘Ω, and the sensitivity is high with a B-value = 3290 K and 𝛼ኼ = −3.7 %/𝐾. If
the interdigitate electrode gap size is increased from 0.13 mm to 0.20 mm, the composite with 10 wt%
has a 𝑅ኼ = 830 𝑘Ω, a 𝑅ዂ = 100 𝑘Ω, a B-value = 3810 K and an 𝛼ኼ = −4.3 %/𝐾. Hence, the overall
composite resistance and sensitivity can be tailored and customised by changing the gap width of the
interdigitate electrodes. The composite with 10 wt% and a electrode gap of 0.13 mm can survive 300
bends cycles (100 cycles with bending radius 10 mm (𝜀 ≈ 0.621%), 100 cycles with bending radius 5
mm (𝜀 ≈ 1.23%), 100 cycles with bending radius 2.5 mm (𝜀 ≈ 2.44%) without any observable, aesthetic
damage. However, the relative resistance (R/R0) increases with bending, but after 20 bend cycles it
appears to stabilise for every bending radius. The estimated resistivity of the composite with 10 wt%
of fibres at 25∘𝐶 is 𝜌ኼ = 920 ⋅ 10ኽ Ω𝑐𝑚 with a standard deviation of 220 ⋅ 10ኽ Ω𝑐𝑚. This is logically
orders of magnitude higher because most of the composite (90 𝑤𝑡%) is the very resistive Electrodag.
Compared to other flexible temperature sensors in recent Literature, its’ thermistor performance is very
impressive for the amount of mechanical flexibility it can display. For systems that use conventional
thermistor material with new device architectures to provide flexibility, our design has superior bending
performance while having good thermistor performance. For systems that use non-conventional, in-
trinsically flexible thermistor materials, our design has superior temperature sensing performance while
still having good bending performance.

The thesis objective was therefore partially completed. A thermistor was designed using functional
granular composites to create a mechanically flexible temperature sensor. However, the expectation
was that a resistivity on the order of 𝜌ኼ ≈ 10ኻ − 10ኼ Ω𝑐𝑚 was obtainable with a B-value > 3000 K.
The composite thermistor design achieved a B-value above 3000 K, but its resistivity is in the order of
𝜌ኼ ≈ 10ኽ − 10ኾ Ω𝑐𝑚. The desired mechanical flexibility was to survive bending radii ≤ 1 cm over 100
cycles. The composite with 10 wt% could survive 100 cycles with a bending radius as low as 2.5 mm
(𝜀 ≈ 2.44%) but its resistance increased significantly.

The results are very promising and future work should look into increasing the copper content back
to a composition of Cu0.3Ni0.5Mn2.2O4 since the sintered pellets showed that a higher density and
lower resistivity was obtainable with higher copper content. However, as a filler in an Electrodag matrix
a high B-value might still be attainable. A logical next step to improve bending performance would
be to encapsulate the Electrodag-NiMnCuO composite by laminating a sheet of PET on top of the
composite. This would shift the neutral axis of bending higher and the composite would experience less
stress for the same bending radius. Physically, encapsulation is also expected to help with holding the
system together and making it more robust. Furthermore, it should be investigated whether the bending
performance could be improved by spinning thinner fibres, by either using smaller spinneret holes or a
higher stretching ratio, without experiencing a trade-off in lower thermistor performance.
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Figure 8.1: Flexible NTC Thermistor Design
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N Flexible Thermistor Systems Form Shape Flexible Thermistor Particle size Φ[%] Interparticle d 𝛼[%𝐾ዅኻ]
1 NiMnO - Epoxy (Epotek 302-3M) Composite Composite moulded into disk Yes NTC 10 − 100𝜇𝑚 45𝑣𝑜𝑙% 0.6𝜇𝑚 -
2 Mn3O4 - Polyaniline Composite Composite pressed into pellet Yes NTC 45𝜇𝑚 - -
3 NiO-(polystyrene-butadiene rubber) Composite Composite stencil printed on polyimide thin-film Yes NTC 0.5 − 1.5𝜇𝑚 6:2 Wt Ratio NiO:PSBR - 𝛼 = −5.84
4 NiO on polyimide substrate Thin Film Inkjet printed on Polyimide thin-film Yes NTC 50 nm 100% - -
5 Graphene (with nanocellulose binder) in Polydimethylsiloxane (PDMS) Composite Serpintine channel embedded into PDMS matrix Yes NTC graphene crumpled sheets (chips/platelets) 100% - 𝛼ኼ = −1.05
6 Graphene on polyethylene terephthalate (PET) Thin Film Thin-film on PET substrate Yes NTC graphene multilayers 100% - 𝛼ኼ = −1.48
7 Graphene on P(VDF-TrFE) thin film Thin Film Thin-Film on PET substrate Yes NTC graphene monolayer/multilayer 100% - -
8 Graphene on P(VDF-TrFE) thin film Thin Film Thin-Film on PET substrate Yes NTC graphene monolayer/multilayer 100% - -
9 Buckled Cr/Au on silicon ribbon on PDMS thin film Thin-Film Wavy thin-film on PDMS substrate Yes PTC Cr (5nm) Au (200nm) Si (400𝜇𝑚) - - -
10 Carbon Nanoparticles in Polyimide Composite Composite Composite slipcasted into a thin-film Yes NTC 30nm 1 − 8𝑣𝑜𝑙% - 𝛼 = (−)0.14 − (−)0.05
11 Graphene and (PEDOT:PSS) Composite ink Composite Inkjet Printed composite onto polyurethane substrate Yes NTC - (1 − 5)𝑤𝑡% graphene, (1 − 5)𝑤𝑡% PEDOT:PSS - 𝛼 = −0.034
12 Carbon fibre and carboxymethyl cellulose composite Ink Composite Screen printed composite onto paper Yes NTC 10 printed layers CF (10𝑤𝑡%) and CMC (3𝑤𝑡%) and Water - 𝛼ኼ = −0.079
13 Mn-Co-Ni-O on Polyimide Thin-Film Liquid Flow Deposition on polyimide substrate Yes NTC - 100% - 𝛼ኼ = −2.76
14 Polycarbonate/𝛼ᖣ − (𝐵𝐸𝐷𝑇 − 𝑇𝑇𝐹)ኼ𝐼፱𝐵𝑟ኽዅ፱ bi-layer film Thin-Film Thin-Film glued to polyester textile Yes NTC - - - 𝛼 = −1.2
15 Vanadium oxide on Polyimide Thin-Film Through-film thermistor Yes NTC - 100% - 𝛼 = −4.060
16 Mn-Co-Ni-O on Polyimide Thin-Film Pulsed lazer deposition of MCN on polyimide substrate Yes NTC - 100% - 𝛼 = −5.47
17 Poly-o-toluidine-Mn3O4 nanocomposites thin film Composite Composite thin-film prepared onto glass cloth substrate Yes NTC - - - -
18 Mn-Co-Ni-O with methylcellulose resin on PET Thin-Film Pulsed laser-induced sintering onto PET substrate Yes NTC 286.3 nm 100% - -
19 Polysilicon thermistor array on flexible polyimide substrate Thin-Film Polysilicon by AIC process on polyimide substrate Yes NTC - - - 𝛼 = −0.31

Table A.1: Summary of Relevant Flexible NTC Thermistor Systems in Literature - Part I

N Flexible Thermistor Systems B-value [K] Temp Range [∘𝐶] 𝜌[Ω𝑐𝑚] 𝜏[𝑠] Bending Tested Source Year Comments
1 NiMnO - Epoxy (Epotek 302-3M) 𝐵ኼ/ዂ = 1500 (f=1kHz, V=1V) - 𝜌ኼ = 10 - - [13] 2013 Agglomerated Particles
2 Mn3O4 - Polyaniline 𝐵ኻኺ/ኻኺኺ = 3614 15-170 𝜌ኼ = 10ኾ - - [38] 2007 Above 200∘𝐶 polymer decomposes
3 NiO-(polystyrene-butadiene rubber) 𝐵ኼኺ/ኾኺ = 4330 20-40 𝜌ኽኺ = 3.5 ⋅ 10ኾ 𝜏ኽኻ/ኼኼ = 10 𝑟 = 2.5𝑐𝑚, 𝑅/𝑅0 = 4% [23] 2016 Stencil printed onto Kapton PI substrate
4 NiO on polyimide substrate 𝐵ኼ/ኼኺኺ = 4300 15-200 𝜌ኺ = 7.7 ⋅ 10ኾ 𝜏ኽኺ/ኼኼ ≈ 11 𝑟 = 1𝑐𝑚, 𝑅/𝑅0 = 5% [21] 2013 Inkjet printed thin film onto polyimide film
5 Graphene (with nanocellulose binder) in Polydimethylsiloxane (PDMS) 𝐵ኽኺ/ኻኺኺ = 847 (increases with strain) 30-100 - - 𝜖 = 50%, 𝑅/𝑅0 = 1125% [59] 2015 Strechable Graphene Thermistor (0 < 𝜖 < 50%)
6 Graphene on polyethylene terephthalate (PET) 𝐵ኼ/ዂ = 1860 25-85 - - bending 2𝜃 = 27.4∘, 𝑅/𝑅0 = −5.6% [24] 2012 Inket printed graphene thin film on PET
7 Graphene on P(VDF-TrFE) thin film 𝐵ኼኼ/ኻኻኺ = 250 22-110 - - - [6] 2016 Flexible Thermistor - Unpoled
8 Graphene on P(VDF-TrFE) thin film 𝐵ኼኼ/ኾኺ = 18000 22-40 - - - [6] 2016 Self-Powered, Flexible Thermistor - Poled
9 Buckled Cr/Au on silicon ribbon on PDMS thin film - 25-110 - - 𝜖 = 30%, 𝑅/𝑅0 = 0% [61] 2009 Stretchable to 𝜖 = 30% with no performance change
10 Carbon Nanoparticles in Polyimide Composite 𝐵ኼ/ኻኺኺ = 192 − 76 25-100 𝜌 = 10ዀ − 10ኻ - - [43] 2006 Carbon particles may have aggregated
11 Graphene and (PEDOT:PSS) Composite ink - 35-45 - - - [56] 2016 Practically unstable due to high moisture sensitivity
12 Carbon fibre and carboxymethyl cellulose composite Ink - 25-75 - - 𝑟 = 5𝑚𝑚 1000 cycles, 𝑅/𝑅0 = 50% [5] 2017 Also very moisture sensitive
13 Mn-Co-Ni-O on Polyimide - 20-110 𝜌ኼ = 250 - - [32] 2016 High 𝛼, Low 𝜌, No proof of flexibility
14 Polycarbonate/𝛼ᖣ − (𝐵𝐸𝐷𝑇 − 𝑇𝑇𝐹)ኼ𝐼፱𝐵𝑟ኽዅ፱ bi-layer film - 30-60 - - - [33] 2017 Temperature sensing fabric, Attaching process caused cracks
15 Vanadium oxide on Polyimide - 20-57 - - - [8] 2016 Degree of flexibility is unknown
16 Mn-Co-Ni-O on Polyimide 𝐵ኺ/ኻኺኺ = 4920 27-120 𝜌ኼ = 920 - - [25] 2016 Degree of flexibility is unknown
17 Poly-o-toluidine-Mn3O4 nanocomposites thin film 𝐵ኻኺኺ/ኻኺ = 6210 − 8824 30-185 - - - [26] 2015 Require doping with HCL or CSA, No mechanical flexibility testing
18 Mn-Co-Ni-O with methylcellulose resin on PET 𝐵 = 4429 - 𝜌 = 518 ⋅ 10ኽ 𝜏ኽኺ/ኼኼ = 1.8𝑠 r = 3.0 cm, 40 cycles, 𝑅/𝑅0 = 2.3% [44] 2015 High B-value, but very high resistivity
19 Polysilicon thermistor array on flexible polyimide substrate - 30-45 - 𝜏ኼ/ኾኺ = 0.8𝑠 - [57] 2017 Degree of flexibility is unknown

Table A.2: Summary of Relevant Flexible NTC Thermistor Systems in Literature - Part II
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N Ceramic NTC Form resistivity 𝜌[Ω𝑐𝑚] B-value [K] Temperature Coefficient of Resistance [%/𝐾] Activation Energy, q [eV] Δ𝑅/𝑅[%] Source Year
1 NiMnO Pellets 𝜌ኼ = 1.1 ⋅ 10ኽ 𝐵ኼ/ዂ = 4000 - - - [13] 2013
2 Mn3O4 - 10ዀ - - - - [38] 2007
3 NiO Thin-film - 4300 - - - [21] 2013
4 Mn3ዅዼNiዼO4 - 2500-1000 for x=0.5-1.0 - - - ≈ 3% (Aged 125∘𝐶 for 1000h) [49] 1994
5 Mn2.25ዅዼNi0.75CoዼO4 - 2000-300 for x=0.0-1.0 - - - - [49] 1994
6 Mn2.3ዅዼNi0.70CuዼO4 - 2000-3 for x=0.0-0.6 - - - ≈ 12% (Aged 125∘𝐶 for 1000h) [49] 1994
7 Mn2.04Ni0.66Cu0.3O4 Disk 𝜌ኼ = 63.3 𝐵ኼ/ኺ = 2740 - - 5.4% (@T=25, Aged 150∘𝐶 for 500h) [18] 2007
8 Mn1.5ዅዼNi0.5CuዼZn1.0O4 Disk 𝜌ኼ = 3216 − 750 for x=0.0-0.4 𝐵ኼ/ኺ = 3891 − 3590 for x=0.0-0.4 - - 2.6% (@T=25, Aged 150∘𝐶 for 1000h) for x =0.0-0.4 [62] 2008
9 Mn2.5ዅዼNi0.5CuዼO4 Disk 𝜌ኼ = 2907 − 12.6 for x=0.0-0.4 𝐵ኼ/ኺ = 3970 − 2760 for x=0.0-0.4 - - 2.6 − 15% (@T=25, Aged 150∘𝐶 for 1000h) for x =0.0-0.4 [62] 2008
10 Mn2.3Ni0.7O4 Disk 𝜌ኼ = 2087 𝐵ኼ/ዂ = 3847 𝛼ኼ = −4.332012 0.331611 0.52% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
11 Mn2.2Ni0.7Co0.1O4 Disk 𝜌ኼ = 1584 𝐵ኼ/ዂ = 3804 𝛼ኼ = −4.283591 0.327905 0.39% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
12 Mn2.0Ni0.7Co0.3O4 Disk 𝜌ኼ = 996 𝐵ኼ/ዂ = 3642 𝛼ኼ = −4.101167 0.31394 0.31% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
13 Mn1.8Ni0.7Co0.5O4 Disk 𝜌ኼ = 725 𝐵ኼ/ዂ = 3563 𝛼ኼ = −4.012207 0.307131 0.34% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
14 Mn1.6Ni0.7Co0.7O4 Disk 𝜌ኼ = 538 𝐵ኼ/ዂ = 3478 𝛼ኼ = −3.916490 0.299804 0.39% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
15 Mn1.79Ni0.7Co0.5Cu0.01O4 Disk 𝜌ኼ = 585 𝐵ኼ/ዂ = 3508 𝛼ኼ = −3.950273 0.30239 0.30% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
16 Mn1.78Ni0.7Co0.5Cu0.02O4 Disk 𝜌ኼ = 513 𝐵ኼ/ዂ = 3462 𝛼ኼ = −3.898473 0.298424 0.18% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
17 Mn1.77Ni0.7Co0.5Cu0.03O4 Disk 𝜌ኼ = 444 𝐵ኼ/ዂ = 3425 𝛼ኼ = −3.856808 0.295235 0.44% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
18 Mn1.76Ni0.7Co0.5Cu0.04O4 Disk 𝜌ኼ = 402 𝐵ኼ/ዂ = 3332 𝛼ኼ = −3.752083 0.287218 0.45% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
19 Mn1.75Ni0.7Co0.5Cu0.05O4 Disk 𝜌ኼ = 354 𝐵ኼ/ዂ = 3373 𝛼ኼ = −3.798252 0.290753 0.64% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
20 Mn1.7Ni0.7Co0.5Fe0.1O4 Disk 𝜌ኼ = 947 𝐵ኼ/ዂ = 3589 𝛼ኼ = −4.041485 0.309372 0.36% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
21 Mn1.5Ni0.7Co0.5Fe0.3O4 Disk 𝜌ኼ = 1213 𝐵ኼ/ዂ = 3441 𝛼ኼ = −3.874825 0.296614 0.29% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
22 Mn1.3Ni0.7Co0.5Fe0.5O4 Disk 𝜌ኼ = 1207 𝐵ኼ/ዂ = 3233 𝛼ኼ = −3.640602 0.278685 0.24% (@T=25, Aged 1120∘𝐶 for 168h) [42] 2012
23 Mn1.1Ni0.7Co0.5Fe0.7O4 Disk 𝜌ኼ = 1506 𝐵ኼ/ዂ = 3257 𝛼ኼ = −3.667628 0.280753 0.21% (@T=25, Aged 120∘𝐶 for 168h) [42] 2012
24 Mn1.95Ni0.45Co0.15Cu0.45O4 - 𝜌ኼ = 30.7 𝐵ኼ/ዂ = 2875 - 0.25 - [48] 2007
25 Mn1.89Ni0.45Co0.15Cu0.45Zn0.064O4 - 𝜌ኼ = 41.3 𝐵ኼ/ዂ = 3021 - 0.26 - [48] 2007
26 Mn1.83Ni0.45Co0.15Cu0.45Zn0.12O4 - 𝜌ኼ = 54.1 𝐵ኼ/ዂ = 3169 - 0.27 - [48] 2007
27 Mn1.77Ni0.45Co0.15Cu0.45Zn0.18O4 - 𝜌25 = 26.1 𝐵ኼ/ዂ = 2887 - 0.25 - [48] 2007
28 Mn1.71Ni0.45Co0.15Cu0.45Zn0.24O4 - 𝜌ኼ = 14.0 𝐵ኼ/ዂ = 2427 - 0.21 - [48] 2007
29 Mn1.65Ni0.45Co0.15Cu0.45Zn0.3O4 - 𝜌ኼ = 22.9 𝐵ኼ/ዂ = 2791 - 0.24 - [48] 2007
30 Mn1.9Ni0.8Co0.2Cu0.1O4 Disk 𝜌ኼ = 312.5 𝐵ኼ/ዂ = 3160 - - - [9] 2002
31 Mn1.56Ni0.48Co0.96O4 Thin-film 𝜌ኼ = 920 𝐵ኺ/ኻኺኺ = 4920 𝛼ኼ = −5.47 0.41 - [25] 2016
32 Mn1.89Ni0.66Cu0.45O4 Disk 𝜌ኼ = 10.6 - - - 39% (@T=25, Aged 125∘𝐶 for 1000h) [39] 2000
33 Mn1.3Ni0.5Cu0.2Zn1.0O4 Disk 𝜌ኼኺ = 2555 B(Ea/k) = 3424 - 0.299 0.23% (@T=25, Aged 150∘𝐶 for 800h) [1] 2013
34 Mn1.25Ni0.5Cu0.25Zn1.0O4 Disk 𝜌ኼኺ = 2222 B(Ea/k) = 3406 - 0.298 0.51% (@T=25, Aged 150∘𝐶 for 800h) [1] 2013
35 Mn2.1Ni0.5Cu0.4O4 Disk 𝜌ኼኺ = 45.97 B(Ea/k) = 2632 - 0.231 19.2% (@T=25, Aged 150∘𝐶 for 800h) [1] 2013

Table B.1: Summary of Relevant NTC Ceramics for Thermistors Found in Literature
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N Polymer Matrix Use Tg [∘𝐶] 𝜌[Ω𝑐𝑚] B-value [K] Curing Temp CTE (below Tg) CTE (above Tg) Degradation T[∘𝐶] Dielectric Constant Wetting Thermal Conductivity Working Time Stiffness
1 Epoxy (Epotek 302-3M) Matrix 55 𝜌 = 10ኻኾ 𝐵ኼ/ዂ = 100 (f=1kHz, V=1V) 20 − 200∘𝐶 56 ⋅ 10ዅዀ𝑖𝑛/𝑖𝑛/∘𝐶 193 ⋅ 10ዅዀ𝑖𝑛/𝑖𝑛/∘𝐶 350 3.4 (1 KHz) High - - -
2 Polyaniline (PANI) Binder - 𝜌 = 10ዀ - - - - 200 - Low - - -
3 Polystyrene-butadiene rubber (PSBR) (Targray Technology) Matrix - - - 140 ∘𝐶 (2hrs) - - - - - - - -
4 Polydimethylsiloxane (PDMS) Matrix - - - 60∘𝐶 (2hrs) - - - - - 0.15 [W/m/K at 25∘𝐶] - -
5 Polyurethane (PU) Matrix - - - - - - - 4.5 - - 9 mins 595 MPa
6 Polydimethylsiloxane (PDMS) Matrix - - - - - - - 2.7 - - long 6 MPa
7 Polyimide Matrix - - - - - - - - - - - -
8 PEDOT:PSS Matrix - - - 130∘𝐶 (10 mins) - - - - - - - -
9 Carboxymethyl cellulose Matrix - - - - - - - - - - - -
N Polymer Substrate Use Tg [∘𝐶] 𝜌[Ω𝑐𝑚] B-value [K] Curing Temp CTE (below Tg) CTE (above Tg) Degradation T[∘𝐶] Dielectric Constant Wetting Thermal Conductivity Working Time Stiffness
10 Kapton Polyimide Thin-Film Substrate - - - - - - - - - - - -
11 Polyimide Thin-Film Substrate - - - - - - - - - - - -
12 Polyethylene Terephthalate (PET) Thin-Film Substrate - - - - - - - - - - - -
13 Poly[(vinylide-nefluoride-co-trifluoroethylene)] (PVDF-TrFE) Thin-Film Substrate - - - - - - - - - - - -
14 Polyethylene (PET) Thin-Film Substrate - - - 25∘𝐶, 90 min - - - - - - - -
15 Polydimethylsiloxane (PDMS) Thin-Film Substrate - - - 25∘𝐶, 90 min and 100∘𝐶, 90 min - - - - - - - -
16 Polyurethane Substrate Thin-Film Substrate - - - - - - - - - - - -
17 Polyimide Thin-Film Substrate - - - - - - - - - - - -
18 Polyimide Thin-Film Substrate - - - - - - - - - < 0.002𝑊/𝑐𝑚𝐾 - -
19 Glass Cloth Substrate Thin-Film Substrate - - - - - - - - - - - -

Table C.1: Summary of relevant polymers used as matrix or substrates in flexible thermistor systems in Literature - Part 1

N Polymer Matrix Use Source Year Main Reason Chosen Comments
1 Epoxy (Epotek 302-3M) Matrix [13] 2013 Excellent water, chemical, solvent resistance High intrinsic resistivity
2 Polyaniline (PANI) Binder [38] 2007 Conductive Polymer, Inexpensive monomer, straightforward polymerization reaction, high yield, excellent stability Decomposes at 170-200∘𝐶
3 Polystyrene-butadiene rubber (PSBR) (Targray Technology) Matrix [23] 2016 PSBR holds the nanoparticles -
4 Polydimethylsiloxane (PDMS) Matrix [59] 2015 High Stretchability Low thermal conductivity, but can be made thinner
5 Polyurethane (PU) Matrix [54] 2017 Short working time to avoid fibre sinking -
6 Polydimethylsiloxane (PDMS) Matrix [54] 2017 Low Dielectric Constant -
7 Polyimide Matrix [43] 2006 High endurance to high temperature -
8 PEDOT:PSS Matrix [56] 2016 Stretchable with high conductivity and optical transparency Performance is very moisture sensitive, needs protection
9 Carboxymethyl cellulose Matrix [5] 2017 Water soluble cellulose, cheap, renewable, film forming Moisture sensitive
N Polymer Substrate Use Source Year Main Reason Chosen Comments
10 Kapton Polyimide Thin-Film Substrate [23] 2016 -
11 Polyimide Thin-Film Substrate [21] 2013 -
12 Polyethylene Terephthalate (PET) Thin-Film Substrate [24] 2012 Chosen for temperature sensitivity and mechanical flexibility
13 Poly[(vinylide-nefluoride-co-trifluoroethylene)] (PVDF-TrFE) Thin-Film Substrate [6] 2016 Ferroelectric (high remnant polarization charge), chemical inert, flexible, used to enable poling
14 Polyethylene (PET) Thin-Film Substrate [6] 2016 -
15 Polydimethylsiloxane (PDMS) Thin-Film Substrate [61] 2009 -
16 Polyurethane Substrate Thin-Film Substrate [56] 2016 Stretchable substrate for epidermal electronic systems
17 Polyimide Thin-Film Substrate [32] 2016 High Chemical Resistance, High Temperature Stability
18 Polyimide Thin-Film Substrate [25] 2016 Flexible and resistant to high temperature
19 Glass Cloth Substrate Thin-Film Substrate [26] 2015 Flexible, Flame Retardant, Chemically Resistant

Table C.2: Summary of relevant polymers used as matrix or substrates in flexible thermistor systems in Literature - Part 2
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Figure D.1: Resistance after cyclic tensile bending of thermistor composite with pure Electrodag

93



Figure D.2: Resistance after cyclic tensile bending of thermistor composite with 1.41 ፰፭% of fibres

Figure D.3: Resistance after cyclic tensile bending of thermistor composite with 10 ፰፭% of fibres
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Figure D.4: Resistance after cyclic tensile bending of thermistor composite with 25 ፰፭% of fibres

Figure D.5: Resistance after cyclic tensile bending of thermistor composite with 50 ፰፭% of fibres
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