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Abstract

The aerospace industry has increasingly prioritized sustainability by adopting lightweight

materials, shifting from metal alloys to polymers and polymer composites. Thermoplastic

polymers, in particular, are gaining attention due to their recyclability and ease of reshaping. As

the demand for high-performance structures grows, advanced joining techniques are becoming

essential. Traditional joining methods are expected to be replaced by fusion bonding, with

induction welding standing out for its non-contact nature and continuous processing capability.

This technique typically relies on susceptors (e.g., metal meshes) to convert electromagnetic

energy into heat. However, these materials can cause uneven heating and weaken mechanical

properties. Magnetic nanoparticles present a promising alternative as minimally invasive

conductive susceptors.

Originally studied for biomedical applications, magnetic nanoparticles generate heat under

an alternating magnetic field through hysteresis losses. Researchers have demonstrated

their ability to heat polymers above their melting points for induction welding. However,

a major challenge is preventing excessive heating, which can degrade thermoplastics. To

address this,it was proposed to select ferromagnetic susceptors with Curie temperatures that

match thermoplastic processing temperatures. This ensures effective heating while preventing

overheating, offering a self-regulating thermal solution for induction welding.

This thesis aimed to gain knowledge on thermal and magnetic capabilities of selected nanoparti-

cles: magnetite (𝐹𝑒3𝑂4), Nickel (𝑁𝑖), Nickel-Zinc ferrite (𝑁𝑖𝑍𝑛𝐹𝑒4𝑂4) and Chromium Dioxide

(𝐶𝑟𝑂2). These materials were tested via MagneTherm equipment to identify the optimal

induction heating parameters, in terms of strength and frequency of the applied magnetic field.

Magnetite showed the best heating capabilities among all particle types, however due to the

high detected Curie temperature it does not represent a good candidate for further research.

A good alternative was found while testing Nickel and Ni-Zn ferrite nanoparticles. These

materials have shown slightly lower heat generation, compensated by Curie temperatures

within the range of processing temperatures of multiple thermoplastics, and consequent good

potentiality for this application. Further characterization of the particles was performed to gain

better understanding on their magnetic and morphological properties and to find correlations

with their heating capabilities. In this second part, more traditional techniques such as SQUID,

XRD, and TGA were employed.

This study confirms that MNPs are viable candidates for non-contact induction welding in

aerospace applications, presenting an efficient alternative to conventional heating methods.

Induction heating experiments confirmed the correlation between alternating magnetic field

parameters (amplitude, frequency) and power generation. However, further optimization of

nanoparticle dispersion, morphology, composition and scalability is required for industrial

implementation. Future research should explore alternative nanoparticle compositions,

embedding techniques, and evaluate their performance in thermoplastic induction welding

prototypes.

iv



v



Contents

Acknowledgements ii

Abstract iv

Nomenclature xiv

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Theory and background 3
2.1 The inspiration: application of magnetic nanoparticles in biomedicine . . . . . 3

2.2 Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.1 Types of polymer matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.2 Joining of thermoplastic parts . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.3 Fusion welding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.4 Induction welding of thermoplastics . . . . . . . . . . . . . . . . . . . . . 8

2.3 Principles of magnetism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.1 General properties of magnetic materials . . . . . . . . . . . . . . . . . . 12

2.3.2 Classes of magnetic materials . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.4 Heat generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.4.1 Magnetic domains and critical sizes of magnetic nanoparticles . . . . . . 17

2.4.2 Neel and Brown relaxation mechanisms . . . . . . . . . . . . . . . . . . . 20

2.4.3 Hysteresis Losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.4.4 Viscous heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.5 Measurements of magnetic nanoparticles heating . . . . . . . . . . . . . . . . . 23

2.6 Curie temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3 Research area and scope 29
3.1 Research group and background . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Research questions and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Materials 33
4.1 Magnetite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2 Nickel nanopowder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.3 Nickel-Zinc ferrite nanopowder . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.4 CrO2 nanopowder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.5 Preparation of MNPs suspensions for Magnetherm . . . . . . . . . . . . . . . . 35

5 Experimental procedures 37
5.1 Induction heating simulation (MagneTherm) . . . . . . . . . . . . . . . . . . . . 38

5.2 Characterization techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.2.1 FTIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.2.2 Microscopy: TEM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.2.3 TGA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.2.4 SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

vi



Contents vii

5.2.5 XRD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

6 MagneTherm measurements 45
6.1 Heating mechanisms of dry nanopowders . . . . . . . . . . . . . . . . . . . . . . 45

6.1.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6.2 Influence of frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

6.2.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

6.3 Influence of applied field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.3.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

6.4 Influence of magnetic nanoparticles concentration . . . . . . . . . . . . . . . . . 55

6.4.1 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

7 Characterization of magnetic nanoparticles 59
7.1 Nickel nanopowder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7.1.1 Thermogravimetric Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 59

7.1.2 SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7.1.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

7.2 Magnetite nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

7.2.1 Thermogravimetric Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 64

7.2.2 SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

7.2.3 X-Ray Diffractometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

7.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

7.3 Chromium dioxide nanopowder . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

7.3.1 Thermogravimetric Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 70

7.3.2 SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

7.3.3 X-Ray Diffractometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

7.3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

7.4 Nickel-Zinc Ferrite nanopowder . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

7.4.1 Thermogravimetric Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 74

7.4.2 SQUID . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

8 Conclusion and recommendations 77

References 83

A Differential Scanning Calorimetry of CrO2 93

B Standard TGA of CrO2 94

C Literature review of Ni-Zn ferrites 95

D MagneTherm software 98

E Heating of induction coil 99

F SQUID magnetometry 101



List of Figures

2.1 Examples of therapeutic applications of magnetic nanoparticles. From Kritika et

Al. [65] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.2 Graph showing changes in elastic modulus (log) with temperature of an amor-

phous and semi-crystalline. From [12], inserts [39] . . . . . . . . . . . . . . . . . 6

2.3 Graph summarizing common joining techniques for thermoplastics . . . . . . . 7

2.4 Induction welding setup for induction welding via induced Eddy currents. From

[3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.5 Diagrams of hysteresis loops with magnetic properties. From [30] . . . . . . . . 12

2.6 Orientation of electronic spins for different types of magnetism: A) Paramagnets,

B) Ferromagnets, C) Antiferromagnets, D) Ferrimagnets. From [55] . . . . . . . 14

2.7 Diagrams of hysteresis loops for differents of magnetic materials. From [96] . . 14

2.8 Distribution of heating contribution vs. critical diameters for magnetite nanopar-

ticles tested at a frequency of 111.5 kHz and an applied field of 250 Oe [98] . . . 16

2.9 Magnetic distribution of magnetic domains according to their particle size. From

[30] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.10 Critical diameters for superparamagnetic and mono-domain behaviours for

various materials. From [56] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.11 Summary of empirical models identified in literature to describe heating mecha-

nisms of various sizes of magnetic nanoparticles. From [16] . . . . . . . . . . . . 18

2.12 Normalized in-phase and out-of-phase components of susceptibility as a function

of 𝜔𝜏. From [104] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.13 a) Neel and Brown relaxation, b) Neel relaxation aided by thermal energy, c)

Neel relaxation in zero field, d) Brownian relaxation in a fluid. From [70] . . . . 20

2.14 Plot of relaxation simulation including Neel, Brown relaxation and resulting

effective relaxation times for magnetic nanoparticles in water . . . . . . . . . . . 22

2.15 Scheme of idealized adiabatic and non-adiabatic heating conditions for MNPs,

including the reference models used for fitting of each region. From [34] . . . . 23

2.16 Saturation magnetization curve with respect to normalized temperature for pure

Iron, FM and PM indicate the ferromagnetic and paramagnetic regions [17] . . 25

2.17 Experimental magnetic susceptibility measurements vs. temperature for: (a)

Paramagnetic material (𝑆𝑟𝑀𝑛0.5𝑇𝑒1.5𝑂6), (b) Ferromagnetic material (𝑁𝑖0.68𝑅ℎ0.32),

(c) Antiferromagnetic material (𝐺𝑑2𝑃𝑡2𝑂7) [64] . . . . . . . . . . . . . . . . . . . 26

2.18 (a) Inverse susceptibility vs. temperature for materials following the Curie-Weiss

law [64] (b) Inverse susceptibility (experimental and modelled via Curie-Weisss

model) vs. temperature for ferromagnetic materials, highlighting both Weiss

point (𝜃𝐶𝑊 ) and Curie point (𝑇𝐶) [64] . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.1 Map describing the considered research area . . . . . . . . . . . . . . . . . . . . 31

3.2 Graphic summary of factors influencing the heating behaviour of nanoparticles

studied in this research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.1 Example of the appearance of a suspension containing magnetic nanoparticles

and silicone oil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

viii



List of Figures ix

5.1 Summary of characterization techniques used in this research, grouped in

thermal, morphological and magnetic characterization techniques . . . . . . . . 37

5.2 MagneTherm equipment from nanoTherics . . . . . . . . . . . . . . . . . . . . . 38

5.3 Diagram of MagneTherm equipment: experimental setup for induction heating

tests. Adapted from [94] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5.4 Insulation system and placing of sample vial within MagneTherm system . . . 39

5.5 Picture and diagram of TGA 8000 used in this thesis . . . . . . . . . . . . . . . . 42

5.6 Curie temperature of Nickel calculated via TGA measurement. From [49] . . . 43

5.7 Vertical setup of TGA for Curie temperature evaluation and corresponding mass

vs. temperature curve. From [75] . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

6.1 Temperature vs. time plots of MagneTherm tests performed on 50 mg of various

nanoparticles types, 8-16 mT, 992 kHz. The graphs show a 10 seconds recording

before exposure to AMF, followed by a 5 minute exposure. The inserts show the

full 30 minutes runs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

6.2 Temperature vs. time plots of MagneTherm tests performed on 50 mg of various

nanoparticles types, 8-16 mT, 992 kHz. The graphs show a 10 seconds recording

before exposure to AMF, followed by a 30 minute exposure. . . . . . . . . . . . 47

6.3 Temperature vs. time evolution plots for magnetite concentration of 50 mg/mL,

field 9.55 kA/m, frequency 170.3-978.4 kHz . . . . . . . . . . . . . . . . . . . . . 50

6.4 Plots of temperature generation vs. frequency for magnetite concentration of 50

mg/mL, field 9.55 kA/m, frequency 170.3-978.4 kHz . . . . . . . . . . . . . . . 50

6.5 Plots correlating heat efficiency parameters to frequency for magnetite concen-

tration of 50 mg/mL, field 9.55 kA/m, frequency 170.3-978.4 kHz . . . . . . . . 51

6.6 Temperature vs. time evolution plots for magnetite concentration of 50 mg/mL,

frequency 978.4 kHz, field strength 3.18-9.55 kA/m . . . . . . . . . . . . . . . . 52

6.7 Plots of temperature generation vs. frequency for magnetite concentration of 50

mg/mL, frequency 978.4 kHz, field strength 3.18-9.55 kA/m . . . . . . . . . . . 52

6.8 Plots correlating heat efficiency parameters to frequency for magnetite concen-

tration of 50 mg/mL, frequency 978.4 kHz, field strength 3.18-9.55 kA/m . . . 53

6.9 Experimental power generation (SLP) dependence from 𝐻2
(c=0.068) . . . . . . 54

6.10 Experimental power generation (SLP) dependence from 𝐻2
(c=0.068) . . . . . . 54

6.11 Plots correlating heat efficiency (SLP) parameter to magnetite concentration,

frequency 992 kHz, field strength 6.37-12.73 kA/m . . . . . . . . . . . . . . . . . 55

6.12 Graphs of SLP and ILP vs. magnetite nanoparticles concentrations for 6.37, 9.55,

12.73 kA/m field strength, 992 kHz . . . . . . . . . . . . . . . . . . . . . . . . . . 56

7.1 Thermogravimetric graphs of TGA runs of Nickel nanoparticles for various

heating rates (from 5° C/min to 100° C/min) showing Curie temperature transition 60

7.2 Calculation of offset point from TGA curve, 20° C/min heating rate . . . . . . . 61

7.3 Experimental values from TGA of Curie temperature for Ni nanopowder as a

function of the used heating rate . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

7.4 TGA of Ni nanopowder with and without applied magnetic field, heating rate

5° C/min . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

7.5 Magnetization curve of Nickel nanopowder obtained from SQUID equipment . 63

7.6 Thermogravimetric graph of magnetite (8 nm) nanoparticles . . . . . . . . . . . 64

7.7 Thermogravimetric graph of magnetite (20-30 nm) nanoparticles . . . . . . . . . 65

7.8 Magnetization curve of magnetite nanoparticles (20-30 nm size) obtained from

SQUID equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

7.9 XRD graphs obtained for magnetite particles of size 8 nm and 20-30 nm . . . . 67



List of Figures x

7.10 Thermogravimetric graph of Chromium Dioxide nanopowder . . . . . . . . . . 70

7.11 Magnetization vs. field loop of 𝐶𝑟𝑂2 nanopowder obtained from SQUID

magnetometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

7.12 XRD graphs obtained for chromium dioxide nanoparticles . . . . . . . . . . . . 72

7.13 TGA of Ni-Zn Ferrite nanopowder with applied magnetic field . . . . . . . . . . 74

7.14 Magnetization curve of Ni-Zn ferrite nanopowder obtained from SQUID equipment 75

8.1 Temperature vs. time plot of MagneTherm tests performed on 50 mg of various

nanoparticles types, 8-16 mT, 992 kHz. The graph shows a 10 seconds recording

before exposure to AMF, followed by a 5 minute exposure. . . . . . . . . . . . . 78

8.2 SQUID magnetization curves of all magnetic nanopowders used in this research 79

8.3 Summary of magnetic properties of all magnetic nanopowders used in this

research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

8.4 Plot correlating saturation magnetization and relative mass loss (Δ𝑀 %) from

TGA of all magnetic nanopowders used in this research . . . . . . . . . . . . . . 80

A.1 Plot comparing TGA and DSC measurements for CrO2 nanopowder. The

minimum of the heat flow curve deriving from DSC (116.18° C) shows a 2%

error difference with the verified Curie temperature of 𝐶𝑟𝑂2 obtained from TGA

(113.85° C). This indicates that heat flow curves might provide a good indication

of the Curie temperature as an endothermic peak (also named "lambda transition"). 93

B.1 Plot comparing TGA of CrO2 nanopowder with and without applied magnetic

field, heating rate 5° C/min . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

D.1 MagneTherm software for control of induction heating parameters . . . . . . . 98

E.1 Heat generation from induction coil, 992 kHz, 16 mT, Measured with FLIR

thermal camera. Coil ON indicates exposure to AMF . . . . . . . . . . . . . . . 99

E.2 Temperature increment vs. time for a non-magnetic sample (silicone oil) exposed

to AMF, 992 kHz, 16 mT, for 5 minutes. Measured with FLIR thermal camera.

Coil ON indicates exposure to AMF. . . . . . . . . . . . . . . . . . . . . . . . . . 100

F.1 Magnetization curves of magnetic nanoparticles obtained from SQUID equip-

ment. The graph is enlarged to visualize coercivity and retentivity. . . . . . . . 101



List of Figures xi



List of Tables

2.1 Mechanical properties of thermoplastic materials used in the aerospace industry

[26], [102] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Overview of existing fusion bonding/welding techniques [107] . . . . . . . . . 8

2.3 Table summarizing available literature on magnetic particles used for induction

heating of thermoplastics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Summary of characteristics of magnetic materials classes . . . . . . . . . . . . . 15

2.5 Examples of Curie tmperatures for materials used in engineering [20] . . . . . . 26

4.1 Summary of properties of magnetite nanoparticles . . . . . . . . . . . . . . . . . 33

4.2 Summary of properties of Nickel nanopowder . . . . . . . . . . . . . . . . . . . 34

4.3 Summary of properties of Nickel-Zinc ferrite nanopowder . . . . . . . . . . . . 34

4.4 Summary of properties of Chromium Dioxide nanopowder . . . . . . . . . . . . 34

4.5 Summary of properties of 𝐹𝑒3𝑂4 (8 nm) and silicone oil suspensions: concentra-

tions, densities and heat capacities . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.6 Summary of properties of 𝐹𝑒3𝑂4 (20-30 nm) and silicone oil suspensions: con-

centrations, densities and heat capacities . . . . . . . . . . . . . . . . . . . . . . . 36

5.1 MagneTherm system capabilities for high field coil setup . . . . . . . . . . . . . 39

5.2 MagneTherm system capabilities for 9 turn coil setup . . . . . . . . . . . . . . . 39

7.1 Reference materials and their Curie temperatures as standard TGA calibration

points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

7.2 Summary of thermomagnetic data from TGA measurements of Ni nanopowder

at various heating rates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

7.3 Magnetic properties of Ni nanopowder from SQUID measurement . . . . . . . 63

7.4 Summary of thermomagnetic data from TGA measurements of 𝐹𝑒3𝑂4 (8 nm) . 64

7.5 Summary of thermomagnetic data from TGA measurements of 𝐹𝑒3𝑂4 (20-30 nm) 65

7.6 Magnetic properties of 𝐹𝑒3𝑂4 (8 nm) nanoparticles from SQUID measurement 66

7.7 Magnetic properties of 𝐹𝑒3𝑂4 (20-30 nm) nanoparticles from SQUID measurement 66

7.8 Summary of diffraction peaks from XRD data of 𝐹𝑒3𝑂4 (8 nm) nanoparticles:

Miller indices, interplanar spacings and scattering angles for standard and

measured data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

7.9 Summary of diffraction peaks from XRD data of 𝐹𝑒3𝑂4 (20-30 nm) nanoparticles:

Miller indices, interplanar spacings and scattering angles for standard and

measured data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

7.10 Summary of thermomagnetic data from TGA measurements of 𝐶𝑟𝑂2 . . . . . . 71

7.11 Magnetic properties of 𝐶𝑟𝑂2 nanopowder from SQUID measurement . . . . . 72

7.12 Diffraction peaks from XRD data of CrO2 (Miller indices, interplanar spacings

and scattering angles) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

7.13 Summary of thermomagnetic data from TGA measurements of Ni-Zn ferrite

nanopowder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.14 Magnetic properties of Ni-Zn ferrite nanopowder from SQUID measurement . 75

C.1 Summary of properties of Nickel Ferrite nanoparticles found in literature . . . 95

xii



List of Tables xiii

C.2 Summary of properties of Nickel-Zinc Ferrite nanoparticles found in literature

(part 1) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

C.3 Summary of properties of Nickel-Zinc Ferrite nanoparticles found in literature

(part 2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97



Nomenclature

Abbreviations
Abbreviation Definition

AMF Alternating magnetic field

CT Computed Tomography

DLS Dynamic Light Scattering

DSC Differential Scanning Calorimetry

FTIR Fourier Transform Infrared

HDPE High Density Polyethylene

ILP Intrinsic Loss Power

log natural logarithm

LRT Linear Response Theory

MNP Magnetic Nanoparticle

MRI Magnetic Resonance Imaging

PC Polycarbonate

PE Polyethylene

PEEK Polyetheretherketon

PEI Polyetherimide

PP Polypropilene

PPS Polyphenylene sulfide

PVC Polyvinyl chloride

SAR Specific Absorption Rate

SLP Specific Loss Power

SQUID Superconducting Quantum Interference Device

TEM Transmission Electron Microscope

TGA Thermogravimetric Analysis

TP Thermoplastic

TS Thermoset

XRD X-Ray Diffraction/Diffractometry

Symbols
Symbol Definition

𝐵 Magnetic induction

𝐶𝑝 Heat capacity

𝑓 Frequency

𝐻 Field

𝑘𝐵 Boltzmann constant

xiv



List of Tables xv

Symbol Definition

𝐾 Anisotropy constant

𝐿 Linear loss parameter

𝑀 Magnetization

𝑀𝑆 Saturation magnetization

𝑃 Power

𝑇 Temperature

𝑡 Time

𝑉 Volume

𝑉ℎ Hydrodynamic volume

𝜂 Viscosity

𝜇 Magnetic moment

𝜇0 Permeability of free space (vacuum)

𝜌 Density

𝜏 Relaxation time

𝜏𝐵 Brown relaxation time

𝜏𝑁 Neel relaxation time

𝜒 Susceptibility

𝜒0 Initial susceptibility

𝜒′
Susceptibility (real part)

𝜒′′
Susceptibility (imaginary part)

𝜔 Cyclic frequency



1
Introduction

1.1. Motivation
Over the last century, the aerospace industry has been increasingly shifting towards sustainabil-

ity, with a key focus on reducing weight in aircraft components. The production of structural

parts, previously relying heavily on metal alloys, is now increasingly favoring polymers and

polymer composites to maintain lightweight structures. Particular interest was drawn towards

thermoplastic polymers, as they posses recyclability, reshaping, and remolding capabilities. In

addition to this, the need for lightweight, high-performance structures in aerospace has driven

the development of advanced joining techniques for thermoplastic composites.

The process of joining parts comes with a plethora of complications in terms of weight, design,

processing, risks and cost-effectiveness. Because of these reasons, traditional joining techniques,

such as mechanical fastening and adhesive bonding, are expected to be fully replaced by fusion

bonding (also known as fusion welding) in the next few years [3]. In this context, induction

welding is especially promising due to its non-contact nature and potential for continuous

processing.

Traditionally, induction welding of thermoplastic parts relies on the presence of a susceptor

(a metal mesh or carbon fibres themselves) able to convert electromagnetic energy into heat

via Eddy currents. However, additional conductive susceptors may result in non-uniform

heating and reduce mechanical properties. A solution to these obstacles may be provided by

the introduction of minimally invasive conductive particulate media in the form of magnetic

nanoparticles, previously investigated as medical treatment media.

For over fifty years, researchers in the biomedical field have investigated and confirmed

the capabilities of magnetic nanoparticles as effective cancer treatment methodologies via

heat generation and thermal ablation. The use of these materials for targeted hyperthermia

procedures has contributed to the formation of a vast body of knowledge on the topic of

magnetic nanoparticles, including the effects of their composition and morphology on heating

capabilities.

The functioning principle is straightforward: upon external application of an alternating

magnetic field (AMF), magnetic nanoparticles have the capability to generate heat via hysteresis

losses, with results depending on their magnetic properties.

Magnetic particles susceptors have been proven to have the ability to heat polymers above their

respective melting temperatures [91] when subjected to an external magnetic field. However,

one of the key challenges in induction welding is the risk of thermoplastic degradation due to

1
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excessive heating of the susceptor material. Therefore, precise temperature control throughout

the welding process is critical. An interesting knowledge gap emerges from these considerations:

how can innovative particulate susceptors be designed to thermally self-regulate?

In 2022, Martin et Al. [58] proposed a selection criterion for ferromagnetic particles as susceptor

materials in induction welding. This criterion emphasizes the choice of susceptors with Curie

temperatures compatible with the processing temperatures of thermoplastic polymers to

minimize overheating risks. This allows the material to reach the desired temperature window

for processing purposes, while overheating is avoided and limited by the ultimate reachable

temperature, i.e. Curie temperature.

This research is aimed at exploring the heating capabilities of various magnetic nanoparticles

and their suitability as self-regulating susceptors for induction welding of thermoplastic

materials.

1.2. Outline
A short outline of the structure of this thesis report is now given.

After this introductive chapter, an extensive literature review is reported in chapter 2, which is

used to provide necessary background information to the reader. An overview of the scope of

this research, accompanied by a breakdown of thesis subgoals, is discussed in chapter 3. This

part is then followed by chapter 4 and chapter 5, where materials and methodologies used in

this research project are clarified. In chapter 6 all relevant thesis outcomes originating from

MagneTherm experiments are presented and discussed, while chapter 7 delves into results

obtained from other characterization techniques. Discussion of these outcomes is included in

the final concluding chapter, chapter 8, in addition to recommendations for future research.

Several appendices with supporting materials and data are provided at the end of this

document.



2
Theory and background

This chapter has the main goal of providing a solid and clear background on the topic covered

by this study. Comprehension of this research and its findings strongly depends on preliminary

knowledge of relevant information and necessary definitions.

An introduction to the topic of magnetic nanoparticles is given from the point of view of their

biomedical applications, which serves as inspiration for this research.

After this section, some background on polymers and their properties is provided, followed

by a section regarding joining techniques applied to composite/polymeric parts, and focused

specifically on the topic of fusion bonding (or fusion welding), particularly relevant for the

scope of this thesis. Then, some available literature regarding tests with magnetic nanoparticles

susceptors is introduced.

After this, some general information regarding magnetism and magnetic materials is provided,

followed by a description of heat generation mechanisms of nanoparticles and of Curie

temperature. Finally, methods of tuning the properties of MNPs are discussed.

2.1. The inspiration: application of magnetic nanoparticles in biomedicine
In recent decades, the biomedical applications of MNPs have emerged as effective treatment

methodologies, as can be seen summarized in the graphics in Figure 2.1. More specifically,

targeted drug delivery, hyperthermia, diagnostic imaging, immunotherapy and tissue regener-

ation were possible due to the high surface to volume ratio and functionalization capabilities of

the nanoparticles. However, to this day, research is still ongoing in order to optimise delivery

and functionality of particles for medical treatment.

Magnetic hyperthermia is defined as the capability of MNPs to dissipate heat when exposed to

an externally applied alternating magnetic field [106]. The hyperthermia effect of magnetic

nanoparticles is used to target diseased areas of the patient’s body. In particular, it has been

proven as an effective treatment method to to deliver, focus, and destroy cancerous cells via

heat application. Considering their higher thermal sensitivity compared to healthy tissues,

diseased areas will be more affected by the applied thermal effect. As a result, cancer cells will

suffer from precocious apoptosis (or necrosis) under hyperthermia at 42-46 °C [50].

In the 1950s, Gilchrist et al. approached this new cancer treatment technique for the first time:

MNPs were injected and heated via application of an alternating field, resulting in the death of

cancerous cells present in lymphonodes [59].

This type of medical treatment can be classified based on the area of distribution of the particles

of interest. Local, regional, or whole body hyperthermia are all possible methods of application

3
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Figure 2.1: Examples of therapeutic applications of magnetic nanoparticles. From Kritika et Al. [65]

of this medical treatment to intervene on diseased cells [61].

In this context, in-vivo testing is particularly relevant, contrary to other applications of MNPs,

in the field of medical applications. These experiments investigate not only the functionality of

the method, but also any possible side effect or discomfort perceived by the treated patient.

This type of tests culminated in the formulation of a medical safety limit value for the applied

magnetic field and frequency of 𝐻 · 𝑓 ≤ 5 · 10
9

A/ms [50].

Other possible applications of magnetic nanoparticles include targeted drug delivery and

bioimaging. Multiple researchers have used MNPs to perform cancer imaging diagnoses

using magnetic resonance imaging (MRI) and computed tomography scans (CT). MNPs are

particularly useful as they enhance visibility and allow to capture precise images in-vivo.

As previously mentioned, another relevant aspect of MNPs is their ability to be functionalized

in order to be used for specific purposes. For example, Polyethylene Glycol [106] is commonly

used to avoid rections by the immune system. Other biocompatible polymers (polysaccharides,

linoleic acid etc.) and genes can be used as well.

Moreover, a vast variety of synthesis techniques have been developed to tune properties and

composition of magnetic nanoparticles. These techniques include hydrothermal, solvothermal,

sol-gel, co-precipitation, flow injection syntheses, electrochemical, and laser pyrolysis tech-

niques [106].

Overall, the proven functionality of magnetic nanoparticles in the biomedical field suggested

the possibility of adapting them for other scopes. Specifically, magnetic hyperthermia inspired

the possibility of studying the heat generation of MNPs for other purposes, such as performing

polymer welding, in the way it was explored in this research.
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2.2. Polymers
Over the last century, there has been a revolutionary change in the aerospace sector with

respect to materials utilized to build aircrafts and spacecrafts. The production of structural

parts, previously relying heavily on metals like aluminum and steel alloys is now increasingly

favoring polymers and polymer composites [93]. This shift was promoted by the advantages

provided by polymers, which include substantial weight reduction, improved fuel efficiency

[4], and better resistance to corrosion and extreme environmental conditions, thereby meeting

the industry’s growing requirements for efficiency, performance, and cost-effectiveness.

2.2.1. Types of polymer matrices
The term "polymer" identifies a category of materials made out of long chain molecules,

consisting of a large number of repeating units.

An initial distinction can be made between different types of polymers that can eventually act as

matrices in composite materials. All types of polymers can be classified into two major groups:

thermosets and thermoplastics [26]. These two categories constitute the most significant and

widely used classes of polymers within the aerospace field. The presented classification follows

both chemical and thermal processing criteria [26], [29].

Thermosets
This class of polymers comprises materials made out of long, crosslinked molecules. Thermoset-

ting materials undergo chemical reactions (commonly called "curing reactions") that cannot be

reversed through thermal processing, making them unsuitable for recycling and reprocessing

[26]. They offer high thermal and chemical resistance, but degrade at high temperature without

softening.

Thermosets have low viscosity during processes at room temperature and solidify as a conse-

quence of curing cycles at specific temperatures and pressures (comparably low to the ones

used for thermoplastics). Moreover, they are usually cheap.

Thermoplastics
Thermoplastic polymers, on the other hand, consist of long polymeric chains that exhibit

physical entanglements [57]. Linear polymers can undergo consolidation and softening when

sufficient heat is applied, making them suitable for repair and recycling.

TPs offer optimal environmental and chemical resistance, combined with good fatigue and

corrosion resistance.

They are comparably tougher and less brittle than thermosets. However, TP parts usually require

more complicated manufacturing processes, including higher temperatures and pressures

needed for forming.

Table 2.1: Mechanical properties of thermoplastic materials used in the aerospace industry [26], [102]

Material Processing T[°C] Density [𝑔/𝑐𝑚3] Modulus [GPa] Strength [MPa]
HDPE [79] 180-280 1 1.4 28

PEEK 370-390 1.3 4.1 105

PEI 310-330 1.3 3.6 110

PEKK 360-380 1.3 4.5 102

PP 200-280 0.9 1.3 36

PPS 310-330 1.4 3.8 90

PVC 170-210 1.4 3.3 48
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Amorphous and semi-crystalline
An additional subdivision among thermoplastic materials can be made between amorphous

and semi-crystalline termoplastics.

Figure 2.2: Graph showing changes in elastic modulus (log) with temperature of an amorphous and

semi-crystalline. From [12], inserts [39]

Amorphous thermoplastics show a random orientation of polymeric chains and a typical glass

transition temperature (Tg), corresponding to the transition from solid to rubbery state of the

polymer.

Polycarbonate (PC), Polyetherimide (PEI), Polystyrene (PS), Polysulfone (PSU) and Polyvinyl

chloride (PVC) are examples of amorphous polymers employed in the aerospace sector.

In contrast, semi-crystalline thermoplastics show various degrees of crystallinity, i.e. they

possess partially ordered (folded) polymeric chains [57]. They show two characteristic thermal

transitions: Tg and a sharp melting temperature, Tm, corresponding to the melting point of the

cystalline phase. These thermal features are shown in Figure 2.2.

Due to their superior chemical resistance, semi-crystalline materials are preferred to amorphous

ones for structural applications [57]. Examples of semi-crystalline polymers include Polyethy-

lene (PE), Polyetheretherketone (PEEK), Polyetherketoneketone (PEKK) and Polypropylene

(PP).
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2.2.2. Joining of thermoplastic parts
The realization of complex aerospace structures requires the assembly of multiple parts.

This step comes with a multitude of challenges from the design, processing, and economic

perspective.

Asssembly is carried out by employing joining techniques that fall under three broad categories

(summarized in Figure 2.3): mechanical fastening, welding and bonding.

Figure 2.3: Graph summarizing common joining techniques for thermoplastics

Mechanical fastening
This route involves the use of additional elements, such as rivets, bolts, clamps, or screws, to

join mechanical parts. Mechanical fastening has been widely applied in the aerospace field

since its beginning, being a simple joining technique that allows for disassembly and therefore,

reparations.

However, some major disadvantages come with the use of additional mechanical fasteners:

• Weight increase

• Possible galvanic corrosion

• Damages to fibres structures in composites after drilling

• Risk of cracking due to different coefficients of thermal expansion in fasteners and parts

• Stress concentrations due to the presence of holes and fasteners

Overall, integration and assembly of parts is a cumbersome task in terms of complexity, manual

labour and costs. In the case of mechanical fastening, for example, it has been reported that

assembly costs can account for up to 19-42% of the final cost of the aircraft [107].

Bonding
Bonding techniques (via solvents or adhesives) are historically well known within the aerospace

industry and they were already extensively studied by the 1990s [89]. These procedures were

initially developed for thermoset composites and metal parts; therefore, they poorly adapted to

new thermoplastic parts.

The main challenges of bonding include:

• Surface preparation of adherends

• Difficulties in controlling the bond line

• Long and very specific curing cycles, especially for adhesives
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2.2.3. Fusion welding
Unlike thermoset matrices, thermoplastics can be reshaped by heating them to their softening

or melting point. This makes them ideal candidates for producing parts that can be repaired

and recycled via reprocessing and shaping when end-of-life is reached [26].

Fusion welding takes advantage of these properties of thermoplastics. This joining method can

be implemented using various approaches; nonetheless, the procedure involves some common

steps:

1. Surface preparation of adherends

2. Heating of interfaces to a suitable temperature (Tg for amorphous TPs and Tm for

semi-crystalline TPs)

3. Inter-diffusion of polymerics chains across the weld line (also known as reptation)

4. Cooling down under pressure

5. Consolidation

Overall, fusion welding is considered the ideal joining technique [3]. The main outcome is

the disappearance of a recognizable weld line and, as a consequence, the ability to transfer

loads through the weld zone and potentially recovering the same mechanical properties as the

original TP bulk material. Because of these reasons, multiple researchers believe that fusion

bonding is expected to substitute traditional joining methods in the future [3].

Fusion bonding can be carried out by employing various techniques that fall under three broad

categories (summarized in Table 2.2): thermal, mechanical and electromagnetic techniques.

Table 2.2: Overview of existing fusion bonding/welding techniques [107]

Thermal Mechanical Electromagnetic
Hot gas Vibration Resistance

Hot plate Spin Induction

Extrusion Ultrasonic Dielectric

Infrared Friction stir Microwave

Laser

2.2.4. Induction welding of thermoplastics
Induction welding is particularly promising joining technique for future work, and for this

project, as it is a rapid, clean, and non contact joining technique for polymers and composites

[9]. It involves the generation of Eddy currents due to the presence of alternating magnetic

field provided by an induction coil (as can be seen in Figure 2.4).

This method is traditionally used when the material acts as a susceptor itself, as in the case of

composites that incorporate woven textiles of carbon fibers [3]. However, this is not always the

case, for example when non-conductive glass fibres are employed. In these cases, conductive

inserts need to be introduced to generate Eddy currents and heat dissipation at the weld line.

Traditional susceptors for induction heating exist in the form of powder or mesh [3]. Both forms

of insert are required to satisfy some basic requirements: being susceptible to the presence of

an external magnetic field, having sufficient electrical resistance, and being able to provide a

closed circuit to generate Eddy currents [3]. Traditional metal mesh susceptors are efficient

media to generate and concentrate heat in the area; nonetheless, they are quite extended and

may result in reduced mechanical properties. A solution to these issues may be provided by

particulate susceptors, in the form of micro- and nanoparticles.
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Figure 2.4: Induction welding setup for induction welding via induced Eddy currents. From [3]

Particulate susceptors

A novel approach to fusion bonding offers the possibility to disperse magnetic particles at the

interface to be bonded, acting as a substitute for traditional susceptors. In this case, because of

the ferromagnetic character of the particles, the main heat generation mechanism comes from

hysteresis losses rather than Eddy currents and Joule losses.

The primary benefit of this technique lies in the size of the particles used. Moreover, in this

case, the shaping of the material is not hindered by macroscopic metallic susceptors. The

flowability and rheology of the polymer matrix are minimally altered, allowing processing

through molding, extrusion, and compounding [101].

More recently, researchers have also been trying to fabricate TP adhesive films that incorporate

magnetic particles that have inductive heating behavior. In the experiments conducted by

Bayerl et al. [11], HDPE and PA6 were compounded with the addition of iron and iron oxide

microparticles to produce films.

An overview of available experimental studies involving particulate susceptors for induction

welding of TP matrices is provided on the following page in Table 2.3.

Influence of particles concentration
Inductive behavior of magnetic nanoparticles has been studied in relation to the concentration

of particles. In the vast majority of available literature, it has been proven that a higher

concentration of particles correlates with improved heating efficiency.

Lm et al. [53] found that, for Ni particles embedded in a TPU matrix, the highest final

temperature is achieved for the highest used Ni concentration (20 phr in this case). Similar

results were obtained by Suwanwatana et al. [91], [90] for Ni particles incorporated in PSU

specimens.

In the case of magnetite (𝐹𝑒3𝑂4) particles Bae et al. [8], [7] and Bayerl et al. [11] highlighted a

similar behavior, showing higher temperatures and increased generation for increased particle

contents.
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Influence of particles size
Size of nanoparticles has been reported to dramatically affect the heating behavior at the weld

line.

Bae et al. [8], [7] found that heating rate and final temperature were much higher for both Fe

and 𝐹𝑒3𝑂4 microparticles with higher particle dimensions.

However, when particles in the nm range were compared to microparticles, the trend appeared

to be reversed. Final temperatures of specimens, reached at the Curie temperature of the

particles, were reached much faster when smaller particles were employed. This was proven

for Ni particles in PSU resin [91], [90] as well for Ni, Fe and 𝐹𝑒3𝑂4 nanoparticles in TPU [47].

Influence of frequency
Bayerl et al. [11] investigated the effects of frequency on heat generation for an HDPE film

containing iron particles at 5% wt. The tests were conducted between 290 and 565 kHz, and

found an optimal heating efficiency in the 430-450 kHz range.

Differently, Suwanwatana et al. [91] found a linear correlation between frequency and heating

rates and final temperature. Nickel particles in a PSU matrix were subjected to 2.25, 3.45, 4.48

and 7.05 MHz frequencies and their heating profiles were recorded, revealing the highest

heating rate and final temperature (350°C) in response to the highest applied frequency.
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2.3. Principles of magnetism
Human interest in magnetism and its correlated phenomena has been shown since 2500 BC,

when it is speculated that the Chinese used some primordial type of compass for navigation. In

ancient Greece, philosophers such as Thales and Socrates have reportedly explored permanent

and induced magnets [63]. This shows how magnetism has been intrinsically part of human

history since its discovery.

More recently, in the past two centuries, extensive research and exploration of this subject

has been performed, generating a consistent body of knowledge regarding magnetism and

its applications. In order to orient the reader, this section is dedicated to providing a solid

background on the topic, introducing existing classes of magnetic materials and the necessary

properties used to define the phenomenon.

2.3.1. General properties of magnetic materials
Some basic, but relevant, definitions used in magnetism are worth mentioning for future use.

The concepts of magnetisation, magnetic induction, applied field, permeability, saturation

magnetisation, retentivity, coercivity, and susceptibility are introduced and defined here [40].

In order to obtain these properties, magnetisation loops, like the one in Figure 2.5, are realised

by recording the magnetization behaviour of a (ferromagnetic) material when exposed to an

external field of strength H.

Figure 2.5: Diagrams of hysteresis loops with magnetic properties. From [30]

Magnetization and magnetic induction
Whenever a material having intrinsic magnetization M (A/m) is exposed to a magnetic field of

strength H (expressed in A/m or Oe), the resulting magnetic induction B (in Tesla, T) can be

calculated as follows:

B = 𝜇0(H + M) (2.1)

The net magnetization vector M represents the density of magnetization within the bulk

material and it is calculated by averaging the magnetic moment over the bulk volume:

𝑀 =
𝜇

𝑉
(2.2)
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Permeability
Permeability quantifies the measure of the material’s ability to conduct a magnetic field. It is

represented by the Greek letter 𝜇 and is defined as the ratio of the magnetic flux density (B) to

the magnetic field strength (H):

𝜇 =
𝐵

𝐻
(2.3)

Saturation magnetization
The upper limit in terms of magnetization is defined by saturation magnetization, commonly

identified by 𝑀𝑠 or 𝑀0. When a magnetic field of strength H is applied to a material, saturation

is reached when all the magnetic moments within a material are oriented parallely to the

externally applied field.

Retentivity or remnant magnetization
Upon removal of the applied magnetic field, ferromagnetic materials have the ability to partially

retain part of the magnetization. After reaching saturation, ferromagnets show a remanence,

or a residual magnetization (𝑀𝑅) and its corresponding remaining induction (𝐵𝑅):

𝐵𝑅 = 𝜇0𝑀𝑅 (2.4)

Coercivity
The coercive field or magnetic coercivity parameter (𝐻𝑐) identifies the strength of an externally

applied magnetic field to reduce magnetic induction and/or magnetization to zero.

Moreover, coercivity is used to distinguish "soft" (low coercivity) from "hard" ferromagnets.

Susceptibility
An additional parameter related to magnetism is susceptibility. It is used to identify the

response of a material when exposed to a magnetic field in terms of attraction or repulsion

[64]. It is calculated as the dimensionless ratio of material magnetisation (M) to the applied

magnetising field intensity (H):

𝜒 =
𝑀

𝐻
(2.5)

As magnetization cannot be directly measured, susceptibility constitutes an important parameter

to evaluate the average bulk magnetic moment of materials [77]. A negative susceptibility is

typical of diamagnetic materials, which are weakly repelled by the field. Both paramagnetic

and ferromagnetic (high 𝜒) materials show positive values for susceptibility.

2.3.2. Classes of magnetic materials
The origin of magnetism lies in the existence of atoms with unpaired electrons. The presence

of an incomplete electronic configuration allows each unpaired electron to generate a magnetic

field due to two phenomena [72]:

• Intrinsic spin: each electron has an intrinsic angular momentum called spin (of value

±1/2), which generates a magnetic moment and acts as an indipendent magnet

• Orbital motion: electrons revolving around the nucleus set up circular currents that

generate magnetic fields

Materials are generally classified according to their magnetic properties. Paramagnetic, antifer-

romagnetic, and diamagnetic materials, or "weak" magnetic materials, show no spontaneous

magnetization in a zero field. In contrast, classes of materials showing spontaneous magneti-

sation ("strong" magnetism) include ferromagnetic, ferrimagnetic, and superparamagnetic
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materials [22].

Graphics showing electronic spin configurations and hysteresis loops of the analyzed classes of

materials can be examined below in Figure 2.6 and Figure 2.7.

Figure 2.6: Orientation of electronic spins for different types of magnetism: A) Paramagnets, B) Ferromagnets, C)

Antiferromagnets, D) Ferrimagnets. From [55]

Figure 2.7: Diagrams of hysteresis loops for differents of magnetic materials. From [96]

Paramagnetism
Paramagnetism is observable for materials that possess uncoupled electrons in their external

orbitals, and therefore a very weak permanent magnetic momentum [63], [80]. Overall,

magnetic moments are disordered in zero field and their orientation is randomized among

magnetic domains. Once an external field is applied, high order magnetization temporarily
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appears and the overall magnetic moment of the material is aligned with the applied field.

They possess a very small positive susceptibility [87].

Ferromagnetism
Ferromagnetism is recognizable in solid materials showing high alignment of their magnetic

moments within magnetic domains. This class of materials shows high susceptibility and a

characteristic temperature (named the Curie temperature), at which they suddenly switch

their behavior to paramagnetism. Below Curie temperature, ferromagnets show homogeneous

magnetization within a single domain and an inhomogeneous magnetization from domain

to domain in the absence of external magnetic field. Upon application of a field, long range

alignment becomes observable and all magnetic moments within all domains flip parallel to

the field. Ultimately, ferromagnets possess a net magnetization in zero field (from this comes

the expression "permanent magnets").

Ferromagnetic behavior is typical of Cobalt, Iron, Nickel, some rare earth elements, and their

alloys.

Diamagnetism
Diamagnetism can be observed when repulsion of a material results upon application of an

external magnetic field [1]. In this case, all atoms have coupled electrons (i.e., no net magnetic

moment); therefore, no magnetic moment of the particle is naturally present, and an opposing

field originates when an external field is applied (consequently, a negative susceptibility is

measured [1]). Overall, no long or short order magnetization is observable after removal of the

field.

Antiferromagnetism
Materials consisting of two magnetic sublattices, having equal magnetic moment but opposite

direction and resulting in zero net magnetization [1]. In this case, negative exchange interactions

between neighboring atoms appear [63]. Moreover, antiferrromagnetic materials follow Curie-

Weiss law for susceptibility above their critical Néel temperature [1].

Ferrimagnetism
Ferrimagnets, similarly to anitferromagnets, consist of two sublattices that provide opposite

magnetic moments of different intensities. Hence, a net magnetic moment is present.

Additionally, ferrimagnets present all characteristic features of ferromagnets, such as sponta-

neous magnetization, Curie temperatures, hysteresis, positive susceptibility, and remanence.

Magnetite is the most well-known ferrimagnet.

Table 2.4: Summary of characteristics of magnetic materials classes

Net M Field
response

Spin
arrangement 𝜒

Curie
temperature

Néel
temperature

Paramagnetic weak weak random

small

>0

no no

Ferromagnetic strong strong parallel >0 yes no

Diamagnetic none weak none <0 no no

Antiferromagnetic none weak anti-parallel

small

>0

no yes

Ferrimagnetic yes, varies strong anti-parallel >0 yes no
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2.4. Heat generation
As introduced by Vallejo-Fernandez et al. [97] various types of heat generation mechanisms

are possible when dealing with colloidal magnetic nanoparticles, depending on their size and

parameters of the applied magnetic field.

Figure 2.8: Distribution of heating contribution vs. critical diameters for magnetite nanoparticles tested at a

frequency of 111.5 kHz and an applied field of 250 Oe [98]

The conversion of magnetic field energy into heat as a result of magnetization reversal,

commonly known as magnetic losses, is caused by processes occurring in the particle system

[36]. As can be seen from Figure 2.8 three possible heating mechanisms exist, depending on

the diameter of the considered nanoparticle: susceptibility loss (comprising Neel and Brown

relaxations), hysteresis loss, and viscous heating (or stirring effect).

Susceptibility losses are commonly identified as the heat generation mechanism developed by

magnetic nanoparticles in the superparamagnetic size range, whose maximum diameter was

identified by Vallejo-Fernandez et al. [97] by the following equation:

𝐷𝑝(0) =
(
6𝑘𝐵𝑇 ln(𝑡 𝑓0)

𝜋𝐾

)
1/3

(2.6)

Where 𝑘𝐵 is the Boltzmann constant, T the temperature, t the measuring time, 𝑓0 the characteristic

frequency of the order of 10
9 − 10

13
Hz and K the effective anisotropy density constant.

Hysteresis loss, on the other hand, is predominant for bigger particles with ferromagnetic

behaviour, falling within the single domain category, up to their limit with the multidomain

size range, defined by the critical size:

𝐷𝑝(𝐻) =
[
1 − 𝐻𝑀𝑠

0.96𝐾

]−2/3

𝐷𝑝(0) (2.7)

Where 𝐻 indicates the applied field and 𝑀𝑆 the saturation magnetization.



2.4. Heat generation 17

2.4.1. Magnetic domains and critical sizes of magnetic nanoparticles
As it was just introduced, magnetic nanoparticles can be classified according to their size and

magnetic behaviour as superparamagnetic, mono-domain and multi-domain nanoparticles.

This can be seen summarized below in Figure 2.9.

Figure 2.9: Magnetic distribution of magnetic domains according to their particle size. From [30]

The dimensionless parameter 𝜎 can be used to better describe the features of the three type of

magnetic behaviours [2]:

𝜎 =
𝐾𝑉𝑀𝑁𝑃

𝑘𝐵𝑇
(2.8)

Where K identifies the anisotropy constant,𝑉𝑀𝑁𝑃 the volume of nanoparticles, 𝑘𝐵 the Boltzmann

constant and T the temperature.

The parameter 𝜎 allows us to efficiently describe when the formation of domain walls in

nanoparticles is favourable. Regions where magnetic dipoles are aligned in the same direction

are identified as magnetic domains and are delimited by domain walls (Neel and Bloch walls).

The formation of domains is a complex phenomenon and is influenced by multiple factors,

including composition, size and shape of the particles.

In the case of large nanoparticles (𝜎 >> 1), the formation of domain walls is more favourable

because it minimises the magnetostatic energy of the particle, originating multi-domain

nanoparticles. Below a critical size, the formation of multiple domains does not minimize the

magnetostatic energy of the material, therefore single domain nanoparticles will be originated.

The critical size of transition between these two behaviours is commonly identified to be in the

2-100 nm size range [21], however, this property is material-dependent (some examples are

given in Figure 2.10) and no universal law to identify the critical diameter can be established.

In the case of mono-domain, the entire particle acts as one large magnetic dipole and a strong

ferromagnetic behaviour is exhibited (high coercivity and remanence).

For even smaller diameters, 𝜎 is below 1, indicating a superparamagnetic behaviour. In this

size range the atomic vibrational (thermal) energy is sufficient to overcome the anisotropy

energy (𝐾𝑉𝑀𝑁𝑃) and the magnetic spins are free to rotate, originating magnetic nanopar-

ticles that do not show any hysteresis or coercivity (also identified as "unblocked" nanoparticles).
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Figure 2.10: Critical diameters for superparamagnetic and mono-domain behaviours for various materials. From

[56]

According to the previously identified categorization of nanoparticles as superparamagnetic,

single-domain and multi-domain, empirical methods have been identified to model their heat

generation capabilities. Through previous literature, Cobianchi et Al. [16] identified three main

models (summarized in Figure 2.11): the Linear Response Theory (LRT), the Stohner-Wohlfarth

model and Rayleigh’s model.

Figure 2.11: Summary of empirical models identified in literature to describe heating mechanisms of various sizes

of magnetic nanoparticles. From [16]

The Linear Response Theory is vastly applied in literature regarding hyperthermia and

magnetic nanoparticles. As a consequence, a parameter was established to limit and identify
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its applicability:

𝜉 =
𝜇0𝑀𝑠𝑉𝐻

𝑘𝐵𝑇
< 1 (2.9)

Where 𝑀𝑠 indicates magnetic saturation, 𝑉 the volume of nanoparticles, 𝐻 the applied field,

𝑘𝐵 the Boltzmann constant and T the temperature. The 𝜉 parameter identifies the boundaries

of linear dependence of magnetization M from the applied field H, and, as a consequence, the

square proportionality (𝑆𝐿𝑃 ∝ 𝐻2
) of power generation from H [16].

The heat generation of a dispersion of magnetic nanoparticles in the susperparamagnetic

regime is correlated to the evolution of the imaginary part of its susceptibility (𝜒 = 𝜒′ − 𝑖𝜒′′
).

The imaginary part identifies the out-of-phase response of the magnetic moments in a material

and it is expressed as [82]:

𝜒′′ = 𝜒0

𝜔𝜏

1 + (𝜔𝜏)2 (2.10)

Where 𝜒0 is the initial susceptibility, 𝜏 the relaxation time of MNPs and 𝜔 = 2𝜋 𝑓 is the cyclic

frequency of rotation of nanoparticles. 𝜒′′
is also often identified as loss susceptibility. The

evolution of both in-phase and out-of-phase susceptibility can be observed below in Figure 2.12.

Figure 2.12: Normalized in-phase and out-of-phase components of susceptibility as a function of 𝜔𝜏. From [104]

Consequently, the out-of-phase component 𝜒′′
can be used to compute the volumetric power

dissipation of the ferrofluid:

𝑃 = 𝜋𝜇0𝐻
2𝜒′′ 𝑓 (2.11)

Where 𝜇0 identifies the permeability of vacuum, 𝐻 the strength of the applied magnetic field,

𝜒′′
the loss susceptibility and 𝑓 the frequency.



2.4. Heat generation 20

2.4.2. Neel and Brown relaxation mechanisms
Under the assumption of superparamagnetism, single domain and noninteracting particles,

heat dissipation happens due to two possible phenomena: Neel or Brown relaxation (identified

below in Figure 2.13).

Figure 2.13: a) Neel and Brown relaxation, b) Neel relaxation aided by thermal energy, c) Neel relaxation in zero

field, d) Brownian relaxation in a fluid. From [70]

All magnetic particles show magnetic anisotropy and, as a result, preferential orientations of

their magnetic moments. When subjected to an external magnetic field, MNPs tend to orient

accordingly to it, aligning their magnetic moments parallel to the field lines. In the case of

an alternating magnetic field, generated by AC field, magnetic nanoparticles have an intrinsic

tendency to realign. However, Neel relaxation occurs whenever the magnetic moment of a

nanoparticle flips to accommodate the externally applied field and can be expressed as [104]:

𝜏𝑁 = 𝜏0 exp

(
𝐾𝑉𝑀𝑁𝑃

𝑘𝐵𝑇

)
(2.12)

Where 𝜏0 is a preexponential time factor of the order of 10
−9−10

−13
s, the exponential numerator

Δ𝐸 = 𝐾𝑉𝑀𝑁𝑃 is the anisotropy energy barrier, comprising the effective anisotropy density

constant (𝐾) and the volume of the particles (𝑉𝑀𝑁𝑃), the denumenator represents the thermal

contribution and is obtained by multiplying the Boltzmann constant by the testing temperature.

Anisotropy
The anisotropy energy barrier expression was reworked by Bødker et al. [14] in order to obtain

a clear relation with surface anisotropy for (assumed) spherical nanoparticles of size d:

Δ𝐸 = 𝐾𝑉𝑀𝑁𝑃 = 𝐾𝑉𝑉 + 𝐾𝑆𝑆 = 𝐾𝑉 + 6

𝑑
𝐾𝑆 (2.13)

Where 𝐾𝑉 identifies the anisotropy density constant correlated to the volume of the particle,

while 𝐾𝑆 the one connected to surface effects.

Magnetic anisotropy in magnetic nanoparticles refers to the directional dependence of a

material’s magnetic properties. This means that the magnetic characteristics of the nanoparticles,

such as their magnetization and hysteresis behavior, vary based on the direction in which

they are measured. There are several types of magnetic anisotropy. Magnetocrystalline
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anisotropy is due to the intrinsic properties of the crystal structure of the material, where

the magnetization tends to align along specific crystallographic directions, known as "easy

axes". Shape anisotropy arises from the physical shape of the nanoparticles. Elongated or

irregularly shaped particles can have a preferred direction of magnetization due to their

geometric configuration. Lastly, surface anisotropy is particularly significant in nanoparticles

due to their high surface-to-volume ratio, where surface effects can contribute to the overall

magnetic anisotropy. Considering the small diameters of magnetic nanoparticles, the surface

anisotropy term becomes particularly relevant in this context.

In the presence of an applied magnetic field H, Equation 2.12 can be modified to include this

contribution, as follows:

𝜏𝑁 = 𝜏0 exp

(
𝐾𝑉𝑀𝑁𝑃 −𝑀𝐻

𝑘𝐵𝑇

)
(2.14)

Finally, the effective Neel relaxation time for magnetic nanoparticles dispersed in a fluid, while

taking into consideration the presence of polidispersity, can be expressed by the integral:

𝜏eff

𝑁 =

∫ 𝑉
(0)
𝑝

0

𝜏𝑁 (𝑉) 𝑓 (𝑉) 𝑑𝑉 (2.15)

Where 𝑉
(0)
𝑝 is the particle volume at the critical diameter 𝐷𝑝(0) and 𝑓 (𝑉) is a statistical

distribution function representing the volume distribution of particles in the ferrofluid.

The other relaxation phenomenon is commonly known as ’Brown relaxation’. It is typically

observed when ferrofluids are analysed, as it describes the type of physical rotation exhibited

by a magnetic nanoparticle while suspended in a fluid. In this case, the effective magnetic

moment realigns, according to the applied magnetic field, by physically rotating the whole

particle. This type of re-orientation spontaneously occurs with frequency 𝜏𝐵, as follows [104]:

𝜏𝐵 =
3𝜂𝑉ℎ
𝑘𝐵𝑇

(2.16)

Where 𝜏𝐵 is the Brown relaxation time, 𝜂 the fluid viscosity, 𝑉ℎ the hydrodynamic volume of

each particle, 𝑘𝐵 the Boltzmann constant and 𝑇 the absolute temperature.

The effective Brownian relaxation time for magnetic nanoparticles dispersed in a fluid, when

polidispersity is present, is expressed by the integral:

𝜏eff

𝐵 =

∫ 𝑉ℎ(0)

0

𝜏𝐵(𝑉ℎ) 𝑓 (𝑉ℎ)d𝑉ℎ (2.17)

Where𝑉ℎ(0) is the hydrodynamic volume at the critical diameter 𝐷𝑝(0) and 𝑓 (𝑉ℎ) is a statistical

distribution function representing the hydrodinamic volume distribution of particles in the

ferrofluid.

Overall, the effective relaxation time when both effects are present (for example, in the case of a

suspension of MNPs) is shown in Figure 2.14 and can be calculated as follows:

1

𝜏eff

=
1

𝜏B

+ 1

𝜏N

(2.18)

𝜏eff =
𝜏𝐵𝜏𝑁

𝜏𝐵 + 𝜏𝑁
(2.19)
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Figure 2.14: Plot of relaxation simulation including Neel, Brown relaxation and resulting effective relaxation times

for magnetic nanoparticles in water

2.4.3. Hysteresis Losses
When subjected to an external magnetic field, the magnetic domains within the nanoparticles

align with the direction of the field. Upon removal or reversal of the field, single domains do

not instantly revert to their initial configuration. This delay in reaction forms a hysteresis loop

on the magnetization graph, with the enclosed area indicating the amount of energy dissipated

as heat during each magnetization and demagnetization cycle [36]. This specific mechanism

is typical of magnetic nanoparticles in the single-domain range that exhibit a ferromagnetic

behaviour and high values of coercivity.

The overall work produced by magnetic domain reorientations is converted into heat and

expressed by the integral:

𝑊heat =

∮
H · 𝑑M (2.20)

2.4.4. Viscous heating
Stirring effect or viscous heating is the third and last possible heating mechanism to be

considered when dealing with nanoparticles. This affect is particularly hard to predict and

model, and, as a consequence, to control. In literature, some attempts of evaluation of the drag

coefficient between nanoparticles surfaces and fluids can be found. However, experimental

evaluations are complex. Considering the turbulent flow mechanisms originated by immersion

of large nanoparticles in a fluid, hydrodynamics approximations of the problem cannot be

formulated [97].
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2.5. Measurements of magnetic nanoparticles heating
The assessment of heating properties of magnetic nanoparticles, as introduced in section 2.1,

has historically been performed to evaluate magnetic fluids for hyperthermia applications.

However, inconsistencies in measurements, equipment, data analysis and testing conditions do

not allow to easily perform comparisons among work performed by different researchers.

Another relevant aspect should be taken into consideration. The vast majority of commercially

available setups used to measure heating capabilities of MNPs in a fluid (via application of

an AMF) are inherently non-adiabatic setups, despite the presence of insulation materials. A

fundamental distinction has to be made between ideally adiabatic, optimally insulated setups

where no heat exchanges with the environment happen, and non-adiabatic setups.

When a non-adiabatic setup is used, the temperature vs. time plot produced by testing of MNPs

shows three main regions: time-rise (linear region), Box-Lucas region (thermal exponential

growth) and finally steady-state, when a stable maximum temperature is reached. The various

regions can be seen below in Figure 2.15.

Figure 2.15: Scheme of idealized adiabatic and non-adiabatic heating conditions for MNPs, including the reference

models used for fitting of each region. From [34]

Measure of induction magnetic heating capabilities can be obtained by finding the generated

power per MNP mass unit [103]:

𝑆𝐿𝑃 =
𝑃

𝑚𝑀𝑁𝑃
(2.21)

In the initial seconds of exposure to an AMF, the testing conditions can be considered adiabatic

in the time-rise region. Therefore, the slope of the curve can be used to estimate the SLP, as it

was done in this thesis:

𝑆𝐿𝑃 = 𝐶𝑝 ·
𝑚𝑆

𝑚𝑀𝑁𝑃
· Δ𝑇
Δ𝑡

(2.22)

Where 𝐶𝑝 indicates the heat capacity of the sample, 𝑚𝑠 the mass of the sample, 𝑚𝑀𝑁𝑃 the mass

of MNPs contained in the sample.

By fitting data points up to the the steady-state regime, the exponential Box-Lucas model can

be used [81], where a and b are fitting parameters:

𝑇 = 𝑇0 + 𝑎(1 − 𝑒−𝑡/𝑏) (2.23)
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An additional method that can be applied is the corrected slope method, which takes into

consideration any possible linear heat losses:

𝑆𝐿𝑃 = (𝐶𝑝
𝑑𝑇

𝑑𝑡
+ 𝐿Δ𝑇) · 𝑚𝑆

𝑚𝑀𝑁𝑃
(2.24)

Where Δ𝑇 identifies the difference at a certain instant between the sample and its baseline

temperature, while L is the linear loss parameter.

Lastly, SLP can be calculated via steady state method. This model is calculated from the

steady-state temperature (plateau) found from the curve:

𝑆𝐿𝑃 = 𝑇𝑠𝑠𝐿 ·
𝑚𝑆

𝑚𝑀𝑁𝑃
(2.25)

Where 𝑇𝑠𝑠 identifies the steady-state temperature, while L is the linear loss parameter.
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2.6. Curie temperature
As mentioned in the introduction, interest in ferromagnetic nanoparticles rises from their

potential ability to thermally autoregulate: reaching desired temperatures for processing,

while being able to interrupt their heating at an appropriate temperature in order to ensure

preservation of surrounding materials. Hence, the employment of materials’ intrinsic charac-

teristics such as their Curie temperature (or Curie point) is very promising when the goal is to

fabricate self-controlling materials. This property entails a sharp transition from ferromagnetic

to paramagnetic behaviour once the Curie temperature is reached (as can be seen from the

saturation magnetization graph reported in Figure 2.16), ensuring no heat generation from

hysteresis losses above this point.

The Curie point of bulk materials, as previously mentioned, is an intrinsic property. However,

when fabricating magnetic nanoparticles this property can be engineered by tuning particles

sizes, shapes and composition.

Figure 2.16: Saturation magnetization curve with respect to normalized temperature for pure Iron, FM and PM

indicate the ferromagnetic and paramagnetic regions [17]

In this realm, a proper definition of the Curie point should be provided for better understanding

of the next chapters.

According to the Handbook of Magnetism and Magnetic Materials [18], the Curie point can be

defined as the critical temperature above which a material loses its ferromagnetism.

An externally applied magnetic field induces dipoles re-orientation within nanoparticles as

long as they behave as a ferromagnetic material. In literature, Fabian et al. [27] identify the

Curie temperature as an order-disorder phase transition (or second order transition) from

a magnetically ordered low-temperature state to a thermally disordered high-temperature

state. Other sources, such as Mugiraneza et el. [64] define the Curie point as a symmetry

breaking point, where magnetic materials undergo a transition from magnetically ordered to a

"magnetically disordered (gas-like) state", commonly known as paramagnetism. Once the Curie

point is reached, thermal interactions become predominant, while ionic interactions among

atoms become relatively weak [64]. Once the ferromagnetic Curie point is reached, spontaneous

magnetization (𝑀) within the material in zero applied field equals zero (Figure 2.16). This

behaviour was described by Cochran and Heinrich [17].

Some examples of Curie points for materials commonly used in engineering applications are

reported below in Table 2.5:
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Table 2.5: Examples of Curie tmperatures for materials used in engineering [20]

Material Curie temperature [°C]
Fe 770

Co 1127

Ni 356

Gd 19

𝐹𝑒2𝑂3 675

𝐹𝑒3𝑂4 585

The Curie point (𝑇𝐶) was accurately measured for the first time in 1895 by Pierre Curie [5].

He was able to formulate the widely known Curie’s Law, under the hypothesis of non-interacting

magnetic moments and considering materials at high temperature and low magnetic fields

[42]:

𝜒 =
𝐶

𝑇
(2.26)

Here, 𝜒 is the material susceptibility, 𝐶 is the Curie constant, specific for each material, and 𝑇 is

the temperature. This equation is widely known as it describes the behaviour of paramagnetic

materials, highlighting the inverse proportionality occurring between susceptibility and

temperature.

Curie’s Law was later expanded by Pierre-Ernest Weiss to include his work on the molecular

field theory [64]. Under the hypotheses of interacting magnetic spins and at higher temperatures,

he included a factor 𝜃 to the initial model. Above Curie temperature, the Curie-Weiss law is

used to define the susceptibility of ferromagnets in their paramagnetic region [76]:

𝜒 =
𝐶

𝑇 − 𝜃
(2.27)

In this equation a new term is introduced: 𝜃 is the magnetic ordering temperature (also

named Weiss point or Weiss temperature in literature). This equation is particularly relevant

as it reflects how thermal fluctuations become more significant with increasing temperature,

while susceptibility rapidly decreases. The use of susceptibility measurements to evaluate

Figure 2.17: Experimental magnetic susceptibility measurements vs. temperature for: (a) Paramagnetic material

(𝑆𝑟𝑀𝑛
0.5𝑇𝑒1.5𝑂6

), (b) Ferromagnetic material (𝑁𝑖
0.68

𝑅ℎ
0.32

), (c) Antiferromagnetic material (𝐺𝑑
2
𝑃𝑡

2
𝑂

7
) [64]

order-disorder phase transition (such as the Curie transition) is usually advantageous, as

transitions are highlighted by marked discontinuities in the susceptibility vs. temperature

curves, as can be seen from Figure 2.17.
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Plots of the inverse susceptibility of materials, on the other hand, are useful when the goal

is to underline the linear relation occurring between 1/𝜒 and 𝑇. Following the Curie-Weiss

law, 1/𝜒 has a linear behaviour of slope C. However, its intercept (𝜃𝐶𝑊 ) can be positive, null

or negative, depending on the type of material taken into consideration (as can be seen in

Figure 2.18). A positive 𝜃𝐶𝑊 value indicates ferromagnetic interactions, negative values indicate

antiferromagnetism, while values of 𝜃𝐶𝑊 close to zero suggest negligible magnetic interactions,

hence paramagnetism [64].

In contrast, diamagnetic materials do not show any dependence of their susceptibility on

temperature. Typical materials known to be diamagnetic are calcite, quartz, and water [74].

Figure 2.18: (a) Inverse susceptibility vs. temperature for materials following the Curie-Weiss law [64] (b) Inverse

susceptibility (experimental and modelled via Curie-Weisss model) vs. temperature for ferromagnetic materials,

highlighting both Weiss point (𝜃𝐶𝑊 ) and Curie point (𝑇𝐶 ) [64]
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3
Research area and scope

To convey a better understanding of the research project, section 3.1 provides additional

information regarding the motivation, background, and people involved in the study.

Moreover, in the following section 3.2, the reader is introduced to the research scope of this

thesis. The specific focus of the study is stated by formulating the main research question.

Finally, some additional sub-questions are reported, in order to guide the reader along the

investigation of specific aspects of interest.

3.1. Research group and background
Genesis of this thesis can be found in the work performed within the ENLIGHTEN (Enabling

Integrated Lightweight Structures In High Volumes) programme. This
=C6 million, seven-year

project was launched by the University of Twente (The Netherlands) in 2021. The main purpose

of the initiative is to promote the use of recyclable thermoplastic materials for the manufacturing

of aerospace parts. TU Delft is involved in the technology development of Work Package 3,

specifically with regard to ultrasonic and induction welding. The goal in this area is to develop

efficient, lightweight solutions to be applied in the realm of thermoplastic fusion bonding, all

taking into consideration their suitability for materials recycling.

Following this, Professor Laura Rossi and Professor Clemens Dransfeld took up the challenge

of this project and funded a combined research group between the TU Delft faculties of

Chemical and Aerospace Engineering. The background of Dr. Rossi in soft matter and

synthesis of magnetic nanoparticles, combined with Prof. Dransfeld’s experience in composites

manufacturing, inspired the idea of developing MNPs suitable for the induction welding of

thermoplastics. This objective was then explored by breaking down the main research ideas

into sub-topics: design and characterization of nanoparticles, polymer embedding, and finally

testing of their suitability for welding (as can be seen from the summary map of Figure 3.1,

following page).

Preliminary tests on MNPs functionalized epoxy composites were performed by Gouri Nayanar

during her 2021 master thesis project at the Chemical Engineering faculty. Maghemite, hematite,

and neodymium were embedded in epoxy resin and the influence of magnetization and size of

the nanoparticles was studied [68].

29
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In 2022, master student Allan Barbosa completed his study titled "Superparamagnetic Fe3O4

Nanoparticle Based Susceptors For Induction Heating" [10]. In this work, magnetite (𝐹𝑒3𝑂4)

nanoparticles were mixed with LM-PAEK powder, then compounded, and finally thermo-

pressed to produce circular susceptors. The samples were tested by heating via an induction

coil, and temperature was monitored via thermocouples. The heating behaviour was then

simulated on ANSYS, showing good accordance with experimental values.

During her PhD, between July 2022 and July 2023, Giovanna Bruscia furtherly contributed to

the research. The project, named "Magnetic particle susceptors for temperature-controlled

induction welding of thermoplastics", focused on the study of magnetite nanoparticles as filler

for an LM-PAEK polymeric matrix. The distribution of MNPs after compounding was tested

via backscattering SEM/EDS and preliminary studies for induction heating were performed,

as well.

Between 2023 and 2024 Agneta Meiksane, as a researcher at the Faculty of Aerospace Engineer-

ing, took up the project mentioned above. In her study named "Embedding magnetic particles

into LM-PAEK polymer using micro-compounder" microcompounded LM-PAEK samples

were prepared. Using the same extrusion parameters previously tested by Giovanna, Agneta

produced samples with various weight particle concentrations of magnetite and maghemite.

The material was then tested with induction heating equipment at the Fiber Institute of Bremen

University. The process was monitored via thermal camera and values as high as 350° C.

Starting February 2024 Dnyandevi Dileep Deorukhkar studied manganese ferrite (𝑀𝑛𝐹𝑒2𝑂4)

in her master thesis research "Synthesis of magnetic nanoparticles for magnetic induction

welding" [23]. In this study, nanoparticles were synthesized via a co-precipitation method by

ion substitution, producing MNPs with composition ranging from 𝑀𝑛𝐹𝑒2𝑂4 to 𝐹𝑒3𝑂4. This

type of nanoparticles showed promising magnetic properties after characterization and a Curie

temperature around 300° C, suitable for the fusion bonding of high-performance polymers.

Specifically, this work gave a good explanation of the relation between ion distribution and

composition to nanoparticles morphology and Curie temperature, proving that a tunable

transition temperature can be achieved.

Finally, Andrey Kuznetsov joined the group in summer 2024 as a postdoctoral researcher.

His previous experience in modelling the self-assembly phenomena of magnetic nanoparti-

cles, magnetization and heat transfer provided great contribution to understanding heating

phenomena of MNPs studied in this thesis.
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Figure 3.1: Map describing the considered research area
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3.2. Research questions and objectives
As seen in the previous section, the foundations of this thesis can be found within the work of

the research groups led by Professor Clemens Dransfeld and Professor Laura Rossi.

Motivation for this research can be expressed as the need to perform a preliminary selection

of suitable nanoparticles and evaluate their thermal behaviour and suitability for future

applications in polymer welding. In order to do this, it is particularly relevant to collect

induction heating results, along morphological and magnetic data coming from particles

characterization. Therefore, the primary goal is to establish the link between heating behaviour

and magnetic nanoparticles features, which can be formulated into the following research

question:

How are heating efficiency and temperature control of magnetic nanoparticles
affected by their morphological and magnetic properties during induction heating?

Following the main question, some additional sub-questions have been formulated to further

break down the central goal of the research:

• How do alternating magnetic field parameters (such as coil type, field intensity and

frequency), affect the heating behaviour of magnetic nanoparticles?

• How does the concentration of magnetic nanoparticles affect their heating behaviour?

• How can the heating capabilities of different magnetic nanoparticles be efficiently

measured and compared?

• How can the induction heating behaviour of specific magnetic nanoparticles be justified

by available theoretical models, most importantly by Linear Response Theory (LRT)?

• What are the morphological characteristics of considered nanoparticles, in terms of shape,

size and cristallinity?

• What are the magnetic characteristics of tested nanoparticles?

• What experimental procedure can consistently and accurately predict the Curie tempera-

ture of magnetic materials?

Undertsanding the physical and thermal behaviour of MNPs is an essential step in the

development of novel induction heating procedures for thermoplastic parts. To do this,

experimental investigation and characterization of chosen MNPs will help draw meaningful

conclusions and find answers to the formulated questions, helping correlate their features with

their heating capabilities (summary of the investigated aspects can be found in Figure 3.2).

Figure 3.2: Graphic summary of factors influencing the heating behaviour of nanoparticles studied in this research



4
Materials

This chapter briefly describes the materials used to investigate the heating mechanisms of

magnetic nanoparticles. This materials chapter is divided into two main sections: the first one

describing properties and providing the reader with relevant information regarding the chosen

samples, and a second one describing the preparation of MNPs suspensions for Magnetherm

investigations.

The materials used in this study were chosen on the basis of availability from previous studies

conducted by the research group and on the suitability of MNPs in terms of their magnetic

properties, specifically their Curie temperature. The following magnetic nanoparticles were

employed for this study:

• Magnetite

• Chromium Dioxide

• Nickel

• Nickel-Zinc Iron Oxide

4.1. Magnetite
Magnetite (and iron oxides in general) nanoparticles are a well-established material synthesized

for ferrofluid and hyperthermia studies. The magnetite nanoparticles (𝐹𝑒3𝑂4) used in this

thesis were purchased from U.S. Research Nanomaterials, Inc. in 2021, in the 8 and 20-30

nm size ranges. It is relevant to make the reader aware that proper conditions could not be

ensured throughout the whole storage time. As magnetite is known to be less stable in oxygen

environment than other iron oxides, such as hematite, partial oxidation (to maghemite) and

change in properties are to be expected.

Table 4.1: Summary of properties of magnetite nanoparticles

Material property Value
Specific gravity [g/mL] 5.18

Molecular weight [g/mol] 231.54

Melting point [°C] 1589-1599

Size [nm] 8 and 20-30
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It is worth mentioning that magnetite nanoparticles were used in this thesis for the vast

majority of tests performed via Magnetherm. This choice was taken because of the large

amount of literature available regarding the study of ferrofluids produced with this material.

However, tabulated Curie temperature of magnetite (585° C, [35] ) is too high to be reached

with Magnetherm induction heating.

4.2. Nickel nanopowder
A pure Nickel nanopowder (99.9 %) from Sigma-Aldrich (St. Louis, USA) was considered in this

study, as well. Due to Nickel’s strong ferromagnetic behaviour, its tabulated Curie temperature

of 627 K (353.85° C, [35]) is well-established as calibration temperature for thermogravimetric

analysis. This provided inspiration to apply TGA to the exploration of Curie transitions.

Table 4.2: Summary of properties of Nickel nanopowder

Material property Value
Specific gravity [g/mL] 8.90

Molecular weight [g/mol] 58.69

Melting point [°C] 1453

Size [nm] <100

4.3. Nickel-Zinc ferrite nanopowder
An additional nanopowder of Nickel-Zinc iron oxide (𝑁𝑖𝑍𝑛𝐹𝑒4𝑂4) from Sigma-Aldrich (St.

Louis, USA) was investigated. A tabulated 375°C Curie temperature [35], suitable for reaching

processing temperatures of high-performance thermoplastics, suggested a possible future

application of this material, and therefore interest in its investigation.

Table 4.3: Summary of properties of Nickel-Zinc ferrite nanopowder

Material property Value
Specific gravity [g/mL] 2.81

Molecular weight [g/mol] 411.46

Size [nm] <100

4.4. CrO2 nanopowder
Finally, a Chromium Dioxide nanopowder, sold under the commercial name Magtrieve, was

acquired from Sigma-Aldrich (St. Louis, USA). This specific ferromagnetic material was used

in the past for the production of magnetic tapes, disks, spin-polarized scanning tunneling

microscopy [19], and as a by-product of Cr2O3 (green dye). This specific compound was chosen

due to its availability and low tabulated Curie temperature of 286 K (112.85° C, [35]). This

temperature falls within the operational limits of Magnetherm equipment and was particularly

useful in observing the heating behaviour when the Curie transition is approached.

Table 4.4: Summary of properties of Chromium Dioxide nanopowder

Material property Value
Specific gravity [g/mL] 4.85

Molecular weight [g/mol] 83.99

Melting point [°C] >375

Size [nm] <100
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4.5. Preparation of MNPs suspensions for Magnetherm
This section describes the preparation of magnetic nanoparticles suspensions to be used for

magnetic induction heating simulation. For this set of experiments, aimed at highlighting the

importance of particle concentrations in magnetic fluids, magnetite nanoparticles in the 8 and

20-30 nm size ranges were combined with high temperature silicone oil from Sigma-Aldrich

(St. Louis, USA).

Ten different batches of magnetite were dispersed in silicone oil, with concentrations varying

from 5 to 100 mg/mL, following these steps: the needed mass of magnetite nanoparticles and

silicone oil were weighed and combined, the mixture was then agitated with an IKA Vortex 3

for at least five minutes, finally, the fluid was placed in a sonicator for 30 minutes to dissolve

any possible agglomeration of nanoparticles. Results were uniformly colored fluids with even

distributions of magnetic nanoparticles as the one shown below in Figure 4.1.

Figure 4.1: Example of the appearance of a suspension containing magnetic nanoparticles and silicone oil

Details regarding concentrations and physical properties of the suspension batches are reported

below in Table 4.5 and Table 4.6.

Table 4.5: Summary of properties of 𝐹𝑒
3
𝑂

4
(8 nm) and silicone oil suspensions: concentrations, densities and heat

capacities

Real concentration
Batch

ID
Nominal concentration

(m/V) [mg/mL]
m/V

[mg/mL]
m/m
[%]

V/V
[%]

𝜌
[g/mL]

𝐶𝑝
[J/(mLK)]

A 5 5.14 0.49 0.10 1.07 1.79

B 10 10.06 0.95 0.19 1.09 1.80

C 15 15.16 1.42 0.29 1.11 1.81

D 20 20.11 1.88 0.39 1.13 1.82

E 50 50.03 4.55 0.96 1.24 1.88

F 100 99.99 8.70 1.90 1.41 1.96
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Table 4.6: Summary of properties of 𝐹𝑒
3
𝑂

4
(20-30 nm) and silicone oil suspensions: concentrations, densities and

heat capacities

Real concentration
Batch

ID
Nominal concentration

(m/V) [mg/mL]
m/V

[mg/mL]
m/m
[%]

V/V
[%]

𝜌
[g/mL]

𝐶𝑝
[J/(mLK)]

G 5 5.30 0.50 0.10 1.07 1.79

H 10 10.04 0.95 0.19 1.09 1.80

I 15 14.94 1.40 0.29 1.11 1.81

J 20 20.08 1.88 0.39 1.13 1.82

K 50 49.95 4.54 0.96 1.24 1.88

L 100 100.35 8.72 1.90 1.41 1.96

The density of magnetic fluids was calculated with a rule of mixture, using the volumetric

concentration (𝜙) of nanoparticles in the suspension, as follows [85]:

𝜌 = (1 − 𝜙) · 𝜌 𝑓 + 𝜙 · 𝜌𝑀𝑁𝑃 (4.1)

Where 𝜙 indicates the volumetric concentration, 𝜌 𝑓 the density of silicone oil, and 𝜌𝑀𝑁𝑃 the

density of magnetite nanoparticles.

The total heat capacity of the fluid was then obtained in a similar fashion as the volume average

of heat capacities from magnetic nanoparticles and silicone oil [85]:

𝐶𝑝 =
(1 − 𝜙) · 𝜌 𝑓 · 𝐶𝑝, 𝑓 + 𝜙 · 𝜌𝑀𝑁𝑃 · 𝐶𝑝,𝑀𝑁𝑃

𝜌
(4.2)

Where 𝐶𝑝, 𝑓 indicates the volumetric heat capacity of the fluid (silicone oil, in this case) and

𝐶𝑝,𝑀𝑁𝑃 the volumetric heat capacity of magnetite MNPs.

The following values were assumed for the calculations:

Magnetite MNPs Silicone oil
Density

[g/𝑐𝑚3
]

5.17 1.05

Heat capacity

[J/(gK)]

0.73 1.7



5
Experimental procedures

The unique features of magnetic nanoparticles, such as their size, morphology, structure,

and stability, can be tuned to influence magnetic anisotropy and ultimately achieve desired

magnetic properties. This can be done through synthesis, heat treatments and/or surface

modifications of MNPs.

However, achieving an in-depth comprehension of their characteristics is crucial to fully

leverage these properties and validate the behaviour and suitability of nanoparticles for various

uses. Therefore, a critical step in magnetic nanoparticle research for induction welding is the

employment of characterization techniques to achieve this goal.

The following section explores the most relevant techniques used for this research: Differential

Scanning Calorimetry (DSC), Fourier Transform Infrared (FTIR) spectroscopy, MagneTherm,

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM), Thermo-

Gravimetric Analysis (TGA), Superconducting Quantum Interference Device (SQUID), X-ray

Diffractometry (XRD). These methods are summarized below in Figure 5.1.

Figure 5.1: Summary of characterization techniques used in this research, grouped in thermal, morphological and

magnetic characterization techniques
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5.1. Induction heating simulation (MagneTherm)

Figure 5.2: MagneTherm equipment from nanoTherics

MagneTherm was used to perform induction heating experiments on nanoparticles. This

specific type of equipment assembled by nanoTherics (Warrington, UK) is employed to simulate

induction heating conditions and evaluate the thermal response of magnetic colloids. A TG2000

function generator (50-1000 kHz) is employed to control a power supply unit, generating a

magnetic field (up to 50 mT) through a coil. The induction setup can be seen in Figure 5.2,

while a block diagram of its parts can be seen below in Figure 5.3. The software provided with

the system allows to control not only the applied field strength and frequency, but also the

number of exposure cycles and the length of exposures (identified as "coil on").

Figure 5.3: Diagram of MagneTherm equipment: experimental setup for induction heating tests. Adapted from [94]

The magnetic fluid is placed in a glass vial (Avantor VWR 1.5 mL screw neck vial) and kept

at the centre of the coil during the test by the system, as shown in Figure 5.4. Insulation
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is provided to the sample by external layers of polystyrene and polymethyl methacrylate

(PMMA).

(a) Placing of the insulation tube within the

MagneTherm

(b) Vial holder and insulation

tube

Figure 5.4: Insulation system and placing of sample vial within MagneTherm system

The frequency is set by selecting the system capacitor and by tuning the system to the optimal

discrete frequency value, which is the resonant frequency of the coil in use. In this specific

research, five capacitors and two type of coils (high field and 9 turns) were used. A complete

breakdown of the capacitor types, corresponding discrete frequencies and possible field ranges

for the two coil types can be found below in Table 5.1 and Table 5.2.

Table 5.1: MagneTherm system capabilities for high field coil setup

High field coil
Capacitor [nF] Frequency [kHz] Field range [mT]

6.2 992 0-16

15 624.4 0-22

30 441.5 0-30

88 258.5 0-40

200 172.3 0-50

Table 5.2: MagneTherm system capabilities for 9 turn coil setup

9 turn coil
Capacitor [nF] Frequency [kHz] Field range [mT]

6.2 978.5 0-12

15 616.3 0-12

30 436 0-22

88 255.4 0-25

200 170.3 0-26
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Temperature measurements in this study were conducted in two possible ways: by immersion

with a fibre optic temperature probe PRB-G40 by OSENSA Innovations (Burnaby, BC, Canada)

and externally using a FLIR A655sc from Teledyne FLIR LLC (Wilsonville, Oregon, USA),

specifically in the case of experiments regarding MNPs concentrations reported in section 6.4.

It is relevant to highlight that due to temperature limitations of the fibre optic probe and not

to damage the tube insulation system, heat generation during tests was closely monitored to

maintain the vials below a 130° C temperature limit.

While the alternating magnetic field is applied to the colloid suspension, an optical fibre

thermometer (or the thermal camera) measures the temperature change as a function of time

due to MNPs heating [71]. At the same time, the cooling unit circulates water at 15° C to avoid

excessive heat generation from the coil when turned on.

Calculation of heating efficiency parameters
After obtaining the temperature-time graphs showing heat evolution of a specific sample, some

additional parameters are calculated.

The heating efficiency of a set of magnetic nanoparticles in a fluid can then be calculated

through the following equation expressing the Specific Loss Power (SLP) [34]:

𝑆𝐿𝑃 = 𝐶𝑝 ·
𝑚𝑆

𝑚𝑀𝑁𝑃
· Δ𝑇
Δ𝑡

(5.1)

where 𝐶𝑝 is the specific heat of the samples, 𝑚𝑆 is the mass of the sample, 𝑚𝑀𝑁𝑃 the mass of

nanoparticles, and
Δ𝑇
Δ𝑡 the initial heating rate. This parameter takes into account the initial

linear heating of the sample, when heat losses are not yet prevalent and a simple linear fitting

of the temperature vs. time curve can reflect the behaviour of magnetic nanoparticles.

The SLP value can then be converted into its volumetric expression [34], named Volumetric

Specific Absorption Rate (𝑆𝐴𝑅𝑉 ), which shows the power generation normalized by volume

(in W/mL):

𝑆𝐴𝑅𝑉 = 𝑆𝐿𝑃 · 𝑐𝑀𝑁𝑃 (5.2)

Where 𝑆𝐿𝑃 is the Specific Loss Power mentioned above (in W/g) and 𝑐𝑀𝑁𝑃 is the volumetric

concentration of MNPs in the fluid (g/mL).

An additional parameter has been developed to evaluate the magnetic heating efficiency of

ferrofluids in low field and frequency conditions. The Intrinsic Loss Power (ILP) allows to

express power generation while excluding extrinsic values of frequency and strength of the

AMF, and is calculated as follows [103]:

𝐼𝐿𝑃 =
𝑆𝐿𝑃

𝑓 𝐻2

(5.3)

Where 𝑆𝐿𝑃 is the Specific Loss Power mentioned above (in W/kg), 𝑓 the frequency used for

testing (kHz) and 𝐻 the used field strength (kA/m). The Intrinsic Loss Power is expressed in

𝑛𝐻𝑚2

𝑘𝑔 .
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5.2. Characterization techniques
5.2.1. FTIR
Fourier Transform Infrared or FTIR, is a chemical characterization techniques used to identify

chemical bonds within the tested compounds. FTIR equipment has the capability to identify

and confirm the presence of specific functional groups, coatings, and chemical bonds on

nanoparticles’ surfaces [37]. This technique is particularly useful for assessing the efficiency of

surface functionalization processes and for detecting any changes in the nanoparticle composi-

tion during synthesis or post-synthesis treatments.

The working principle of FTIR consists in the identification of vibration modes of molecular

bonds. A source produces an infrared wavelength signal, which passes through an interfer-

ometer and then generates an interference pattern. This modulated beam passes through

the sample, where specific wavelength are absorbed. Finally a detector captures the IR beam

and the computer converts the interferogram into a spectrum through a Fourier transform.

The output is a wavelength absorption spectrum, acting as a "fingerprint" of the analyzed

compound. More specifically, the resulting spectrum shows specific infrared absorption peaks

corresponding to bond vibrations [60]. The overall composition of the sample is evaluated by

comparing the obtained spectrum to a known library [37].

5.2.2. Microscopy: TEM
Morphological features of particles, such as shape, surface morphology, size, distribution,

aggregation, and (eventual) core-shell structures, have been shown to be fundamental aspects

influencing their properties and applications. Due to this reason, high quality images are

necessary media to inspect the results of MNPs synthesis processes. Therefore, Transmission

Electron Microscopy (TEM) constitutes a particularly relevant step for the characterization

process of magnetic nanoparticles. TEM is employed for observation of small nanoparticles, in

the size range below 50 nm, whereas SEM can be used when larger entities are expected [25].

Samples for transmission electron microscopy were prepared by dispersion of MNPs in

isopropanol, sonication for 10 minutes to dissolve any aggregate, and then by deposition and

drying of one drop on a carbon coated grid.

Images were acquired with a JEOL 1400 plus Electron Microscope (Akishima, Tokyo, Japan)

and then analyzed via ImageJ (Java) visual software. The measurement scale was set and the

particles were measured manually. The data was then converted to a frequency histogram and

fitted with the following log-normal modified size distribution function to obtain the median

and standard deviation of particle dimensions:

𝑓 (𝑟) = 1

𝑟𝜎
√

2𝜋
𝑒𝑥𝑝

[
−(𝑙𝑛𝑟 − 𝑙𝑛𝜃)2

2𝜎2

]
(5.4)

∫ ∞

0

𝑓 (𝑟) 𝑑𝑟 = 1 (5.5)

Where r indicates the radius (size) of particles, 𝑙𝑛(𝜃) the median and 𝜎 the standard deviation

of 𝑙𝑛(𝑟).
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5.2.3. TGA
Thermo-Gravimetric Analysis, commonly known as TGA, is a well-known technique used to

monitor the mass loss of samples when exposed to specific heating cycles. The test is typically

performed to monitor thermal degradation (also known as charring or combustion), phase

transitions, absorption or desorption of chemicals and/or oxidation phenomena happening

within the studied sample [92]. Moreover, this technique is particularly relevant and frequently

used in the field of material characterization to obtain information regarding thermal degrada-

tion of polymers.

During the test, the sample is placed in a ceramic pan and placed in a heating furnace which

incorporates a high precision balance. Throughout the heating cycle, a purge gas is used to

control chamber conditions and the sample mass is accurately monitored by the balance and

plotted against time or temperature [92].

In this project, TGA 8000 equipment from PerkinElmer (Waltham, Massachusetts, USA) was

used to carry out measurements. A picture of the used equipment and a breakdown of all

parts are reported below in Figure 5.5.

(a) PerkinElmer TGA 8000

(b) Diagram of verticsl TGA system, including

part names

Figure 5.5: Picture and diagram of TGA 8000 used in this thesis

Procedure to establish Curie temperature via Thermogravimetric Analysis

Within the scope of this thesis, thermogravimetric analysis was used to identify the Curie

temperature of tested samples, a fundamental property of magnetic nanoparticles. In contrast

to the mentioned more widely diffused uses of TGA (thermal degradation, phase transitions,

absorption or desorption of chemicals and/or oxidation), a procedure normally applied to

perform calibration of TGA was applied instead.

Melting and magnetic transitions of materials are currently recognized as the most reliable

calibrating techniques for TGA. ASTM E158221 (Standard Test Method for Temperature

Calibration of Thermogravimetric Analyzers) describes the aforementioned calibration practices.

An example of TGA calibration curve for a Nickel rod is shown in Figure 5.6.



5.2. Characterization techniques 43

Figure 5.6: Curie temperature of Nickel calculated via TGA measurement. From [49]

In this section, a precise description of the procedure used to perform Curie temperature

measurements via TGA is given. The needed steps are reported below:

1. Proceed to weigh the empty sample pan and tare TGA

2. Load the sample material

3. Place the magnet underneath the furnace

4. Perform measurement of the initial sample weight (theoretical 100%) under applied

magnetic field

5. Initiate data recording for TGA measurement

6. Hold at an initial temperature (30° C) for at least 5 minutes in order to minimize

7. Heat the sample at the needed heating rate until a visible magnetic transition weight

drop is observable

8. Hold at a final temperature for at least 5 minutes

9. Interrupt data acquisition

10. Generate the derivative plot (DTGA) for the measurement and identify the maximum

peak

11. Via Origin or TGA software, identify the magnetic transition temperature by manually

generating the curve offset, starting from the DTGA peak (as shown in Figure 5.7)

12. Repeat and perform the Curie temperature measurement multiple times for statistical

accuracy

Figure 5.7: Vertical setup of TGA for Curie temperature evaluation and corresponding mass vs. temperature curve.

From [75]
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5.2.4. SQUID
A Superconducting Quantum Interference Device (SQUID) is an extremely sensitive mag-

netometer used to measure minute magnetic fields. It operates based on the principles of

superconductivity and quantum interference, relying on a superconducting loop that contains

one or more Josephson junctions—weak links made of thin insulating or normal-conducting

layers sandwiched between superconductors. These junctions play a critical role in enabling

the device to detect variations in magnetic flux. The underlying principle of SQUIDs is flux

quantization, which states that the magnetic flux enclosed by a superconducting loop can only

exist in discrete integer multiples of the magnetic flux quantum. When an external magnetic

field is applied, the total flux inside the superconducting loop changes, causing variations in

the quantum state of the system. This, in turn, affects the phase difference across the Josephson

junctions, altering the supercurrent flowing through the device. By leveraging this quantum

mechanical effect, a SQUID produces an oscillating voltage response that depends on the

applied magnetic field. These oscillations create a periodic signal, which can be detected and

analyzed with extreme precision, allowing scientists to measure even the smallest changes

in magnetic flux. The result is an incredibly sensitive tool that can detect magnetic fields far

weaker than those generated by the human brain or subtle geological variations in Earth’s

crust. The SQUID equipment is capable of providing information on the susceptibility (𝜒)

and magnetization (𝑀) of materials when exposed to an external field (𝐻), in addition to the

saturation magnetization (𝑀𝑆), coercivity (𝐻𝐶) and remanence (𝑀𝑅) [105]. The equipment

used for this project is a Quantum Design (CA, USA) MPMS XL SQUID Magnetometer.

5.2.5. XRD
In x-ray diffractometry, electromagnetic radiation is applied to the sample of interest to evaluate

its crystalline properties. D8 ADVANCE x-ray powder diffractometry equipment from Bruker

(Billerica, U.S.A.), using a Cu 𝐾𝛼 radiation source at 40 kV and 25 mA, was used to perform

measurements reported in this thesis.

Functioning mechanism of XRD equipment can be described as follows: a dry sample is

prepared and placed on the sample stand, then the x-ray once the x-rays hit the sample, they

are scattered by the atoms in the crystal lattice and captured by a moving detector. For certain

angles (2𝜃), the scattered X-rays creates constructive interference according to Bragg’s Law [31]:

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (5.6)

where n is an integer, 𝜆 is the wavelength, d is the spacing between crystal planes, and 𝜃 is the

angle of incidence.

Then, the crystallite size can be calculated using Scherrer equation [24]:

D =
𝐾𝜆

𝐵𝑐𝑜𝑠𝜃
(5.7)

where 𝐾 is a dimensionless factor (typically 𝐾 = 0.9 [44]), 𝐷 is the crystalline size (nm), 𝜆 is

the wavelength of the X-ray source, 𝐵 is the width at half height of the peak accounting for

instrumental broadening, and 𝜃 is the wavelength of the peak.

Finally, the lattice constant 𝑎 can be evaluated by using the wavelength and Miller indices (h, k,

l) provided by the XRD equipment [31]:

𝑎 =
𝜆
(
ℎ2 + 𝑘2 + 𝑙2

)
1/2

2 sin𝜃
(5.8)

Overall, this analysis provides details about the crystal structure and orientation, lattice spacing,

strain, and core particle size [83].



6
MagneTherm measurements

This chapter report the outcomes of induction heating experiments performed with Mag-

neTherm equipment.

In the first section, section 6.1, results obtained from heating tests performed on dry nanopow-

ders are shown and discussed, followed by section 6.2 and section 6.3 where heat generation

is correlated to parameters of the externally applied alternating magnetic field. Finally, in

section 6.4, data regarding MagneTherm experiments performed on samples of magnetite

suspensions at different particles concentration are shown and analyzed.

6.1. Heating mechanisms of dry nanopowders
In this first section, test data resulting from tests conducted on dry nanoparticles are reported.

All the materials listed in chapter 4 were tested. Induction heating simulations were performed

on 50 mg samples placed in glass vials and exposed to alternating magnetic fields of frequency

992 kHz, with a strength of 6.37, 9.55 and 12.73 kA/m. For this set of experiments the high-field

coil setup was used.

Test conditions were monitored to be kept as close as possible between the tests, and sufficient

time was given to each sample to reach thermal equilibrium before exposure. Each measurement

("coil on") was run for 30 minutes, after an initial 10 seconds recording before exposure. Tests

were interrupted once the limit temperature of 130° C was reached.

The data output of conducted tests were manipulated and results are reported in the following

pages.

Heat generation graphs of temperature plotted against time evolution are depicted, for each

nanopowder material, in Figure 6.1.

The same data points were then reorganized to highlight the effect of field strength and directly

compare the different materials, resulting in the plots shown in the following page in Figure 6.2.

45
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(a) CrO2 (b) Fe3O4 (8 nm)

(c) Ni (d) Fe3O4 (20-30 nm)

(e) Ni-Zn ferrite

Figure 6.1: Temperature vs. time plots of MagneTherm tests performed on 50 mg of various nanoparticles types,

8-16 mT, 992 kHz. The graphs show a 10 seconds recording before exposure to AMF, followed by a 5 minute

exposure. The inserts show the full 30 minutes runs.
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(a) 8 mT (b) 8 mT (zoomed)

(c) 12 mT (d) 12 mT (zoomed)

(e) 16 mT (f) 16 mT (zoomed)

Figure 6.2: Temperature vs. time plots of MagneTherm tests performed on 50 mg of various nanoparticles types,

8-16 mT, 992 kHz. The graphs show a 10 seconds recording before exposure to AMF, followed by a 30 minute

exposure.
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6.1.1. Discussion
Some trends can be highlighted from graphs reported in Figure 6.2. In all tests, Chromium

Dioxide showed the lowest heating efficiency. Ni-Zn ferrite showed the highest heat generation

at 8 mT, but magnetite in both size ranges showed a predominant heat generation at 12 and

16 mT. It is interesting to observe that magnetite nanoparticles reached the 130°C limiting

temperature at 12 mT, indicating a very strong magnetization. They were followed by Nickel

nanopowder, which were able to reach the same heat generation only when a 16 mT field was

applied.

Chromium Dioxide, on the other hand, showed limited heat generation capabilities and did

not reach its theorized Curie temperature of 112.85 °C [35], even at the highest applied field.

Moreover, a peculiarity can be observed in all CrO2 induction heating tests from Figure 6.1: all

the curves show a bimodal trend in the initial part of the heating. This behaviour has not been

previously documented in literature and requires further investigation.

The power generation in this set of tests is to be fully attributed to the Neel relaxation heat

dissipation mechanism, due to the absence of a fluid to allow for Brownian motion. In the case

of magnetite nanoparticles, experiments were interrupted when a temperature of 130° C was

reached, in order to preserve optimal conditions of the equipment.

It is also relevant to inform the reader about a critical aspect of this set of measurements.

The tested particles were chosen because of their availability in the nano-size range, however,

strong differences in size and morphology At this stage, no specific information regarding

size distribution and/or morphology of the particles is known. A large polidispersity of

nanoparticles is to be expected, specifically when catalyst nanopowders are employed (as in

the case of 𝑁𝑖, 𝑁𝑖𝑍𝑛 ferrite and 𝐶𝑟𝑂2), when the only information regarding size provided by

the manufacturer is the indication of being below 100 nm range.

As was proven in a similar study [43], these specific testing conditions can be regarded as testing

a compact sample, where the particles interact with each other. Due to the proximity of MNPs in

a dry sample, strong dipole-dipole interactions among particles are present. This behaviour is

even more relevant for larger particles and it might limit the freedom of spin re-orientation. As

a consequence, this might explain the lower heat produced by larger magnetite nanoparticles.

As can be observed in Figure 6.2, all samples show an initial linear regime, when heat losses

constitute a minor phenomenon. The power dissipation of magnetic nanoparticles in the

absence of heat losses can be calculated as:

𝑃 = 𝐶𝑝 ·
Δ𝑇

Δ𝑡
(6.1)

Therefore, a sample in perfectly adiabatic conditions will produce a temperature rise of:

Δ𝑇 =
𝑃 · Δ𝑡
𝐶𝑝

(6.2)

However, when heat losses become more significant, an exponential dependence of temperature

on time (Box-Lucas model) is established until the maximum, steady-state temperature is

reached:

𝑇 = 𝑇0 + 𝑎(1 − 𝑒−𝑡/𝑏) (6.3)

It can also be observed from Figure 6.2 that the steady-state was reached for all samples even

for the weakest applied magnetic field of 8 mT, in ∼ 20 minutes. This temperature can be
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identified as the temperature for which the internal magnetic power generation equals the heat

dissipation of the system via air convection and irradiation.

Moreover, when the alternating magnetic field has sufficiently high strength and frequency, the

ultimately reached temperature plateau is theorized to correspond to the Curie temperature.

However, this could not be directly observed due to temperature limitations of MagneTherm

equipment.
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6.2. Influence of frequency
In this section the effects of frequency applied via magnetic induction equipment are reported.

For this specific set of tests, magnetite in the 20-30 nm range dispersed in silicone oil was used.

Five 1 mL sample extracted from batch K (Table 4.6), with ideal concentration of 50 mg/mL,

were employed for testing with Magnetherm equipment. All the samples were exposed to an

alternating magnetic field of 9.55 kA/m strength and a frequency of 170.3, 255.3, 435.8, 616.2

and 978.4 kHz.

The temperature vs. time profiles resulting from these experiments are reported below in

Figure 6.3. Graphs showing the temperature rise and the maximum temperature reached

during simulations against frequency are depicted in Figure 6.4.

(a) Full temperature profile (0-25 min.) (b) Temperature profile, zoomed (0-1 min.)

Figure 6.3: Temperature vs. time evolution plots for magnetite concentration of 50 mg/mL, field 9.55 kA/m,

frequency 170.3-978.4 kHz

(a) Temperature rise vs. frequency (b) Max reached temperature vs. frequency

Figure 6.4: Plots of temperature generation vs. frequency for magnetite concentration of 50 mg/mL, field 9.55

kA/m, frequency 170.3-978.4 kHz

Data have been furtherly manipulated to obtain magnetic heating parameters: Specific Loss

Power, volumetric Specific Absorption Rate and Intrinsic Loss Power.

Plots of SLP and ILP values correlated to the applied field frequency can be seen below in



6.2. Influence of frequency 51

Figure 6.5.

(a) SLP vs. frequency (b) ILP vs. frequency

Figure 6.5: Plots correlating heat efficiency parameters to frequency for magnetite concentration of 50 mg/mL, field

9.55 kA/m, frequency 170.3-978.4 kHz

6.2.1. Discussion
Magnetite nanoparticles in the 20-30 nm range fall within the superparamagnetic regime,

therefore heat generation happens via relaxation mechanism.

Relaxation heating increases directly with higher values of frequency, and this is proven by

the experimental results of SLP in this section (Figure 6.5). It has to be noted that Brownian

relaxation is not affected by the amplitude and frequency of the applied field, therefore varying

this parameters, as done in this set of tests affected only the Neel component of relaxation.

The generated power, expressed via SLP and ILP parameters, can be linearly correlated to the

frequency values.

Linear interpolation of SLP experimental points was performed and depicted in Figure 6.5a,

showing good agreement with the Linear Response Theory and research performed by

Cobianchi et Al. [16].

Moreover, temperature vs. time curves in Figure 6.3 show similar trends to the ones observed

in section 6.1. An initial linear regime, followed by an exponential temperature rise, can be

observed from this set of tests. This behaviour suggests that similar heat loss mechanisms take

place when both dry and fluid samples are tested. It follows that no significant convection

phenomena take place within the ferrofluid, and most of the heat losses can be attributed to air

convection and radiation mechanisms.

Another observation can be formulated with regards to the frequency range used for this set of

experiments.

MagneTherm tests, as performed in this research, are intended as a preliminary step to evaluate

the suitability of nanoparticles as heat susceptors for fusion bonding of polymers. Similar tests

can be found in literature [91], where preexisting industrial induction equipment was used. In

this case, higher frequencies (2-7 MHz) were employed, and Curie temperature was reached

for Nickel nanoparticles at 7 MHz. Experiments performed in this section for varying values of

frequency reached a steady-state regime at temperatures largely lower than theoretical Curie

temperature for magnetite. This behaviour suggests that future applications of nanoparticles

for induction heating of polymers might benefit from the use of higher frequency ranges.
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6.3. Influence of applied field
Once again, five 1 mL samples extracted from batch K (Table 4.6), with ideal concentration of

50 mg/mL, were employed for testing with Magnetherm equipment. The tests were conducted

by placing the vials at the centre of the 9 turn coil and by exposing them to an alternating

magnetic field of strength 3.18, 4.77, 6.37, 7.96 and 9.55 kA/m at a frequency of 978.4 kHz.

The full temperature profiles developed during the tests were recorded via fibre optic sensor

kept in the middle of the vial and are depicted below in Figure 6.6:

(a) Full temperature profile (0-25 min.) (b) Temperature profile, zoomed (0-1 min.)

Figure 6.6: Temperature vs. time evolution plots for magnetite concentration of 50 mg/mL, frequency 978.4 kHz,

field strength 3.18-9.55 kA/m

Graphs showing the temperature rise and the maximum temperature reached during simula-

tions against frequency are depicted in Figure 6.7:

(a) Temperature rise vs. field (b) Max reached temperature vs. field

Figure 6.7: Plots of temperature generation vs. frequency for magnetite concentration of 50 mg/mL, frequency

978.4 kHz, field strength 3.18-9.55 kA/m
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(a) SLP vs. field strength (b) ILP vs. field strength

Figure 6.8: Plots correlating heat efficiency parameters to frequency for magnetite concentration of 50 mg/mL,

frequency 978.4 kHz, field strength 3.18-9.55 kA/m

6.3.1. Discussion
Once again, despite insulation layers, similarly to previous experimental observations from

section 6.1 and section 6.2, the non-adiabatic trend of the tests was observed in this set of

experiments.

Results emerging from experiments with increasing strength values of alternating magnetic

field clearly highlight the existing correlation between this parameter and heating capabilities

of the ferrofluids. Greater heat generation is confirmed both by the higher temperature and

heating rates developed by samples exposed to increasing field strengths and (Figure 6.6) by

their correspondent SLP and ILP values (Figure 6.8).

This behaviour is well reported and described in literature, not only in the case of magnetic

hyperthermia [67], but also for particulate polymer films [91].

The applicability of Linear Response Theory to the SLP power generation (as expressed by [16])

was verified. A polynomial fit was performed to test the quadratic dependence of calculated

SLP values from the field strength (𝑆𝐿𝑃 ∝ 𝐻2
) . The results are reported below in Figure 6.9,

showing a good agreement of the experiments with this model.

The coefficient of determination for this fitting of the model was calculated to be 𝑅2 = 0.965.

This statistical parameter quantifies the goodness-of-fit of the chosen model and should be as

close as possible to 1 in order to identify its suitability. Therefore, 𝑅2
identifies the quadratic

field model as a proper model for this case.

However, applicability of the Linear Response Theory needs to be better explored. As discussed

in section 2.4, the 𝜉 parameter defines the applicability of this model [16]:

𝜉 =
𝜇0𝑀𝑠𝑉𝐻

𝑘𝐵𝑇
< 1 (6.4)

Below, in Figure 6.10, the evolution of the 𝜉 parameter for different particle sizes has been

plotted against field values, for room temperature (300 K), with a saturation magnetization of

90 emu/g.

This graph can be useful to identify the limitations of applicability of LRT. As can be seen,

magnetite with a 20 nm diameter follows the 𝜉 < 1 criterion for very low field values,

below 2 kA/m. The tests reported in this section were performed in a 3.18-9.55 kA/m field
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Figure 6.9: Experimental power generation (SLP) dependence from 𝐻2
(c=0.068)

range, indicating the possible need of another empirical model to interpret the results. The

introduction of the Rayleigh model, with a cubic dependence of SLP from the field amplitude

(𝑆𝐿𝑃 ∝ 𝐻3
) might pose a solution to this problem.

However, this observation introduces some additional complexity to the problem, as other

types of heat generation phenomena, less known and measurable, might be present in these

conditions (such as hysteresis losses or viscous losses).

Figure 6.10: Experimental power generation (SLP) dependence from 𝐻2
(c=0.068)
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6.4. Influence of magnetic nanoparticles concentration
This section reports the results obtained for MagneTherm induction heating measurements of

various suspensions with different magnetite concentrations.

Samples of 1 mL were prepared, with an increase in magnetite concentration from 5 to 100

mg/mL (according to Table 4.5 and Table 4.6). The tests were conducted by placing the vials

at the centre of the high-field coil and by exposing them to an alternating magnetic field of

strength 6.37, 9.55 and 12.73 kA/m at a frequency of 992 kHz.

Data from tests of suspensions at 15 mg/mL concentration was corrupted during acquisition

and therefore is not reported in the graphs.

Data has been manipulated and plotted below. Figure 6.11 depicts SLP values for different

applied field strengths plotted against particle concentration for the 8 and 20-30 nm size ranges,

while Figure 6.12 shows a comparison of heat generation (SLP and ILP) between the two

particle sizes with respect to their concentrations.

(a) SLP vs. concentration for magnetite (8 nm) (b) SLP vs. concentration for magnetite (20-30 nm)

Figure 6.11: Plots correlating heat efficiency (SLP) parameter to magnetite concentration, frequency 992 kHz, field

strength 6.37-12.73 kA/m
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(a) SLP vs. concentration, 6.37 kA/m, 992 kHz (b) ILP vs. concentration, 6.37 kA/m, 992 kHz

(c) SLP vs. concentration, 9.55 kA/m, 992 kHz (d) ILP vs. concentration, 9.55 kA/m, 992 kHz

(e) SLP vs. concentration, 12.73 kA/m, 992 kHz (f) ILP vs. concentration, 12.73 kA/m, 992 kHz

Figure 6.12: Graphs of SLP and ILP vs. magnetite nanoparticles concentrations for 6.37, 9.55, 12.73 kA/m field

strength, 992 kHz
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6.4.1. Discussion
In this section, the power generation (in the form of SLP) of various suspensions with different

magnetite concentrations was measured.

An interesting behaviour emerges from the obtained results. All the SLP and ILP values

show optimal heat generation from the tested suspensions between 10 and 20 mg/mL. Heat

generation for concentrations outside of this window appears to be lower.

From literature, examples of similar behaviours were found by Lemine et Al. [50]. In their

paper, it was attested that SLP values decrease for increasing concentrations of magnetite, even

though the maximum reached temperature was higher for higher concentration, similarly to

what was verified in this study. This behaviour can be connected, especially in the case of

20-30 nm magnetite, to an increase of particle-particle interactions. When the concentration is

increased above a certain limit, interparticle dipolar interactions become intense, reducing the

reorientation of magnetic moments and, consequently, the relaxation mechanisms.

The observed SLP trend can be linked to the fact that power generation and SLP evaluated by

linear fitting of the initial part of the heating curve depends on a plethora of parameters that

add complexity to the problem (viscosity, polydispersity, size, saturation, hydrodinamic size).

Another interesting aspect was derived from these results and requires to be discussed. All the

heat generation data collected during experiments were simultaneously collected via fibre optic

sensor and thermal camera. A delay was observed between the termination of exposure to the

alternating magnetic field (coil OFF) and the heating generation of the suspension. This can

indicate an additional phenomenon that requires to be taken into account: the heat generation

deriving from the coil. Therefore, the original adiabatic heat generation equation 𝑃 = 𝐶𝑝 · Δ𝑇
Δ𝑡

should be modified to take this effect into account:

𝑃 − 𝑃𝐿 + 𝑃𝑐𝑜𝑖𝑙 = 𝐶𝑝 ·
Δ𝑇

Δ𝑡
(6.5)

Where 𝑃𝐿 indicates the power losses due to air convection at each temperature in the form of a

non-linear function and 𝑃𝑐𝑜𝑖𝑙 the heat generated by the coil. Both of these effects, once again,

take place because of the non-adiabatic nature of the testing setup. However, modelling and

including this aspect will require more tests and validation.
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7
Characterization of magnetic

nanoparticles

The detailed characterization of materials is essential to understanding their structure, prop-

erties, and induction heating performance. In this chapter, the outcomes of different charac-

terization techniques used to analyze the morphological, chemical, magnetic, and functional

properties of the considered materials are reported. These analyses are crucial for assessing

their suitability for application as susceptors in induction welding of thermoplastics.

Results from characterization of Nickel nanopowder (section 7.1) are followed by magnetite

(section 7.2), Chromium Dioxide (section 7.3) and finally Ni-Zn ferrite (section 7.4).

7.1. Nickel nanopowder
This section presents results and characterization data obtained from further tests performed

on Nickel nanopowder.

Thermogravimetric experiments were performed to confirm the reliability of TGA as a method

to obtain Curie temperatures of materials.

Furthermore, results from SQUID measurements are reported and explained to interpret the

heat generation capabilities of Nickel powder shown previously in section 6.1.

7.1.1. Thermogravimetric Analysis
Transitions involving weight variations in the tested sample have been applied extensively

to perform the calibration of thermogravimetric equipment. However, the non-isothermal,

irreversible and kinetic nature of weight loss transitions represents a limiting factor in the

search for proper calibration points (and suitable materials). Melting and magnetic transitions

are currently recognized as the most reliable calibrating techniques for TGA. ASTM E158221

(Standard Test Method for Temperature Calibration of Thermogravimetric Analyzers) describes

the aforementioned calibration practices.

Rods of reference materials are often used as standard calibration equipment for TGA. As can

be seen in Table 7.1, these calibration points are accurately predicted on the basis of the offset

of TGA weight curves, identifying the Curie temperature of the chosen material.

59
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Table 7.1: Reference materials and their Curie temperatures as standard TGA calibration points

Reference material Expected offset [°C]
Alumel 154.2

Nickel 355.4

Perkalloy 596

Iron 770

Cobalt 1121

Sensitivity study on the influence of heating rate
The sensitivity of gravimetric measurements was tested with respect to the applied heating

rate. Multiple TGA runs were performed under applied magnetic field from room temperature

up to 460° C at increasing heating rates (from 5° C/min to 100° C/min). The curves resulting

from these tests are plotted below in Figure 7.1.

Figure 7.1: Thermogravimetric graphs of TGA runs of Nickel nanoparticles for various heating rates (from 5°

C/min to 100° C/min) showing Curie temperature transition

Analysis of gravimetric data is normally performed by calculating how the weight of the sample

is affected in relation to the initial sample mass:

𝑊𝑖[%] = 𝑊𝑖

𝑊0

· 100 (7.1)

Where 𝑊0 indicates the initial sample mass (theoretical 100% value) and 𝑊𝑖 the mass of the

sample measured at a certain temperature 𝑇𝑖 at the instant in time 𝑡𝑖 of data acquisition.

However, the acquired weight measurements have been normalised to better highlight the

effect of the transition from ferromagnetic to paramagnetic state:

Δ𝑊 =𝑊𝑚𝑎𝑥 −𝑊𝑚𝑖𝑛 (7.2)

𝑊𝑖[%] = 𝑊𝑖 −𝑊𝑚𝑖𝑛

Δ𝑊
· 100 (7.3)

Where𝑊𝑚𝑖𝑛 indicates the minimum sample mass (equivalent to 0% mass, in this case),𝑊𝑚𝑎𝑥

the maximum or initial sample mass (theoretical 100%), Δ𝑊 the mass loss and𝑊𝑖 the mass of

the sample measured at a certain temperature 𝑇𝑖 at the instant in time 𝑡𝑖 of data acquisition.
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The outcomes of multiple tests were analyzed and Curie temperature of different heating rate

tests was found by calculation of curves offsets, as shown below in Figure 7.2. A summary of

all the relevant parameters and results from TGA tests can be found in Table 7.2.

Figure 7.2: Calculation of offset point from TGA curve, 20° C/min heating rate

Table 7.2: Summary of thermomagnetic data from TGA measurements of Ni nanopowder at various heating rates

Heating rate [° C/min]
100 50 20 10 5

Initial mass [mg] 9.263 8.955 9.911 8.769 8.186

Delta m [mg] 0.636 0.617 0.859 0.616 0.579

DTGA peak [° C] 395.28 366.54 345.62 336.27 332.47

Tc from offset [° C] 398.70±0.22 373.06±0.12 352.54±0.33 344.28±0.58 342.61±1.69

Literature exploring the use of Curie temperature as a TGA calibration method suggests that

lower heating rates can ensure improved accuracy. It was reported that for a heating rate below

20° C/min, measured Curie temperatures fall within 2° C of literature values, dropping to 1° C

for a 5° C/min heating rate [78].

Figure 7.3: Experimental values from TGA of Curie temperature for Ni nanopowder as a function of the used

heating rate
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Comparison of standard TGA with TGA under applied magnet
Previous thermogravimetric tests showed a sharp drop in apparent weight. However, in order

to confirm (and better visualize) how this phenomenon is connected to a magnetic phase

transition, another experiment was performed.

Additional themogravimetric experiments were carried out in an inert gas purged furnace,

under a 20 mL/min Nitrogen flow. Nickel nanopowder was heated under an applied magnetic

field and under standard TGA conditions from room temperature up to 460° C, at a 5° C/min

heating rate. The results of both tests are reported in the graph below (Figure 7.4).

Figure 7.4: TGA of Ni nanopowder with and without applied magnetic field, heating rate 5° C/min

As indicated by the arrow in the top graph (Figure 7.4), a noticeable inflection in the weight

curve can be observed when measurement is performed in the presence of a magnet. A

decrease in overall mass is observed in both testing conditions. However, the absolute value of

this difference is sensibly different when TGA is performed under magnetic field: 0.859 mg

compared to a 0.103 mg difference in the normal TGA run.

7.1.2. SQUID
A SQUID magnetometry measurement was performed to gain knowledge regarding the

magnetic properties of Nickel nanopowder.

The test was conducted by continuous movement of the sample via the Reciprocating Sample

Option (RSO) under an oscillating magnetic field, in a field range between 1 T and -1 T (1 T

= 10000 Oe). Temperature control was achieved by helium supercooling of the unit until a

stable 300 K temperature was maintained throughout the measurement. Finally, the obtained

hysteresis loop for Nickel was reported and is shown in Figure 7.5.

From the magnetization-field curve it was possible to extrapolate the significant magnetic

properties of Nickel, reported below in Table 7.3.
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Figure 7.5: Magnetization curve of Nickel nanopowder obtained from SQUID equipment

Table 7.3: Magnetic properties of Ni nanopowder from SQUID measurement

Hysteresis loop parameter Value
Sample mass [mg] 1.27

Coercivity [Oe] 39.62

Saturation magnetization [emu/g] 43.70

Retentivity [emu/g] 4.10

7.1.3. Discussion
Nickel nanopowder used in this section was used as a standard material to demonstrate the

capabilities of TGA in assessing Curie temperature of materials.

The powder showed a 342.61°C Curie temperature for very low heating rates. This is in good

agreement for similar TGA tests performed at similar heating rates [73] and is lower than bulk

Curie temperature for Nickel, as expected. From this property it is also possible to hypothesize,

thanks to the research performed by Nepĳko et Al. [69], that the nanopowder is predominantly

in the 20-30 nm range. However, this can only be confirmed via TEM exploration.

This Curie temperature also follows withing processing temperature ranges of multiple poly-

mers. It shows potentiality for induction heating, and consequently welding, of thermoplastics

such as PEI, PPS and LM-PAEK.

The found magnetic properties are modest. Both values of coercivity and retentivity are low,

and saturation magnetization was found to be 43.70 emu/g, lower, as expected, than the bulk

saturation magnetization for Nickel (57.50 emu/g, [84]).
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7.2. Magnetite nanoparticles
This section presents results and characterization data obtained from further tests performed

on magnetite nanoparticles (in the 8 and 20-30 nm size ranges).

Thermogravimetric experiments were performed to confirm the reliability of TGA as a method

to obtain Curie temperatures of materials.

Furthermore, results from SQUID measurements are reported and explained to interpret the

heat generation capabilities of magnetite nanoparticles shown previously in chapter 6.

7.2.1. Thermogravimetric Analysis
Thermogravimetric analyses of 𝐹𝑒3𝑂4 samples was conducted, following the procedure

described in section subsection 5.2.3. In this case, a heating rate of 5 ° C / min was chosen, in

order to reduce any possible kinetic effect of reactions and transitions.

Data was acquired and manipulated. Analysis of gravimetric points (acquired as absolute

mass data) was performed by calculating how the mass of the sample is affected in relation to

the initial sample mass via the relation:

𝑊𝑖[%] = 𝑊𝑖

𝑊0

· 100

Where 𝑊0 indicates the initial sample mass (theoretical 100% value) and 𝑊𝑖 the mass of the

sample measured at a certain temperature 𝑇𝑖 at the instant in time 𝑡𝑖 of data acquisition.

Graphs of mass (%) plotted against temperature are reported below in Figure 7.6 and Figure 7.7.

Figure 7.6: Thermogravimetric graph of magnetite (8 nm) nanoparticles

Table 7.4: Summary of thermomagnetic data from TGA measurements of 𝐹𝑒
3
𝑂

4
(8 nm)

TGA parameter Value
Initial mass [mg] 10.80

Δ m [mg] 1.63

DTGA peak [°C] 567.09

Tc from offset [°C] 607.96±0.81
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Figure 7.7: Thermogravimetric graph of magnetite (20-30 nm) nanoparticles

Table 7.5: Summary of thermomagnetic data from TGA measurements of 𝐹𝑒
3
𝑂4 (20-30 nm)

TGA parameter Value
Initial mass [mg] 10.27

Δ m [mg] 1.89

DTGA peak [°C] 570.10

Tc from offset [°C] 588.60±0.72

All the relevant values obtained from TGA were reported in Table 7.4 and Table 7.5.

𝐹𝑒3𝑂4 samples showed a relative mass loss of 15% and 18.4% under the application of magnetic

field. This indicates a stronger magnetic attraction of the 20-30 nm magnetite nanoparticles

with respect to the 8 nm particles.

The Curie temperature of these nanoparticles was found to be higher than bulk magnetite (585°

C [35]) in both cases: 607.96 °C for the 8-nm size and 588.60 ° C for the 20-30 nm sample. This

behaviour confirms an alteration (at least partial) of the nanoparticles due to oxidation.

Moreover, multiple TGA runs performed for magnetite nanoparticles in the 20-30 nm size

range, shoed a relative mass loss around 400 °C, before the proper Curie mass loss is reached.

This event cannot be properly justified. A possible explanation could be linked to an additional

oxidation of the particles, however, this is not confirmed by literature and requires further

investigation.
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7.2.2. SQUID
Magnetic properties of magnetite nanoparticles were studied by measurements conducted via

SQUID equipment. A SQUID machine (Superconducting Quantum Interference Device), as

explained in subsection 5.2.4, was used to perform measurements at room temperature (300 K)

in the -1 to 1 T range.

Magnetization curves of magnetite nanoparticles from SQUID are given in Figure 7.8. All

relevant parameters are then extrapolated and reported in Table 7.6 and Table 7.7.

Figure 7.8: Magnetization curve of magnetite nanoparticles (20-30 nm size) obtained from SQUID equipment

Table 7.6: Magnetic properties of 𝐹𝑒
3
𝑂

4
(8 nm) nanoparticles from SQUID measurement

Hysteresis loop parameter Value
Sample mass [mg] 0.54

Coercivity [Oe] 32.42

Saturation magnetization [emu/g] 60.77

Retentivity [emu/g] 2.91

Table 7.7: Magnetic properties of 𝐹𝑒
3
𝑂

4
(20-30 nm) nanoparticles from SQUID measurement

Hysteresis loop parameter Value
Sample mass [mg] 0.19

Coercivity [Oe] 3.75

Saturation magnetization [emu/g] 103.68

Retentivity [emu/g] 0.69
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When magnetic parameters of the two magnetite samples are compared, higher coercivity can

be observed for the 8 nm magnetite nanoparticles. This In absolute terms, this value is still low

enough to confirm that both type of MNPs fall within the superparamagnetic range.

Higher saturation magnetization values were found for the 20-30 nm particle range. This

behaviour matches what can be found in literature. It was previously reported that for MNPs

up to 100 nm a direct correlation between saturation and particle size can be drawn [51].

However, it is relevant to highlight that magnetite in the 20-30 nm size range showed a saturation

value of 103.68 emu/g, higher than the reported value of 92 emu/g for bulk magnetite [51].

7.2.3. X-Ray Diffractometry
D8 ADVANCE x-ray powder diffractometry equipment from Bruker (Billerica, U.S.A.), using a

Cu 𝐾𝛼 radiation source at 40 kV and 25 mA, was used to perform measurements on magnetite

nanopowders. The incident X-ray beam used had a wavelength of 1.54060 Å.

X-ray diffraction data of magnetite nanoparticles samples was acquired during a 15 minutes

scan. The obtained XRD patterns, as shown in Figure 7.9 showed a 94 % match with JCPDS

75-0078 reference card for 𝐹𝑒3𝑂4 (8 nm) nanoparticles and an 88% match for 𝐹𝑒3𝑂4 (20-30 nm).

Figure 7.9: XRD graphs obtained for magnetite particles of size 8 nm and 20-30 nm

The crystallite dimensions were found to be 8.8 nm for 𝐹𝑒3𝑂4 (8 nm) and 20.59 nm for 𝐹𝑒3𝑂4

(20-30 nm), in good agreement with the theoretical expected values. No significant effects

deriving from the presence of impurities or high strains in the lattice can be observed.

Moreover, some observations on the intensity of the peaks can be formulated.

High and sharp peaks, as can be seen in Figure 7.9, suggest the presence of a strong diffraction

signal. This allows to confirm the presence of a distributed and well defined crystalline

structure. Calculations of grain size dimensions identified
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Table 7.8: Summary of diffraction peaks from XRD data of 𝐹𝑒
3
𝑂

4
(8 nm) nanoparticles: Miller indices, interplanar

spacings and scattering angles for standard and measured data

Standard data
(Magnetite)

Standard data
(Maghemite) Measured data

hkl d (Å) 2𝜃 (◦) d (Å) 2𝜃 (◦) d (Å) 2𝜃 (◦)
111 4.798 18.478 4.822 18.384 4.807 18.444

220 2.938 30.399 2.953 30.241 2.943 30.343

311 2.506 35.810 2.512 35.631 2.510 35.742

222 2.399 37.460 2.412 37.250 2.403 37.389

400 2.078 43.528 2.089 43.285 2.081 43.445

331 1.906 47.633 1.969 46.072 1.962 46.228

422 1.696 54.016 1.705 53.734 1.699 53.910

511 1.599 57.588 1.607 57.273 1.602 57.473

440 1.469 63.251 1.476 62.927 1.472 63.123

531 1.405 66.514 1.432 65.074 1.428 65.302

620 1.314 71.784 1.320 71.378 1.316 71.633

533 1.267 74.868 1.273 74.473 1.270 74.709

622 1.253 75.885 1.259 75.445 1.255 75.723

444 1.199 79.914 1.205 79.449 1.202 79.740

551 1.164 82.902

642 1.110 87.843 1.116 87.307 1.112 87.642

Table 7.9: Summary of diffraction peaks from XRD data of 𝐹𝑒
3
𝑂

4
(20-30 nm) nanoparticles: Miller indices,

interplanar spacings and scattering angles for standard and measured data

Standard data
(Magnetite)

Standard data
(Maghemite) Measured data

hkl d (Å) 2𝜃 (◦) d (Å) 2𝜃 (◦) d (Å) 2𝜃 (◦)
111 4.798 18.478 4.822 18.384 4.815 18.410

220 2.938 30.399 2.953 30.241 2.949 30.285

311 2.506 35.810 2.512 35.631 2.515 35.674

222 2.399 37.460 2.412 37.250 2.408 37.318

400 2.078 43.528 2.089 43.285 2.085 43.360

331 1.906 47.633 1.969 46.072 1.966 46.137

422 1.696 54.016 1.705 53.734 1.703 53.802

511 1.599 57.588 1.607 57.273 1.605 57.358

440 1.469 63.251 1.476 62.927 1.474 62.993

531 1.405 66.514 1.432 65.074 1.430 65.167

620 1.314 71.784 1.320 71.378 1.319 71.481

533 1.267 74.868 1.273 74.473 1.272 74.547

622 1.253 75.885 1.259 75.445 1.257 75.559

444 1.199 79.914 1.205 79.449 1.204 79.563

551 1.164 82.902

642 1.110 87.843 1.116 87.307 1.115 87.440
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Locations of crystallinity peaks are found to be in good accordance with standard reported

data for magnetite. However a slight shift of all the peaks towards lower peak positions (2𝜃)

can suggest a partial oxidation of the particles.

The oxidation of magnetite (𝐹𝑒3𝑂4) into maghemite (𝐹𝑒2𝑂3) is a spontaneous reaction [52], and

proceeds according to the following chemical reaction:

𝐹𝑒3𝑂4 + 2𝐻+ → 𝐹𝑒2𝑂3(𝛾) + 𝐹𝑒2+ + 𝐻2𝑂 (7.4)

It was also proven that the transformation is favoured by anaerobic conditions [32] such as the

ones applied for storage. This information confirms the hypothesis of partial oxidation of the

sample.

7.2.4. Discussion
The reported characterization campaign performed on magnetite nanoparticles provided

interesting information regarding their morphology and magnetic properties.

First, XRD measurements confirmed the possible, and at least partial, oxidation of both

magnetite (8 and 20-30 nm) particle samples to maghemite. At this stage, it is not possible to

clearly state wether oxidation involved entire particles or just their outside layer and further

investigation is needed. Secondly, crystallite sizes were found to be in good agreement with

expected dimensions of nanoparticles.

Magnetic testing via SQUID confirmed the superparamagnetic character of both batches of

particles. No hysteresis was observed and high values of saturation magnetization emerged

(respectively 60.77 and 103.68 emu/g).

Two interesting points should be made on the basis of these results:

• The saturation magnetization value for 20-30 nm magnetite nanoparticles exceeds even

the one for bulk magnetite found in literature. This could be explained by the (at least

partial) oxidation of magnetite into maghemite. As reported by the manufacturer, the

synthesis route adopted for these nanoparticles is laser pyrolisis. In a similar case

reported in literature [15], maghemite nanoparticles of similar size produced by pyrolisis

showed a very high saturation magnetization (125.7 emu/g), confirming this theory.

• Considering the superparamagnetic character of these particles and the consequent

applicability of Linear Response Theory, a linear dependence of heat generation on

saturation magnetization is expected. However, this was not always the case, as 𝐹𝑒3𝑂4

in the 8 nm size range showed higher heating efficiencies in the outcomes shown both

in section 6.1 and in section 6.4. Once again, this can be explained by dipole-dipole

interactions established among particles in a close compact scenario, such as the one of a

dry sample or high concentration magnetic fluid.
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7.3. Chromium dioxide nanopowder
This section presents results and characterization data obtained from tests performed on

Chromium Dioxide nanopowder.

Thermogravimetric experiments were performed to study the Curie temperature of the material.

Furthermore, results from SQUID measurements are reported and explained to interpret the

heat generation capabilities of Chromium Dioxide powder shown previously in section 6.1.

Finally, X-Ray diffractometry data is shown and crystallographic information is retrieved from

interpretation of the diffraction pattern.

7.3.1. Thermogravimetric Analysis
Thermogravimetric analysis of Chromium Dioxide samples was conducted, following the

procedure described in section subsection 5.2.3. In this case, a heating rate of 5 ° C / min was

chosen, in order to reduce any possible kinetic effect of reactions and transitions.

Data was acquired and manipulated. Analysis of gravimetric points (acquired as absolute

mass data) was performed by calculating how the mass of the sample is affected in relation to

the initial sample mass via the relation:

𝑊𝑖[%] = 𝑊𝑖

𝑊0

· 100

Where 𝑊0 indicates the initial sample mass (theoretical 100% value) and 𝑊𝑖 the mass of the

sample measured at a certain temperature 𝑇𝑖 at the instant in time 𝑡𝑖 of data acquisition.

The graph of mass (%) plotted against temperature is reported below in Figure 7.10.

No noticeable changes in color were observed after heating the sample. The gravimetric curve

Figure 7.10: Thermogravimetric graph of Chromium Dioxide nanopowder

under applied magnetic field shows two significant events: a peak and an inflection point.
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Chromium Dioxide samples showed a mass gain at 99.91° C, with a relative peak of 105.41%.

This phenomenon cannot be clearly explained. Proof of CrO2 chemical transitions around this

temperature cannot be found in literature. Considering the instability of Chromium Dioxide at

room temperature and atmospheric pressure, the peak could be linked to the effect of oxidation

of CrO2 to Cr2O3. However, no visible changes in the colour of the sample were shown and no

solid proof of this was found.

From significant values of TGA parameters, reported below in Table 7.10, a relative mass loss

of 3.3 % was found. The experimental Curie temperature was found to be 113.85°C, showing a

1% difference from literature value (112.85°C, [35]).

An additional comparison of a standard TGA test with this TGA result (under applied magnetic

field) can be found in the appendix in Figure B.1.

Table 7.10: Summary of thermomagnetic data from TGA measurements of 𝐶𝑟𝑂
2

TGA parameter Value
Initial mass [mg] 9.92

Δ m [mg] 0.33

DTGA peak [°C] 105.57

Tc from offset [°C] 113.85±0.79

7.3.2. SQUID
A SQUID magnetometry measurement was performed to gain knowledge regarding magnetic

properties of Chromium Dioxide.

The test was conducted by continuous movement of the sample via the Reciprocating Sample

Option (RSO) under an oscillating magnetic field, in a field range between 1 T and -1 T (1 T

= 10000 Oe). Temperature control was achieved by helium supercooling of the unit until a

stable 300 K temperature was maintained throughout the measurement. Finally, the obtained

hysteresis loop for Chromium Dioxide was reported and is shown in Figure 7.11.

Figure 7.11: Magnetization vs. field loop of 𝐶𝑟𝑂
2

nanopowder obtained from SQUID magnetometer
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From the magnetization-field curve it was possible to extrapolate the significant magnetic

properties of 𝐶𝑟𝑂2, reported below in Table 7.11.

Table 7.11: Magnetic properties of 𝐶𝑟𝑂
2

nanopowder from SQUID measurement

Hysteresis loop parameter Value
Sample mass [mg] 1.16

Coercivity [Oe] 3.88

Saturation magnetization [emu/g] 28.99

Retentivity [emu/g] 7.09

It is particularly relevant to highlight the low measured value for saturation magnetization of

the tested material: 28.99 emu/g for 𝐶𝑟𝑂2, compared to 91 emu/g observed for bulk magnetite.

This parameter is strongly influenced by morphology, synthesis route and size of considered

nanoparticles, therefore, it is necessary to correlate it with information obtained from TEM data.

7.3.3. X-Ray Diffractometry
X-ray diffraction data of chemical-grade chromium dioxide nanoparticles (<100 nm) were

acquired using the same scanning conditions applied for magnetite nanoparticles. The obtained

XRD pattern, as shown in Figure 7.12 showed a 94 % match with JCPDS 75-0078 reference card.

The sample showed a=b=4.41 Å c=2.91 Å unit cell parameters, corresponding to a tetragonal

system. The space group of the sample was found to be P42/mnm (136), confirming its rutile

form crystallization structure. In this configuration, at room temperature, Cr occupies the 2a

positions and oxygen the 4f, building an octahedral coordination geometry. Moreover, the

expected and measured density of the sample are respectively 4.928 and 4.8 g/𝑐𝑚3
.

Figure 7.12: XRD graphs obtained for chromium dioxide nanoparticles

The characteristic peaks for eighteen crystalline planes of chromium dioxide were identified by
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Diffrac.EVA software from Bruker (Billerica, USA). Below, in Table 7.12, interplanar spacings (d)

and scattering angles (2𝜃) from card JCPDS 75-0078 standard data are reported and compared

with data measured from the acquired XRD pattern. The anticipated CrO2 crystalline structure

is found.

Locations of crystallinity peaks are found to be in good accordance with standard reported

data. No significant effects deriving from the presence of impurities or high strains in the

lattice can be observed.

Moreover, some observations on the intensity of the peaks can be formulated.

High and sharp peaks, as can be seen in Figure 7.12, suggest the presence of a strong diffraction

signal. This allows to confirm the presence of a distributed and well defined crystalline

structure. Finally, the calculated crystallite size for this nanopowder is 19.49 nm.

Table 7.12: Diffraction peaks from XRD data of CrO2 (Miller indices, interplanar spacings and scattering angles)

Standard data Measured data
hkl d (Å) 2𝜃 (◦) d (Å) 2𝜃 (◦)
110 3.118 28.603 3.110 28.680

101 2.429 36.981 2.427 37.011

200 2.205 40.894 2.199 41.007

111 2.128 42.454 2.125 42.509

210 1.972 45.981 1.967 46.109

211 1.633 56.306 1.630 56.417

220 1.559 59.214 1.555 59.386

002 1.455 63.932 1.455 63.932

310 1.395 67.058 1.391 67.259

221 1.374 68.180 1.372 68.339

112 1.319 71.495 1.318 71.533

301 1.312 71.900 1.309 72.075

311 1.258 75.543 1.255 75.733

320 1.223 78.069 1.220 78.314

202 1.214 78.735 1.213 78.810

212 1.171 82.280 1.170 82.373

321 1.128 86.182 1.125 86.422

400 1.103 88.643 1.100 88.939

7.3.4. Discussion
Magnetic properties of Chromium Dioxide showed some interesting features. Even though the

found retentivity and coercivity have low and almost negligible values, the hysteresis loop

area presented two "lobes". Explanation to this behaviour was found to be linked to its atomic

configuration and response to the applied sinusoidal field.

The "pinched" hysteresis loop is typical of mem-systems, i.e. materials used for memory

storage. A similar behaviour is also shown by 𝑇𝑖𝑂2, another memristor used in data storage of

computers, which presents the same rutile crystallographic structure of 𝐶𝑟𝑂2 [13].

In the context of this research, both saturation magnetization (28.99 emu/g) and Curie

temperature (113.85 C) of 𝐶𝑟𝑂2 were found to be much lower than the values found for

magnetite and nickel nanoparticles, suggesting lower heat release capabilities of 𝐶𝑟𝑂2.

This confirms what was found via MagneTherm induction tests, which indicated overall poor

heating performance of this material even at the highest applied field strength and frequency.
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7.4. Nickel-Zinc Ferrite nanopowder
This section presents results and characterization data obtained from tests performed on Ni-Zn

ferrite (𝑁𝑖𝑍𝑛𝐹𝑒4𝑂4) nanopowder.

Thermogravimetric experiments were performed to study the Curie temperature of the material.

Furthermore, results from SQUID measurements are reported and explained to interpret the

heat generation capabilities of Ni-Zn ferrite powder shown previously in section 6.1.

7.4.1. Thermogravimetric Analysis
Thermogravimetric analysis of Ni-Zn ferrite samples was conducted, following the procedure

described in section subsection 5.2.3. In this case, a heating rate of 5 ° C / min was chosen, in

order to reduce any possible kinetic effect of reactions and transitions.

Data was acquired and manipulated. Analysis of gravimetric points (acquired as absolute

mass data) was performed by calculating how the mass of the sample is affected in relation to

the initial sample mass.

The graph of relative mass (m %) plotted against temperature is reported below in Figure 7.13.

Figure 7.13: TGA of Ni-Zn Ferrite nanopowder with applied magnetic field

From significant values of TGA parameters, reported below in Table 7.13, a relative mass loss

of 10.3 % was found.

In this case, the curve offset was not clearly visible. This identifies a more gradual transition

of the powder from its ferromagnetic to its paramagnetic behaviour. Curie temperature was

found to be 306.86° C, slightly lower than the Nickel powder one.
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Table 7.13: Summary of thermomagnetic data from TGA measurements of Ni-Zn ferrite nanopowder

TGA parameter Value
Initial mass [mg] 9.31

Delta m [mg] 0.96

DTGA peak [°C] 239.22

Tc from offset [°C] 306.86±2.56

7.4.2. SQUID
Magnetic properties of the Ni-Zn ferrite nanopowder were studied by measurements conducted

via SQUID equipment. A SQUID machine (Superconducting Quantum Interference Device),

as explained in subsection 5.2.4, was used to perform measurements at room temperature (300

K) in the -1 to 1 T range.

The magnetization curve of 𝑁𝑖𝑍𝑛𝐹𝑒4𝑂4 from SQUID is given in Figure 7.14. All relevant

parameters are then extrapolated and reported in Table 7.14.

Figure 7.14: Magnetization curve of Ni-Zn ferrite nanopowder obtained from SQUID equipment

Table 7.14: Magnetic properties of Ni-Zn ferrite nanopowder from SQUID measurement

Hysteresis loop parameter Value
Sample mass [mg] 1.47

Coercivity [Oe] 14.94

Saturation magnetization [emu/g] 31.93

Retentivity [emu/g] 0.78
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8
Conclusion and recommendations

The aerospace industry is currently prioritizing sustainability by focusing on reducing aircraft

weight and developing environmentally friendly materials. This shift has led to the increasing

adoption of polymers and polymer composites over metal alloys for structural components.

Thermoplastic polymers, in particular, have gained interest due to their recyclability, reshaping,

and remolding capabilities. However, joining thermoplastic composites presents challenges

related to weight, design, processing, risks, and cost-effectiveness. Fusion bonding, or fusion

welding, is expected to replace traditional joining techniques such as mechanical fastening and

adhesive bonding in the near future. Among fusion bonding methods, induction welding is

especially promising due to its non-contact nature and potential for continuous processing.

Conventional induction welding relies on metal mesh or carbon fibers as susceptors to convert

electromagnetic energy into heat. However, these materials can cause non-uniform heating

and reduce mechanical properties. Magnetic nanoparticles (MNPs) offer a potential solution as

minimally invasive conductive susceptors. Originally explored in the biomedical field for cancer

treatment via targeted hyperthermia, MNPs generate heat through hysteresis losses when

subjected to an alternating magnetic field (AMF). Their ability to heat polymers above their

melting temperatures makes them viable candidates for induction welding. A critical challenge

in this process is preventing thermoplastic degradation due to overheating. To address this,

recent studies have proposed selecting susceptors with Curie temperatures compatible with

the processing temperatures of thermoplastic polymers, enabling precise temperature control

and self-regulation during welding.

This research has investigated the heating capabilities of various magnetic nanoparticles and

their potential as self-regulating susceptors for induction welding of thermoplastic materials.

This thesis will hopefully contribute to the development of the new generation of fusion

bonding techniques. This chapter provides a summary of the key results of this study, a

discussion of their implications, and some recommendations for future research steps.

The main goal of this research project was to evaluate the heating behaviour and efficiency

of magnetic nanoparticles and to correlate this data with their magnetic and morphological

properties. In order to pursue these objectives, an extensive calorimetric study has been

performed by using an induction heating equipment (MagneTherm) provided by Nanotherics.

Five selected nanoparticles have been tested: magnetite (𝐹𝑒3𝑂4), Nickel (𝑁𝑖), Nickel-Zinc

ferrite (𝑁𝑖𝑍𝑛𝐹𝑒4𝑂4) and Chromium Dioxide (𝐶𝑟𝑂2).

As can be seen below in Figure 8.1 (reproduced from section 6.1), magnetite showed the best

heating efficiency, followed by Nickel and Nickel-Zinc ferrite. Chromium dioxide showed poor

77
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heating capabilities in all the performed tests.

Figure 8.1: Temperature vs. time plot of MagneTherm tests performed on 50 mg of various nanoparticles types, 8-16

mT, 992 kHz. The graph shows a 10 seconds recording before exposure to AMF, followed by a 5 minute exposure.

Additional tests have been performed to evaluate the effect of chosen frequency and amplitude

of the alternating magnetic field on the heating of MNPs. For these tests only magnetite

nanoparticles have been taken into consideration.

It was proven that for MNPs in their superparamagnetic size range relaxation heating increases

directly with higher values of frequency, according to the Linear Response Theory.

However, when the effect of field strength was studied, it was found the Linear Response

Theory holds true only for field values up to 2 kA/m, in the case of 20-30 nm magnetite. As a

consequence, while the quadratic relation of power generation with field amplitude (𝑆𝐿𝑃 ∝ 𝐻2
)

can be applied to 8 nm magnetite nanoparticles, it is not the proper model for the tested case.

Therefore, it is suggested to better investigate the Rayleigh model (𝑆𝐿𝑃 ∝ 𝐻3
) in order to be

able to understand this behaviour.

Finally, by studying the effect of magnetic nanoparticles concentration on heat generation, it

seems that an optimal concentration exists. It was found that magnetite in both 8 and 20-30

nm size ranges showed a peak in heat generation for a 10-20 mg/mL concentration in the

suspension, indicating a possible optimal window where interparticle interactions are limited.

These observations can be particularly significant in the case of a future application of MNPs as

susceptors for welding of polymers. The embedding of nanoparticles in the polymer itself or in

polymer film will require further investigation on the effects of concentrations. A distribution

of MNPs in a solid polymer can potentially show similar effects as a too densely concentrated

suspension (as it was found for concentrations above 20 mg/mL).

All the experiments conducted by MagneTherm brought to the light two main obstacles. Firstly,

precise knowledge of dispersity, size and shape of the considered nanoparticles is necessary

to obtain reliable research outcomes. Therefore, it is essential for future projects to perform

extensive morphology assessments via TEM to gain knowledge on these aspects. It has been

verified that commercial nanoparticles, as the ones used for this project, are not good candidates

for MNPs studies, as there is no possibility for tuning of their properties and often available

information is limited. Therefore, it is recommended to synthesize particles in-house for future

studies on similar topics.
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Secondly, it was found that all measurements obtained via MagneTherm are strongly affected

by heat losses. It has been mentioned that the building and existence of a fully adiabatic setup

is not straightforward, however, taking into consideration and modeling all the thermodynamic

interactions has been proven to be as cumbersome. Therefore, it is recommended to alter the

testing equipment in order to obtain more reliable measurements. The insulation system should

be improved in order to limit both heat losses from the sample due to air convection and heat

gains from external heat sources, such as the induction coil. Finally, additional development

of a finite element model of the system could significantly improve the understanding and

analysis of heat dissipation and heat generation effects.

In the second part of this research project, characterization of magnetic nanoparticles was

performed in order to understand and justify their heat generation capabilities. Magnetic

properties of all magnetic nanoparticles were measured via SQUID. Summary of this is shown

below in Figure 8.2 and Figure 8.3.

Figure 8.2: SQUID magnetization curves of all magnetic nanopowders used in this research

The analysis of magnetic results confirms a close correlation between saturation magnetization

and heating capabilities of the nanoparticles, following the model provided by Linear Response

Theory. Overall, Chromium Dioxide nanopowder did not show impressive magnetic properties,

confirming the cause of its poor heating capabilities. On the other end of the spectrum, magnetite

always showed superior heating capabilities and magnetization values. However, high Curie

temperatures of 𝐹𝑒3𝑂4 make them unsuitable to realize self-regulating MNP susceptors for

thermoplastics.

Aim of this thesis was not only to understand the applicability and limitations of magnetic

nanoparticles, but also to find reliable procedures to test them. The collected data proved

that thermogravimetric analysis (TGA) can be used as a reliable method to find the Curie

temperature of materials. Good accordance was found between values reported in literature

and the ferromagnetic-paramagnetic transitions for tested nanopowders.

In addition, an interesting observation can be made on the graphs obtained from TGA. It

can be speculated that a correlation between the relative mass loss and the magnetization of

tested nanoparticles exists. As it can be seen below in Figure 8.4, all the nanopowder, except

Nickel, showed a direct correlation between their magnetization and mass loss from TGA



80

Figure 8.3: Summary of magnetic properties of all magnetic nanopowders used in this research

under applied magnetic field.

This behaviour has not been previously observed in literature and will require further inves-

tigation to fully confirm the correlation. In order to do this, it is recommended to perform

additional TGA measurements with magnetic nanoparticles of different compositions and to

validate the results with Vibrating Sample Magnetometer equipment, which can confirm both

values of Curie temperature from TGA and saturation magnetization from SQUID.

Figure 8.4: Plot correlating saturation magnetization and relative mass loss (Δ𝑀 %) from TGA of all magnetic

nanopowders used in this research

From TGA experiments, nickel and nickel zinc ferrite powders showed Curie temperatures

(respectively 342.61°C and 306.86°C) that fall within the temperature processing window of

multiple thermoplastics. This is an encouraging aspect, as it confirms the suitability of these

particles for potential self-regulating induction melting of polymers. More specifically, nickel

nanoparticles appear to be a good candidate to realize minimally invasive susceptors for
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PPS, with a processing window of 310-330°C, and LM-PAEK matrices (330-350°C), previously

employed within the research group to test the compounding and embedding of MNPs.

More extensive research should be conducted to confirm the aforementioned aspects of nickel

and nickel zinc ferrite nanoparticles. It has been reported that Ni-Zn ferrites can achieve Curie

temperatures within the 270-400°C range (Appendix C), making them suitable candidates

as magnetic nanoparticles for creating self-regulating susceptors for induction welding of

thermoplastics. Therefore, synthesis of Ni-Zn ferrite with various doping contents of Zinc is

recommended to achieve proper Curie temperature in the needed temperature range.

In conclusion, optimization of the composition of magnetic nanoparticles and further testing,

as well as additional polymer compounding prototypes, will be critical steps to develop future

research in the field of thermoplastic welding.
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A
Differential Scanning Calorimetry of

CrO2

Figure A.1: Plot comparing TGA and DSC measurements for CrO2 nanopowder. The minimum of the heat flow

curve deriving from DSC (116.18° C) shows a 2% error difference with the verified Curie temperature of 𝐶𝑟𝑂
2

obtained from TGA (113.85° C). This indicates that heat flow curves might provide a good indication of the Curie

temperature as an endothermic peak (also named "lambda transition").
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B
Standard TGA of CrO2

Figure B.1: Plot comparing TGA of CrO2 nanopowder with and without applied magnetic field, heating rate 5°

C/min
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C
Literature review of Ni-Zn ferrites

Table C.1: Summary of properties of Nickel Ferrite nanoparticles found in literature

Synthesis technique Fe:Ni ratio NP size(s)
[nm]

Curie
temperature

[°C]

Saturation
magnetization

[emu/g]
Reference

Ball milling

+ thermal annealing

2:1 10, 12, 31 517 24 [66]

Thermal decomposition

+ seed growth

2.69:0.31

8-18 nm 73-100

2.57:0.43

2.30:0.70

2.14:0.86

2.69:0.31 [48]

Co-precipitation 2:1 8-18 nm 9-40.5 [54]

Co-precipitation 02:01 8-20 nm 477-530 20-35 [41]
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D
MagneTherm software

Figure D.1: MagneTherm software for control of induction heating parameters
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E
Heating of induction coil

Figure E.1: Heat generation from induction coil, 992 kHz, 16 mT, Measured with FLIR thermal camera. Coil ON

indicates exposure to AMF
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100

Figure E.2: Temperature increment vs. time for a non-magnetic sample (silicone oil) exposed to AMF, 992 kHz, 16

mT, for 5 minutes. Measured with FLIR thermal camera. Coil ON indicates exposure to AMF.



F
SQUID magnetometry

Figure F.1: Magnetization curves of magnetic nanoparticles obtained from SQUID equipment. The graph is

enlarged to visualize coercivity and retentivity.
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