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Tintas magneticamente responsivas para componentes e dispositivos eletronicos

impressos: integracao em sensores magnéticos totalmente impressos

“Flexivel”, “extensivel” e “dobravel” sé@o alguns dos conceitos que podem alterar a nossa relacdo com o
mundo que nos rodeia, num futuro muito proximo. Entre as técnicas que podem permitir estes
desenvolvimentos, o destaque cientifico tem-se centrado em todas aquelas relacionadas com a impressao,
uma vez que estas possibilitam a obtencao de dispositivos com um custo reduzido e com menor impacto
ambiental, bom desempenho, permitindo também o seu processamento em grandes areas e, ainda, 0 uso
de substratos flexiveis. Desta forma, as técnicas de impressédo estdo a tornar-se num fator chave para a
industria, comércio e consumidores finais. Apesar das vantagens acima mencionadas, 0s sensores impressos
disponiveis atualmente, apresentam varias limitacdes em comparacdo com 0S Sensores convencionais,
nomeadamente o baixo tempo de vida util e de operacao, a baixa sensibilidade, o baixo alcance e o elevado
ruido. Além disso, com a necessaria reducao da pegada ecologica em todos os tipos de setores, € cada vez
mais importante o desenvolvimento de tintas com alternativas aos solventes toxicos utilizados, rumo a
abordagens “ecologicamente mais sensatas”. Neste contexto, o presente trabalho centra-se no
desenvolvimento de materiais magneticamente responsivos para o desenvolvimento de sensores magnéticos
impressos. Assim, um composito magnetoelétrico (ME) flexivel e transparente foi preparado com base em
microfios magnetostritivos Fe,,,Si,:B:; € poli (fluoreto de vinilideno-trifluoroetileno), P(VDF-TrFE). A alta
magnetostricdo de Fe,,:Si..sB;s (35 ppm) permitiu uma elevada resposta de tensdo ME (65 mV cm Oe)
obtida no campo magnético longitudinal critico igualando a anisotropia transversal (14500 Am~) na camada
externa do microfio. Este € um caminho interessante para a eletrénica transparente. Além disso, um novo
material ME flexivel e totalmente impresso, foi desenvolvido com base em P(VDF-TrFE) e PVDF-CFO, exibindo
um comportamento ferromagnético com magnetizacdo de saturacao de 16 emu g, resposta piezoelétrica
—-26 pC N-' e um coeficiente ME (a) de 164 mV cm Oe" a uma frequéncia de ressonancia longitudinal de
16,2 kHz. Este comportamento otimizado demonstra a compatibilidade do material desenvolvido para
aplicacdes, incluindo sensores impressos, atuadores e armazenamento de energia. Apds estes resultados
promissores, 0 passo seguinte foi a reducdo do impacto ambiental nos materiais desenvolvidos. Foi
demonstrado que nanocompositos de P(VDF-TrFE) / CoFe,0. podem ser preparados por fusdo de solvente
utilizando 3 solventes diferentes: dimetilsulféxido (DMSO), N, N'-dimetilpropilenoureia (DMPU) e trietilfosfato
(TEP). A sensibilidade dos nanocompositos ME propostos, em condicdes especificas de H, (2188 pV T4,
duplicou relativamente aos valores reportados na literatura para solventes nao verdes (1280 uV T-), abrindo
caminho para o desenvolvimento de sensores e atuadores mais ecoldgicos. Finalmente, foi também
desenvolvido um sensor de proximidade magnética baseado em compositos ME de PVDF/Metglas® e uma
bobina impressa. O sensor de proximidade magnética proposto apresentou um o = 50,2 V cm*0e™, uma
resposta linear AC (R? = 0,997) e uma saida de tensdo maxima de 362 mV, adequado para aplicacdes de
detecéo de proximidade em diversas areas, tais como aerospacial e automovel. Como conclusao, o presente
trabalho demonstrou a compatibilidade do desenvolvimento de tintas inteligentes com resposta funcional
otimizada para a fabricacéo de dispositivos magnéticos e ME por tecnologias de manufaturacéo aditiva.

Palavras-chave: celetronica impressa; manufaturacdo aditiva; materiais magnetoativos; sensores
magnéticos; tintas magnéticas.



Magnetically responsive inks for printed electronics components and devices:
integration into fully printed magnetic sensors

“Flexible”, “stretchable”, “foldable” and “usable” are just some of the most common concepts that can
change our relationship with other people and with the world around us. Among all the techniques that
allowed those developments, the highlight goes to all those related to printing, since they make it possible
to obtain devices with a reduced cost and reduced environmental impact, good performance, still allowing
processing in large areas and flexible substrates, thus becoming a key factor for industry, commerce and
consumers. Despite the advantages mentioned above, the available printed sensors nowadays, have
several limitations in comparison with conventional sensors, namely the short useful and operating life,
low sensitivity, low range, and high noise. Further, with the needed reduction of the ecological footprint
in all types of sectors, it is increasingly important the development of inks with alternatives to
conventionally used toxic solvents, heading towards “environmentally friendly” approaches. In this
context, the present work focuses on the development of magnetically responsive materials for the
development of printable magnetic sensors. Thus, a flexible and transparent magnetoelectric (ME)
composite was prepared based on magnetostrictive Fe,,.Si..B,; microwires and piezoelectric poly
(vinylidene fluoride-trifluoroethylene) P(VDF-TrFE). The high magnetostriction of Fe,,:Si,,;B;s (35 ppm)
enabled superior ME voltage response (65 mV cm Oe) obtained at the critical longitudinal magnetic
field equating the transverse anisotropy (14500 A m) on the external shell of the microwire. This is an
interesting path towards transparent electronics. Also, a novel screen-printed, and flexible ME material
was developed based on P(VDF-TrFE) and PVDF-CFO. The all-printed ME composite exhibited a
ferromagnetic behavior with 16 emu g saturation magnetization, —26 pC N piezoelectric response and
a ME voltage coefficient (a) of 164 mV cm Qe at a longitudinal resonance frequency of 16.2 kHz. Such
optimized behavior demonstrates the suitability of the developed material for applications including
printed sensors, actuators, and energy harvesters. After such promising results, the next step was the
reduction of the environmental impact of the developed high-performance materials. It was reported that
P(VDF-TrFE)/ CoFe,0, nanocomposite films can be prepared by solvent casting using Dimethyl sulfoxide
(DMSO0), N, N'-Dimethylpropyleneurea (DMPU) and Triethyl phosphate (TEP). The sensitivity of the
proposed ME nanocomposites under specific H,. conditions (2188 pV T7) almost doubled the highest
values reported in the literature (1280 uV T+), opening the path for the development of environmentally
friendlier sensors and actuators. Finally, a magnetic proximity sensor was developed based on ME
PVDF/Metglas® composites and an excitation-printed coil. The proposed magnetic proximity sensor
showed a maximum resonant a = 50.2 V cm0e?, an AC linear response (R = 0.997) and a maximum
voltage output of 362 mV, which suggests suitability for proximity-sensing applications in a variety of
areas, such as aerospace and automotive. As a conclusion, the present work has demonstrated the
suitability of developing smart inks with tailored functional response for the fabrication of magnetic and
ME devices by additive manufacturing technologies.

Keywords: additive manufacturing; magnetic inks; magnetic sensors; magnetoactive materials, printed
electronics.
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The digital transformation of industries, infrastructures and cities has begun. Whether it's called Industrial
Internet of Things (lloT), Industry 4.0, or Digitalization, manufacturing and service companies have begun
fo use available technologies to adapt their business model to the new reality. Thus, this chapter
Introduces the main concepts related fo magnetically responsive materials and their importance in the

technology revolution.

This chapter also presents the main objectives, the methodology and the structure of this thesis.

This chapter is based on the following scientific publication:

A. C. Lima, N. Pereira, P. Martins, S. Lanceros-Méndez, Magnetic Materials for magnetoelectric coupling: an unexpected journey,
Handbook of Magnetic Materials, Chapter 2, vol. 29, 57-110, 2020. DOI: https://doi.org/10.1016/bs.hmm.2020.09.002

N. Pereira, A. C. Lima, S. Lanceros-Méndez, and P. Martins, Magnetoelectrics: Three Centuries of Research Heading Towards the
4.0 Industrial Revolution, Materials, 13, 4033, 2020. DOI: https://doi.org/10.3390/mal3184033

K. J. Merazzo, A. C. Lima, M. Rincon-lglesias, L. C. Fernandes, N. Pereira, S. Lanceros-Méndez, P. Martins Magnetoactive materials:

a journey from finding north to an exciting, printed future, Materials Horizons, 2021. DOI: https://doi.org/10.1039/D1MH00641J
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1.1 Main Concepts
1.1.1 loT and 4.0 Industry

The world is experiencing constant revolutions that somehow shape the route and history of
humanity itself. From the first industrial revolution (mechanization through water and steam power) to
the mass production and assembly lines by means of electricity in the second, the fourth industrial
revolution will continue what was started in the third revolution with the implementation of computers
and automation and improve it with autonomous and smart systems driven by data and machine learning

(Figure I-1) [1].
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Figure I-1- The 4th industrial revolutions leading to the smart factory of the future and cyber-physical

production systems.

At this moment, we are in the center of a transformation concerning the way we fabricate products
thanks to the digitization of manufacturing. This transition is being named “Industry 4.0” or “Industrial

loT (lloT)” [2].

The Internet of Things (loT) is a revolutionary paradigm that is quickly gaining ground in the
modern wireless telecommunications landscape. The concept is the widespread presence around us of
a diversity of things or items - such as radio frequency identification (RFID) tags, sensors, actuators, cell
phones, etc. - that through single addressing schemes can interact with each other and cooperate to

reach common purposes [3]. The focal strength of the IoT idea is the high influence it will have on various

3
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aspects of everyday life and the behavior of potential users - everything is connected and the information

it is available in real-time [4].

Electronics has become an integral part of our daily lives with applications establishing a
significant part of the infrastructures, communication installations, industry and all kinds of maobile devices
and consumable electronics we are using [5]. Electronic materials shaped the way humans, as users,
think, work, and communicate. The loT are expected to increase the level of communication between
individual electronics devices, which also requires the development of new materials for the electronics
to meet the specifications of these interconnection systems such as, easy integration of electronics and
connection ways in all kinds of devices (flat, flexible, stretchable), and, at the same time, maintaining low

cost of fabrication and providing sustainable solutions [6, 7].

In the case of Industry 4.0, the industrial machines need to employ many easily implementable
low-cost sensors (flexible, conformable, thin, lightweight, or stretchable). This also implies the use of new
materials with advanced sensing properties, combined with the use of low-cost fabrication processes. All
these current and future requirements and expectations can be met by combination of materials science

and printing technologies together with processes of advanced manufacturing [8].

1.1.2 Printed Electronics

Printed Electronics, PE, can be stated as a manufacturing process of using functional inks to print
onto a variety of substrates (foil, paper, glass, organic matter, fabrics and so on) [9-11], leading to the
production of electronic devices [12]. Such printed electronics can be rolled, stretched, shaped to fit any

form, no matter the size, making them employable in a wide range of products and applications [13].

In the context of a new technological revolution, based on the industry 4.0 and the loT, despite
the short useful and operating life, low sensitivity, low range, and high noise, PE possess a few key
advantages over traditional, silicon-based electronics, namely low-cost manufacturing with high
throughput, compatibility with flexible systems (large area electronics and hybrid system fabrication on
flexible substrates) and relative ease of integration [14]. Thus, the number of studies on PE has increased
in a very accentuated way, since the first reported PE until today, and as of first semester 2021, already

563 studies regarding the field have been published (Figure I-2a) [15].

Reports on the topic point out that the global PE market will rise from USD 6.24 billion in 2018
to USD 11.50 billion by 2023, with a CAGR rate of 13.0 %, during the forecast period, 2018-2023 (Figure
I-2b) [16].
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Printed circuitry has the potential to decrease, in a substantial way, costs and technical
restrictions usually related with mass producing electronics [12, 14]. In addition, PE require fewer input

materials and less energy to work with them [10].
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Figure I-2- a) Research publications per year obtained for the term “Printed Electronics” on SCOPUS;
b) PE Market Size 2016-2023 (USD Dollars), Based on MRFR Analysis [16].

In a general way, PE turned reality flexible and transparent devices that adjust to our body, or to
our clothes, for example. Nowadays, companies are working on using printed electronics for labelling
banknotes, credit cards, legal documents, and other elements with exclusive printed signatures. Another
industry benefiting from printed electronics advancements is photovoltaics. Printed electronics have the

capacity to significantly change solar power projects, thanks to less expensive polymer electronics [17].

For the fabrication of electronic components, several printing techniques can be employed. A
general classification can be made in terms of whether there is physical contact with the substrate or not.
In the former methods, known as contact printing techniques, the ink is transferred directly onto the
target substrate. They are suitable for the mass production of PE, although they require a high setup cost.
Some of the most used contact printing techniques include screen-printing and flexographic-printing. Non-
contact techniques, on the contrary, are those which eject the materials through a nozzle without any
direct contact with the substrate. Inkjet-printing and spray-printing, among others, are included in this

classification [18].

Screen-printing (Figure I-3a) is one of the most versatile contact techniques, since it allows to
print high areas onto plastic, glass, silicon, or cellulosic substrates [19]. Screen-printing also permits the
printing of high aspect ratio particles. However, a mesh made of elastic threads and a coating polymer is

mandatory [20].
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The ink is deposited over the mesh, a squeegee presses the mesh contacting the substrate and
spreads the ink reproducing the designed pattern. The used inks need to be highly viscous and non-
volatile to obtain a successful print, which does not crack in the curing process. Preferably, polymer
solutions presenting shear-thinning behavior are used once they flow when the external force of the
squeegee is applied but do not spread after the printing process [12]. The selected mesh (number of
threads) will depend on the size of the fillers that are used and on the solvent of the ink (coating polymer).
Wet thick films can be obtained with just one step. Screen-printing technique can also be used in additive
manufacturing through printing layer-by-layer (LbL), even allowing the printing of different active materials

in different layers [21-23].

This technology has the advantage of being fast at producing multiple copies with the same
design. It is used to manufacture large areas of devices and electronics, showing cost-effectiveness and
simple processing [24]. Another advantage is that it provides the option to print in different substrates,
from fabric [25] to stainless steel substrates [26]. The main disadvantages are related with the low

resolution and the lack of precise matching between multiple layers.

Flexographic-printing (Figure |-3b) is a fast-printing method based on spinning rollers. Multiple
feed roller systems supply ink to a transfer roller and the print is made onto a flexible substrate. In
flexography, the transfer roller is the one that contains the setoff pattern. This technigue uses low viscosity
inks since the speed is very high and the pressure on the flexible substrates is lower than screen-printing.
The materials that can printed through this technique includes water-based inks, solvent-based inks,
electron beam (EB) curing inks, ultraviolet (UV) cured inks, two-part chemically curing inks (typically built

on polyurethane isocyanate reactions) [27].

As main advantages emerge the highly automated process, the cost efficiency and the high
printing versatility, as main disadvantages appear the inability to produce complicated and extensive

prints and the need quite complex equipment [18].
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Figure I-3- Schematic illustration of a) screen-printing and b) flexographic-printing [28].

Spray-printing (Figure |-4a) is a non-contact printing technique popularly used on printing
electronics. This method is based on aerodynamic process and the main component is an atomizer,
typically ultrasonic or pneumatic. Firstly, the atomizer can create fine droplets of ink that are carried from
the ink reservoir to the virtual impactor by a carrier gas (usually nitrogen gas). When fine droplets arrive
to the virtual impactor, excess of carrier gas is removed increasing the droplets density. Subsequently,
ink droplets are carried to the nozzle and finally discharged onto the substrate. A wide range of materials
can be printed by spray-printing such as polymeric composites (dielectric, conductors), liquid metal

solutions, biomaterials, or inorganic solutions [17,19].

According to ink properties, different substrates could be used. The main advantage of aerosol
jet printing is the distance between print head and substrate, high enough to make possible print on
substrates that are not flat or smooth. In addition, the resolution is higher than other non-contact printing
technique such as inkjet-printing. Thus, electronic devices such as film transistor displays or solar cells,

have been printed using aerosol jet/spray-printing [20].

Inkjet-printing (Figure I-4b-c) is the main non-contact printing technique. Two type of inkjet
approaches are available- the continuous type (binary or multi-deflection) and drop-on-demand (DOD)
type (thermal, piezoelectric, or electrostatic). During the printing process, small droplets of ink are ejected
from the print-head nozzle to the substrate without contact between them and according to the computer

pattern. The inkjet type changes the way the inkjet is ejected or how its deposition is controlled [21].
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As same as other printing techniques, different substrates such as paper, polymers, metals, or
ceramics could be employed. Different inks, water or alcohol-based, are useful for inkjet-printing but
conductive ones are the main explored for electronic printing [11]. This technique uses low viscous ink,
is relatively fast, reduces contamination and damages of components, as well as reduces material
wastage. Therefore, transistors, resistors, capacitors, or antennas are some electronic components inkjet-

printed [17].

‘ -ﬁ' 2 = __— Piezo crystal Ik >

a) | Spray coating b) s ’\E@ (drop frequency) c) —E, (E}\,
JJ/ gun | |

Pump Pump

Piezo /

material
Ink —— Nozzle

Nozzle

Mask / Pattern —

Drop deflector
Recycling gutter

\ A Substrate
. \\\ Substrate
Printed Image ————<

> = Substrate

—_—

Figure I-4- Schematic illustration of a) spray-printing and B) inkjet-printing continuous flow and ¢) DOD
(piezoelectric) [28].

1.1.3 Magnetically responsive materials

The capability of smart materials to respond in a controlled and reversible manner, by varying
physical and/or chemical properties, to external stimuli, such as temperature, pressure, electric and
magnetic fields, or light, make them a key element in such loT and industry 4.0 scenarios (Figure I-5)

[29-31].

Often, printable smart materials take advantage of nano- and micro-composite systems
conjugating the mechanical and binding properties of polymers/ceramics and specific active
functionalities of metallic and ceramic nano-/ micro-illers, metal organic frameworks (MOF), ionic liquids
or carbon-based materials [32]. The combined properties and functionalities of the different components

lead to multifunctional materials with increased efficiency and integration capabilities [33, 34].

The smart material classification is often based on the nature of the external stimulus and the
consequent response of the material [35-36]. Among the different responsive multifunctional materials
(thermo-responsive, mechano-responsive, electro-responsive, chemo-responsive, photo-responsive,
magneto-responsive, pH-responsive, and so on) [37], magneto-responsive materials are particularly
interesting due to their non-contact activation, non-local modulation, and in some cases fast switching

[38, 39].
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Figure I-5- Printable magnetoactive smart materials within the loT confext.

Magnetoactive materials integration into the loT environment is a hot topic since they will trigger
the fabrication of antennas, bioelectronics, transformers, sensors, and actuators that are often produced
by combining magnetic fillers and polymeric/ceramic matrices. In these systems, the effect of an external

magnetic field over magnetic particles starts a physical change in the composite [34].

Due to their high application potential, magnetorheological elastomers, magnetoresistive,
magnetocaloric, magnetostrictive and magnetoelectric (ME) composites are among the most

studied/discussed magneto-active materials [40-45].

ME materials are a particularly interesting class of magnetoactive materials once they offer
operative coupling between magnetic and electric orders of matter [46], being technologically appealing

to the design of devices such as sensors, scaffolds, actuators and information storage [47].

The term “magnetoelectric” was introduced by Debye in 1926, after the first unsuccessful
attempts to experimentally verify the ME effect. The first specific written mention of the ME effect (Figure
I-6) occurred in 1958 in the classic book “Electrodynamics of Continuous Media” by Landau and Lifshitz
[48] which affirmed, “Let us point out two more phenomena, which, in principle, could exist. One is
piezomagnetism. The other is a linear coupling between magnetic and electric fields in a media, which
would cause, for example, a magnetization proportional to an electric field.” The authors continue, “We
will not discuss these phenomena in more detail because it seems that till present, presumably, they

have not been observed in any substance.”
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Multiferroic

Figure I-6- ME effect and its relationship with other physical phenomena.

The magnetic and piezoelectric phases in ME composites can be divided based on their
connectivity types in: (0-3) particulate composite; (2-2) laminate composite and (1-3) fiber/rod composite

(Figure I-7a-c) [49].

a) ‘ _‘—
1
0°00°

0.0 9.

Figure I-7- The schematic illustration of three bulk composites with different connectivity: a) (0-3)

particulate composite; B) (2-2) laminate composite; ¢) (1-3) fiber/rod composite. Reproduced with

permission from [49].

In (0-3) particulate composites, a high concentration of magnetostrictive particles needs to be
dispersed into the selected piezoelectric matrix. The properties of the composite can be easily tailored by

selecting the constituent phases, the particle sizes, and processing parameters [50].

In (2-2) laminate composites, the piezoelectric and magnetostrictive phases are often joined by
a coupling agent, leading to an elimination of the leakage current, resulting on a superior ME performance

[51]. Such laminates can be arranged in different shapes and geometries, including discs, squares,

10
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rectangles, and rings, with different dimensions. They can be arranged as unimorphs and bimorphs as

well as bilayered and multilayered structures [52].

Regarding to the (1-3) fiber/rod composites, the magnetic phase can also lead to leakage
currents during polarization [47], and very few attempts have been made to fabricate this type of bulk
ME composites. To overcome this, (1-3) fiber/rod composites typically consist of three phases: PE bulk,

magnetostrictive (MS) material and insulating polymers [53].

The polymer-based ME composites strategy offered a new approach for developing new
applications with easy production at low temperatures and additive manufacturing capability (inkjet-
printing and screen-printing, among others), tuned mechanical properties for flexible devices, large area
applications, low-cost and biocompatible devices, suitable for the loT and Industry 4.0 [54]. Such loT
devices demands on optimized performances, low power consumption and integrated applications can

be achieved with ME materials.

The main experimental methods for measuring the ME coefficient are the static, quasi-static,
dynamic and pulsed dynamic methods. For the dynamic method, the sample is subjected to the action
of a superimposed AC field in a variable DC magnetic field, which generates at the ends of the material
a voltage response (ME signal) which allows to obtain the ME voltage coefficient (a,.) value indirectly
through Equation 1.1 [55].

AV (Equation 1.1)
t- HAC

AmEe

where AV is the generated voltage, fthe thickness of the piezoelectric material and H,. the intensity of
the AC magnetic field. This method had a great reception since it reduces the problems of charge

accumulation at the edge of the sample, and for such reason in the most used in the literature [55].

ME systems converting magnetic energy into electrical output (or vice-versa) can increase the
productivity and efficiency of resources [56]. Additionally, information and communication technologies
allow ME smart products with embedded sensors, actuators, processing units, connected via internet

enabling functionalities for monitoring, control, real time optimization and autonomy [57, 58].

1.1.4 Green Chemistry

When we discuss the theme “pollution” and “waste”, electronics are not the first thing that comes

to mind, nevertheless electronic waste, or the e-waste, is the fastest growing global waste stream [59].

11
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Currently, electronic products are made with a wide range of hazardous materials, which can
cause harm at all stages of the lifecycle of the product, particularly during manufacturing and recycling,
as well as when mining or extracting the resources to make the products [60]. The composition of e-
waste is extremely distinct and varies in products across several classes. Generally, it consists of ferrous

and non-ferrous metals, printed circuit boards (PCB), plastics, glass, rubber and other items [61].

Another worrisome fact is that e-waste is growing three times faster than any other waste stream
[62], and the usable lifespan of electronic products keeps shrinking (average electronic lifespan used to
be eight years, now it is down to two), because the faster we see technology advancing, the more we are
getting rid of [62, 63]. This type of waste is an emerging problem given the volumes of e-waste being
generated and the content of both toxic and valuable materials in them [61]. To overcome some of the
problems, mentioned before, the European commission created the European Green Deal, in 2019, with
the aim of making Europe climate neutral in 2050 through a set of initiatives, including a toxic free

environment (Figure 1-8) [64].

So, it is urgent a new approach in terms of solvents, like “green solvents” and, in addition, new
techniques to produce, in this case, “cleaner” electronics, that allow a reduction on the environment
impact, such as printing techniques [14, 65]. Green chemistry is made not only to meet certain
performance goals, but also to meet health and safety goals [66]. The term green chemistry was coined
by Paul Anastas in 1991 [65] in a program conducted by the US Environmental Protection Agency to

implement sustainable development in chemistry and chemical industries.
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Figure I-8- Furopean commission initiatives [64].

12



Chapfter | - Introduction

There are twelve key principles formulated which ought to be implemented by all chemists at all

levels towards attaining the goal of good human health and clean environment [67]:

1. Waste Prevention: It is better to prevent waste than to treat or clean up waste after it

has been created;

2. Atom Economy: Synthetic methods should be designed to maximize incorporation of

all materials used in the process into the final product;

3. Less Hazardous Synthesis: Wherever practicable, synthetic methods should be
designed to use and generate substances that possess little or no toxicity to human health and the

environment;

4, Designing Safer Chemicals: Chemical products should be designed to preserve

efficacy of function while reducing toxicity;

5. Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g., solvents,

separation agents, etc.) should be made unnecessary wherever possible and, innocuous when used,;

6. Energy efficiency: By conducting synthesis at ambient temperature and pressure,

energy requirement of the synthesis can be minimized;

7. Use of Renewable Feedstock: Whenever and wherever possible feed stock or raw

material should be renewable;

8. Reduce Derivatives: Use of enzymes;
9. Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric
reagents;

10. Design for Degradation: Designing of chemical product is done in a way that they
break down into innocuous degradation product in the end, which does not remain in the environment

for long;

11. Real time Analysis for Pollution Prevention: For proper functioning of chemical

processes real time feedback is needed;

12. Inherently safer chemistry for accident prevention: Substances and the form of
a substance used in a chemical process should be chosen to minimize the potential for chemical

accidents, including releases, explosions, and fires.

13
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On the other hand, printing techniques, have been in the focus for several applications as a green,
efficient, energy-saving, environmentally friendly manufacturing method. The process is additive and
drastically lowers not only the number of manufacturing steps, but also the need for energy, time,

consumables, as well as the waste [67].

1.2 Towards printable magnetoactive materials and devices

The idea of flexible electronics has been around for several decades - printed electronics is a new
way to manufacture electronics employing an old manufacturing method combined with novel materials

[69].

In 1903, Albert Hanson, a German scientist, filed the first patent on printed wires, in England, and
created the circuit board for telephone systems, which consisted of conductive pieces of foil attached to
wires and bonded to a flat sheet of paraffin paper [70, 71]. The construction resembled modern PCBs,

despite being “unrefined” by todays’ standards.

From 1903 onwards, the production of PCBs was done via the use of stencils and electrically
conductive inks, later produced via etching copper foils in 1943 (Figure |-9) and reinforced by soldering
copper wires in 1961. This technique allowed 25 % additional room to contain more functionality within

the same enclosure [72].

Figure I-9- Radio with printed PCB, in 1943 [73].

In the same period (1967), thin solar cell arrays (< 200 um) were employed for aerospace and
satellites [74] and the mechanical flexibility offered a convenient yet consistent means for compact

stowage during launch and thereafter opened for deployment.
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It can be discussed that PE “came of age” in the 1970s when the first conducting polymers were
realized by Nobel Laureates Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa — “plastic can, after

certain modifications, be made electrically conductive” [75].

Through the years, a lot of investigation to improve and optimize printing techniques and
materials development in PE field, has been made. Analyzing the printed electronics by its basic
components, the printing of electrical conductors corresponds to the base for other applications [11] and

it allows to obtain conductors with controlled widths and thicknesses below 1 um [76].

Regarding to its conductivities, it possible to control this parameter using different materials and
fillers. Depending on the used fillers, the obtained inks can be classified as metallic [77], organic [78],

ceramic [79] or a combination of them.

Printed conductors with conductivities greater than 2.43x107 S m* at temperature of 120 °C are
reported in literature [80], and in a general way, this field of technology is already considered well

consolidated among the industries.

Nowadays, the evolution of the conductors is passing through the concept of stretchability, being
reported studies that present conductors with high deformations (> 200 %) [19, 81], using inks based on

highly stretchable materials [82] and innovative designs that promote the elasticity [82].

Concerning to drivers, transparency is another point of interest, being reported remarkable

solutions with a conductivity/transparency ratio at the level of Indium tin oxide (ITO) solutions [83].

Depending on the base material used, the mentioned sub-areas (conductors and drivers) are
located, in terms of state of development, between the semicommercial (as graphene, CNT) and the
market growth (as Silver Nanowires (Ag NW) and metal mesh) [84]. The development of conductors is
the basis for the construction of printed antennas, not only for data communication, with frequencies

between 10 MHz and 6 GHz [85], but also for power transition (10 to 50 MHz) [86].

In the field of data communication, there are currently numerous published works, as well as
commercial products, of antennas with gains of up to 10 dBi [87, 88], for high frequencies. In addition,
the fact that the printed antennas are typically smaller, decrease the influence of them in the conductivity
in their response. For energy transmission antennas, there are some developments in terms of energy,
however its design is quite inefficient when compared with traditional solutions, since the series resistance

of the coils used to harvest energy is very high, dissipating a lot of energy on the coil itself [89].
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The printed sensing can be considered one of the areas of greatest impact, and that greater
visibility gives the printing technologies due the wide range of solutions reposted in basically all sensor
areas of transduction: physical, chemical, biochemical, optical, biosensors, etc. [90]. Yet, the number of
reported solutions based exclusively on printing solutions is insufficient, being mostly restricted to sensors
of humidity, temperature, gas, photodetectors, piezoresistive (mapping force) piezoelectric (pressure),

capacitive and biosensors [91, 92].

Right when the loT and 4.0 revolution concepts started to be discussed more concretely and from
a more application-oriented point of view, a disposable glucose biosensor, produced by drop
coating/screen-printing was proposed [93]. The biosensor was composed of Fe,0, nanoparticles
(synthesized by co-precipitation) that were drop coated (in an ammonia solution) into carbon electrodes
that were previously screen-printed. The innovative glucose sensor exhibited a fast response (within less
than 15 s), high sensitivity (1.74 pA mM-) and a wide linear range up to 33.3 mM (600 mg dL?) suitable
for applications such as clinical diabetes sensors and in the food industry for quality control and

communication tools.

The first printing procedure of a magnetic material with potential application for sensing devices
and taking advantage of the giant magnetoresistance effect (GMR) was demonstrated by Karnaushenko
et al., [94]. To formulate the ink, 500 mg of the GMR powder were added to 1 mL of a binder solution
(polymethyl methacrylate (PMMA) dissolved in a methyl isobutyl ketone (MIBK) carrier, Figure I-10a-c).
The magnetic material after being printed was incorporated in an electronic circuitry (amplification
cascade with a light emitting diode (LED)) produced on a postcard (Figure I-10d-e). The fabricated material
showed a high room-temperature GMR (= 8 %) revealing high technological potential for wireless switching
in hybrid electronic circuitry. It was also shown that such high-performance printed magnetic materials
were applicable to flexible electronics [95]. The proposed printed GMR sensing elements showed a high
variation of the electrical resistance (37 %) with a maximum sensitivity of 0.93 T+ at an optimum magnetic

field of 130 mT.
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Figure I-10- Images obtained through SEM of the GMR powder on different stages of ink preparation.
a) Early GMR powder after the delamination from Si substrates, consisting of bulky metallic flakes (inset
1) and a high variety of tube-shaped structures (inset 2). b) Magnetic film milled with ceramic beads with
the objective to develop magnetic powder composed of heterogeneously shaped flakes. The reported
higher electrical conductivity is explained by the stacking of separated [Co/Cu],, flakes (inset 1). ¢) Cross-
section image obtained through SEM of the printed. The inset reveals a schematic representation of the
principle of flake percolation. d) and e) The LED ON/OFF status that is controlled with a magnet (inset
1) that changes the conductivity of the printed sensor (inset 2). Reproduced with permission from [94].

A method to print magnetic field sensors based on colloidal nickel nanoparticles coated with
polyvinylpyrrolidone (PVP) has been later presented [94]. The projected sensor achieved a significant Hall
effect signal (= - 6 m£}), low coercivity (= 10 mT), high conductivity (resistivity in magnetically saturated
state in the range of 0.1 to 1.0 pu€l cm) and high sensitivity at magnetic fields close to 0 (5 mQ T+). The
measured Hall resistance, under currents from 1 to 10 mA, were between 10 to 100 mQ T+on a field
range of 50 to 100 mT [96]. These printed magnetic field sensors allow applications such as contactless

switches and linear or rotation motion sensors, needed in a 4.0 context.

In an attempt of monitoring Bisphenol A, a toxic and potent endocrine-disrupting compound in
the environment, it was introduced a new idea to obtain electrochemical sensors [95] composed of
screen-printed magnetic CoFe,0,/Multi-Walled Carbon Nanotubes (MWCNTSs) nanoparticles electrodes
combined with a magnetic-CoF,0O.-solid phase microextraction for substance absorption. The sensor
revealed high linearity in the 0.5 - 50 uM range with a 0.2 uM detection limit. The magnetic solid phase
micro extractor fabricated by co-precipitation reaction, also presented an abstention capacity of 67.7 mg
g! [97]. The printed sensor developed in this study provides a new tool for water pollution detection

compatible with loT environments.
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By using a different type of CNT, SWCNTs (76 wt.%) and iron-based magnetic nanoparticles (11
wt.%), a magnetoactive composite has been inkjet-printed with the capability to be used on the loT
identification of genuine documents or a bank note [98]. The reported high conductance variation (from
102S to 10+S) when a magnetic field of = 1 mT was inputted was an obvious indicator of the suitability

of this type of composites for smart sensing applications.

Magnetic filaments composed of Fe-based magnetic particles and acrylonitrile butadiene styrene
(ABS) resin were also developed by fused deposition modeling method, being reported a relative
permeability up to 1.7 for the sample with 70 wt.% of particle contents. According to this study, magnetic

circuit with unusual and on-demand shapes for loT-related magnetic field sensors can be envisioned [99].

The need for 3D printing of silicone-based magnetic materials by the 4.0 industries led to the
production of Polydimethylsiloxane (PDMS)-SF13/carbonyl iron particles (with pure iron content of up to
99.8 %) composites with carbonyl iron content up to 30 wt.% [100]. The high magnetic permeability (5.5),
normalized capacitance of 0.36 C, at 0.5 T and the observed formation of cavities in the PDMS matrix
that led to measurable magnetic-field-dependent changes in IR absorption at a wavelength of 4.255 um
(because of the interactions between diamagnetic atmospheric CO, and the magnetoactive composite)

opened the application potential of this materials for loT-related gas sensing devices.

Regarding ME materials, an up scalable and low-cost method for the development of ME materials
based on spray-printing was presented [101], being suitable for cost-effective and large-scale
sensor/actuator applications, namely in aerospace, automotive and recreational products [101]. With the
addition of 20 wt.% of ferrite content to P(VDF-TrFE), the resulting composite exhibits a fibrillar-porous
structure, an = 1.8 GPa Young's Modulus, a saturation magnetization of 11.2 emu g, a 6.0 emu gt
magnetic remanence and a magnetic coercivity of 2050 Oe. The high dielectric (34 dielectric constant
at 10 kHz) and piezoelectric (-27 pC N*) responses explain the high ME coupling of 21.2 mV cm Oe! at

an optimum magnetic field of 2450 QOe.

While many limitations still exist in nowadays, the successful printing of magnetic materials was
accelerating in the recent years. As evidenced by the above-reviewed publications, new materials,
processes, and applications are being explored for magnetoactive materials. The loT context allows the
“perfect storm” for this type of materials being fully implemented into a variety of advanced printed

applications.

Following this technological wind, this thesis aims to develop a new generation of magnetoactive

printable materials for device applications allying high-performance, compatibility with additive
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manufacturing technologies and contributing towards environmental friendlier materials, processed and

devices.

1.3 Objectives

The present work plan aims to develop a new generation of magnetoactive materials compatible
with additive manufacturing and with reduced environmental impact. It is also intended to build a
prototype, in which all components are fully printed. Thus, new magnetic and magnetoelectric inks will

be developed, characterized and, later, integrated into a fully printed functional device.
In more detail, the objectives of this work are:

[) Formulation of inks (magnetic, magnetoelectric) using conventional approaches and environmentally
friendly approaches; and functionalization of nanocomposites based on low-cost hydrophilic
polymers, in order to be able to obtain adequate rheological properties (viscosity and surface tension)

in addition to high chemical and colloidal stability;

[l) Development of printed electronic components using printing techniques such as screen-printing and
further characterization of the electrical and mechanical properties of electronic components, to
identify the factors that limit the performance of the device for subsequent optimization, if necessary.
The active layer of the magnetic and magnetoelectric sensor will be produced by screen-printing, to

allow a thicker layer;

[} Construction of a fully printed and viable magnetic sensor for industrial use.

1.4 Structure of the work and methodology

This thesis is divided in six chapters, four of them based on already published research papers. In
this way, a comprehensive and logic report is provided on the progress achieved during the present
research as well as on the research methodology, as the chapters represent the sequential progress
obtained during this work, involving the development of transparent materials (Chapter Il), materials with
improved ME response (Chapter Ill), green ME composites (Chapter 1V) and magnetic proximity sensor

application (Chapter V).

Thus, the present thesis is divided in the following chapters:
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Chapter | presents a general introduction to the work, the objectives, as well as the methodology
and structure of the thesis. A brief state of the art on magnetoactive printable materials is presented.

It is to notice that the specific state of the art is placed in each of the different chapters.

Chapter Il demonstrates the fabrication of a flexible and transparent ME composite, combining
Fe,,s3i,,:B.s microwires and poly (vinylidene fluoride-trifluoroethylene) — P(VDF-TrFE). It is based on

the published research work “Transparent Materials for Advanced Invisible Electronic Applications”.

Chapter Il presents the development of a novel screen-printed and flexible ME material based on
P(VDF-TrFE) and PVDF-CFQ. This chapter is based on the published scientific paper “All-printed
multilayer materials with improved magnetoelectric response”. A novel screen-printed and flexible

ME material is developed based on P(VDF-TrFE) and PVDF-CFO.

Chapter IV demonstrates that CoFe,0,/P(VDF-TrFE) nanocomposites can be successfully prepared
from solution using three different environmental friendlier solvents: Dimethyl sulfoxide (DMSQ), N,
N’-Dimethylpropyleneurea (DMPU) and Triethyl phosphate (TEP) with different dipolar moments. This
chapter is based on the published work “Greener solvent-based processing of polymer-based

magnetoelectric nanocomposites”.

Chapter V reports magnetic proximity sensors based on magnetoelectric PVDF/Metglas®
composites and an excitation-printed coil. This is based on the work “Magnetic Proximity Sensor

Based on Magnetoelectric Composites and Printed Coils”.

Chapter VI presents the main conclusions of this thesis, as well some suggestions for future works.
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The need for flexible and transparent smart materials is leading fo substantial advances in principles,
material combinations, and technologies. Particularly, the development of optically transparent ME
materials will open the range of applications to new directions such as transparent sensors, touch display
panels, multifunctional flat panel displays, and optical magnetic coatings. In this work, a flexible and
transparent ME composite is made of magnetostrictive Fe,,.Si,.B,, microwires and piezoelectric P(VDF-
TrFE). The high magnetostriction of Fe,,;Si,.sB,s (35 ppm) enables superior ME voltage response (65 mV
cm Oe) obtained at the critical longitudinal magnetic field equating the transverse anisotropy (14500 A

m?) on the external shell of the microwire.

This chapter is based on the following scientific publication:

R. Policia, A. C. Lima, N. Pereira, E. Calle, M. Vazquez, S. Lanceros-Méndez, and P. Martins, Transparent
Materials for Advanced Invisible Electronic Applications; Adv. Electronic Materials, vol. 5, 12, 2019. DOI:
https://doi.org/10.1002/aelm.201900280
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2.1 Introduction

ME materials present large potential in scientific and technological applications due to their ability
to change the electric polarization in response to an external magnetic field or to change their
magnetization in response to an applied electric field [1, 2]. Single-phase ME materials [3-5] are sparse
in nature and have limited applications, since they show weak ME response at very low operating

temperatures [6-8].

Alternatively, multiferroic composite materials, with an extrinsically ME effect, are suitable for
practical applications due to the simplicity of the manufacturing process, and, more importantly, large
magnitude of ME response at room temperature [9, 10]. These ME heterostructures [11] enable the
conversion between magnetic and electrical energies through mechanical coupling between
magnetostrictive and piezoelectric phases [12], allowing a high number of applications including magnetic
sensors, actuators, switches, energy harvesters, inductors and data storage devices for smart electronic

applications [13, 14].

However, despite the large potential of ME materials and the extensive research in this field in
the last few years, the search for a flexible and resistant composite with high ME response, low-cost and
simple fabrication continues to be a scientific/technological challenge [15]. Flexible materials allow to
expand the boundaries of design and packaging, being suitable for a new generation of electronic device
applications [16-18]. Polymer-based composites are the obvious choice to develop this kind of materials

[19, 20].

Although ceramic-based ME composites present ME coefficients three orders of magnitude higher
than polymer-based ME materials, piezoelectric ceramics are more expensive, rigid, and fragile, which
makes them inadequate for several applications [21]. In contrast, polymer-based composites are flexible,
lightweight, able to conform into a variety of forms, cheap, require low temperatures to process, and their
fabrication can be scaled up, since the production methods are compatible with industrial requirements

[22, 23].

Among polymeric piezoelectric materials, P(VDF-TrFE), a co-polymer of PVDF has been widely
studied and used as organic matrix in ME composites since it exhibits high piezoelectric coefficient, stable
mechanical properties, high breakdown strength, easy processing, high thermal stability, optical
transparency and biocompatibility [24]. Recent results demonstrate the increased potential of polymer-
based ME materials, and a strong effort is being made to develop new devices such as energy harvesters,

actuators, low-temperature spintronics and magnetic sensors, among others [19, 25, 26].
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As a disruptive approach in this field, the development of optically transparent materials will
expand the range of applications of ME materials [27-32]. Different flexible and transparent smart
materials have already been studied and developed. Thus, magnetic, conductive, semiconductive, and
piezoelectric materials which are also flexible and transparent to the visible light are mentioned in the
literature [33-38], however, transparent and flexible ME materials capable of combining magnetic and

electrical properties on a single compound are still under-explored.

A first approach was presented in [39], where transparent ME nanocomposites based on
magnetostrictive nanowires (NWs) of Fe, Ni and Galfenol dispersed and magnetically aligned inside of a
piezoelectric polymer matrix of P(VDF-TrFE) were produced. Yet, the transparency of the material was not
quantified and the use of nanowires instead of glass-coated microwires cause difficulties in the production
of large number of nanowires, biocompatibility problems and loss of mechanical, electrical and chemical
stability [40]. Additionally, the junction of polymer composites and magnetic microwires exhibits three
additional merits, namely a remarkable magnetic field and mechanical stress tunability in the microwave
regime that ensures excellent sensing properties, minimum disturbance of the mechanical properties
compatibility with cost-effective fabrication techniques that don't demand magnetic alignment of the

fillers [41].

The main difficult in developing a flexible transparent ME material is related to the
magnetostrictive phase. Magnetic particles with high magnetostrictive values, such as CoFe,QO,, for
example, are opaque from a certain concentration (higher than 10 weight percentage (wt.%)) hindering

the development of a material with high ME response and significant transparency, simultaneously.

Herein, we introduce magnetic microwires (MWs) that can be a solution to this scenario due to
their excellent magnetic properties and unique geometrical features [42] that allow the development of
transparent composites. These microwires, particularly those based on Iron-Silicon- Boron (FeSiB) alloy
composition, exhibit a high saturation magnetic polarization (i.e., J,= 1.65 T) and relatively high
magnetostriction value (A, = 35 ppm). Their cylindrical geometry is characterized by a high aspect ratio
(i.e., up to meters long and typically, 5-10 um diameter), that favours the mechanical coupling with the
piezoelectric polymer phase. In addition, these microwires, being structurally amorphous, present a
strong uniaxial longitudinal magnetoelastic anisotropy determined by the coupling between the internal
mechanical stresses and the magnetostriction constant that adds to their shape anisotropy. The
magnetization process consists essentially in the nucleation and fast propagation of a single domain wall

at relatively low applied field [43, 44].
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The combination of the geometrical and mechanical properties together with the soft magnetic
behavior makes them suitable for smart applications [42, 45]. Indeed, polymer composites incorporating
ferromagnetic microwires reveal a series of potential applications due to the flexibility and sensitive
response towards external stimuli, such as magnetic field, temperature, or mechanical stress, among

others [46].

In this paper, we present the first flexible and transparent ME material made up of FeSiB

amorphous microwires embedded and magnetically aligned inside a piezoelectric matrix of P(VDF-TrFE).

2.2 Experimental Section
2.2.1 Materials

N, N-dimethylformamide (DMF), pure grade was supplied by Fluka and P(VDF-TrFE) (Solef 1010)
was supplied by Solvay. All the chemicals and particles were used as received from the suppliers. Poly
(3,4-ethylenedioxythiophene) - poly (styrenesulfonate) (PEDOT/PSS) 5.0 wt.% conductive screen-

printable ink was purchased from Sigma-Aldrich.

2.2.2 Preparation of magnetic microwires and magnetoelectric composite

Glass-coated amorphous microwires were fabricated by quenching and drawing technique having
nominal composition of Fe,,.Si,,:B,; (X-ray Diffraction-XRD- analysis can be found on [47]), with 9.2 pm
metallic diameter and coated by Pyrex to a total diameter of 26.2 um. 20 pieces of microwires (= 4 cm)
have been placed in parallel and with a 2 mm spacing on a clean glass substrate. 2 g of P(VDF-TrFE)
(XRD analysis can be found on [48]) have been added to DMF and mechanical agitation has been
performed until a complete dissolution of the polymer.

The resulting solution was homogeneously distributed with a spreader over the aligned
microwires. After the spreading step, the samples were placed inside an oven (JP Selecta, Model
2000208) for 10 minutes at a temperature of 210 °C, following the protocol presented in [49], for
polymer melting and complete removal of the solvent. Then, the films (= 90 um) were removed from the
oven and allowed to cool at room temperature. The detachment of the flexible composite was obtained

after the glass substrate was immersed in a vat for 20 minutes.

The transparent conductive ink, PEDOT/PSS, was screen-printed with a polyester mesh with 120

wires in both sides of the ME composite and cured on an oven at 130 °C for 3 minutes.
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2.2.3 Characterization

The poling of the samples was achieved (before PEDOT deposition), after an optimization
procedure [50], after 60 minutes of corona poling at 120 °C in a home-made chamber. In order to
optimize the piezoelectric response, the electric field was kept applied when the samples were cooled to
room temperature. The piezoelectric response (d.,) of the poled samples was obtained with a wide range

d,,-meter (model 8000, APC Int. Ltd).

The magnetic characterization of the microwires was performed in a vibrating sample
magnetometer (VSM) (ADE system EV7 KLA-Tencor) under a maximum applied magnetic field of + 1.44

M A m-, parallel to the microwire axis.

The X-ray diffraction (XRD) data were taken by Esther Calle in a Bruker Diffractometer (D8
Advance A25), Cu Ka radiation (wavelength of 1.54 A).

ME effect was characterized by measuring the transversal ME voltage coefficient (o) using the
dynamic lock-in amplifier method [50]. A pair of Helmholtz coils was used to generate an AC magnetic
field with amplitude of 63 A m* and frequency of = 17-28 kHZ (resonance of the composites) that is

superimposed to a DC bias field driven by an electromagnet.

Both fields are applied out of plane of the nanocomposite film and the generated voltage across

the sample thickness is measured using a digital Lock-in amplifier (Stanford Research SR530).

The o, was calculated from the measured voltage (across the PEDOT layers) using the Equation

The optical transmittance of the samples was obtained by a double beam spectrophotometer UV-

2501PC UltravioleteVisible (UVeVIS) set up in the 350-700 nm range with a 1 nm step.

2.3 Results and Discussion

Figure II-1 depicts the ferromagnetic behavior of the FeSiB microwires under longitudinal applied
field characterized by a squared hysteresis loop with a 182 A m* coercivity and a giant Barkhausen jump

at around 200 A m* applied magnetic field.

The square hysteresis loop is characteristic of a bistable magnetic configuration, meaning that at
remanence the microwire consists of a large magnetic domain with axial magnetization, and a smaller
region (close to the external shell) remaining transversely magnetized. Upon application of a critical field

(+ 200 A m?), the magnetization reverses in that domain by the fast propagation of a single domain wall.
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At higher applied field, magnetization increases reversibly at that external shell with small magnetic
susceptibility until reaching apparent saturation at above 1.1 M A m* applied field. Additionally, the FeSiB

microwires show the typical wide spectrum for an amorphous structure.
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Figure II-1- a) Room-temperature magnetic response of the FeSiB microwires (the top inset displays
the XRD data of the FeSiB microwires); and b) room-temperature piezoelectric response of the P(VDF-

TrFE)/FeSiB composite.

As the P(VDF-TrFE) matrix has no influence in the type of magnetic response of the
magnetostrictive inclusions [19, 51], the FeSiB microwires have been introduced in P(VDF-TrFE) and the
|d,;| of the resulting composite has been studied (Figure II-1b). It is observed that the piezoelectric
response of the piezoelectric layer is not affected by the introduction of the magnetic fillers once it is

similar to the one obtained in the neat P(VDF-TrFE) (24 - 28 pC N+) [49].

After the magnetic and piezoelectric behavior has been verified, the optical transmittance was

studied (Figure II-2).
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Figure II-2- a) Phoz‘ographs of the composite placed on a written page, with (TOP) and without (DOWN)
the PEDOT conductive layers, serving as electrodes; b) Optical transmittance of the composites measured

from 350 nm to 700 nm.
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Figure I1.2b quantifies the optical transmittance loss from, = 82 % to = 50 %, observed when the
two PEDOT conductive layers are printed in the composite. The difference on the optical transmittance
between the neat P(VDF-TrFE) (= 88 %) and the P(VDF-TrFE)/FeSiB ME composite (= 82 %) is almost
negligible, showing that the optimization of the transmittance in this type of material passes through the
optimization of the conductive material and not so much through the optimization of the ME composites

composition.

To validate the use of the flexible P(VDF-TrFE)/FeSiB/PEDOT composite as a ME material for
sensor or energy harvesting applications, among others, the room-temperature ME response of the P(VDF-
TrFE)/FeSiB/PEDOT was studied as a function of the B, frequency and DC (B,.) magnetic field (Figure
[1-3).
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Figure II-3- a) ME voltage coefficient of the sample measured longitudinally (in-plane) and transversally
(out-ofplane) as a function of the resonance frequency; b) ME coefficient of the sample measured in-

plane and out-of-plane as a function of the DC magnetic field.

It is observed that the resonance frequency of the composites is = 17 kHz when the measurement
is performed longitudinally and = 28 kHz when it is performed transversely. It is also observed that the
ME voltage response is highly dependent on the direction of the applied magnetic field, reaching a
maximum response of 65 mV cm* Oe! at 14500 A m* DC magnetic field and 60 A m* AC magnetic field

for the sample, when characterized longitudinally.

The transversal ME response is negligible. Such distinct response is fully attributed to the small
transversal susceptibility of the microwires because of the strong uniaxial longitudinal magnetic anisotropy
of the microwire. Thus, a quite large transverse applied field is required to observe an even small magnetic

response.
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The bistable magnetic configuration of the microwires (a large magnetic domain with axial
magnetization and an axial magnetization in relatively small region, close to the external shell), Figure II-
4, ensures that the reversal occurring at 200 A m* by the fast propagation of a domain wall does not

induce any magnetostrictive effect which is activated only by magnetization rotation mechanisms.

Magnetostriction activated by magnetization rotation

~ External domain -

>> N\) ‘VJ\‘ H -r/\ i :’ [ C
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Figure II-4 - Representation of the origin of magnetostriction on the FeSiB microwire.

To compare the ME response reported in this work with the ones found in the literature we will
introduce a new figure of merit a/H,. aiming to correlate the ME voltage coefficient with the size of DC

magnetic field needed to generate it (Table II-1).

Table II-1- Higher a/H,. ratios reported in the literature.

Composite
a HDC a/HDc Ref
) (mV cm* Oe+) (Oe) (mV cm* Oe?) )
Polymer Filler
CoFe, 0, NP 40 2500 0.02 [51]
P(VDF-TrFE) Galfenol NW 80 2000 0.04 [39]
Fe,,:Si,,sB.s MW 65 182 0.36 Our

Table II-1 reveals that the present work has the best a/H,. ratio reported in the literature regarding
polymer-based ME composites, being one order higher than the best ones. Finally, from a simple analysis
of the longitudinal applied field at which maximum ME response is obtained we derive an interesting

additional conclusion: the applied field can be correlated with the transverse magnetoelastic anisotropy
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field (H,..= 14500 A m?) of the microwire that arises from the transverse mechanical stress frozen-in
during the quenching fabrication process. Thus, the transverse magnetoelastic anisotropy energy density

can be expressed as

K=(1/2) Jx H..=(3/2) [x<o> (Equation 11.1)

where < o > denotes the average compressive stresses in the external shell. From the experimental data

we obtain < o > = 230 MPa which is a quite reasonable value for glass-coated microwires.

2.4 Conclusions

In conclusion, a flexible and transparent ME composite composed of P(VDF-TrFE) and Fe,,.Si,,:B.s
exhibited a maximum ME voltage response of 65 mV cm? Oe*obtained at the critical longitudinal applied

field of at 14500 A m* that equals the transverse anisotropy field at the external shell of the microwire.

That allows us to anticipate that such a maximum ME can be engineered by the designed choice
of the magnetostrictive character of the amorphous microwire (given by the alloy composition), with the
value of the internal mechanical stresses (that can be tailored by suitable thermomagnetic annealing)

and with the use of a conductive ink with higher transparency.

Transparent magnetic sensors (useful for anti-theft sensors and for optical modulators), actuators
(in which the magnetization/actuation can be controlled by photo illumination), multifunctional touch
displays (in which the transparent screen may incorporate transparent magnetic smart materials), and

transparent optical magnetic coatings are obvious advantages of the composite reported in this work.
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A decade ago, the “polymer-based magnetoelectric” idea changed thinking in multiferroic ME materials
research, resulting in a new generation of high-performance materials and an increased focus on
controlling structure, flexibility, and electrical outout, as well as in the implementation info proof-of-concept
applications. Nowadays, the successful implementation of those materials is closely related fo the
processing and integration of ME materials by additive manufacturing techniques on the cutting-edge
Interface of materials science with chemistry, physics, biology, and engineering. Here a novel screen-
printed, and flexible ME material is developed based on P(VDF-TrFE) as the piezoelectric phase and
PVDF/CoFe,0, as the magnetostrictive phase. The all-printed ME composite exhibits a ferromagnetic
behavior with 16 emu g' saturation magnetization, -26 pC NV piezoelectric response and a ME volfage
coefficient of 164 mV cnm Oe' at a longitudinal resonance frequency of 16.2 kHz. Such optimized
magnetic, piezoelectric and ME behavior associated to the reduced cost of assembly, easy integration
info devices and the possibility fo be obtained over flexible and large areas trough screen-printing
demonstrates the suitability of the developed material for applications such as printed electronics,

sensors, actuators, and energy harvesters.

This chapter is based on the following scientific publication:
A. C. Lima, N. Pereira, R. Policia, C. Ribeiro, V. Correia, S. Lanceros-Méndez, and P. Martins, All-printed
multilayer materials with improved magnetoelectric response, Journal of Materials Chemistry C, 7, 5394-5400,

2019. DOI: https://doi.org/10.1039/C9TC01428D

47



Chapter Ill - All Printed Multilayer with Improved ME Response

3.1 Introduction

The smart materials research area is a multidisciplinary field that explores the development and
implementation of novel materials with increased functionality [1, 2]. These material types include shape
memory, piezoelectric, piezoresistive, magnetorheological, magnetostrictive, micromachines,

magnetoelectric, electrorheological and chromic materials, among others [3-5].

ME materials are particularly interesting as they provide effective coupling between electric and
magnetic orders [6, 7], allowing additional degrees of freedom in the design of devices such as sensors,
scaffolds, actuators, and information storage, among other interesting application areas [8-11].
Additionally, the processing of smart materials, including ME materials, by additive manufacturing
processes, such as printing technologies, allows improved integration into devices and to explore novel
applications in low-power, flexible and wearable electronics [12]. Regarding the ME coupling two distinct

forms have been reported/explored: single-phase ME materials [13] and ME composites [14].

Single-phase ME materials, also known as intrinsic ME materials, usually show a low temperature
and small ME coupling, hindering in this way their incorporation into technological applications [15]. In
the case of ME composite materials with an extrinsic effect, the magnetic field induces a dimensional
change in the magnetostrictive material that is transferred to the adjacent piezoelectric material, which

in turn undergoes a mechanically induced change in its polarization, and vice-versa [16].

This ME-product property leads to output signals at room temperature that are 2-4 orders of
magnitude higher than the ones observed in single-phase materials, making the materials suitable for

device applications [17].

ME composite materials are divided into ceramic-based or polymer-based. Although ceramic-based
ME materials show ME coefficients higher than the ones observed in polymer-based ME materials,
piezoelectric ceramics are affected by reactions at the interface regions, feature low electrical resistance

and high dielectric losses [8, 14].

Polymer-based ME materials allow overcoming these limitations. Further, polymers show a strain
coupling that typically does not deteriorate with the operation, their processing is at low-temperature and
allows a large variety of shapes and morphologies [18], are flexible [8], without large leakage currents
[19], can exhibit optimized tailored mechanical properties [20] and in some cases biocompatibility
[21].Depending on the interface between the magnetic phase and the polymer matrix, two main types of
multiferroic polymer composites can be found in the literature: nanocomposites and laminate composites
[20].
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The ME response of nanocomposites is generally lower than in laminates. Thus, the ME response
of P(VDF-TrFE)/CoFe,0, nanocomposite [19] (42 mV cm* Oe?) is four orders of magnitude lower than the
ME response (383 V cm? Oe?) reported for P(VDF-TrFE)/Metglas® 2605SA1 laminates. Nevertheless, its
flexibility, simple fabrication (solvent-based), easy shaping, the possibility of miniaturization and/or to the
ability produce large uniform areas and the absence of degradation at the piezoelectric/ magnetostrictive

interface are obvious advantages of nanocomposites [22].

Additionally, ME nanocomposites can support the expansion of the Internet of Things (loT)
concept once they allow the engineering of devices and systems to new environments and scales [23]
that can allow the development of sustainable, wireless, and interconnected autonomous smarter devices,
systems, and cities [1]. This interrelation of the loT and ME composites is continuously developing,
becoming an important research topic where new and fascinating innovation devices/opportunities will
emerge [1] such wearable sensors (wearable magnetic field sensors for flexible electronics) [12],
injectable and implantable bio-scaffolds/bio-actuators/bio-sensors [24], interconnected smart phones
with improved battery life [25], wireless communication gadgets with miniaturized ME antennas working
at their acoustic resonance frequencies [26] and smart energy harvesters capable of harvesting energy

from dual-stimulus: mechanical vibrations and magnetic fields [27].

As a result, the printing of ME smart materials, not will just allow a more environmentally friendly
production and implementation into devices, but also offers several advantages over other large-scale
production methods, namely high speed, and low-cost production, patterning ability, compatibility with

room temperature processes and suitability for large area production on flexible substrates [1].

Being the cost/efficiency ratio optimization of printing technologies, and their use in ME smart
materials production a catalyst for the emergence of new device applications [28], it is highly surprising
that, to our knowledge, the only report regarding the printing of polymer-based ME materials is the one
of Chlaihawi et al. [29]. Nevertheless, such ME material was produced by screen-printing PVDF
piezoelectric polymer into a magnetostrictive Metglas® substrate, not being in this way, a fully printed

ME material and therefore limiting the aforementioned advantages of printed devices.

In this work, we present the first fully printed ME composite. The printed ME is based on PVDF, P(VDF-
TrFE), CoFe,0, (CFO) nanoparticles and silver conductive ink. P(VDF-TrFE) will be used as piezoelectric
polymer due to its highest piezoelectric response among polymers [19], PVDF as a binder for the high

magnetostrictive CFO nanoparticles [14] and silver as the electrode.
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Screen-printing, one of the most used techniques for smart materials production, is used due to

its high velocity and versatility [30].

3.2 Experimental Section
3.2.1 Materials

CFO nanoparticles (= 30-55 nm) were purchased from Nanoamor (Houston, TX, USA). N, N-
dimethylformamide (DMF), pure grade was supplied by Fluka (Milwaukee, WI, USA), (PVDF Solef 1010)
and P(VDF-TrFE) 70/30 were supplied by Solvay (West Deptford, NJ, USA). HPS-021LV - Silver ink was
purchased from Novacentrix (Austin, TX, USA). All chemicals and particles were used as received from

the suppliers.

3.2.2 Ink and magnetoelectric printed sample preparation
For production for the hybrid ME composite the following steps were followed (Figure 1lI-1):

i) A P(VDF-TrFE) ink suitable for screen-printing was developed by adding 4 g of the polymer
powder to 10 mL of DMF. The mixture was magnetically stirred during 2 hours at room temperature (=

25 °C) until complete dissolution of the polymer.

ii) The Novacentrix HPS-021LV - Silver ink (top electrode: 1000 Pa s viscosity) was screen-
printed with a polyester mesh with 64 wires on a Teflon flexible substrate. The resulting 2-layer laminate

was placed in an oven at 80 °C for one hour.

iii) The P(VDF-TrFE) ink was screen-printed with a polyester mesh with 64 wires on the previous

laminate. The resulting 3-layer laminate was placed on an oven at 210 °C for 10 minutes.

iv) The Novacentrix HPS-021LV - Silver ink (bottom electrode) was screen-printed with a
polyester mesh with 64 wires on the previous laminate. The resulting (4-layer) laminate was placed on

an oven at 80 °C for one hour.

v) A PVDF/CFO magnetostrictive ink was obtained by adding 11.3 g of CFO to 9 mL of DMF. 2
g of PVDF polymer was then added to the former mixture as a binder and mechanically stirred during 2
hours at room temperature with a Teflon stirrer. After solvent evaporation, the CFO content on the PVDF
matrix will be 85 % in weight percentage (wt.%). Such content was selected to obtain a high

magnetostrictive layer [14]. Two other contents of CFO (20 wt.% and 40 wt.%) were also used in the
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development of the magnetostrictive layer to study the influence of the CFO in the rheology of the resulting

inks.

vi) The previous PVDF/CFO magnetostrictive ink was screen-printed with a polyester mesh with
64 wires on the laminate of step iv). The resulting (5-layer) laminate was placed on an oven at 210 °C

for one hour.

The transversal poling of the piezoelectric layer was achieved after step iii), subsequently to an
optimization procedure: 60 minutes of corona poling at 120 °C in a home-made chamber [18]. The
electric field was kept applied when the samples were cooled to room temperature. The composite sample

was magnetized along the length direction for 60 minutes at 3000 Oe DC magnetic field.

Top Silver Bottom  Magnetostritive \\.
Screen Silver Screen Screen

LR,

Sensor

| 80°C | 210°C | 80°C

/ou-/ /omnh-/ 7 0 1 | arc
wmcs ——— — °10m|n

Figure MI-1- Schematic representation of the experimental procedure used fo. obtain the hybrid ME

composite.

3.2.3 Ink and magnetoelectric printed sample characterization

The morphology of the ME sample was evaluated iz scanning electron microscopy (SEM) with a
NanoSEM - FEI Nova 200 (FEG/SEM) scanning electron microscope at 10 kV. Before SEM, samples were
gold coated by magnetron sputtering using a Polaron SC502 sputter coater. The thicknesses values were

calculated from 5 images with 10 measurements by using an Image J software.

Magnetic hysteresis loops were measured at room temperature using an ADE Technologies 3473-

70 vibrating sample magnetometer (VSM).
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The piezoelectric response of the poled samples was obtained with a wide range d.-meter (model

8000, APC Int. Ltd).

The ME effect was characterized by measuring the transversal ME voltage coefficient (o) and
longitudinal ME coefficient (at,,) using the dynamic lock-in amplifier method. A pair of Helmholtz coils was
used to generate an AC magnetic field with an amplitude of 1 Oe and frequency equal to the resonance
of the ME sample that is superimposed to a DC bias field driven by an electromagnet. The generated
voltage across the sample thickness direction was measured using a digital Lock-in amplifier (Stanford

Research SR530).
Both ME voltage coefficients were calculated from the measured voltage using Equation I.1 [31].

Rheological measurements were performed using an AresG2 rheometer equipped with a flat plate
geometry (40 mm) and a GAP of 1000 um. The different solutions were transferred onto the rheometer
plate (preheated at 40 °C) immediately after the polymer dissolution and incorporation of the particles.
Flow curves were obtained by a three-shear rate sweeps (up-down-up) program (to eliminate the time-

dependence) using a continuous ramp and shear rate range between 0 and 300 s.

The apparent viscosity at low shear rate (3 s*) was evaluated from curve 1 (unsteady-state) since
the structure was less disturbed at this condition; and from curve 3 for the others shear rate values

(steady-state).

The viscosity of the different solutions was compared at different shear rates if the solutions follow

a power-law model (Equation lll.1) [32].

n=Kyw (Equation 111.1)

where the coefficients K and N are determined experimentally.

3.3 Results and Discussion
3.3.1 Inks properties

Knowing that the ink viscosity range for screen-printing can vary between = 0.1 Pa s and = 1000 Pa s,
the rheological measurements, and the viscosity of the inks as a function of magnetic filler content of

both piezoelectric and magnetostrictive inks are presented in Figure -2
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Figure lll-2- a) Shear stress versus shear rate of the different inks, B) Viscosity values of the different

Inks as a function of magnetostrictive filler content for different shear rates.

It is verified that the shear stress increases almost linearly with the shear rate for all the inks, being
observed a higher slope in the sample with higher content of CFO nanoparticles, due to the higher
viscosity on those formulations. Data from Figure Ill-2a were used to determine the viscosity as a function
of the CFO content and shear rate (Figure Ill-2b), being verified a slight increase in the viscosity, for all

shear rates, with the introduction of magnetic particles for CFO contents lower than 20 wt.%.

The same does not happen when 85 wt.% of magnetic nanoparticles are added, being detected
a significant increase of the viscosity values for all shear rates. Based on the results of Figure Ill-2, the
85 wt.% of CFO composition was selected for the development of the magnetostrictive ink, since the high
concentration of particles will give rise to a higher magnetostriction [14] and by the fact that its maximum

viscosity (1100 Pa s) is compatible with the screen-printing process.

3.3.2 Printed Layers

After checking the viscosity of the inks, the ME laminate was produced, and the cross-sectional

SEM image of the multilayer film is shown in Figure Ill-3a.
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Figure llI-3 - a) SEM image of the printed ME sample: |) silver electrodes, i) P(VDF-TrFE) piezoelectric
layer, i) PYDF/CFO magnetostrictive layer; b) Room-temperature magnetic hysteresis loops for the pure

CFO nanoparticles, printed PVDF-CFO layer and allprinted.

Figure 1ll-3a exhibits a thin film multilayered structure revealing thicknesses of 100 (+ 10) nm,
108 (£ 11) um, 122 (£ 12) um and 250 (£ 15) um, for the silver electrodes layers (i), P(VDF-TrFE)
piezoelectric layer (ii), magnetostrictive PVDF/CFO layer (iii) and all-printed ME, APME, composite,
respectively. VSM measurements (Figure 11I-3b) were used to determine the room-temperature magnetic
response of the APME composite and to calculate the CFO content on the magnetostrictive PVDF/CFO
magnetostrictive layer and in the APME laminate, by the method proposed in [33]. The proper interface
between the magnetostrictive and piezoelectric layers is also indirectly demonstrated by the stability of

the ME response after repeated material manual bending (inset of Figure IlI-3b).

The CFO nanoparticles exhibit room-temperature ferromagnetism with a saturation magnetization
of 59 emu g, 34 emu g*, remanence and coercivity of 2030 Oe. The hysteresis loops of the PVDF/CFO
layer and APME composite also reveal ferromagnetic nature which confirms that the PVDF matrix and

printing process have no influence on the ferromagnetism of the nanoparticles.

The saturation magnetization of the printed PVYDF/CFO layer (50 emu g) and APME composite

(16 emu g') allowed to determine their CFO content as 84 wt.% and 27 wt.%, respectively.

3.3.3 Smart Response

The piezoelectric response of the P(VDF-TrFE) layer and ME behavior of the all-printed P(VDF-
TrFE)/PVDF/CFO ME composite can be found in Figure llI-4.
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Figure llI-4- a) Room-temperature piezoelectric response of the ME sample compared with the one
obtained on a P(VDF-TrFE) prepared by doctor blade, B) magnetoelectric voltage of the sample measured
longitudinally (in-plane) and transversally (out-ofplane) as a function of the frequency; ¢) ME coefficient
() of the sample measured in-plane and out-ofplane as a function of the AC magnetic field; d) ME

coefficient of the sample measured in-plane and out-of-plane as a function of the DC magnetic field.

Figure lll-4a shows that the piezoelectric response of the piezoelectric layer is not affected by the
printing process once the |d,,| value of the printed P(VDF-TrFE) is like the one obtained by the traditional
doctor blade technique (-24 to -28 pC N).

After a correct magnetic and piezoelectric behavior has been verified in the different layers, ME
evaluation has been performed in the multilayered composite. The resonance of the composite was found

to be 16.2 kHz on the longitudinal direction and 32.1 kHz on the transversal direction.

The ME voltage response as a function on the AC magnetic field and DC magnetic field was
performed for those frequencies (Figure Ill-4c-d). Despite the ME response as a function of the AC field
be very similar in both directions, the ME coefficient as a function of the DC field is highly dependent on
the direction of the applied magnetic field, reaching a maximum response of 164 mV cm* Oe! at 260 mT

and 83 mV cm? Oe*at 405 mT for the sample characterized longitudinally and transversely, respectively.
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Such distinct response is fully attributed to the anisotropic behavior of the magnetostriction on
the PVDF/CFO magnetostrictive layer, that strongly depends on the magnetic alignment achieved in the

magnetization procedure [34].

Once the CFO on the PVDF matrix is magnetically aligned along the longitudinal direction, in such
direction the ME response is higher and occurs for lower DC magnetic fields. When the ME behavior is
induced along the perpendicular direction, there is a need to reorganize the magnetic moments in such
direction, leading the emergence of demagnetizing effects, with the consequence of smaller ME voltage

response occurring at higher DC magnetic fields [34, 35].

In this way, by changing the thickness of the PVDF/CFO layer or by changing the exciting modes
(longitudinal or transversal), the maximum of the ME voltage response can be tuned, and its amplitude

further tailored [35].

Table lll-1 shows that the obtained ME values are the highest on polymer/CFO composites, both
laminate and nanocomposites. Further, the ME coefficient is in the same order of magnitude of the ones

observed on PVDF/Metglas® laminates and piezoceramics/CFO nanocomposites.

Table lll-1- Comparison between a,. obtained in this work for an all-printed multi-layered structure and

the ones reported in the literature for similar compositions but in laminated and nanocomposite form.

Sample a
Type Ref.
- - - (mV cm* Oe?)
Piezoelectric Magnetic
PVDF Metglas ® Laminate-piezo printed 686 [29]
Laminate-tape cast 206
Pb (Fe,.Nb,,) O, CFO particles [36]
Nanocomposite-ball mill 76
CFO ellipsoids 1.5 [34]
Nanocomposite-doctor blade
P(VDF-TrFE) 40 [19]
CFO particles
Hybrid-all printed 164 Our
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The highest ME response of the developed printed hybrid composite when compared to the
traditional nanocomposites reported in the literature is explained by the improved elastic coupling
between piezoelectric and magnetostrictive phases. Such coupling is less effective in the case of
nanocomposites once the movement of domain walls under applied external magnetic field is expected
to progress easier in highly concentrated ferrite layers than in nanocomposites with less concentration of
ferrite [36]. In this way, the progress of approaching magnetic domain wall may be hindered by
amorphous polymer chains surrounding a ferrite particle due to their non-ferromagnetic character.
Additionally, on nanocomposites the ME coupling is often suppressed due to leakage current in the
magnetostrictive nanoparticles that affect the piezoelectric matrix, in the case of the reported hybrid
composite, the resistivity of the material is improved with the existence of a neat piezoelectric dielectric

layer [19, 36].

Such high ME response allied to the simplicity and scalability of the screen-printing technique
demonstrate the suitability of the all-printed P(VDF-TrFE)/PVDF-CFO ME multilayer structure for
technology transfer and implementation into flexible sensors, actuators and energy harvesting

applications [1, 17].

3.4 Conclusions

A hybrid ME composite was successfully printed with P(VDF-TrFE)/DMF as piezoelectric ink (0.53
Pa s viscosity at 300 s* shear rate), PYDF-CFO/DMF (1.13 Pa s viscosity at 300 s shear rate) as magnetic

ink and silver ink as electrodes.

The resulting composite exhibits a ferromagnetic behavior with 16 emu g! saturation
magnetization, -26 pC N piezoelectric response and a ME voltage coefficient of 164 mV cm? Qe'at a
longitudinal resonance frequency of 16.2 kHz, the highest reported in the literature in this kind of

composite.

The additive manufacturing nature of the printing process results in improved usage of material
and integration and, consequently, more efficient production of the ME material for sensor and actuator

applications.
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Chapter IV — Greener solvent-based processing of polymer-based magnetoelectric

nanocomposites

Polymer-based magnetoelectric (ME) nanocomposites are an enabling material technology for a wide
range of applications in the area of digitalization strategies. Due fo its highest piezoelectric response
among polymers, poly (vinylidene fluoride-trifiuoroethylene) (PVDF-TrFE) is the piezoelectric matrix most
used in polymer-based ME materials with over 80% of the total reports, with the resulting composites
typically processed from solutions with N, N-dimethylformamide (DMF), a toxic solvent. Nevertheless,
environmentally friendlier approaches and sustainable technologies are increasingly being required. This
work demonstrates that P(VDF-TrFE)/Co.Fe,0, nanocomposites can be successfully prepared from
solution using three different environmentally friendlier solvents: dimethyl sulfoxide (DMSO), N, NV'-
Dimethylpropyleneurea (DMPU), and triethy! phosphate (TEP) with different dipole moments. It is shown
that the prepared composite films, with a maximum ME voltage coefficient of 35 mV crr Oe-1 and a
maximum sensitivity of 2.2 mV T+, are suitable for applications, highlighting the path for a new generation

of more sustainable ME sensors.

This chapter is based on the following scientific publication:
A. C. Lima, N. Pereira, S. Lanceros-Méndez, and P. Martins, Greener solvent-based processing of
polymer based magnetoelectric nanocomposites, ACS Sustainable Chemistry & Engineering, 2021, 10,

13, 4122-4132, DOI: https://doi.org/10.1021/acssuschemeng.1c06967.
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4.1 Introduction

The link between the physical world and the internet has been a driving force in enhancing people's
quality of life which has culminated on the Internet of Things (loT) concept [1-3]. This technology allows
a more effective and ubiquitous interrelation between humans and electronic devices, modifying the
paradigm of the user’s interactions. In such human-machine connectivity, the user that previously
interacted with a physical object in a voluntary way, starts to interact with the object simply by using it:
the “l-user” [4,5] In addition, the rapid evolution of the digitalization wave leading to the interconnection
in real time of every possible “Things” (home appliances, mobile phones, cars, or smart houses, among
others) demands also a new generation of materials [6] that allow lightness, flexibility and improved
integration, at reasonable prices [4,7]. Thus, a new generation of materials called “smart materials”, are
being developed to be integrated in a variety of objects and devices with the objective to sense
temperature, pressure, impact, deformation and other relevant parameters [8-10]. Additionally, some of

those types of materials can also act as energy harvesters [11,12] or actuators [13,14].

Magnetoactive smart materials contribution to the loT is particularly relevant since they will trigger
the fabrication of antennas, bioelectronics devices, proximity, magnetic and current sensors, as well as
actuators, among others [5,15]. Magnetoactive materials can be produced by combining magnetic fillers
and polymeric/ceramic matrices and, in such systems, the application of an external AC/DC magnetic
field trigger a physical change in the composite [16]. Among those materials, magnetoelectric (ME)
structures are among the most exciting ones once they allow an efficient coupling between the electrical
and magnetic orders of the matter [17]. In addition, ME materials permit the development of novel and
conventional applications, the latter based on new approaches, such as in the case of magnetic sensors,
that match the current requirements of the loT-related industries in terms of cost, size, flexibility, detection
limits and noise [18,19]. ME materials can also solve problems related with the powering of conventional
sensors (periodic replacement, capacity limitations and maintenance costs) due to their aptitude to
harvest surrounding energy from harsh/inaccessible locations, exhibiting the same harvesting benefits of

piezoelectric materials but with improved power output and higher mechanical stress [20].

ME composites, with ME coupling coefficients #1000 times higher than single-phase MEs, are
usually categorized according to the connectivity of the two components into 0-3 (nanocomposites) and
2-2 (laminated composites) [21,22]. Laminated composites have been largely explored based on their
superior ME coefficient (= some V cm* Oe?), though, the stress transfer of the coupling layer between

piezoelectric and magnetostrictive layers brings undesired relaxation and electrical loss problems [23].
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Nanocomposites despite exhibiting a lower ME coupling coefficient (*some mV cm* Oe*), do not
exhibit the abovementioned performance limitations, once the magnetostrictive nanoparticles can be
equally dispersed in the piezoelectric matrix [24]. Polymer-based ME nanocomposites also offer optimized
features with respect to low temperature processing, compatibility with additive manufacturing
technologies, tunable mechanical features for flexible and/or large area devices [25,26], thus permitting

the manufacture of products that are eco-friendlier and safer [23].

Due to their highest dielectric constant and electroactive response, including piezoelectric (| d.; | =
30 pc N*) effect, and the capability to crystallize directly in the B-phase (the phase that displays optimized
ferroelectric, pyroelectric and piezoelectric properties) poly(vinylidene fluoride-trifluoroethylene), P(VDF-
TrFE), with molar ratios of vinylidene fluoride (VDF) between 50 % and 80 %, is the copolymer preferentially

used (=80 % of the total published papers [23,27] for the fabrication of ME nanocomposites.

For most applications, P(VDF-TrFE) is processed from the melt, such as by extrusion or injection
molding, where the material is converted from a liquid melt into a solid form with a defined structure and
shape [28,29], being melt extrusion a common method to produce oriented flexible chain polymers
[30,31]. Nevertheless, in the growing area of printed electronics and advanced coatings, increasingly
requiring sensors and/or actuators, piezoelectric materials in general and P(VDF-TrFE) in particular, need
to be processed from solutions [32], being required in some cases a specific post processing treatment
[24]. The most utilized printing/coating techniques include screen- and ink-printing or doctor blade

[17,23].

In the subject of printed electronics, P(VDF-TrFE) is mostly prepared after dissolution in N, N-
dimethylformamide (DMF), methyl ethyl ketone (MEK), tetrahydrofuran (THF) or N-methyl-2-pyrrolidone
(NMP), all of them hazardous, toxic, and dangerous to be used at large scale, and consequently, should

be avoided [27,33].

In this way, one of the keys enabling challenges in printable polymer-based MEs, is to change the
abovementioned solvents by less hazardous and environmentally friendlier ones, the so called “green”

solvents, aiming to decrease the environmental footprint of the materials [23,34].

The choice of solvent must also take into account its dipole moment once such a value significantly
influences its polarizability which in turn affects the piezoelectricity, pyroelectricity, triboelectricity,

crystallinity, and dipole alignment capability of the polymer that is obtained from solutions [35,36].

Thus, in this work P(VDF-TrFE)/CoFe,0, ME nanocomposites have been developed using three
different green solvents - Dimethyl sulfoxide (DMSO), N, N'-Dimethylpropyleneurea (DMPU) and Triethyl
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phosphate (TEP) aiming sensing applications (Figure IV-1). Further, the different dipolar moments of the
solvents also allow to assess the solvent-polymer interactions allowing to improve final materials

properties.

Figure IV-1- Scheme of the main issues addressed in this work: environmentally friendly approaches

regarding the development of ME smart materials for loT-related applications.

Once minable deposits of heavy rare-earth elements such as dysprosium (Dy), terbium (Tb) or
neodymium (Nd), are heterogeneously and sparsely distributed over the planet, thus being important to
diminish the quantities used to solve supply issues, material cost limitations and environmental problems
[37,38], those materials should be suppressed from ME nanocomposites. Thus, CoFe,0, will be used
once along with its hysteresis (coercivity of 0.25 T), high magnetostrictive coefficient (up to = 220 ppm),

and chemical stability can also be produced through eco-friendly green methods [39,42].

4.2 Experimental Section
4.2.1 Materials

35-55 nm CoFe,0, nanoparticles were acquired from Nanostructured & Amorphous Materials, Inc.
(Texas, USA). Dimethyl sulfoxide (DMSO), N, N-Dimethylpropyleneurea (DMPU) and Triethyl Phosphate
(TEP) were obtained from (Charlotte, USA), LaborSpirit (Lisboa, Portugal) Sigma-Aldrich (Missouri, USA),
respectively. P(VDF-TrFE) (Solvene 250, VDF/TrFE = 70/30) was provided by Solvay (Brussels, Belgium).
All the chemicals, polymers and magnetic nanoparticles were utilized as received from the suppliers. The
characteristics of each solvent can be found on Table IV-1.
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Table V-1 - Relevant properties of different solvents used fo dissolve P(VDF-TrFE) [43-46].

DMF DMSO DMPU TEP
Dipole moment (D) 3.90 3.96 4.17 2.86
Boiling point (° C) 153°C 189°C 247°C 215 °C
-Highly Flammable | _combustible, but -Flammable liquid
liquid and vapor; will not ignite and vapor, -Non-flammable;
-Harmful in contact | readily; -Eye contact may -Harmful if
Hazard
with skin or if QJi iy result in permanent | swallowed;
Statement® | Slightly irritant to
inhaled; eyes, but not eye damage; Causes serious
-Causes serious eye | relevant; -Harmful if eye irritation.
irritation. -No effects known swallowed.
after inhalation.
Environmental Some: Some:
impact/usability® Usable Usable

4.2.2 Processing

w According to Regulation (EC) No. 1272/2008

v According to CHEM21 method and GSK's solvent selection [47-50]

Nanocomposite films with thickness around 40-60 pum, were prepared by adding the desired

amount of CFO to DMSO, DMPU or TEP solvents and later placed (5 hours) in ultrasounds (ATU ATM

3LCD) to ensure that CFO was well dispersed in the solvent and to prevent aggregation [51]. Next, the

polymer in the powder form, was added and the resulting blend was mixed with a Teflon mechanical

stirrer (Heidolph instruments — Schwabach, Germany) until the complete dissolution of P(VDF-TrFE).

Flexible multiferroic films were obtained by spreading (at room temperature) the mixture on a very-clean
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glass substrate. P(VDF-TrFE) crystallization and solvent evaporation were achieved in a post processing

step by maintaining the samples inside a convection forced oven (JP Selecta 2005165) for:

i) 30 minutes at 230 °C for DMPU films;
ii) 30 minutes at 165 °C for DMSO films;
iii) 30 minutes at 180 °C for TEP films.

Each solvent evaporation temperature was selected considering the following premises: temperature
should be lower (= 10 %) than the solvent’s boiling point (Table 1V-1) to allow slow solvent evaporation,
leading to non-porous compact films and temperature should be the lowest promoting a compact,

homogeneous, and non-brittle film.

After the specific/optimized time in the oven, the films were cooled to room temperature under
ambient atmosphere. Two sets of samples were prepared, one with 20 wt.% of CoFe,0, and prepared
with different solvents, allowing to understand the effect of the used solvent on the ME performance, and
other, with varying CFO wt.% (0, 10, 20 and 40 wt.%) on the same solvent (DMSO), to understand the

effect of increasing filler content (Table IV-2).

Table IV-2- P(VDF-TrFE)-based composite samples and respective nomenclature.

CoFe.0, (wt.%)
Solvent
0 10 20 40
DMSO P@DMSO P@DMSO/CFO10 | P@DMSO/CF0O20 P@DMSO/CF040
DMPU X X P@DMPU/CFO20 X
TEP X X P@DMSO/TEP20 X

4.2.3 Characterization techniques
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Sample morphology was evaluated by scanning electron microscopy (SEM - NanoSEM - FEI Nova
200) using an accelerating voltage of 10 kV. Previously, all samples have been coated (using a sputter

coating Polaron, model SC502) with a very thin (=30nm) conductive (Au) layer.

Sample thickness was calculated by using the Image J software on SEM images (5 measurements

for each sample).
The wt.% of the polymer at the polymer-CFO interphase (m) was determined using Equation IV.1:

m(x),y—m
m; = m x 100 (Equation IV.1)
Mo

where m, is the mass of pristine P(VDF-TrFE) at the temperature upon which the mass loss rate
is maximum and m(x), is the mass of the composite containing a given wt.% of CFO nanoparticles that
has not degraded at the temperature at which the mass loss rate of the pristine P(VDF-TrFE) is maximum

[52].

Differential scanning calorimetry (DSC) was performed using a Perkin-Elmer DSC 8000 under a
flowing N, atmosphere from 25 °C to 200 °C (with a 10°C min* heating rate). The samples have been
placed in aluminum pans (=30 pL) with perforated lids to permit the release/removal of volatiles. The

degree of crystallinity (x.) of the samples was determined using Equation IV.2:

Xc ‘ 100 (Equation )

Where AH, is the melting enthalpy and AH,,is the melting enthalpy for a 100 % crystalline sample (103.4
J g [53].

Thermogravimetric analysis (TGA) with a heating rate of 10 °C min* was executed on a Q600
TGA TA thermobalance, from 40 °C to 800 °C under a N, atmosphere (flow of 50 mL min+). Samples (=

10 mg) have been previously placed in open ceramic crucibles.

The room-temperature stress—strain measurements in tensile mode at a deformation rate of 0.5
mm min* were performed with an Autograph AG-IS (Shimadzu) 500 N to assess the mechanical
properties of samples. The elastic modulus, Y, was calculated in the linear regime of the stress—strain

curves after Hooke's law (Equation IV.3):
oc=Y-¢ (Equation 1V.3)

For both dielectric and electrical conductivity experiments circular gold electrodes (5 mm

diameter) were deposited onto both sides of the films on a Polaron model SC502 sputter coater.
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The capacity (C) and the dielectric losses (tan(8)) of the films were evaluated at room temperature
from 1 Hz to 1 MHz and with an applied voltage of 0.5 V in a Quadtech 1920 apparatus. Gold electrodes
(5 mm diameter) were vacuum evaporated on both sides of each sample. Then, the real part of the
complex permittivity (€') was obtained using the parallel plate capacitor approximation considering the

geometry and dimension of each sample (thickness t and Area A), using Equation IV.4:

, CXxt

Equation IV.4
1 (Eq )

&

The DC volume electrical conductivity of the films was obtained by assessing the room temperature
characteristic IV curves with a Keithley 6487 picoammeter & voltage source. The electrical resistivity (p)

was then calculated considered the geometrical parameters according to Equation 1V.5:

A
p=RX 7 (Equation 1V.5)

where R is the film resistance, calculated by the inverse of the slope of the | (V) function, t is the thickness,
and A is the area of the electrodes. The electrical conductivity (o) is calculated as the inverse of the

resistivity.

For the assessment of the d,, piezoelectric coefficient, the samples were first poled by corona
discharge, after a previously optimized procedure (temperature of 120 °C, inside a homemade chamber,
10 kV applied voltage, = 2 cm distance between sample and tip, 1 hour poling time and cooling to room
temperature under applied electric field). Then, the piezoelectric d., coefficients were measured with a d.,

meter (model 8000, APC int, Ltd).

To obtain the out-of-plane ME coefficient (a;), DC (bias) and AC magnetic fields (H,;) were applied
simultaneously along the same direction of the electric polarization of the P(VDF-TrFE) composite film,

that is, perpendicular to the surface. The a,, was calculated using Equation I.1.

The AC driving magnetic field (with a maximum of 3.98 Oe) was provided by a pair of Helmholtz
coils. The external bias field was provided by an electromagnet with a maximum value of 1.2 T. The

induced ME voltage (V) in the samples was measured using a Standford Research Lock-in amplifier.
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4.3 Results and Discussion
4.3.1 Morphological features

SEM has been used to reveal possible effects of the processing on the final thickness of the
resulting samples and on the agglomeration/dispersion state of the magnetic nanoparticles within the

polymer matrix (Figure IV-2).

Figure IV-2 - Representative SEM images of: a) P@DMPU,/CFO20; b) P@DMSO/CFO20, and c)
P@TEP/CFO20. SEM images of the P@TERP/CFOZ20 at different magnifications: d) 5000x,; e) 10000x;
and f) 20000x.

Figure IV-2a-c displays characteristic SEM images of the samples with 20 wt.% of CFO processed
using three different solvents (a: DMPU; b: DMSO; and c: TEP). No substantial differences are detected
between the different composites, all revealing a suitable distribution of cluster of nanoparticles with a

maximum size of 3 um (Figure 1V-2d-f), compatible with a proper ME response [54].

4.3.2 Thermal characteristics and degree of crystallinity

To study the influence of the solvent, processing conditions and CFO nanoparticle content on the
thermal stability of the nanocomposites, TGA has been used, and the representative curves for the

different P(VDF-TrFE)/CFO composites are shown in Figure IV-3.

70



Chapter IV — Greener solvent-based processing of polymer-based magnetoelectric nanocomposites

530

] — P@DMSO/CFO40 —
100 a) — P@DMSO/CFO20 (&) 520 b) P
~ 80/ P@DMSO/CFO10| S /i f :
R 60" 3 — P@DbMso o510 ! TMD
e 2 2 500,
D 405 2 o
fap B
E o € 450
0/ 200 400 600 800 2 480 * Tonser
0 200 400 600 800 1000 470 0 20 40
Temperature (°C) CFO wt.%
<100lc — — P@TEPI/CF0O20 O 520
= ) — peoweucFoz0| O i/////i///i
O 80 P@DMSO/CFO20 o T™MD
2801, 0 510
N S
i 2 DMPU
= 60 =2 Ss0) tgp DMSO
404 1 o
Eo £ 490 /§/¥
203 "200 400 600 800 S 2 i TonseT
0 200 400 600 800 1000 480 %6 3.96 417
0, .
Temperature (°C) Solvent dipolar moment (D)

Figure IV-3 - TGA thermograms a), ¢) and corresponding first derivatives (insets) for nanocomposites
with different CFO wt.% content a), and nanocomposites prepared with different solvents and under
different processing conditions ¢). Temperature of maximum rate of weight loss (TMD) for the samples
with different CFO wt.% content b) and prepared with different solvents and under different processing

conditions d).

It was found that, independently of the CFO wt.% content or the solvent and processing conditions,
the thermal degradation behavior of P(VDF-TrFE) occurs in a one main weight loss step, corresponding
to the scission of the carbon-hydrogen (C-H) bonds, followed by the carbon-fluorine (C-F) bonds due to

the higher strength of the C-F bonds comparatively to the C—H bonds [55].

Figure IV-3c compares the composite samples with 20 wt.% processed with the different solvents,
revealing a slight weight loss immediately above the solvent’s evaporation temperature in all samples
(also observed in the DTGA curves), which can be related to trapped solvent at the filler-polymer interfaces
and determining also the crystallization (Figure IV-4) and the morphology of the films (Figure IV-2), based
on the different dipolar moments of the solvents. The possibility of the existence of trapped solvent at the
filler-polymer interface at crystallization is strengthened by the increased weight loss with increasing CFO

wt.% (from O % to = 2 % with increasing wt.% from 0 to 40).

71



Chapter IV — Greener solvent-based processing of polymer-based magnetoelectric nanocomposites

The differential thermogravimetric, DTG, analysis (insets of Figure V-3 a) and c)) allows to identify
the temperature of maximum rate of weight loss, which is approximately 513 °C for P@DMSO, being this

value increased to 519 °C - 520 °C with the introduction of CFO nanoparticles.

The increase of CFO wt.%, from 10 to 40 has no appreciable effect on the TMD. Similarly, the
onset temperature is increased from 482 °C to 489 - 494 °C with the introduction of CFO nanoparticles.
Such behaviors can be related with the emergence of an interphase (= 60 % of the sample weight, as
calculated after Equation IV.1) in the interface between nanoparticles and polymer resulting from
electrostatic interactions among the partially positive C-H bonds of the polymer and the negatively
charged CFO (after the solvent trapped at the polymer-particle interface being evaporated), providing
larger thermal stability to the polymer chains closer to the ferrite surface [52,56,57]. The total interface

value is similar for P(VDF-TrFE) composites with CFO wt.% between 10 and 40 [52].

Regarding the effect of the solvent on the thermal properties of the composites, TEP, DMSO and
DMPU led to TMD values of 514 °C, 517 °C and 519 °C and T, 485 °C, 489 °C, and 491 °C,

respectively, being all variations within experimental error [55].

Figure IV-4 shows the heating DSC thermograms for the different P(VDF-TrFE)-based composite

films.
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Figure IV-4 - DSC thermograms for samples with different a) wt.% of CFO and b) different processing
condlitions and solvents for a filler content of 20 wt. % of CFO.

The peak at lower temperature (105 °C), corresponds to the ferroelectric—paraelectric transition
(Curie transition- T,), and the higher temperature transition peak, at 147-153 °C, corresponds to the

melting temperature, T, of the paraelectric phase [55]. Regardless the used solvent or the wt.% of CFO,
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the reference temperatures of the copolymer are not significantly affected ( =100 °C for T.and =145 °C

for T,) [55, 58].

The degree of crystallinity values, calculated from the DSC thermograms by Equation V.2, are

presented in Table IV-3.

Table IV-3 - Effect of solvent and CFO wt.% on the T, and X, values.

Solvent CFO wt.% T. (°C) #1 X. (%) 1

0 153 44
10 156 26

DMSO
20 153 25
40 153 25
DMPU 20 148 31
TEP 20 152 26

Values from Table IV-3 reveal that the X, of the sample without magnetic nanoparticles is = 40 %
higher than the ones traditional reported on P(VDF-TrFE) produced using other solvents (26 % - 32 %) [27,
55]. Despite previous studies suggested that the strength of the solvent's dipole moment has less impact
on the crystal's formation than the annealing process [59]., for samples with similar annealing it was
reported that a solvent with higher dipole moment such as DMSO contributes to an improved dipole
alignment in P(VDF-TrFE) that results in an augmented X; [36, 60]. The same effect is also seen on
samples prepared with 20 wt.% of CFO with the different solvents, being the degree of crystallinity larger
for the samples prepared with DMPU, the solvent with the highest dipolar moment [36, 60].
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4.3.3 Mechanical characteristics

To verify whether the P(VDF-TrFE) mechanical properties were changed by the addition of CFO,
processing or by solvent dipolar moment, stress—strain measurements (Figure ba-b) have been performed

and the corresponding Young's modulus was calculated (Figure 1V-5¢-d).
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Figure IV-5 - Stress-strain characteristic curves obtained for samples with varying: a) the wt.% content
of ferrites; and b) processing condiitions and solvent. Young’s Modulus as a function of €) wt.% content

of ferrites and d) solvent’s dipole moment.

Figure IV-5a-b reveals that all samples exhibit the usual mechanical behavior of thermoplastics,
with a linear relation between stress and strain, for strains below 1%, followed by a plastic deformation

stage before the sample undergoes fracture.

Figure IV-5b-c shows that the Young’'s modulus increase with the introduction of the CFO fillers,
being this increase more significant for composites with higher CFO wt.%, fact that can be related to the
mechanical enhancement resulting from interaction of CFO nanoparticles and the P(VDF-TrFE) chains,
and also with the higher Y, of CFO (= 150 GPa) [22, 61]. In a similar way a solvent with a high dipole
moment creates larger solvent/ - polymer chain interactions, leading to improved chain orientation and

therefore higher Y values (Figure 1V-5d) [36, 62].
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4.3.4 Dielectric Response and electrical conductivity

Figure 1V-6 shows the variation of the real part of the complex permittivity, &, (Figure IV-6a) and
the dielectric losses, tg (8) at room temperature, (Figure IV-6b) as a function of the frequency and CFO

wt.%, for the P(VDF-TrFE)/CFO composites.
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Figure IV-6 - Real a) and imaginary b) part of the complex permittivity as a function of frequency for
P@DMSO composites with different wt.%. Variation of the dielectric constant (black triangles) and
dielectric losses (red squares) for the P@DMSO nanocomposites as a function of CFO wt.% ¢); and for
the nanocomposites with 20 wt.% as a function of solvent djpolar moment d), at room temperature and

for a frequency of 10 kHz.

For all composite films (independently of the CFO wt.%), it is noted that & decreases with
increasing frequency in a similar way (Figure IV-6a) because of the cooperative relaxation of the
orientational movement of the dipoles with strong contributions from the crystalline—amorphous
interphases [53, 63]. The calculated values of the dielectric constant are characteristics of this polymer
[64]. Also, the dielectric losses decrease as the frequency increases for all composites (Figure IV-6) due
to the relaxation dynamics of the polymer [65]. At low frequencies, tg (8) is superior because of the

semicrystalline character of the polymer that led to interfacial polarization contributions.
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Figure IV-6¢-d, displays the variation of the dielectric constant of the samples with different CFO
wt.% and different solvents, respectively, for a frequency of 10 kHz. This analysis demonstrates that the
dielectric response strongly increases with increasing CFO wt.%, due both to the dielectric contribution of

the filler and to the increased number of polymer-filler interfaces (Figure IV-6c).

The dielectric losses show an analogous tendency as that of the dielectric constant. Concerning
to the variation of dielectric response and dielectric loss with different solvents at 10 kHz, the sample with
higher & is the one prepared with DMPU (= 12), and the sample prepared with TEP presents a lower
value (= 8.5). The high dipole moment of DMPU leads to improved chain orientation and therefore higher
dielectric response (Figure IV-6d) [36]. Further, as indicated in discussion of Figure V-3, the solvent
seems to remain in the polymeriller interfaces, making the solvents with higher dipolar moments
contributing more to the dielectric response. The DC conductivity of all composites was evaluated, and

the results are shown in Figure IV-7.
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Figure IV-7 - Flectrical DC conductivity (0,) of pristine P(VDF-TrFE) and the different nanocomposites

as a function of a) CFO wt.% and b) solvent dijpolar moment.

The representative |-V plots (inset of Figure 1V-7a) reveal a typical ochmic behavior in all P(VDF-
TrFE)/CFO composites, with the electric current increasing linearly with the applied voltage. The slope of
the IV plots and consequently the DC conductivity of the composites increases with CFO content, from

2.0x102 S m for neat P (VDF-TrFE to 1.4x10¢ S m for the sample with 40 wt.% of CFO (Figure IV-7a).

The introduction of magnetic nanoparticles within the P(VDF-TrFE) significantly increases its
electrical conductivity (Figure 1V-7a), being this increase related with the interfacial charges, the defective
interfaces and the corresponding increase of the conduction paths within the P(VDF-TrFE) matrix as a
result of the introduction of the fillers [66]. Additionally, no substantial effect on the electric conductivity

was detected when the solvent was changed (Figure IV-7b).
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For low CFO content, the composites (less than 40 wt.%) show good distribution of CFO
nanoparticles in the P(VDF-TrFE) matrix leading also to high dielectric permittivity (Figure IV-5), optimized
Young's modulus (Figure IV-6) and low DC conductivity (Figure IV-7), that are advantageous for ME device

applications [66, 67].

4.3.5 Piezoelectric and magnetoelectric response

Being the d., piezoelectric coefficient a key parameter for ME materials, the piezoelectric response

of the films has been evaluated as a function of the solvent dipole moment (Figure IV-8a) and CFO wt%

(Figure 1V-8a).
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Figure IV-8 — a) Variation of the piezoelectric d.;coefficient for the P(VDF-TrFE)/CFO samples with 20
wt.% of CFO as a function of the solvent djpolar moment. B) Variation of the piezoelectric d,, coefficient

for P@DMSO samples as a function of the CFO wt. %.

The solvent dipole moment seems to have only a slight effect on the |d.;| values of composites,
with the ones found in P@TEP/CF020 and P@DMSO/CF020 (15-16 pC N*) increased to 19 pC N for
the samples prepared with DMPU due to its higher crystallinity (Table 1V-3). Additionally, the presence of
the CFO nanoparticles substantially influences the piezoelectric response of the composites. (Figure 1V-
8b) reveals a decrease of |d,|from 22 pC N* to 9 pC N, with increasing CFO content, caused by a
disruption of the connectivity of the piezoelectric matrix, interfacial mechanical defects, increased stiffness

of the sample and reduced crystallinity [66].

Finally, the ME properties have been studied as a function of frequency, DC magnetic field

intensity, CFO wt.% content and sample preparation method (Figure IV-9).
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Figure IV-9 - ME voltage as a function of frequency a) and DC magnetic field intensity B). ME voltage

coefficient (a,,) as a function of the CFO wt.% content ¢) and solvent dijpole moment d).

Figure IV-9a shows a typical voltage-frequency plot that reveals that the resonance frequency of
the P@DMSO/CF020 sample is = 9 kHz. The harmonic mode, thickness of the composites, in-plane
Young's modulus, and volumetric mass density of the composites [22] set the resonance of all P(VDF-
TrFE)/CFO composites on the 7 — 9 kHz range, being the subsequent characterization performed at such
frequencies (8 kHz, 8 kHz, 9 kHz, and 7 kHz for the P@DMSO/CF010, P@DMSO/CFO040,
P@TEP/CF020 and P@DMPU/CFO20 composites, respectively).

In all composites, the ME voltage increases with increasing magnetic field, until the optimum
magnetic field is reached (=330 mT) as a result of the higher striction at such magnetic field (Figure IV-
9b). The following decrease of the ME voltage can be explained by the saturation of the magnetostrictive

effect on the magnetostrictive CFO nanoparticles [21, 22].

After the calculation of the ME coefficient (a) it is observed that a increases with increasing CFO
content on the P(VDF-TrFE)-DMSO/CFO composites (Figure IV-9c) with increasing solvent dipole moment
on the samples with 20 wt.% of CFO (Figure IV-9d). By increasing CFO content from 10 wt.% to 40 wt.%

the a value also increases, almost linearly, from 8.8 mV cm* Oe* to 36.4 mV cm* Oe*, because of the
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increase in the magnetostriction due to the increase of the magnetostrictive phase on the ME composite.
Further increase in the CFO wt.% should decrease the a value due to the partial disruption of the
piezoelectric phase [53]. Once for the same CFO wt.% content, « is directly proportional to the |d.;|
piezoelectric coefficient and Young's modulus values [69], the composite that has both of those values
optimized (P(VDF-TrFE)-DMPU/CFQOZ20) has also the highest ME response on Figure IV-9d (24 mV cm:
Oe). Additionally, the sample with the highest CFO wt.% (P(VDF-TrFE)-DMSO/CFO40) exhibited the
highest a (35 mV cm*Qe?) among the studied samples due to higher content of magnetostrictive phase,
and the highest sensitivity reported in the literature for nanocomposites with similar composition (Table

IV-4).

Table IV-4 - Comparison of the ME response of P(VDF-TrFE)/CFO composites exhibiting the highest ME

coupling reported in the literature.

CFO H.. | Thickness H. (14 '} Sensitivity o
wt.% (T) (um) (Oe) (mVcm* Oe?) | (pV) LV T)
66 0.25 50 0.008 40 1.6 8 [50]
72 0.25 80 0.1 42 320 1280 [41]
40 0.32 50 3.98 35 700 2188 Our

It is show that whereas a, is similar to the ones reported in the literature for samples prepared
with solvents with environmental concerns, the sensitivity, one of the key parameters for the development
of ME materials [23, 26], was optimized under specific applied field conditions, for a more effective

implementation of these materials in sensing applications.
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4.4 Conclusions

This study, in addition to show that it is possible to prepare ME composites using greener solvents,

also reveals how some properties of the resulting ME composite such as the maximum degradation

temperature, dielectric constant, Young's modulus, piezoelectric coefficient and ME voltage coefficient

depend on the processing conditions, including solvent selection. The magnetoelectric coupling is similar

to the ones reported in the literature for samples prepared with environmentally problematic solvents,

and the sensitivity of the proposed ME nanocomposites under specific H,. conditions (2188 uV T4) is

almost double the highest values reported in the literature (1280 uV T4).
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Chapter V — Magnetic Proximity Sensor Based on Magnetoelectric Composites and

Printed Coils

Magnetic sensors are mandatory in a broad range of applications nowadays, being the increasing inferest
on such sensors mainly driven by the growing demand of materials required by Industry 4.0 and the
Internet of Things concept. Optimized power consumption, reliability, flexibility, versatility, lightweight and
low-temperature fabrication are some of the technological requirements in which the scientific community
/s focusing efforts. Aiming to positively respond to those challenges, this work reports magnetic proximity
sensors based on ME PVDF/Metglas® composites and an excitation-printed coil. The proposed magnetic
proximity sensor shows a maximum resonant ME coefficient () of 50.2 V crir' Oe, an AC linear response
(R = 0.997) and a maximum voltage output of 362 mV, which suggests suitability for proximity-sensing
applications in the areas of aerospace, automotive, positioning, machine safety, recreation and

advertising panels, among others.

This chapter is based on the following scientific publication:
N. Pereira, A. C. Lima, V. Correia, N. Perinka, S. Lanceros-Méndez, and P. Martins, Magnetic proximity
sensor based on magnetoelectric composites and printed coils, Materials, 13(7), 2020.

DOI:10.3390/mal3071729
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5.1 Introduction

Smart—or responsive—materials are defined as materials capable of changing their properties in a
controlled and reproducible way, as a response to environmental changes and external stimuli such as

stress, moisture, heat, pH, electric or magnetic fields [1, 2].

Since the beginning of the new millennium, strong efforts have been dedicated toward developing novel

smart and multifunctional materials, and to integrate them into technological applications [1, 3].

Such efforts represent a multidisciplinary research field with contributions and implications in the
areas of sensors and actuators, energy, mobility, interactivity and biomedical sciences, among others [4].
This interesting research scenario actively promotes the production, optimization and application of
innovative materials with tailored or improved functionalities [4]. Those materials include hydrogels,
covalent adaptive network materials [5], photomechanical materials [6], shape-memory alloys,

electroactive and magnetoactive materials [7], self-cleaning and self-healing materials, among others [1].

Particularly interesting are magnetoactive smart materials [7, 8]. Magnetoactive materials have
been used for more than two thousand years (202 BC-220 AD), initially for magnetic compasses [9] and
nowadays as essential components for motors, generators and electronic devices [10]. Magnetoactive
materials have become particularly optimized for the implementation of precision manufacturing tools,
magnetic manipulation systems, memory devices, gyrators, filters, actuators and proximity sensors [11,

12].

Magnetoactive materials for proximity sensors are very popular, as they can be used for non-
contact object detection beyond the normal limits of inductive sensors, offering very long sensing ranges
in a small package and are able to detect objects through walls of non-ferrous metals, stainless steel,

aluminum, plastic or wood [13, 14].

From the different types of magnetoactive materials that can be used for magnetoactive proximity
sensors, magnetoelectric [15, 16] composites and related devices represent a growing field over the last
decade, due to the magnetic to electric energy conversion capability [17], the magnetic control of
polarization and the possibility of obtaining self-powered devices [18]. These ME composites have

emerged as a solution to overcome the limitations of single-phase ME materials, namely, low-temperature
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coupling and low-ME effect [19, 20], allowing innovative functionalities to develop ultra-fast,

multifunctional and miniaturized devices [17, 21, 22].

In contrast to ME single-phase materials where the coupling occurs intrinsically, ME composite
materials exhibit a ME response resulting from the mechanical coupling between a piezoelectric phase

and a magnetostrictive phase [20, 23].

In this way, ME composites can be divided into two major groups, depending on the
characteristics of the piezoelectric component: polymer-based ME materials and ceramic-based ME

materials [24, 25].

Despite their (up to three orders or magnitude) lower ME-voltage response, polymer-based [26,
27] ME materials overcome three of the main limitations of piezoelectric-based ME materials: fragility,

non-printability and high dielectric losses [28].

In polymer-based ME composite multiferroics, a non-magnetic piezoelectric, such as PVDF and
its copolymer P(VDF-TrFE), is typically combined with a non-ferroelectric magnetic filler, such as CoFe,0,
in the case of nanocomposites [19] or Metglas® in the case of laminates [29], being the latter the ones

in which the highest ME coefficient (1 kV cm* Oe?) has been reported [28].

Despite the large application potential in different areas, the typical operation of traditional
polymer-based ME composites requires two applied magnetic fields, a DC (to drive the magnetostriction)
and an external AC (to excite the response and enhance resonant excitation) [30] that complicates the
design of devices. Thus, the development and integration of printed AC coils can represent a milestone

in this research field [28].

In this way, this work reports on the development of a magnetic proximity sensor produced from
a polymer-based ME laminate based on Metglas® and PVDF, combined with a printed magnetic coil

(Figure V-1).

The selection of the Metglas®/PVDF composite is related to the fact that this combination

provides the highest ME response and magnetic sensitivity among polymer-based ME materials [31].
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Figure V-1- ME sample placed on a traditional coil (left) and on the top a printed coil (right).

5.2 Experimental Section

Polymer-based ME composites were produced by direct bonding (M-Bond 600 epoxy—Vishay
Precision Group, Malvern Pennsylvania, USA, under vacuum of a magnetostrictive alloy of Metglas® and
a commercial 3-PVDF film (Hampton, Virginia, USA), following the optimized conditions presented in [32].
The 2605SA1 Metglas® layer (30 mm x 2 mm x 25 pum, Hitachi Metals Europe GmbH, Dusseldorf,
Germany) was magnetized along the length direction (A = 25 ppm) and the PVDF layer (30 mm x 3 mm
x 52 um) was poled along the thickness direction (d.,= =33 pC N).

The coils to be printed were first evaluated by a Finite Element Method Magnetics by an
axisymmetric problem analysis, allowing to study the effect of geometry (thickness, spacing and number
of turns) in the value of the generated AC magnetic field. The printed coils were then produced by screen-
printing, using a semi-automatic screen-printer, DX-305D from Shenzhen Dstar (Shenzhen, China), with

adjustable speed and with a polyester mesh of 100 wires per centimeter.

The printing process started by printing the silver layer with Metalon HPS-021L from Novacentrix
(Austin, Texas, USA) into a polyethylene substrate and cured at 120 °C for 30 minutes on an electric
Convection Oven (JP Selecta 2005165, (Barcelona, Spain). The non-conductive layer was printed with
118-12A/B119-44 solvent-resistant ink from Creative Materials (Ayer, Massachusetts, USA) and cured at
120 °C for 30 minutes.

The process was repeated for the last silver layer achieving an electric bridge from the middle

contact.

92



Chapter V - Magnetic Proximity Sensor Based on Magnetoelectric Composites and Printed Coils

Optical images of the coil were obtained on a 5M 300x USB Digital Mustech Microscope
(Shenzhen, China) with 8 LEDs Brightness Adjustable Measurement Software (MicroCapture Pro.).

The characterization of the printed coil was carried out with a QuadTech 1920 Precision LCR

Meter. The inductance (£) and impedance ( were obtained in the frequency range 1 kHz to 1 MHz.

The ME characterization of the composite was performed in a system composed of two Helmholtz
coils in order to generate an HDC ranging from 0 to 43 Qe, via a DC input current (Keithley 2400,
Cleveland, Ohio, USA), being the AC field generated in the printed coil produced with an AC current
(Agilent 33220A Function/Arbitrary Waveform Generator, Santa Clara, California, USA). The ME voltage

response was evaluated with a Rigol DS10747 oscilloscope (Beijing, China).

The voltage ME coefficient (a,,) was calculated based on Equation I.1. To validate the use of the
ME material (Figure V-1) as proximity magnetic sensor (ME composite + printed coil) its voltage response
has been studied as a function of the distance to a commercial magnet (KJ Magnetics, Pipersville, PA,
USA) and compared with the output value obtained on a Hall sensor (Hirst Magnetic Instruments gm08

Gaussmeter, Falmouth, UK).

5.3 Results and Discussion

The magnetic coil printing process was performed considering the results obtained through
theoretical simulations (Figure V-2a). The coil details (width, spacing and turns) were optimized in order
to ensure AC magnetic fields in the same order than the ones typically used in polymer-based ME

materials (0.1 - 1 Oe) [31, 33].

b)

20.0mm

Figure V-2- a) Theoretical simulation of the AC magnetic field (in T) generated for a printed coil with a
width of 750 um, 250 um spacing, 15 tumns and a current () = 0.02 A. b) Schematic representation of

the printing process of the coils. c¢) Coil printing detail obtained with a digital microscope.
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The color map of Figure V-2a reveals that in the region in which the ME composite will be placed
(pink-red: X) on a coil with 7 um thick, 750 pm width, 250 pum lines spacing and 15 turns, AC magnetic
fields will be generated in the 0 - 1.5 Oe range, by varying the electric current from 0 to 0.02 A.

After the printing of the different layers of the coil (PET, silver layer 1, isolation layer, silver layer
2 and ME layer: Figure V-2b), the macroscopic quality of the printed material was evaluated by optical
images that revealed a printed coil with well-defined and compact lines with line width and spacing of =

750 um and = 250 um, respectively.

The printed coil’s main features, including inductance and impedance as a function of frequency
and H,. generated as a function of the electric current, are presented in Figure V-3. Based on Equation

V.1 and Equation V.2 [34]:

X, = 2nfL (Equation V.1)

Z= /RZ + X,° (Equation V.2)

where X, is the inductive reactance, fthe frequency, L the inductance of coil, Z the impedance and R the
resistance, and being the inductance of the coil frequency independence and the X, value much lower
than R, the impedance value reported in Figure V-3a = 80 2 was determined by the ink resistivity (10
m{)/sq - Novacentrix datasheet), line length (1.22 m, obtained from optical images) and printing process

(mesh size and curing procedure).
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Figure V-3- a) Inductance and impedance of the printed coil as a function of frequency. b) H,. value as

a function of the distance to the coil and current.

Figure V-3b shows an increase in the value of H,. value with increasing electric current (I) and

decreasing distance to the coil as represented by Equation V.3:
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Na?l

= 2(6124‘—22)3/2 (Equation V.3)

HAC

where H, is the AC magnetic field generated by the coil, y, the vacuum permeability, N the number of
turns, athe radius of the coil in meters, | the electric current intensity in amperes and z the axial distance
in meters from the center of the coil [35]. Based on the previous results, the ME characterization of the
sensor was performed on the conditions that promote a higher coupling (higher magnetic AC field: | =

0.02 A and 0 mm distance to the coil).

For the AC ME characterization, the ME voltage response was studied as a function of the

frequency (Figure V-4a) and H,. magnitude (Figure V-4b).
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Figure V-4- MFE voltage response as a function of a) frequency and b) H,. magnitude value generated by

the printed coll.

Figure V-4a shows that the ME voltage response strongly increased at = 13.2 kHz, being reached
a maximum voltage value of 362 mV. Figure V-4b reveals that the generated voltage increased almost
linearly with increasing AC magnetic field up to 1.39 Oe when a maximum voltage of 365 mV was
reached. Such high linearity (Rz2= 0.997) is suitable for the use of these ME composites not only for
proximity sensors but also for AC sensing device applications such as digital compasses and earth’s

magnetic field sensors [29].

Before the ME composite being tested as a proximity sensor, its ME coupling (a) has been studied

as a function of the DC magnetic field intensity (H,.) (Figure V-5).
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Figure V-5- a) ME voltage coefficient () response as a function of the H,.. B) ME sensor and Hall sensor

response as a function of the distance to the magnet.

Figure V-ba shows that the ME coefficient (a) increased with increasing applied DC magnetic field
up to 18 Oe when a maximum o of 50.2 V cm* Oe! was reached. Such behavior is explained by the

increase of the piezomagnetic coefficient until such optimum magnetostriction field was reached [32].

With further increase of the H,., a decrease of the ME coefficient was achieved, resulting from

the saturation of the magnetostrictive effect.

To validate the use of the ME sensor as proximity magnetic sensor (Figure V-5b), its response
has been studied as a function of the distance to a commercial magnet (KJ Magnetics) and compared

with the one obtained on a Hall sensor (Hirst Magnetic Instruments gm08 Gaussmeter, Cornwall, UK).

As expected, the Hall sensor’s response decreased with increasing distance to the magnet, being
this decrease related with the decrease of the magnetic field. Once the ME sensor increased its response,
with increasing H,. for magnetic fields lower than 18 Oe, it was observed an increase in the ME sensor
response with increasing distance to the permanent magnet. An obvious consequence of this comparison
was that the sensitivity of the ME sensor increased with the distance to the magnet, while the Hall sensor

sensitivity decreased in the same conditions.

The developed polymer-based ME proximity sensor, when compared with the three traditional types
of proximity sensors [36] (resonant circuit method, bridge method and single-coil method) adds some
competitive advantages such as being flexible, versatile, lightweight, low cost, able to conform to
complicated shapes obtained from low-temperature fabrication process and foresee the future

development of self-power proximity sensors [37].
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5.4 Conclusions

A PVDF/Metglas®/printed coil proximity sensor device was presented showing suitable
characteristics to be applied in sensing applications, particularly in multifunctional flexible devices, due
to its good output AC linearity (R2 = 0.997), high ME coefficient (50.2 V cm* Oe! at 13.2 kHz and 18 Oe
DC field) and large voltage output (362 mV). Other applications such as magnetic transformers, magnetic

tools for the automobile/aerospace industry and switches can be based on such ME composite.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

This chapter presents the main conclusions of the work, devoted to the development of polymer-
based magnetoactive printable composites for magnetic sensing. Further, some suggestions for future

works are also provided.

CoFe204 FeCoB

NiFe204 Terfenol-D
Fe204 pmnre204 FeCoSiB
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6.1 Conclusions

This work represents a relevant and original contribution to printable magnetoactive materials and

printed electronics.

It was developed the first flexible and transparent ME composite composed of P(VDF-TrFE) and
Fe,..Si,.sB., microwires, exhibiting a maximum ME voltage response of 65 mV cm* Oe?, obtained at the
critical longitudinal applied field of at 14500 A m* that equals the transverse anisotropy field at the
external shell of the microwire. These properties allow to predict that such a maximum ME can be
improved by the designed choice of the magnetostrictive character of the amorphous microwire, with the
value of the internal mechanical stresses and with the use of a conductive ink with higher transparency.
Transparent magnetic sensors, actuators, multifunctional touch displays, and transparent optical

magnetic coatings are obvious advantages of the composite reported in this work.

Being the cost/efficiency ratio optimization of printing technologies, and their use in ME smart
materials production a catalyst for the emergence of new device applications, this work presented the
first fully printed ME composite. The APME was successfully printed with P(VDF-TrFE)/DMF as
piezoelectric ink, PVDF-CFO/DMF as magnetic ink and silver ink as electrodes. The resulting composite
exhibited a ferromagnetic behavior with 16 emu g*saturation magnetization, -26 pC N* piezoelectric
response and a ME voltage coefficient of 164 mV cm? Oe*at a longitudinal resonance frequency of 16.2
kHz, the highest reported in the literature in this kind of composite. The additive manufacturing nature of
the printing process results in improved usage of material and integration and, consequently, more

efficient fabrication of the ME material for sensors and actuator applications.

With the aim of reduce of the ecological footprint in all types of sectors, being increasingly important
the development of inks with alternative solvents (green solvents), is extremely important to reduce
restrictions/concerns about waste disposal/treatment, safety, and handling of devices. In this way, it was
demonstrated that CoFe,0,/P(VDF-TrFE) nanocomposites can be effectively prepared from solution using
different environmental friendlier solvents: DMSO, DMPU and TEP with different dipolar moments. It was
shown that the prepared composite films, with a maximum ME voltage coefficient of 35 mV cm* Oe*and
a maximum sensitivity of 2.2 mV T, are suitable for applications, highlighting the path for a new

generation of more sustainable ME sensors.

Finally, being the development and integration of printed AC coils a milestone in this research field,
it was presented PVDF/Metglas®/printed coil proximity sensor device, showing suitable characteristics

to be applied in sensing applications, particularly in multifunctional flexible devices, due to its good output

102



Chapter VI - Conclusions and Future Work

AC linearity (Rz = 0.997), high ME coefficient (50.2 V cm? Oeat 13.2 kHz and 18 Oe DC field) and large
voltage output (362 mV). Other applications like magnetic transformers, magnetic tools for the

automobile/aerospace industry and switches can be based on such ME composite.

6.2 Future Work

In the present work, it has been demonstrated and optimized the formulation of different inks to print
electronic components that can be integrated into a fully printed device. In this sense, some interesting
studies can be carried out to further explore the development of new materials and technological

approaches:

e The developed all printed ME sensor must be fully integrated in the loT and 4.0 Industry 4.0;

e New piezomagnetic and piezoelectric materials need to be optimized for achieving higher
magnetostrictive and piezoelectric coefficients;

e Decrease or even eliminate the external noise of ME sensors in order to improve sensitivity;

e Beyond the use of green solvents, explore the use of polymers from natural origin with piezoelectric
properties, such as Keratin or Collagen, in case of ME applications;

e Explore “greener” synthesis processes of NP, for example biosynthesis processes;

e To print electronic components that can take advantage of printable magnetic materials, such as
Inductors or Wireless Transfer Modules.

e To optimize ME inks for 4-state memories and communication applications.
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