eman ta zabal zazu

o

Universidad Euskal Herriko
del Pais Vasco Unibertsitatea

MULTIFUNCTIONAL PHOTOCURABLE
ADVANCED MATERIALS FOR
ELECTRONICS AND SENSING

APPLICATIONS

Memoria para optar al Grado de Doctor por la Universidad del Pais Vasco (UPV/EHU)
presentada por

Jesus Cristian Mendes Felipe

Leioa, Noviembre 2020

(c)2020 JESUS CRISTIAN MENDES FELIPE






BNATERIALSE &

BASQUE CENTER FOR MATERIALS, APPLICATIONS & NANOSTRUCTURES ehuq L::'.l‘]ﬂi' .l
{uimsce

Este trabajo de investigacion para optar al Grado de Doctor por la Universidad del Pais
Vasco (UPV/EHU) se ha realizado en colaboracion entre la Fundacién Basque Center for
Materials, Applications and Nanostructures (BCMaterials) y el Grupo del Laboratorio de
Quimica Macromolecular (LABQUIMAC) del Departamento de Quimica Fisica de la
Facultad de Ciencia y Tecnologia de la UPV/EHU.

Ambas entidades desean agradecer al Departamento de Desarrollo Econdémico e
Infraestructuras del Gobierno Vasco a través de los Programa ELKARTEK, HAZITEK y
PIBA.






o
del Pais Vasco

NAZIOARTEKO

BIKAINTASUN

CAMPUSA

CAMPUS DE
Euskal Herriko EXCELENCIA
Unibertsitatea INTERNACIONAL

TESI ZUZENDARIAREN BAIMENA TESIA
AURKEZTEKO

AUTORIZACION DEL/LA DIRECTORA/A
DE TESIS PARA SU PRESENTACION

Zuzendariaren izen-abizenak /Nombre y apellidos del/la director/a: José Luis Vilas Vilela

IFZ /NIF: 14601692G

Tesiaren izenburua / Titulo de la tesis: Multifunctional Photocurable Advanced Materials for

Electronics and Sensing Applications

Doktorego programa / Programa de doctorado: Ciencia y Tecnologia de Materiales

Doktoregaiaren izen-abizenak / Nombre y apellidos del/la doctorando/a: Jesuis Cristian Mendes Felipe

Unibertsitateak horretarako jartzen duen tresnak
emandako ANTZEKOTASUN TXOSTENA
ikusita, baimena ematen dut goian aipatzen den tesia
dadin, baldintza
betetzen baititu.

aurkez horretarako guztiak

Visto el INFORME DE SIMILITUD obtenido de la
herramienta que a tal efecto pone a disposiciéon la
universidad, autorizo la presentacion de la tesis
indicada, dado que
condiciones necesarias para su defensa.

doctoral arriba retine las

Tokia eta data / Lugar y fecha: [g{@ok/ Oé /M /,ZOZD

Sin. / Fdd.: Tesiaren zuzendaria / E1/La director/a de la tesis







o
del Pais Vasco

NAZIOARTEKO
BIKAINTASUN
CAMPUSA

CAMPUS DE
Euskal Herriko EXCELENCIA
Unibertsitatea INTERNACIONAL

TESI ZUZENDARIAREN BAIMENA TESIA
AURKEZTEKO

AUTORIZACION DEL/LA DIRECTORA/A
DE TESIS PARA SU PRESENTACION

Zuzendariaren izen-abizenak /Nombre y apellidos del/la director/a: Senen Lanceros Mendez

IFZ /NIE: 30602537W

Tesiaren izenburua / Titulo de la tesis: Multifunctional Photocurable Advanced Materials for

Electronics and Sensing Applications

Doktorego programa / Programa de doctorado: Ciencia y Tecnologia de Materiales

Doktoregaiaren izen-abizenak / Nombre y apellidos del/la doctorando/a: Jesuis Cristian Mendes Felipe

Unibertsitateak horretarako jartzen duen tresnak
ANTZEKOTASUN  TXOSTENA
ikusita, baimena ematen dut goian aipatzen den tesia
dadin, baldintza guztiak
betetzen baititu.

emandako

aurkez horretarako

Tokia eta data / Lugar y fecha:

Leva

Visto el INFORME DE SIMILITUD obtenido de la
herramienta que a tal efecto pone a disposicién la
universidad, autorizo la presentacién de la tesis
doctoral indicada, dado que retne
condiciones necesarias para su defensa.

arriba las

Sin. / Fdo.: Tesiaren zuzendaria / E1/La director/a de la tesis







‘eman ta zabal zazy

NAZIOARTEKO
BIKAINTASUN

CAMPUSA

CAMPUS DE

Universidad  Euskal Herriko EXCELENCIA
del Pais Vasco  Unibertsitatea INTERNACIONAL

AUTORIZACION DE LA COMISION ACADEMICA DEL PROGRAMA DE
DOCTORADO

La Comisién Académica del Programa de Doctorado en Ciencia y Tecnologia de

Materiales en reunién celebrada el dia é de AM‘ éZ de 2020, ha acordado

dar La conformidad a la presentacién de la Tesis Doctoral titulada: Multifunctional
Photocurable Advanced Materials for Electronics and Sensing Applications
dirigida por las Dres. José Luis Vilas Vilela y Senen Lanceros Mendez y presentada
por Don/Diia. Jestis Cristian Mendes Felipe adscrito o adscrita al Departamento de

Quimica Fisica.

En Leioa a [ de Mﬁf de 2020

EL/LA RESPONSABLE DEL PROGRAMA DE DOCTORADO

Fdo.:







e NAZIOARTEKO

BIKAINTASUN
CAMPUSA
CAMPUS DE

Universidad ~ Euskal Herriko EXCELENCIA
del Pais Vasco  Unibertsitatea INTERNACIONAL

AUTORIZACION DEL DEPARTAMENTO

El Consejo del Departamento de Quimica Fisica en reunion celebrada el dia 06 de noviembre de
2020 ha acordado dar la conformidad a la admision a tramite de presentacion de la Tesis Doctoral
titulada: Multifunctional Photocurable Advanced Materials for Electronics and Sensing
Applications dirigida por los Drs. José Luis Vilas Vilela y Senentxu Lanceros Mendez y

presentada por Don/Diia. Jesus Cristian Mendes Felipe ante este Departamento.

En Leioa a 06 de noviembre de 2020

\Sl OA s

V°B° DIRECTOR/A DEL DEPARTAMEN@Q“W 4, SECRETARIO/A DEL
DEPARTAMENTO 7 e\







eman ta zaba zazu NAZIOARTEKO

BIKAINTASUN
CAMPUSA
CAMPUS DE
Universidad  Euskal Herriko EXCELENCIA
del Pais Vasco  Unibertsitatea I INTERNACIONAL

ACTA DE GRADO DE DOCTOR O DOCTORA
ACTA DE DEFENSA DE TESIS DOCTORAL

DOCTORANDO/A DON/DNA. Jesus Cristian Mendes Felipe
TITULO DE LA TESIS: Multifunctional Photocurable Advanced Materials for
Electronics and Sensing Applications

El Tribunal designado por la Comisién de Postgrado de la UPV/EHU para calificar la Tesis
Doctoral arriba indicada y reunido en el dia de la fecha, una vez efectuada la defensa por el/la
doctorando/a y contestadas las objeciones y/o sugerencias que se le han formulado, ha

otorgado por la calificacién de:
unanimidad 6 mayoria

SOBRESALIENTE / NOTABLE / APROBADO / NO APTO
Idioma/s de defensa (en caso de mas de un idioma, especificar porcentaje defendido en cada
idioma):

Castellano

Euskera

Otros Idiomas (especificar cual/cuales y porcentaje)

En Leioa a de de 2020
EL/LA PRESIDENTE/A, EL/LA SECRETARIO/A,
Fdo.: Fdo.:
Dr/a: Dr/a:
VOCAL 1°, VOCAL 2°, VOCAL 3°,
Fdo.: Fdo.: Fdo.:
Dr/a: Dr/a: Dr/a:

EL/LA DOCTORANDO/A,

Fdo.:







Agradecimientos — Acknowledgements (g

Agradecimientos

Hace ocho afios que comenzd mi carrera cientifica cuando decidi estudiar el grado de
Quimica. Desde entonces y hasta el final de este doctorado, he conocido a muchas personas
que han estado a mi lado para apoyarme, ayudarme, entenderme y, sobretodo, soportarme
en mis peores momentos. Cuando comencé, jamas pensé que me llevaria tantas personas de
esta gran etapa de mi vida que ahora toca terminar. Pero antes de ello, debo agradeceros a

todos lo que habéis hecho por mi.

En primer lugar, me gustaria agradecer al centro BCMaterials — Basque Center for Materials,
Applications and Nanostructures el apoyo econémico que me ha dado durante estos tres afios
para realizar mi doctorado. Igualmente, agradecer a la Universidad del Pais Vasco / Euskal
Herriko Unibertsitatea (UPV/EHU) y a los servicios generales SGlker su apoyo técnico y

humano.

Me encantaria darles las gracias a mis dos directores de tesis, José¢ Luis Vilas Vilela con el
cual comencé mi carrera como investigador realizando el trabajo fin de grado en su grupo
de investigacion, y Senentxu Lanceros-Mendez, pilar fundamental del centro BCMaterials y
gracias al cual realicé mi primera ponencia internacional en un congreso. Gracias a los dos
por darme las condiciones necesarias y los medios para realizar este doctorado. Me gustaria
en especial, agradecer a Vilas todo el carifio y apoyo que me ha mostrado desde el primer
dia que entré en su despacho, he ganado algo més que a un “colega” cientifico conociéndote.
A Senentxu, agradecerle todos esos cafés y reuniones juntos de las que hemos disfrutado
porque me han servido para darme cuenta que detrds de esa figura de director eres una

persona auténtica. Espero siempre estar en contacto con ambos.

Ademas, agradecerle al profesor emérito Luis Manuel Leon la confianza que siempre
deposito en mi y todo el apoyo que me brindd para conseguir una beca en BCMaterials. Del
mismo modo, agradecer a todos los profesores del Grupo de Quimica Macromolecular
(LABQUIMAC) de la UPV/EHU con los que he tenido el placer de compartir momentos y
experiencias durante la realizacion de mi doctorado. Muchas gracias a Leyre Perez, Leire
Ruiz y José Manuel Laza, pilares indispensables del grupo, por vuestros consejos, apoyo y
por todo lo que he aprendido con vosotros. Estoy seguro que todavia nos quedan trabajos

por hacer.



DD Agradecimientos — Acknowledgement

También, agradecer a todos los compaiieros que he tenido tanto en el laboratorio de
LABQUIMAC como en BCMaterials, en especial a Alazne, Sheila, Julia, Jon Andrade,
Ainara, Erlantz, Bruno, Nelson, Niko, Carmen, Edu, Manuel, Txema, Roberto, Arkaitz y
Dani. Sin duda, habéis hecho que esta experiencia haya sido mas feliz y divertida. Espero
haberos ayudado y que cuando os acordéis de los momentos que vivimos lo hagais con una
sonrisa como yo lo hago. Igualmente, desearles lo mejor en el futuro a ellos y a todas las
nuevas incorporaciones predoc, postdoc e Ikerbasque researchers. Creo que no me olvido de

nadie, pero si es asi os pido disculpas.

En especial, quiero agradecer a los amigos que me llevo para toda la vida después de estos
anos: Ander Garcia, Mikel Pérez, Carlos Asensio, Lorena, Amaia, Aitor, Carlos Santiago,
Estitxu, Maite, Jon Pascual, Estela, Lia y Mikel Rincon. Sois increibles y no me cabe la
menor duda de que nos faltan muchas aventuras por vivir juntos. Seguid siendo tan

importantes para mi como lo habéis sido hasta ahora.

No podria faltar un agradecimiento particular para Ander Reizabal y Paula Gonzalez. Juntos
empezamos esta aventura y juntos la terminaremos. Han sido tres afios maravillosos en los
que nos hemos reido, sufrido y desesperado juntos. No voy a olvidar todos los “marrones”
que nos han caido ni tampoco todos los momentos que hemos disfrutado los tres. Espero

teneros siempre ahi, ya sea para charlar cientificamente o para divagar sobre el mundo.

Para finalizar, quiero darle las gracias al resto de amigos fuera de la universidad y a mi
familia por todos los momentos compartidos en estos afios. En especial, gracias a mi novia
Alba; sabes que una parte de este doctorado te pertenece por todo el apoyo y carifio que me

has dado y me sigues dando.



«Hay una fuerza motriz mas poderosa que el vapor, la electricidad y la energia

atomica: la voluntad»

Albert Einstein (1879 — 1955)

«Soy de las que piensan que la ciencia tiene una gran belleza. Un cientifico en
su laboratorio no es solo un técnico: es también un nifio colocado ante

fendmenos naturales que le impresionan como un cuento de hadasy

Marie Curie (1867 — 1934)

«Investigar es ver lo que todo el mundo ha visto, y pensar lo que nadie mas ha

pensado»

Albert Szent-Gyorgyi (1893 — 1986)






Resumen CRNN

Resumen

En esta tesis se han obtenido y caracterizado diferentes compuestos poliméricos
multifuncionales fotocurables con diferente capacidad de fotopolimerizacion, propiedades
fisico-quimicas y funcionales. Se ha seleccionado el poliuretano acrilado (PUA) como
matriz polimérica combinada con nanotubos de carbono de paredes multiples (MWCNT),
titanato de bario (BaTiO3), 6xido de indio y estafio (ITO), magnetita (Fe3O4), ferrita de
cobalto (CFO), aleacion de neodimio, hierro y boro (NdFeB) y el liquido i6nico (IL)
tetracloroniquelato de 1-butil-3-metilimidazolio ([Bmim]oNiCls) para obtener diferentes
respuestas funcionales y multifuncionales que incluyen piezorresistivas, dieléctricas,

magnéticas y termocromicas.

Los materiales y la tecnologia experimentan una continua evolucion. Actualmente, se han
introducido de forma muy extendida las tecnologias de la informacidn en el desarrollo y la
utilizacion de nuevos materiales y han surgido nuevos conceptos como la Industria 4.0 y el
Internet de las cosas (IoT). Internet juega un papel cada vez mas importante en el mundo de
los materiales y sus avances a nivel de ciencia y tecnologia, facilitando la interconexion de
informacion y procesos, entre otras cosas. Asi, [oT se ha definido como la “red de
dispositivos fisicos, vehiculos, electrodomésticos y otros elementos integrados con
electronica, software, sensores, actuadores y conectividad que permite que estos sistemas se

conecten e intercambien datos”.

De esta manera, la investigacion en tecnologias de materiales se vuelve critica y sigue
existiendo la necesidad de nuevos materiales con caracteristicas especificas para cada
aplicacion. Aqui, la combinacion de nanotecnologia y sistemas de materiales inteligentes y
multifuncionales es uno de los aspectos clave para superar los desafios en materiales
funcionales avanzados y fabricacion inteligente. Los materiales “inteligentes” se definen
como materiales en los que una de sus propiedades puede modificarse de forma controlada
en respuesta a un estimulo externo. Estos materiales sensibles a estimulos pueden suftir, por
ejemplo, variaciones de forma, propiedades mecanicas, transparencia, porosidad,
caracteristicas eléctricas 0 magnéticas en respuesta a estimulos externos térmicos, mecanicos

0 quimicos, entre otros.

Muchos de estos materiales inteligentes empleados en la obtencion de sensores y actuadores

en el ambito de IoT se basan en compuestos poliméricos que pueden procesarse mediante
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técnicas convencionales, como disolucion o fusidn, pero que se producen cada vez mas
mediante técnicas de fabricacion aditiva, como la impresion 3D. En este sentido, los
composites poliméricos son ideales para estas aplicaciones, ya que aprovechan la
combinacion sinérgica de ventajas derivadas de sus diferentes constituyentes. La matriz
polimérica ofrece ventajas de procesabilidad, asi como flexibilidad y ductilidad, mientras
que el relleno generalmente mejora o introduce una propiedad funcional especifica, como la
conductividad eléctrica o el magnetismo. Ademas, los polimeros ofrecen otras ventajas para
las tecnologias de 1oT: costo relativamente bajo, técnicas de fabricacion bastante simples
(sin necesidad de procesos especiales de sala limpia o de alta temperatura), se depositan
facilmente en varios sustratos y existe una amplia variedad de estructuras moleculares de

polimeros como lineales o ramificados, entre otros.

Entre los diversos procesos empleados para la obtencion de materiales inteligentes a emplear
como sensores o actuadores, se debe destacar el curado UV o fotopolimerizacion. La
fotopolimerizacion se define como un proceso de conversion rapida de composiciones
especialmente formuladas, generalmente liquidas, en peliculas s6lidas mediante irradiacion
con luz ultravioleta o visible. La fotopolimerizacion se define como una sintesis de
polimeros por reacciones en cadena que se inician con la absorcion de luz por un sistema
polimerizable, la luz sirve como una herramienta de inicio y no interfiere con las etapas de

propagacion y terminacion del proceso en cadena.

El extendido uso, cada vez mayor, del curado UV como técnica de obtencion de materiales
inteligentes se debe principalmente a sus grandes ventajas: es un método de curado rapido
(en el rango de segundos o minutos), ocurre a temperatura ambiente reduciendo asi el
consumo total de energia y aumentando la eficiencia energética, pueden obtenerse patrones

de alta resolucion y emplea formulaciones sin solventes.

Los materiales a utilizar en este proceso de polimerizacion dependen en gran medida del
proceso de fabricacion y las tintas deben formularse de acuerdo con los requisitos especificos
del método de impresion, incluyendo, como pardmetros relevantes, las propiedades
reoldgicas. La mayoria de las composiciones de materiales fotocurables en uso comercial
consisten en mezclas de prepolimeros u oligobmeros combinados con mondmeros di o
polifuncionales y fotoiniciadores. Dichas composiciones se pueden dividir en dos grupos:

las que curan por un mecanismo radicalario y las que curan a través de un mecanismo i6nico.
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Entre los materiales disponibles, se debe prestar especial atencion al poliuretano acrilado
(PUA), un material adecuado para la preparaciéon de composites poliméricos por sus
propiedades fisicas y quimicas, asi como por su baja viscosidad que permite una facil
dispersion del relleno. Ademas, este material muestra una excelente fotorreactividad, buenas
propiedades mecénicas, buena adherencia, baja viscosidad de fusion, excelente resistencia a
la abrasion, alta estabilidad quimica y resistencia a la intemperie, siendo adecuado para
tecnologias de impresion sin solventes. El1 PUA también es de gran interés gracias a su

seguridad ambiental y biocompatibilidad, bajo hinchamiento y elevada transparencia.

Todas las propiedades mencionadas hacen que el PUA sea apropiado para diferentes
aplicaciones, incluidos revestimientos, adhesivos, textiles y membranas. Teniendo en cuenta
sus caracteristicas de curado UV, que permiten el disefio simple de patrones especificos,
también es adecuado para aplicaciones biomédicas, que van desde la microfluidica hasta la
ingenieria de tejidos. En este ambito, los compuestos basados en PUA se han utilizado en

recubrimientos y envases antibacterianos.

De este modo, la presente tesis se centra en el uso de una matriz polimérica de curado UV
comercial basada en PUA junto con diversos aditivos o fillers que permitiran la obtencion

de composites funcionales a emplear como materiales inteligentes en el area de la sensorica.

Uno de los materiales desarrollados es el obtenido mediante la combinaciéon de PUA con
nanotubos de carbono de paredes multiples (MWCNT). Estos composites MWCNT/PUA
conteniendo entre 0,1 y 0,6 % en peso de MWCNT, permiten la obtencion de materiales
piezoresistivos, esto es, capaces de variar su resistencia eléctrica frente a una deformacion
mecanica. Tras estudiar el proceso de curado, las propiedades fisico-quimicas y funcionales
del material, se ha observado que el contenido de MWCNT afecta de forma negativa el
proceso de curado UV. Esto se ha corroborado con medidas de DSC que indican un proceso
de poscurado de las muestras con altas temperaturas. Ademas, la estabilidad térmica y la
transicion vitrea (Tg) de los compuestos disminuyen al aumentar el contenido de MWCNT.
Ademéds, se ha obtenido un umbral de percolacion eléctrica entre 0,1 y 0,4 % en peso de
contenido de MWCNT vy las propiedades mecanicas muestran valores apropiados de moédulo

inicial, tension maxima y deformacion méaxima para aplicaciones de sensores.

Los compuestos con contenido de MWCNT de 0,3% y 0,5% en peso muestran una respuesta

piezorresistiva caracterizada por valores de GF entre 0,8 y 2,6, siendo mayor para
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compuestos con mayor contenido de relleno (0,5% en peso) que para compuestos alrededor
del umbral de percolacion (0,3% en peso). Ademads, se observa que el GF se estabiliza
después de alrededor de 100 ciclos de tension-deformacion. Esto demuestra la idoneidad de

los materiales obtenidos para el desarrollo de sensores piezorresistivos.

Cuando PUA se combind con titanato de bario (BaTiOs3), se obtuvieron composites
BaTiOs/PUA con propiedades dieléctricas modulables adaptadas a aplicaciones electronicas
en funcion del contenido y tamafo de relleno. Asi, se obtienen composites con contenidos
de relleno de hasta 65% en peso para tamafios de relleno entre 50 nm y 200 nm. Estos
materiales presentan una buena estabilidad térmica hasta 160°C y gran flexibilidad mecanica.
Ademas, la constante dieléctrica puede ser tan alta como 25 para las muestras con el mayor
contenido de relleno, independientemente del tamafio de este. Los andlisis tedricos
realizados muestran cémo la respuesta dieléctrica en funcion de la concentracion de relleno

se describe adecuadamente mediante el modelo de Tinga.

Posteriormente, y con el fin de obtener materiales dieléctricos con propiedades oOpticas
diferentes a los obtenidos de mezclar PUA y BaTiOs3, se han preparado composites PUA con
oxido de indio y estafio (ITO). Los materiales obtenidos presentan un contenido de relleno
de hasta 25% en peso observandose que el tiempo de polimerizacion y la conversion del
PUA dependen de la cantidad de ITO afiadida. Los rellenos de ITO se dispersaron de forma
correcta para todas las concentraciones de relleno (sin observarse grandes aglomerados), lo
que da lugar a propiedades térmicas independientes de la cantidad de ITO y una mejora de
las propiedades mecanicas con respecto al PUA puro. Por otro lado, la transmitancia optica
disminuye al aumentar la cantidad de ITO (la transparencia optica disminuye un 20% en el
rango visible para muestras que contienen 10% en peso de contenido de ITO) mientras que
la constante dieléctrica aumenta al aumentar el contenido de ITO hasta un maximo de 33
para el material compuesto con 25% en peso de ITO. Esta muestra se utilizd para el
desarrollo de un sensor capacitivo, que ha mostrado una alta reproducibilidad y rendimiento.
De este modo, se ha demostrado la posibilidad de desarrollar compuestos poliméricos
curables por UV de alta constante dieléctrica basados en ITO / PUA aplicables en electronica

impresa y recubrimientos funcionales.

Se han desarrollado materiales magnéticos fotocurables utilizando PUA y diferentes
particulas como magnetita (Fe3O4), 6xido de ferrita de cobalto (CFO) y una aleacion de

neodimio hierro boro (NdFeB). Para esos, las variaciones de relleno se dieron entre 1,3 y
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6,3% en peso, 1,2 y 8,2% en peso, y 6,5 y 55,8% en peso para Fe3Os, CFO y NdFeB,
respectivamente. La conversion en la fotopolimerizacion y el tiempo de curado disminuyen
notablemente con la inclusién de magnetita y ferrita de cobalto, con una conversion total del
20% y 26% para las muestras de mayor contenido de relleno, respectivamente. Esta
influencia en el proceso de curado UV se reduce agregando rellenos de NdFeB, lo que
permite compuestos con hasta 55,8% en peso de contenido de relleno y una conversion de

polimerizacion del 58%.

Las peliculas de compuestos magnéticos presentan una transicion vitrea (Tg) independiente
del tipo y contenido de relleno, mientras que el modulo de Young disminuye fuertemente
para los compuestos a base de 6xidos de hierro (Fe3Os4 y CFO). Por otro lado, el médulo de
Young para las muestras de NdFeB/PUA aumenta en todo el rango de contenido de relleno.
La conductividad eléctrica d.c. es casi independiente del tipo y contenido de relleno, con un
maximo de 1.0 x 10 S/m para la muestra de Fe304/PUA con un contenido de relleno de

6.3% en peso.

Las propiedades magnéticas demuestran que las particulas no sufrieron ningtin proceso de
degradacion cuando se incluyeron en la matriz de PUA. La magnetizacion de saturacion, la
coercitividad y la remanencia pueden variarse cambiando el tipo y contenido de particulas,
obteniendo materiales magnéticamente duros o débiles. Asi, los materiales Fe3O4/PUA
muestran una magnetizaciéon de saturacion de hasta 3,70 emu/g, una remanencia de 0,27
emu/g y coercitividad nula; mientras que las muestras que contienen CFO muestran
magnetizacion de saturacion hasta 6,50 emu/g, remanencia de 1,69 emu/g y coercitividad de
2000 Oe. Los compuestos de NdFeB/PUA mostraron un comportamiento de material
magnético duro con magnetizacion de saturacion de hasta 63,86 emu/g, remanencia de 44,95
emu/g y coercitividad de 7000 Oe. Se concluye que es posible desarrollar materiales
magnéticos procesables mediante fabricacion aditiva con una respuesta magnética adaptada

a los requisitos de aplicacion especificos.

Finalmente, se ha desarrollado con éxito materiales para sensores de humedad flexibles
activados por temperatura mezclando el PUA con el liquido i6nico (IL) tetracloroniquelato
de 1-butil-3-metilimidazolio ([Bmim]>NiCls). Después de la incorporacién de liquido i6nico
en una matriz polimérica curable por UV, se obtiene una estructura de red porosa sin cambios
quimicos relevantes ni en el IL ni en la matriz polimérica. Ademas, la incorporacion del IL

influye ligeramente en el proceso de curado por UV del polimero obteniendo en todos los
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casos una conversion de curado del polimero superior al 84%. La inclusion del IL influye en
las propiedades eléctricas y mecénicas de las muestras para los mayores contenidos de IL,
obteniendo un aumento en la conductividad eléctrica y una disminuciéon en el modulo de

Young.

Se observo un efecto termocromico de azulado a incoloro incluso con cargas bajas de IL. La
humedad tiene una fuerte influencia en el efecto termocréomico hasta un 55% de humedad
relativa y este proceso esta influenciado térmicamente. Se comprobd que este efecto se debe
a la absorcion/deshidratacion de agua por parte del ion [NiCls] %, que induce un cambio en
el namero de coordinacion del Ni (II) de octaédrico a tetraédrico dependiendo de si esta
hidratado ([Ni(H20)s]*" - azulado) o deshidratado ([NiCls]*" - incoloro). Por lo tanto, se
demostrd la idoneidad de los materiales hibridos curables por UV para recubrimientos

inteligentes y multifuncionales procesables mediante tecnologias de fabricacion aditiva.

Asi, este trabajo demostrd6 con ¢éxito el desarrollo de materiales funcionales y
multifuncionales curables con luz UV, compatibles con tecnologias de impresion, para

aplicaciones electronicas y de deteccion.
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Abstract

Different photocurable multifunctional polymer composites have been obtained and
characterized according to their photopolymerization capability, physico-chemical and
functional properties. Polyurethane acrylate (PUA) has been selected as polymer matrix
combined with multi-walled carbon nanotubes (MWCNT), barium titante (BaTi0O3), indium
tin oxide (ITO), magnetite (Fe3Os), cobalt ferrite (CFO), neodymium iron boron alloy
(NdFeB) and 1-buthyl-3-methylimidazolium tetracholonickelate ([Bmim]>NiCls) ionic
liquid (IL) to obtain different functional and multifunctional responses including

piezoresistive, dielectric, magnetic and thermochromic.

The addition of fillers into PUA lead to a decay of the photopolymerization process
whenever the filler presents UV light absorption, being higher the effect when higher filler
content is added. This effect is particularly highlighted for MWCNT, Fe3O4 and CFO. On
the other hand, filler addition does not lead to new intermolecular interactions between the

fillers and the polymer within the cured materials.

Attending to the physico-chemical properties, the glass transition temperature (Tg) decreases
when fillers are added, in particular for MWCNT but also for BaTiOs, FesO4, CFO and
NdFeB. The addition of ITO and IL, on the other hand, has not significantly affect the T of
PUA. With respect to mechanical properties, an increase on the Young modulus (E) is
obtained excepting for higher filler contents. At high filler concentration, filler
agglomeration occurs and the maximum elongation (&) also decreases. With respect to the
electrical response, the inclusion of fillers increases d.c. electrical conductivity (MWCNT,

Fe304, CFO, NdFeB and IL) and dielectric constant (BaTiO3 and ITO).

Different functional and multifunctional responses have been added to the UV curable
polymer, depending on the filler. The inclusion of MWCNT induce a piezoresistive response
characterized by GF values between 0.8 and 2.6. BaTiO; and ITO, strongly increase the
dielectric constant from 7.5 to 25 and up to 33, respectively. In the case of Fe304, CFO and
NdFeB, magnetic composites with tailored magnetic properties (from hard to soft magnetic
ones) are obtained. Saturation magnetization values up to 63.86 emu/g, remanence up to
44.95 emu/g and coercivity up to 7000 Oe can be obtained depending on filler type and

content used. Finally, IL allows the preparation of temperature activated thermochromic
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humidity sensor with a colour change from blue to colourless, depending on relative

humidity.

Thus, this work successfully demonstrated the development of UV photocurable functional
and multifunctional materials, compatible with printing technologies, for electronic and

sensing applications.
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The main concepts, terms and recent developments in UV curing process and UV curable
smart materials for printing technologies are presented, focusing on both materials and
processes. The curing mechanisms and the main materials used in UV photocurable
resins are reviewed as well as the main smart and multifunctional materials obtained

based on them. Finally, the general objectives and outlook of the thesis is indicated.
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1.1. Industry 4.0 and Smart Materials

Material is defined as a substance or mixture of substances that constitute an object.
Materials have been always used and have to support loads, transmit or reflect light, insulate
or conduct electricity or heat, resist in often-hostile surroundings, accept or reject magnetic
flux, and all this without being dangerous or expensive [1]. Thus, materials have been and
are so important that they have designed the ages in which history has been divided. In this
sense, the Stone Age, the Bronze Age or the Iron Age are representative examples still in
use in a general public context [2]. Materials science has this become one of the main
research topics in the modern era and, nowadays, polymers and polymeric materials occupy

a relevant role in the recent advances in science and technology [3].

Polymers are substances composed of macromolecules, long sequences of one or more
species of atoms or groups of atoms linked to each other by primary, usually covalent, bonds
[4]. Polymers can be classified in different ways. Based on their origin or source, they can
be divided in natural and synthetic polymers; based on their polymerization structure, linear,
branched and crosslinked; based on the synthesis process, step growth polymers
(condensation or addition) and chain growth polymers, etc [5]. However, the most common
way to classify them is attending to their behaviour against temperature, being clarified in
thermoplastics, elastomers and thermosets [4]. Nowadays, polymer-related research is
mostly driven by obtaining new polymeric materials with advanced characteristics or
multifunctional properties, as well as on developing environmental friendlier materials.
While in certain cases they do not have a defined use, the large majority are designed and

synthesized for specific applications.

Related to the evolution at materials and technological level, as well as the highly extended
introduction of information technologies, concepts such as Industry 4.0 and Internet of
Things (IoT) have emerged [6—8]. In an ever-increasing number of advances in science and
technology, Internet plays an increasing role facilitating the interconnection of information

and processes, among other [9,10]. Furthermore, modern society demands energy,

3
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infrastructures and solutions based on smart and multifunctional materials, in the scope of
the Internet of Things concept [11-13]. This has been defined as the “network of physical
devices, vehicles, home appliances and other items embedded with electronics, software,
sensors, actuators, and connectivity which enables these things to connect and exchange
data” [14,15]. In this framework, the number of IoT devices increases 31% year over year,
being 8.4 billion in 2017 and estimated as many as 20.4 billion by 2020 [16]. Figure 1.1

shows an example of the world connectivity and the IoT concept.

Smart Roads

Smartphones Detection Electromagnetic Levels

Air Pollution

Smart Lighting

Traffic Congestion e ligertSHapbIng

Forest Fire Detection

Wine Quality Enhancing

Noise Urban Maps

Offspring Care

Sportsmen Care

Structural Health
\

59

Water Leakages

Vehicle Auto-diagnosis
Waste Management

Smart Parking Item Location

Quality of Shipment Conditions Water Quality Golf Courses

Figure 1.1 — Representation of the world connectivity and the Internet of Things (IoT) concept.
Reproduced with permission //7]. Copyright 2015, CeDeWu Sp. z 0.0.
Many sensors and actuators related with the IoT concept are based on polymer composites
[11,18] that can be fabricated by conventional techniques, such as solvent-casting or
extrusion, but which are increasingly being produced by additive manufacturing techniques,
such as 3D printing [19,20]. In this sense, polymer composites are ideal for these
applications, since they take advantage of the synergistic combination of advantages
deriving from their different constituents. The polymeric matrix offers processability

advantages as well as flexibility and ductility, while the filler usually enhances or introduces
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a specific functional property, such as electrical conductivity or magnetism [21]. In addition,
the aforementioned polymers offer other advantages for IoT technologies: relatively low
cost, quite simple fabrication techniques (no need for special clean-room or high temperature
processes), easily to be deposited on various substrates and a wide choice of molecular

structures from linear to branched polymers, charged or neutral particles, among others [22].

In this way, investigation in material technologies becomes critical for the varied
applications not just in the area of sensors and actuators for the Internet of Things, but also
for cyber-physical systems (CPS) and robot-human interactions. Further, in most humidity,
temperature, force or other stimuli responsive sensors one type of material is not enough and
multimaterial sensors become necessary. This fact, together with the IoT and Industry 4.0
idea of shrinking volume of sensing systems, reducing costs and energy required, makes
innovation on materials increasingly demanded [23,24]. There is still a need for new
materials with specific characteristics for each application. Here, the combination of
nanotechnology and smart and multifunctional material systems are one of the key aspects

to overcome challenges in advanced functional material and smart manufacturing [18].

Over the past years, important efforts have been applied to expand the application of
nanomaterials through the development of smart and multifunctional composites for their
applications in areas ranging from micro devices, to sensor and actuators, as well as energy
and biomedical applications [10,18,25]. “Smart” materials are defined as a material in which
one of its key properties can be altered in a controlled manner in response to an external
stimulus [10,25,26]. These stimuli-responsive materials can undergo, for example, variations
in shape, mechanical properties, transparency, porosity, electrical or magnetic characteristics
in response to thermal, mechanical or chemical external stimuli, among others [18]. Table

1.1 summarizes the main types of smart materials [27].



BN Chapter 1

JTWIAYIOPU QouRdsIuTWN|
sis{Jele) [e2Tmay2-01USEN eIy
“OTUIAYIOXT ‘snumi| “23uey2-Inojo)
onsed
-opansd ‘UBTUOIMAN
QATIINSONII[R
-uou ‘syueferp QATIIINSOIRUBEN [LRICCIEE) Oy
21103]20231d
“SuruTy-reays
“onexne “rxadoayy
Kowaw-2deys JTWOIYD-0WIAY I, yurod aun) eIy L
1s4Jeyedojoyd
onsnode-ojoyd
‘sisajuisojoyd JTWIAY-010Yd Aiqess-1q reondo onausew-01dO 2ATONPUOI-010Yd [eando
! Eomegoow-oido ! il : : - )
TednuAYd-0104q .
PP
[edrayd [TeH ‘soruonuids
[e2130]03y1-0)ousew [eway} ’ ’
-0}JUBEW ‘2OUBUOSAI ’ orwomy-0zaid “ondo-ojeudepy ‘SOTHONII[R snauseyy
“QATIOINS-0JUBEIN -0)2uBeT\
-OT)aUSeW-TeA[INN -uids ‘sotuonJafe
-0)2uBeR\
onauny 1039 sorwonuids
UOTJRIZTWI-01122[2 (3an)2g)
-0I}23]2 ‘Ted130[0ays 193204 ‘22 Y “OTwonyd ‘SOTUONI3[R
011}03[2-01q ‘[edrwayd J1109[2 [eL9F
-0I]23[3 “QATOINS -ozaid “o1do-0103]? “JudsauTwn| -uids ‘sotuonas[e
-0I)23]3 ‘SISAJoNda[q -OwaYy L,
-0I}03[2 “DIII2[2-0Z31d -0X)23[2 “JMWOIYI-0123[F -0)auBe\
snnung
reondo anausey [eaL09[
asuodsay

[edrmay )

[LAIUTEVREY O

Jeway 1

"$103JJ2 TeoTwayd,/[edISAYd O1Seq J1oY} 03 SUIPIOIO. PIAJISSE[O STRLINJEBA 11ewS JO sadA) urej *T°T 9[qeL

l6



Introduction NG

One of the key implementation areas of smart materials are sensors and actuators, allowing
to improve, monitoring, feedback and safety, key issues of the Internet of Things and
Industry 4.0 paradigms [28]. In this way, smart materials are an intense research area in
which new materials, technologies and applications will emerge in the near future [10,25].
Application areas of smart and multifunctional materials expand from consumer electronics,
civil engineering, aerospace and automobile to health care and wearables applications
[29,30]. The potential application of smart materials would allow solving engineering
problems with improved efficiency and provides an opportunity for the development of new

solutions and products [18,31].

On the other hand, strategic and technological problems are still hindering the
implementation potential of smart materials, despite their important advantages and

specificities [25,32].

Namely, silicon-based smart materials are manufactured using the time-consuming,
expensive, and complicated fabrication processes of traditional semiconductor devices.
Further, those manufacturing methods are often based on subtractive processes. In contrast,
several of the recently developed smart materials can be implemented by additive

manufacturing (AM) [18,33].

Additive manufacturing is rapidly expanding and modifying the way in which products are
designed and manufactured. This technology allows to create complex geometries with
customizable material properties, with design freedom and environmental advantage [34],
by transforming designed files into fully functional products. On the other hand, the rapid
spread of a wide variety of technologies associated with AM, leads to an absence of a

comprehensive set of materials, design principles and manufacturing guidelines.

In this scope, UV curable polymer formulations are distinctively suitable for being

implemented by AM technologies due to their rapid cure, wide range of properties, and
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dimensional accuracy, being inks based on UV curable polymers increasingly used to

fabricate smart materials [35].

Since its onset, the UV curing industry has become one of the most rapidly developing ones
within the coatings industry [35,36]. With the introduction of photocuring of coatings as a
viable industrial process well over a decade ago, the UV curing industry has followed a line

of steady growth [36].

Among the various curing processes, UV-triggered radical polymerization represents an
economic, fast and non-toxic method [37], especially for coatings. The advantages of UV
curing compared to traditional drying techniques which rely whole or partly on the
evaporation of solvents are the “rapid solidification”, high solvent resistance of the cured
films, reduced VOC (volatile organic compounds) emissions, high flash points of the ink
and overall improved “environmental friendliness”, among others. Further, for the

electronics industry, in allows as improved pattern definition.

Below is presented the recent development in UV curable printing technologies with respect
to technologies, materials and applications. The following sections deal with photoinitiators,
monomers and oligomers characteristics of photocurable materials and as well as with the

smart materials obtained by UV curable systems.
1.2. UV curing technology and materials

1.2.1. Mechanism and formulations

The use of UV-curable formulations is increasing at a fast rate [38]. The main reasons for
this rapid growth are their fast curing method —in the range of seconds or minutes-, the room
temperature processing reducing thus the overall energy consumption, space and energy
efficiency -smaller curing units as compared with ovens for baking in thermal cure-, high
resolution patterns can be obtained and the use of solvent-free formulations [39]. In this way,

UV-curing is very attractive for the development of engineering applications.

|8
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The basic principle that occurs when using UV light is photopolymerization or photocuring
(Figure 1.2). Photocuring is commonly defined as a process of rapid conversion of specially
formulated, usually liquid solventless compositions into solid films by irradiation with
ultraviolet or visible light [40]. Photopolymerization (Figure 1.2) is defined as a synthesis of
polymers by chain reactions that are initiated upon the absorption of light by a polymerizable
system, light serving only as an initiating tool and it does not interfere with the propagation

and termination stages of the chain process [41].

Monomers and oligomers Photoinitiador Reactive specie

S

s B
UV light
-
B . o
- =)
- - =
.
. - . "
UV curable system or photoresin UV radiation only activates the Reactive species with monomers and

photoinitiator creating reactive species  oligomers creates the final crosslinked polymer

Figure 1.2 — Schematic representation of the photopolymerization process.

The materials to be used in this polymerization process strongly depend on the fabrication
process, which is the scope of the present paper and the inks must be formulated in agreement
with the specific printing processes requirements, including, as a relevant parameter,
rheological properties [18]. The majority of the compositions of photocrosslinkable
materials in commercial use consist of mixtures of prepolymers or oligomers combined with
di- or polyfunctional monomers and photoinitiators [42]. Such compositions can be divided
into two groups: (1) the ones that cure by free-radical mechanism and (2) the ones that cure

by an ionic one.

1.2.1.1.  Free radical curing mechanism

The synthesis of macromolecules by free radical chain polymerization of monomers begins
with the generation of free radicals, which are conveniently performed through

photoreactions of the initiator molecules. The simplified overall mechanism is described in

9l
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Figure 1.3. The most widely used UV-curable resins are based on acrylate, which show high
reactivity, i.e. short reaction times in the order of fractions of a second, and offer a large
choice of monomers and oligomers. Acrylate-based resin systems typically consist of three
basic components: photoinitiator (which generates free radicals when exposed to UV light),
functionalized oligomers or prepolymers (which forms the backbone of the polymer

network) and monomers (which acts as a reactive diluent to adjust the system viscosity) [39].

Photoinitiation

RH
Re 4+ Product
hv Type I

Initiator — > Initiator*

RH

Type! Ri®* + Ra®

R* (or Ri®;R:%) + M —_— R Me
Propagation
R Me + nM — R Mp.q®
Chain-Transfer
R My ® + RH _— R My H + Re
Termination
R M,..® + R Mp.q® — R Mp: 1My R

R Ma.1® + R Mgy ®

R Mn+1 k3 I.\".|n+.'l R

Figure 1.3 — Schematic representation of a free radical polymerization reaction of monomer M, a
commonly compound with a C=C bond with photoinitiator R.
There are two types of compounds that are commonly used as photoinitiators of free radical
polymerizations, which differ in their mechanism for the generation of reactive free radicals:
type I or unimolecular photoiniators and type II or bimolecular photoinitiators. The type I
photoinitiators are organic molecules that undergo a very rapid bond cleavage after
absorption of a photon to generate two free radicals that can start the polymerization. The

type II photoinitiators, organic molecules too, form relatively long lived excited triplet states

|10
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capable of undergoing hydrogen-absorption or electro-transfer reactions with co-initiator
molecules that are deliberately added to the monomer containing system [39]. Typical type
I and type Il photoinitiators are listed in Table 1.2. In general, the used monomers, oligomers

or prepolymers are the same for both types of photoinitiators.

Most of type I photoinitiators contain aromatic carbonyl groups since these compounds
undergo rapid bond cleavage resulting in the formation of a pair of radicals. Benzoin ethers,
like benzoin ethyl ether, were the first commercially used class of unimolecular
photoinitiators and they cleave into benzoyl radical and benzyl ether radical by UV
absorption [43]. Benzil ketals, such as 2, 2-dimethoxy-2-phenylacetophenone, is another
effective photoinitiator with good package stability and which photocleavage produces
benzoyl and dimethoxybenzyl radicals [44]. Acyl phosphine oxides, such as
2,4,6-trimethylbenzoyl)diphenyl-phosphine oxide, produces radicals that are much more
reactive towards olefinic compounds than carbon-centred radicals [45,46].

Type II photoinitiators are organic compound that can form long-lived triplet states after
absorbing a photon. These triplet species can abstract a hydrogen or an electron from
co-initiator species to produce free radicals. Benzophenone, thioxanthone derivates or other
ketones like 1,2-diketones are typical bimolecular photoinitiators that abstract hydrogen

atoms from hydrogen donors to yield excited complexes that initiate polymerization [47].

Those compounds show the advantage of reducing the oxygen inhibition [52].

In spite of the number of available photoinitiators, the search for new initiators is ongoing
with the main objective of obtain more efficient photoinitiators [53]. For example,
S-(4-benzoyl)phenylthiobenzoate, BpSBz, has been found to be a type I photoinitiator. Upon
exposure to UV light it is cleaved into free radicals which initiate the polymerization of
methyl methacrylate [54]. Most free-radical photoinitiator structures after initiation process

can be found in the references attached in the Table 1.2.
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In the case of monomers, also called reactive diluents, used in photopolymerization by free
radical mechanism, a large number of them are commercially available. Table 1.3 presents
some of the most used monomers. A monomer is selected for a specific application or
processing technology based upon its effect on viscosity, curing speed, film properties,
shrinkage during polymerization, cost, shelf life, volatility, odor, and toxicity. Acrylates are

the most widely used reactive diluents [44].

When selecting a monomer, a high functionality (number of double bonds that will be
attacked and will lead to polymerization) is pursued for fast reactions. However, this can
result in early gelation or vitrification of the cross-linked structure, hindering complete
conversion, being mono and difunctional monomers the most widely used. In addition, the
introduction of heterocyclic structures with oxygen causes a substantial acceleration of the
polymerization rate [40]. 2-Ethyl hexyl acrylate (EHA) [55], n-butyl acrylates (BA) [56],
1,4-butanediol diacrylate (BDDA) [57] and diethyleneglycoldiacrylate (DEGDA) [58] are

some examples of acrylate monomers.

Trifunctional and tetrafunctional monomers are also used but to a lesser extent. Examples of
a trifunctional monomer are acrylate or methacrylate esters of glycerol, such as
pentaerythritoltriacrylate (PETA), widely used in printing inks. A tetrafunctional monomer
example is pentaerythritol tetraacrylate, used in adhesives and coatings [59]. However, in

most of the cases a mixture of various monomers is used.

Another type of monomers used in free radical polymerizations are the vinyl ethers.
Compared to acrylates, vinyl ethers show the advantages of high diluting power and low
toxicity. Diethyleneglycol divinyl ether (DEGDE), cyclohexane dimethanol divinyl ether
(CHDMDE) and triethylene glycol divinyl ether (TEGDE) are some examples of this type
of monomers [60]. Styrene, which is the most widely used reactive diluent for unsaturated
polyester resin systems, and N-vinyl pyrrolidone are two remarkable reactive diluents.
Styrene shows a good performance, with a relatively low cost and is highly flexible when

cured [59,65].

15|
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For oligomers, also called prepolymers, and in the same way as with monomers, acrylated
ones are most frequently used for photopolymerization by free radical mechanism due to
their higher reactivity, lower volatility, environmental degradation resistance, low color and
chemical resistance in comparison with other oligomers [66]. The chemical structure of the
oligomers has influence on the viscosity of the reaction mixture, which affects both the
propagation and the termination polymerization steps. Thus, the final properties of the

obtained material depend on the oligomer structures.

There are four basic structures for acrylated oligomers employed in photopolymerization
that contains the following chemical groups: polyurethane, polyethers, polyesters and epoxy
resins. Table 1.4 shows the structures of these chemical groups and the merits and
drawbacks for all of them. The typically used oligomers are composed by these mentioned
chemical groups and acrylated groups on the extremes of the structures. The functionality
(number of acrylated groups) can be two, three, four or higher and the basic chemical

structures can be more complex [44].

Particular attention has to be paid to polyurethane acrylate (PUA), a suitable material for the
preparation of polymer composites due to its physical and chemical properties, as well as
their low viscosity that allows easy filler dispersion [67]. In addition, this material shows
excellent photoreactivity, mechanical properties, good adhesion, low melting viscosity,
excellent abrasion resistance, high chemical stability and weatherability, being suitable for
solvent-free printing technologies [68,69]. PUA is also of large interest due to its

environmental safety and biocompatibility, low swelling and high transparency [70].

All mentioned properties make PUA appropriate for different applications, including
coatings, adhesives, textiles and membranes [71]. Taking into account its UV curable
characteristics, allowing the simple design of specific patterns, it is also suitable for
biomedical applications, ranging from microfluidics to tissue engineering [70]. In this scope,

composites based on PUA have been used in antibacterial coatings and packaging [71].

19]



BN Chapter 1

Table 1.4 — Commonly used oligomers for photopolymerization by free radical mechanism.

Type Chemical Structure Merits Drawbacks
Polyurethane y Versatility, best Aromatic yellow,
N ° combination of hardness aliphatics costly,
and elasticity, aliphatics toxic and
o n
weatherability and plasticized by H,O

adequate H»O resistance

Polyether P Fairly good adhesion, Low glass transition
R R flexibility, elasticity and
n

UV-resistance

Polyester \%R /O\O /R'+ Fairly good adhesion, Poor UV-resistance
»  versatility and hardness and hydrolytic
stability

Epoxy 0 Adhesion, hydrolytic Poor UV-resistance
stability, hardness and and high viscosity

acid resistance

1.2.1.2.  Ionic curing mechanism

UV-induced free-radical polymerization has enjoyed commercial success over ionic
polymerization. However, the UV-induced ionic curing systems are finding increasing
application in several specialized fields due to their advantages compared to free radicals:
no oxygen inhibition, minimal sensitivity to water and the ability to polymerize vinyl ethers,
oxiranes (epoxides) and other heterocyclic monomers that do not polymerize by a free
radical mechanism [72]. In addition, ionic photopolymerization has the ability for dark cure,
cation-initiated polymerization can continue after exposure to the radiation source until the
reactive cations become immobilized. Moreover, the shrinkage of the polymers during ionic

photocuring is lower than in free radical photocuring, showing cured material, in general,
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high mechanical properties and good adhesion to various substrates [73]. Table 1.5 shows a

comparison of different material properties related to free radical and ionic curing.

Table 1.5 — Comparison of some relevant materials characteristics obtained after free radical or
ionic curing.

Property Free-radical curing Cationic curing
Cure speed Faster Slower
Oxygen inhibition Yes No
Adhesion “Problems” Excellent
Toxicity Skin irritation Acceptable
Moisture inhibition No Yes
Post-irradiation cure No Yes
Formulation latitude Good Limited
Through cure Fair Good
Viscosity Higher Lower
Cost Moderate Higher

In the same way as free-radical polymerization systems, two types of compositions curing
by ionic mechanism can be obtained: cationic and anionic photopolymerization systems. It
is worth to mention that the possibility that photoinitiated polymerization can occur through
an anionic mechanism has long been overlooked and, even today, literature reports on

anionic photopolymerization are rare [41].

Cationic photopolymerization was discovered by Prof. Crivello [74—76] in the late 70s. This
mechanism is initiated with photoinitiators that can absorb UV light to create reactive cations
that initiate the polymerization reaction. Onium salt-type photoinitiators were first used.
They have general structure that consists of an organic cationic moiety with a positive charge
on a heteroatom and a counter anion in the structure. This category includes aryldiazonium,
diaryliodonium, triarylsulfonium, alkyl-arylsulfonium, phenacylsulfonium, phosphonium,
ammonium and addition-fragmentation-type onium salts, among others [77]. Some

examples such as  (4-Methylphenyl)  [4-(2-methylpropyl)phenyl]  iodonium
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hexafluorophosphate [48], diphenyl(4-methoxyphenyl)sulfonium hexafluoroantimonate

[49] or N-ethoxy-2-methylpyridinium hexafluorophosphate [50] are shown in Table 1.2.

The difference between anionic and cationic photopolymerization only lies in the
photoinitiator, anionic photopolymerization working in the same way as cationic
photopolymerization. The initiation mechanism is the photoinduced release of a reactive
anion, which is added to the monomer. The polymer is then formed through the repetitive
addition of monomers to the growing anionic chain. This mechanism has been found to
photoinitiate the polymerization of methyl 2-cyanoacrylate (CA) using crystal violet
leuconitrile (CVCN) and of malachite green leucohydroxide (MGOH) [51] (Table 1.2).
More recent studies have revealed other compounds such as ketoprofen [78] or more
complex compounds such tertiary-amine-releasing systems, aromatic formamides,
cobalt-amine complexes, amine—imides and aminoketones [43]. Most ionic photoinitiator

structures after initiation process can be found in the references attached in the Table 1.2.

In the case of monomers used in cationic photopolymerization, different types have been
proposed and reported in literature, mainly epoxides, vinyl ethers and propenyl ethers [72].
Vinyl ethers are really attractive since their photopolymerization is rather fast and
photocuring rates are in many cases faster than for the corresponding free-radical
photopolymerization of acrylic monomers. However, their synthesis is expensive. A good
alternative is the use of propenyl ethers, which show good reactivity. Some examples of
vinyl and propenyl ethers typically used are diethyleneglycol divinyl ether,
trimethylolpropane tripropenyl ether and trimethylolpropane dipropenyl ether [61,62],

which are shown in Table 1.3.

Epoxides are another type of monomers employed in cationic photopolymerization due to
their high mechanical properties, relatively low shrinkage, and chemical and thermal
resistance. Nevertheless, epoxy matrix suffers from fragility and low toughness.
3,4-epoxycyclohexylmethyl-3',4'-epoxycyclohexane carboxylate and diclycidylether

derivative of bisphenol A (ADE) are some examples [63,64] shown in Table 1.3.
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It should be noted that the oligomers employed in ionic photopolymerization, both cationic
and anionic, show similar structures to the mentioned monomers but with a large chain

structure, high functionality and more voluminous groups leading to higher viscosity [55].

1.2.2. Cure extent evaluation

Control the UV curing process is as important as the choice of the photoinitiator and the
monomers and oligomers to be used. Photopolymerization typically occurs within seconds
or minutes, being an important issue to study the kinetics of photopolymerization both
quantitatively and qualitatively. In that, the most used methods to evaluate the cure extent
are Differential Scanning Photocalorimetry (photo-DSC), Real Time Infrared Spectroscopy

(RT-IR) and Confocal Raman Microscopy.

Differential scanning photocalorimetry measures the heat flux evolved by the photo-initiated
exothermal reaction as a function of time at a given temperature. It is very well suited for
the determination of kinetic parameters, such as enthalpy, degree of conversion, rate
constants, and Arrhenius parameters, among other relevant parameters [44]. This technique
measures the heat flux evolved by the photo-initiated (i.e. UV initiated) exothermal reaction
as a function of time at a given temperature. The main advantage of photocalorimetry resides
in a good temperature control for reactions having a ti2 value (time to reach 50 % conversion)
higher than 15 s. However, this technique provides only a measure of the global heat flow
without any information about the specific chemical reaction. Moreover, because of the low
thermal conductivity of the material, the increase in sample temperature due to the
exothermicity of the photopolymerization reaction is high, preventing the study of very fast
photopolymerization kinetics with ti2 < 15 s [79]. An instrument setup of photo-DSC is

presented in Figure 1.4 [44].
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Reference /8\ Sample

DSC furnace

Figure 1.4 — Schematic representation of the Differential Scanning Photocalorimetry (Photo-DSC)
setup.
There are several cases where the extent of the cure has been evaluated by this technique.
Photo-DSC has been used to study the cure kinetics of UV-initiated -cationic
photo-polymerization of epoxy resin monomers in presence of different photoinitiators and
to investigate the photo-reactivity with respect to their chemical structure [80]. The effect of
the presence of a hyperbranched OH-functionalized polymer (HBP) on the kinetics of
cationic photopolymerization of an epoxy system was also investigated using Photo-DSC
and RT-IR [81]. Similarly, Photo-DSC was applied to study the gelation and

photopolymerization of some multifunctional acrylates [82].

The development of the Real-Time Infrared Spectroscopy technique has improved the ability
to monitor UV-curing processes. RT-IR, with its milliseconds resolution time, has been
successfully used to monitor photopolymerizations occurring within a fraction of a second.
RT-IR spectroscopy involves the exposure of a photopolymerizable sample simultaneously
to IR and UV radiations, as represented in Figure 1.5. Therefore, this technique enables to
monitor the specific changes in chemistry during UV-curing by following the decay of the
stretching vibrations of the reactive functional groups. Thus, from the recorded profile the
degree of conversion can be evaluated, i.e. the amount of unreacted functional groups that

remain in the UV-cured polymer [44,79].
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uv
light
source

Figure 1.5 — Schematic representation of a Real-Time Infrared Spectroscopy (RT-IR) setup.

RT-IR spectroscopy is being used for several years, for example, for the characterization of
the UV curing kinetics of a thiol-ene system containing trimethylolpropane
tris(2-mercaptoacetate) and trimethylolpropane diallyl ether [83]. Real-Time FTIR-ATR
spectroscopy has been also used to study the kinetics of photopolymerization reactions
induced by monochromatic UV light testing various photoinitiator systems [84]. The
evaluation of the photopolymerization kinetics obtained by Photo-DSC and RT-IR
techniques does not necessarily provide comparable results due to the absence of
temperature control during RT-IR analysis or the different amounts of material employed

[85].

RT-IR and photo-DSC techniques do not provide information about the cure extent
throughout the film thickness. Thus, another technique has been developed, which allows
the measurement of chemical bonds throughout the film thickness, confocal Raman
microscopy. This technique combines the chemical information from vibrational
spectroscopy with the spatial resolution of confocal microscopy [86]. Further, it is able to
provide a detailed representation on the spatial distribution of residual chemical bonds within
the material depth as well as a surface mapping. The spatial resolution of Confocal Raman
microscopy is in the range of 1 um?. Figure 1.6 shows a schematic layout of confocal Raman

spectrometer [86].
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Figure 1.6 — Schematic layout of a confocal Raman spectrometer.

In this way, Confocal Raman microscopy has been used to characterize UV cured coatings,
in one case, depth profiles of acrylate curing conversion were recorded in order to elucidate
the interaction of photoinitator, photostabilizer and irradiation source [86] and, in other case,

to investigate the aluminium flakes in metallic coatings [87].

1.2.3. Printing technologies for UV curable polymers

Among the several existing 2D and 3D printing technologies, just few of them have been
consolidated in industry as potentially useful techniques such as offset lithography,
flexography, inkjet printing, xerography or rotogravure. Printing processes can be divided
into two different groups: the ones that use a master image carrier or a printing plate (e.g.
screen printing and spray coating) and the ones that use computers digital files to create the

pattern (e.g. inkjet printing or stereolithography, among others) [88—90].

In 2D printing, the layers are cured right after the complete image is printed. The curing is
carried out in a different way depending on the nature of the ink, focusing the present review
on the ones cured by UV light. In 3D printing technologies instead, the curing of the resin is

performed layer by layer until the whole 3D object is created. In this case there are specific
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UV curing techniques, such as stereolithography (SLA) or digital light processing (DLP),
based on the spatially controlled solidification of a liquid resin layer by layer using UV laser

and a UV DLP-based projector, respectively [91].

Inkjet, spray and screen printing (Figure 1.7) are widely used 2D printing techniques that
enable the usage of different type of inks. Inkjet printing (Figure 1.7a) is a non-direct contact
deposition technique since drops are deposited from a certain distance with respect to the
substrate. A pattern is designed in the computer and the cartridge is moved all over the
substrate following the pattern and depositing drops in the required places. This method
allows the design of complex patterns with high resolution customizing the material
deposition volume and location, i.e. it provides the droplet-on-demand option (DOD). The
material is deposited drop by drop, hence, for a continuous path drops need to overlap or
touch each other. Multilayers can also be printed and the thickness of the layer can be
controlled either in this way or changing the amount of the material in the drop [92]. The
inkjet printing process has the advantage of quite high resolution, which is easily 300dpi and
up to as a much as 1200 dpi without too great difficulty. In addition, the inks are required to

be of low viscosity (4-30 cP) and require to be electrostatically charged [93].

Solution

A

Carriergas —

Figure 1.7 — Graphical representation of a) inkjet printing, b) screen printing and c) spray coating
techniques. Figure 1.7b reproduced with permission /93/. Copyright 2009, Elsevier.
Screen printing (Figure 1.7b) is a printing technique where a mesh is used in order to transfer
the pattern to the substrate. A squeegee is moved all over the substrate along the mesh,
transferring the ink to the substrate. This technique allows the printing of complex patterns

with a resolution of about 100 pm. Its main distinction from all other printing and coating
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techniques is a large wet film thickness and a requirement for a relatively high viscosity (100

— 100000 cP) and a low volatility of the coating solution [93].

Similar to inkjet printing, spray coating (Figure 1.7c) is not a direct contact deposition
technique and the material is deposited in micron size droplets. The liquid coming out from
a nozzle is atomized by ultrasonic vibrations or pressure and the droplets are deposited
randomly. An inert gas, such as nitrogen is used as a carrier gas. The nozzle is moved all
over the substrate in order to cover the full surface. Depending on the solution flow rate and
the moving speed of the nozzle, the thickness of the layer can be controlled. This deposition
method does not allow complex patterns unless a mask with the desired pattern is used.

However, this technique allows the use of inks in a large viscosity range (10 — 1000 cP) [93].

Stereolithography (SLA), digital light processing (DLP), continuous liquid interface
production (CLIP) and PolyJet (Figure 1.8) are 3D printing techniques based on UV curing

processes for the fabrication of an object [94].

In stereolithography (Figure 1.8a) specific surface regions of photosensitive liquid resin
undergo localized polymerization by exposure to a UV laser [95,96]. The 3D object is
fabricated by the photopolymerization of each layer on a platform. A UV laser beam scans
the surface of the resin and selectively hardens the material corresponding to a cross section
of the 3D product, which is fabricated from the bottom to the top. The required supports for
overhangs and cavities are automatically generated and later manually removed. Once the
object is completed, the excess resin is drained to be reused. The main advantages of SLA
are the accuracy and the resolution, where stereolithography is better than all other solid
free-form fabrication (SFF) techniques (in most SFF techniques 50-200 mm in size are the
smallest details printed, versus 20 mm in many commercially available stereolithography set

ups) [91]. The main disadvantage instead is the cost.
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Figure 1.8 — Schematic representation of a) stereolithography, b) digital light processing, c)
continuous liquid interface production and d) Polyjet. Reproduced with permission /94]. Copyright
2016, Elsevier.

Digital light processing (Figure 1.8b) is similar to stereolithography, being the light source
the main difference. DLP uses a more conventional light source and it is applied to the whole
photopolymer resin in a single pass, leading to a faster process than SLA. The DLP projector
displays the image of the 3D model onto the liquid polymer. The exposed liquid polymer
hardens, built plate moves down and the liquid polymer is once more exposed to light. The
process is repeated until the 3D model is complete and the vat is drained of liquid, revealing
the solidified model. As for SLA, in DLP support structures are required and parts with high
resolution are fabricated [97]. DLP and SLA printing techniques allow the use of resins in a
large viscosity range (100 — 10000 cP) [94]. However, expensive and limited materials are
some drawback of this techniques compared with thermal-based 3D printing techniques such

as FDS, which has the advantages of low cost, good strength and multi-material capability
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[98]. The SLA or DLP techniques can be used with a wide variety of monomers and resin

systems [99].

Continuous liquid interface production (Figure 1.8¢) is another UV curing based 3D printing
technique. It is a bottom-up continuous process where the UV light beam passes through a
window at the bottom part of the vat with the resin iluminating a cross section of the object.
In order to avoid the attachment of the solidified resin to the window, there is a oxygen

inhibited dead zone. This process allows the fabrication of smooth surfaces [100].

PolyJet (Figure 1.8d) is an additive manufacturing printing technique. The photopolymer is
deposited and subsequently the UV light cures the material until the 3D object is completed
layer by layer. A roller embedded into the printhead smooths the deposited droplets into a
flat layer. UV lamps, which are also mounted in the printhead, fully cures the jetted
photopolymer droplets. PolyJet support material is a separate composition formulated to
release from the part when jetted off or dissolved with water [101-103]. In the same way
that happens in thermal-based 3D printing techniques, the build orientation can significantly
affect elastic modulus and fracture stress but tensile strength is relatively insensitive to print

direction [94].

During these mentioned printing processes, some problems can be occur: bad adhesion of
the resin/ink to the substrate (or between layers in the case of UV-based 3D printing
techniques), deformations, cracks or porous appearance in the printed pieces or even
incomplete cured materials. Almost all of them can be solved by changing the printing
parameters. In the rest, possible solutions could be change the design of the piece to print,
the conditions of the printing process (temperature, humidity, etc.), addecuate surface

treatments or make a postcure process.
1.3. UV curable Smart Materials

Chromic, self-healing, shape-memory, piezoresistive and piezoelectric materials (Table 1.6)

are some examples of UV curable smart materials that are described in the following.
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The piezoresistive effect represents the variation of the electrical resistivity of a material
when mechanical strain is applied. In UV curable materials, typically polymer based
materials, this smart behavior is obtained by the addition of a filler into the polymeric matrix,
which is the main responsible by a larger piezoresistive response. Further, the filler also
improves or changes some properties such as mechanical or thermal properties of the
polymeric UV curable material. Commonly used materials for piezoresistive responsive
composites are carbon based materials such as carbon nanotubes (CNTs), graphene or carbon
fillers (CFs). Silver fillers, microcrystalline silicon or 3, 4-polyethylenedioxythiopene-

polystyrene sulfonic acid (PEDOT/PSS) are some other alternatives [18].

CNTs are the most widely used fillers for piezoresistive composites, improving mechanical
properties, electrical and thermal conductivities [121]. Thus, multi-walled carbon nanotubes
(MWCNTs) and a commercial available UV curable epoxy photoresin (SU-8) were used to
create a flexible organic piezoresistive micro-electro-mechanical system (MEMS) strain
sensor with enhanced sensitivity [104] (Figure 1.9). The electrical resistance changes versus
strain of these CN'T/SU-8 piezoresistive materials shows linear and non-linear regions at low
and high strain, respectively. It is also highlighted the role of the MEMS design in the
enhancement of the final sensing performance of the devices, reaching the gauge factor at
200 for optimized sensor geometries, that means a highly sensibility for flexible electronic

applications.
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Figure 1.9 — The 1 wt.% CNT/SU-8 thin film sample (a), the dog-bone shaped specimens of the
same sample (b) and the AR/R response of a 0.8 wt.% CNT/SU-8 thin film for tensile/compressive
strain oscillations between 0.2—0.55 % (c) and 3-3.7 % (d). Reproduced with permission /104].
Copyright 2014, Elsevier.
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Piezoresistive nanocomposites were also obtained by dispersing and aligning simple-walled
carbon nanotubes (SWCNTs) in a blend of two different photopolymerizable monomers
which consisted of urethane dimethacrylate (UDMA) and 1,6-hecadienol dimethacrylate
(HDDMA) [105]. Dielectrophoresis technique was used under the application of AC electric
fields obtaining aligned CNTs/polymer nanocomposites. The influence of the degree of
alignment of CNTs on the electrical conductivity and piezoresistive response in both the
aligned and transverse to alignment directions were be assessed, being obtained the best

piezoresistive sensitivity for aligned specimens.

More complex piezoresistive structures were also developed by UV curing and using CNTs.
A piezoresistive sandwich type sensor that include three different layered materials a
TangoPlus FLX930 photoresin for the top and bottom of the structure, a
MWCNTs/TangoPlus composite for the electrodes and an Ionic Liquid/polymer composite
for the internal layer that are between the two electrodes was fabricated [106]. All materials
used in that study are UV-curable. (1-ethyl-3-methyl-imidazolium tetrafluoroborate
(EMIMBEFj4) is the ionic liquid (IL) employed and 2-[[(butylamino)carbonyl]oxy]ethyl
acrylate (BACOEA) is the used polymer. The performance of the piezoresistive sensors was
investigated as a function of the degree of crosslinking and polymerization of the IL/polymer
composites. As the compressive strain was increased, the distance between the two
electrodes decreased, the variations in polymer chains and IL resulting in a decrease of the
electrical resistance of the sensors. It is confirmed that the sensitivity of the sensors is

affected by the degree of crosslinking and polymerization of the IL/polymer composites.

Piezoelectric materials have been also investigated in UV curable smart materials. The
piezoelectric effect is the ability of certain materials to generate voltage when subjected to a
mechanical stress, or to generate a mechanical strain when subjected to an electric field
[122]. The piezoelectric effect in photocurable materials is achieved using piezoelectric

fillers such as polycrystalline ceramics (lead zirconium titanate, lead lanthanum zirconium
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titanate, and barium titanate), single crystals (quartz, and zinc oxide) or some polymers

(polyvinylidene fluoride) [108].

An UV-cured composite films containing zinc oxide (ZnO) nanostructures with different
morphologies was presented by Malucelli et al. [107]. The UV curable material is a
commercially available acrylic resin, namely bis-phenol A ethoxylate diacrylate (Ebecryl
150), and the studied morphologies of ZnO fillers included nanoparticles (ZNP), bipyramidal
structures (ZBP), flower-like structures (ZNF) and long needles (ZLN) (Figure 1.10). The
different morphologies of the ZnO nanostructures were found to significantly affect the
thermo-oxidative stability and the glass transition temperature of the UV-cured films. All
the UV-cured nanocomposite films, despite the low ZnO content, showed interesting
piezoelectric properties. In particular, the devices containing flower-like nano-structures
exhibited the highest root mean square voltage both at 150 Hz and at the resonance frequency

(about 0.176 = 0.001 and 0.914 £ 0.001 mV, respectively).
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Figure 1.10 — Micrographs of ZnO nanostructures used for the development of piezoelectric UV
curable composites and their generators output voltage at resonance frequency. Reproduced with
permission /107]. Copyright 2017, Elsevier.

A better integration between the UV curable polymer matrix and the filler can be achieved,

if the filler is a polymeric material such as polyvinylidene fluoride (PVDF). PVDF has been

widely applied due to its stable and high piezoelectric coefficient [30]. PVDF also presents
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a unique combination of properties in comparison to other piezoelectric materials, such as
excellent mechanical flexibility, chemical stability, biocompatibility and solution based
processability. Therefore, an all-polymer-based piezoelectric photocurable resin (V-Ink)
based on 1,6-hexanediol diacrylate (HDDA) and PVDF was developed [108], being suitable
for additive manufacturing processes. The optimized V-Ink contains 35 wt.% of
polyvinylidene fluoride particles suspended in the photocurable resin. A 3D printed
piezoelectrically-active thick film was demonstrated with an optimized piezoelectric voltage

coefficient (gs3) of 105.12 x 10 V-m/N.

Shape-memory polymers (SMP) are other smart materials that can be obtained by UV curing
but are not electrically active. Shape-memory polymers are materials capable of reacting to
external stimuli such as temperature, magnetic or electric fields and solvents, to return from

a pre-programmed shape to their original form [123]. Temperature is the most studied one.

Poly (e-caprolactone) (PCL) based shape memory polymer blends have been the focus of
recent research. These materials show sharp and rapid shape memory-recovery response as
a consequence of the melting/recrystallization of the PCL component as switching transition.
For that, PCL has been used as a shape memory material and diglycidyl ether of bisphenol
A (DGEBA) as an epoxy UV curable matrix to obtain shape-memory polymeric composites
[109]. Electrospinning technique was used to create PCL fibbers into an epoxy DGEBA
matrix that was then UV cured. In this way, a film was obtained with a mat of fibbers with
shape memory response (at 60°C). Shape fixity ratios range from 95 to 99% and shape
recovery ratios between 88 and 100%, respectively. This shape memory behavior can be

observed in Figure 1.11.
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b)

Figure 1.11 — Photographs of initial shape (a), fixed shape after folding the mat three times in half
at 60 °C (b) and recovery shape after heating again to 60 °C (c¢). Reproduced with permission
[109]. Copyright 2017, Elsevier.

Some other investigations are based on materials that do not use any filler and the shape
memory effect is achieved only by the polymer. This is the case of [110], where seven epoxy
polymers with different glass transition temperatures were used to create a functional
gradient shape memory “helical thread” structure, where shape recovery is thermally
triggered. It was demonstrated the feasibility of using 3D printing technique to fabricate
functional graded shape memory polymers (SMPs) with both spontaneous and sequential
shape recovery abilities. The SMP components, with properly assigned spatial variation of
the thermodynamical property distribution, react rapidly to a thermal stimulus (at around
100°C), and return to a specified configuration in a precisely controlled shape changing
sequence in around 6.5 seconds. The sequential shape recovery process can be observed in

Figure 1.12.

Figure 1.12 — Series of photographs showing the spontaneous and sequential shape recovery
process of the helical SMP component. Reproduced with permission /710]. Copyright 2015,
Elsevier.

Shape memory materials by UV curing have been obtained not only in film or thread form

but also in 3D structures. Naficy ef al. [111] developed 3D printed structures based on a
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series of hydrogel inks capable of reversible shape deformation in response to hydration and
temperature. This hydrogels are composed mainly by polyether-based polyurethane
(PEO-PU) with varying molecular weight, a-ketoglutaric acid as initiator,
N,N'-methylenebisacrylamide (BIS) as crosslinking agent and 2-hydroxyethyl methacrylate
(HEMA) and Poly(N-isopropylacrylamide) (NIPAM) as monomers. Obtained hydrogels
present robust mechanical performance and their mechanical properties can be adapted by
changing the nature of the long polymer chains within their networks. 3D SMP structures,
both temperature and hydration responsive, can be prepared incorporating near PEO-PU

polymers into UV curable monomer solutions by using a dual ink extrusion 3D printer.

Also, shape memory polymers (SMPs) and shape memory nanocomposites (SMNCs) can be
obtained by 4D printing through UV curing process [112]. Here, 4D active shape-changing
architectures in custom-defined geometries exhibiting thermally and remotely actuated
behaviours are achieved by direct-write printing of ultraviolet (UV) cross-linkable
poly(lactic acid)-based inks. The addition of iron oxide integrates 4D shape-changing objects

with fast remotely actuated and magnetically guidable properties.

Self-heling materials effectively expand the lifetime of the product and have desirable
economic and human safety attributes. Self-healing materials are polymers, metals, ceramics
and their composites that when damaged through thermal, mechanical, ballistic or by other

means, have the ability to heal and restore the material to its original set of properties [124].

Combining self-healing characteristics with the UV-curing advantages (an environmental
friendly, energy saving and efficient technology), self-healing UV curable materials become
in an interesting research area. In this way, a novel UV-curable self-healing oligomer was
designed on the basis of a quadrupolar hydrogen bonds system [113]. The oligomer is formed
by reacting a mixture of a hydrogen bonding group and a photosensitive monomer with
three-arm polyols. The oligomer coating could be repaired in a short time by hot air gun and
maintained high repair efficiency (Figure 1.13). The coating could self-heal remarkably at

a depth range from 3 pm to 4 um. The polymer exhibited excellent thermal stability and
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significant weight loss occurred at a temperature of 270°C, indicating that the healing

process at 170°C was safe for the material.
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Figure 1.13 — Optical and atomic force micrographs of the oligomer THPU20C80 damaged and
after healing. Reproduced with permission /113]. Copyright 2016, Elsevier.
A skin structure exhibiting flexibility, self-healing and damage sensing was designed,
fabricated and tested by Carlson et al. [114]. This coating is fabricated on a substrate of
copper-clad polyimide sheets by a layer-by-layer technique using polyimide sheets and an
UV curable epoxy polymer (used as both a structural adhesive and as the self-healing fill
material). In addition, this skin structure is integrated with an array of LC circuits and an
integrated antenna coil that is used to detect and locate the damaged portion of the skin. If

the skin is damaged, the UV-curable epoxy is released and is cured by sunlight.
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In addition, self-healing materials with the ability to partially or completely restore their
mechanical properties by healing the damage inflicted on them can be prepared by UV
curing. Davami et at. [115] designed and printed 3D self-healing structures by
stereolithography where unit cells embedded in the structure are filled with a UV-curable
resin acting as reservoirs for the self-healing agent making possible a repeated healing of
mechanical damage. An ABS-like UV curable photopolymer resin has been used and when
a crack propagates and reaches one reservoir, the healing agent is released into the crack

plane through capillary action, and the use of UV radiation allows to bond the crack faces.

Stereolithographic 3D printed self-healing structures were also prepared by Sanders et al.
[116]. In this case, commercial photocurable resin modified with anisole and PMMA-filled
microcapsules were employed and the obtained composites demonstrated solvent-welding

based autonomous self-healing to afford 87% recovery of the initial critical toughness.

Special attention has to be paid to a new generation of 4D printed materials that present not
only self-healing behavior also shape memory properties. These materials combine the
ability of be transformed from one shape to another by a thermo-mechanical programming
process with the durability and the mimicking of natural tissues provided by their
self-healing ability, making them as attractive materials to produce actuators for soft robotics
[118]. In this sense, a double-network self-healing SMP (SH-SMP) system for high-
resolution self-healing 4D printing was reported [117]. Here, semicrystalline linear PCL
polymer imparted the self-healing ability and it was incorporated into a methacrylate-based
SMP with a good compatibility with the DLP 3D printing technology, allowing the
preparation of complex 4D printing structures with high resolution (up to 30um) (Figure
1.14). The obtained material presented a recovery ability and the mechanical properties of a
damaged structure can be recovered above 90% after adding more than 20 wt.% of PCL into

the SH-SMP system.
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Temporary Shape

0
(23 & G

Recovered Shape

Figure 1.14 — High-resolution complex 3D structures printed using SH-SMP solution (a): 3D
printed high-resolution grid (I); 3D printed Kelvin foam (II). Demonstration of 4D printing:
temporary shape (top) and permanent shape (down) of 3D printed Kelvin foam (b). Demonstration
of the self-healing ability of the printed 3D structure: the broken chess piece (top) can be healed
together (down) by heating at 80 °C for 5 min (c). Reproduced with permission /1177]. Copyright
2019, ACS Publications.

Invernizzi et al. [118] also presented 4D printed thermally activated self-healing and shape
memory PCL-based polymers. Using DLP 3D printing technology, samples based on PCL
chains and 2-ureido-4[ 1H]-pyrimidinone (UPy) units co-crosslinked can be prepared with a
stiffness similar to PCL and a higher elongation at break. The shape memory behavior was

demonstrated with the printing of an opposing thumb capable of being moved forward to the

tip of a forefinger and then backward, preserving it after healing.

Furthermore, enhanced properties such as high stretching can be obtained together with a
self-healing and shape memory effect [ 119]. Thus, an ink containing urethane diacrylate and
a linear semicrystalline PCL polymer was developed for the 3D printing of a
semi-interpenetrating polymer network elastomer that can be stretched up to 600%.
3D-printed complex structures with interesting functional properties, such as high strain
shape memory and shape memory assisted self-healing capability were obtained via
UV-light-assisted direct-ink-write printing. Further, the demonstration of the 3D-printed

material as a vascular repair was achieved.
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Chromic materials are a type of materials capable of undergoing a change, often reversible,
in the color due to a transformation between two forms [125]. If this change in color occurs
by the absorption of electromagnetic radiation, they are called photochromic material. If this
change in color occurs by the application of an electric charge, they are called electrochromic
material. These two type of smart materials are based on organic compounds with extended
n-conjugation. The most investigated ones are the viologens (1,1’-disubstituted-4,
4’-bipyridine salts) that are functional in their crystalline states, dispersed in appropriate

matrixes or incorporated polymers by copolymerization or graft-modified reactions [120].

Acrylate-functional viologen (ACV?") in polyether urethane diacrylate matrix (PEUDA)
were used to obtain by UV curing a cross-linked polyviologen film with excellent
photochromic and electrochromic performances [120]. The photochromic effect appears
after UV illumination for 60 s, when the cross-linked PACV?* film can swiftly change its
color from pale yellow to deep blue. In addition, the optical transmission of cross-linked
PACV?" film at 610 nm did not change significantly and still retained about 63.6% after 30
cycles. The cyclic voltammetry experiment showed that the film can undergo repetitively

electrochemical redox reactions with good reversibility beyond the 10" scan.

Furthermore, when a gel electrolyte film was added to the PACV?" film, an electrochromic
sandwich structure film was obtained (Figure 1.15). The gel electrolyte film is a mixture of
acetonitrile (MeCN), polymethyl methacrylate (PMMA), propylene carbonate (PC) and
LiClO4. The electrochromic device composed of the PACV?" film and gel electrolyte film
undergoes reversible color change in response to the external voltages of —2.0 Vand 2.0 V,
respectively, while the contrast of EC device at 610 nm did not change significantly and still

retained about 39.5% after 10 cycles.
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Figure 1.15 — Schematic illustration for the construction of the electrochromic device (a), its
coloring and bleaching response times (b) and the cyclic changes in optical transmissions at 610
nm obtained by cyclic application of the external voltages of —2.0 V and 2.0 V (¢). Reproduced

with permission /120]. Copyright 2011, Elsevier.
A summary of the most relevant UV-curable smart materials presented in the literature is
presented in Table 1.6. As it can be observed, UV curable smart materials, such as other
smart materials, are composed by a polymeric matrix and an active filler that provides this
smart behavior (filler can be also a polymer). There is no unique method for designing these
UV curable materials, depending on the filler and the polymer matrix, the synthesis methods

are different (different ways to disperse the filler, different conditions, curing characteristics,

etc.).
1.4. General objectives and work plan

Smart materials are attracting increasing interest based on the used for the Industry 4.0 and
the Internet of Things concepts. Their properties allow them to be very suitable for sensor
applications in several fields like aerospace, civil engineering and different industrial
applications, with improved performance and integration. Further, in order to improve
integration, additive manufacturing technologies are being implemented being therefore

important the parallel development of suitable inks.
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Depending on the composition of the ink, the curing process is achieved in a different way
(thermal treatments, cross-linking methods, etc.), being UV-curable materials among the
most suitable ones for smart materials applications. UV curable materials are based on
photopolymers that are cross-linked when exposed to UV light. In contrast with solvent
based materials, they present advantages like fast curing processes at room temperature with
reduced VOC emissions, making then environmentally friendlier and really attractive for

thin film processing in electronics and engineering.

Considering the mentioned advantages, UV curable smart materials are becoming in a
general research and implementation interest. Chromic, self-healing, shape memory,

piezoresistive, or piezoelectric materials are some examples of it.

Despite UV curable smart materials are a key technology for advance technologies, the
number of those materials is still small. This fact is mainly due to the difficulty in reaching
proper combination of UV-curable resin and nano-fillers, with both suitable smart and
multifunctional performance and processability; being this the key future challenge in this
research field and the main objective of this thesis. In addition, each photocurable material

has to be adapted to the specific functional filler to be used and vice versa.

Viscosity, density, surface tension and contact angle on different substrates are the
parameters that are most affected when these smart and multifunctional UV-curable
materials are prepared. In addition, depending on the nano-filler employed, the absorption
of the UV light can be also affected. Thus, obtain the best material, in terms of
functionality/smart response, is really complicated. In this way, the potential solutions or
new approaches that are being investigated nowadays, are the use of polymer coated fillers,
new filler dispersion techniques or new fillers more compatible with the UV-curable resin

(that not affect the UV curing process).

In this scope, the main objective of the present thesis is the development of a set of UV

curable smart and multifunctional materials suitable for sensing and printable electronic
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applications. Thus, UV curable materials with tailored electric, dielectric, magnetic and

chromic properties have been developed.

The structure of this document follows the sequential development of the different materials
developed in the present thesis. Thus, chapter 1 has been focused on the main concepts and
a general overview of the state of the art in the area, as the specific state of the art on the

developed materials in this work are presented in each chapter.

Chapter 2 presents the synthesis, characterization and optimization of stimuli responsive UV
cured polyurethane acrylated/carbon nanotube (PUA/MWCNT) composites for
piezoresistive sensing. Here, the influence of carbon nanotubes in the photopolymerization
process of the polyurethane acrylated is presented, as well as the changes on chemical,
thermal, electrical and mechanical properties together with the influence of filler dispersion
within the polymer matrix on the same properties. Further, the applicability of this material

for use in piezoresistive sensing is demonstrated.

In addition to smart materials, multifunctional composites are increasingly relevant for
flexible printed electronics, sensors, actuators or smart coatings. UV curable polymeric
materials being increasingly needed in those areas. In this sense, chapter 3 present the
development of UV curable barium titanate/polyurethane acrylate (BaTiO3/PUA)
composites with varying ceramic type and contents allowing to tailor the dielectric response
of the material. The filler dispersion and amount influences on the composite properties was
studied. Moreover, in this case, a theoretical study was carried out to determine the best
model that predict the dielectric properties taking into account different parameters such as

the filler size, shape or the interaction between filler and polymer, among other.

Further, and following with dielectric materials, high dielectric constant UV curable
composites based on polyurethane acrylate and indium tin oxide (ITO) were prepared in
order to develop materials suitable for capacitive sensing. In this work, presented in the

chapter 4 of the thesis, not just increased dielectric response, but also materials with
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improved transparency or translucent properties are developed. For that, composites with
different ITO content were prepared and the thermal, mechanical, electrical and optical

properties evaluated. Also, their functionality as capacitive sensor was demonstrated.

In chapter 5, one of the main problems associated with the UV curing process will be studied.
The presence of magnetic fillers inhibits the polymerization process of UV curable materials.
Therefore, different magnetic particles such as cobalt ferrite (COF), magnetite (Fe3O4) or
neodymium iron boron alloy (NdFeB) have been used for the study of their influence in the
UV curing process of polyurethane acrylated. Further, the thermal, electrical, mechanical

and magnetic properties for the different filler types and contents are presented.

Finally, chapter 6 focusses on UV wvurable polymer composites with ionic liquids.
Polyurethane acrylated/magnetic ionic liquid (PUA/MIL) composites were developed for
thermochromic and humidity sensing applications. The influence of ionic liquid content and
dispersion, as well as their hydration/dehydration state on the thermal, electrical and
mechanical properties was evaluated. Furthermore, their applicability for humidity sensing

is demonstrated.

The final chapter of this thesis is devoted to the presentation of the conclusions of the

developed work and some final remarks on future works.
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The development of composites based on polyurethane acrylate (PUA) UV-curable resins
and multi-walled carbon nanotubes (MWCNT) is explained. Their UV curing capability,
morphological, thermal, mechanical, electrical and piezoresistive properties are analyzed.
The suitability of the materials for force and deformation sensing applications is

demonstrated.






Photocurable piezoresistive materials

2.1. Introduction

As indicated Chapter 1, in an ever-increasing number of advances in science and technology,
Internet plays a dominant role facilitating the interconnection of information and processes
[1,2]. Smart materials are considered as key materials for the development of wireless,
interconnected and sustainable systems and in this sense, they are directly related to the
evolution of Internet of Things (IoT) concept [3]. Among the different smart materials and
particularly electroactive ones, piezoresistive materials have arisen as highly demanded
materials for device components on industrial and consumer products [4-6]. The
piezoresistive effect is defined as the variation of electrical resistivity of a material in
response to a mechanical stress or strain. This variation of the electrical resistance shows
geometrical (variation of the electrodes distance) and intrinsic (mechanically induced
variation in the mobility of the electrons) contributions [7]. Metallic strain gauges or
semiconductors have been traditionally used as piezoresistive sensors, being characterized
by low and high piezoresistive sensitivity, respectively [8]. However, the poor mechanical

properties of these materials (lack of ductility and flexibility) limited their use [9,10].

The composite materials could represent an effective alternative to overcome these
limitations, thus obtaining materials with improved properties, ie, piezoresistive materials
with large flexibility, ease to process and with a cost-effective production [8]. One of the
most successful methods to obtain these composites is by the combination of polymeric
matrices with a carbon based piezoresistive materials, such as carbon nanofibers (CNF),
carbon nanotubes (CNT) or graphene [11-13]. The wide formulations available by the
combination of polymers and nanofillers allow the obtaining of a toolbox of materials
capable to adapt their properties by adapting their formulation in order to reach the
requirements of specific applications [4]. The main advantages of polymers over metals and
ceramics include the tailorable mechanical, electrical and thermal properties, as well as the
versatile manufacturing techniques, often allowing to process the material in a variety of
shapes and easy integration into devices [14]. Similarly to the polymers, there is important
variety of carbon-based nanofillers (different aspect, size or surface area) accessible, so from
an adequate formulation of these components a wide range of tailor made composites could
be design and fabricated. That is, advanced piezoresistive composites could be obtained with

specific electrical, mechanical, thermal and electromechanical properties.
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Multi-walled carbon nanotubes (MWCNT) are among the most used carbon-based
nanofillers for the development of polymer composites due to their large aspect ratio, high
electrical conductivity and mechanical reinforcing properties within polymers [15]. In
particular, the high aspect ratio of MWCNT [11,16] allows to obtain polymer composites
with the lowest electrical percolation thresholds [17], thus leading to high electrical
conductivity values while still maintaining the mechanical properties of the polymers matrix,
including, in some cases, flexibility and even stretchability [18]. It is to notice that the
percolation threshold concentration is critical not just for strongly increasing the electrical

conductivity of the composite [4], but also for maximizing the piezoresistive sensitivity [19].

Thus, high temperature methods (extrusion) or solvent casting have been used for the
development of the piezoresistive polymer composites. For solvent casting methods, most
of the studies used highly toxic organic solvents such as chloroform [20],
dimethylformamide [21], or toluene [16], leading to product waste managing problems and
increased VOCs emissions. Therefore, environmentally friendlier approaches are being
investigated, such as, the use of cyclopentyl methyl ether (CPME) or water as a solvent for
the fabrication of printable piezoresistive sensors [4,12]. In this sense, a solvent free
ultraviolet curing based method can be considered as an excellent alternative to solve this
problem and therefore, it will be the main objective of this chapter. This method, as explained
before, is a fast curing method (seconds or minutes), it can be performed at room temperature

in a reduced space and high resolution patterns can be obtained [22].

With respect to UV curable piezoresistive composites, a few works have been presented. A
flexible organic piezoresistive micro-electro-mechanical system (MEMS) was obtained
combining MWCNT and a commercial available UV curable epoxy photoresin (SU-8). The
prepared strain sensor shows a gauge factor of 200 for optimized sensor geometries [23]. In
addition, single-walled carbon nanotubes (SWCNT) can be used to obtain a UV curable
piezoresistive material in combination with urethane  dimethacrylate (UDMA) and
1,6-hecadienol dimethacrylate (HDDMA) [24]. In this case, randomly oriented and aligned
SWCNT/polymer nanocomposites were studied. The piezoresistive behavior with 0.03 wt.%
SWCNT content for aligned composites shows a GF between 2 and 10 depending on the
strain direction (axial and transverse, respectively). Also, UV curable piezoresistive tactile
sensors were developed using ionic liquid as nanofiller. (1-ethyl-3-methyl-imidazolium

tetrafluoroborate (EMIMBF,) as an ionic liquid and the 2-[[(butylamino)carbonyl]oxy]ethyl
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acrylate (BACOEA) as acrylate polymer were used to obtain piezoresistive tactile sensors

characterized by GF of about 0.6 under uniaxial pressure [25].

In addition, different UV curable piezoresistive materials applicable for 3D printing
techniques have been developed. Liu ef al. [26] proposed a novel approach to fabricate a
fully 3D printed sensor. The 3D printed force sensor was obtained by printing a substrate
using digital light processing (DLP) based 3D printer and high temperature resin, and a strain
gauge was made by inkjet printing and poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT/PSS) ink. The obtained sensor was characterized within the range from
0 mN to 600 mN, with a linearity error of 3.8% FS, a sensitivity of 0.97% N'!, a repeatability
of 1.9% FS, a hysteresis of 3.1% FS and overall accuracy of 5.3% FS.

Emon et al. [27] showed the fabrication process of a 3D printed smart insoles with
stretchable piezoresistive sensors for plantar pressure monitoring. These soft pressure
sensors were located on the heel, midfoot and forefoot to detect the force, the timing and the
location of the strike while walking. The insole was 3D printed using a soft and flexible UV
curable material and presented multiple open channels on it to attach the subsequently
fabricated piezoresistive sensors. These flexible, stretchable and multi-layered piezoresistive
sensors were fabricated via screen printing and moulding processes, and comprises an ionic
liquid (IL) based piezoresistive layer sandwiched between two multi-walled carbon
nanotube (MWCNT) based stretchable electrodes and finally, top and bottom insulation
layers. All layers were UV cured with the exception of the stretchable electrode. Further, the
fabrication of flexible piezoresistive sensor embedded in 3D printed tires was also
demonstrated [28]. The fabrication of the piezoresistive pressure sensor as their performance

were reported.

Piezoresistive UV curable materials have been presented by Davoodi et al. [29] who
developed a new UV curable ink based on a composite of milled carbon fibber (MCF) and
silicon rubber (SR) in a total 30 wt.% fibber content. Flexible piezoresistive sensors were
printed using a novel high-speed material jetting (MJ) 3D printer of high-viscosity
conductive inks. The sensor shows high flexibility and foldability as well as a high resistance
sensitivity to severe bending tests. The stretchability of the 3D printed materials was
improved by sandwiching the MCF/SR active layer between two SR layers. The evaluation
of electromechanical properties of these sandwiched MCF/SR sensors demonstrated high

piezoresistive sensitivity with a gauge factor around 400.
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In this context, the present work reports on the development of stimuli responsive and
environmental friendly materials for sensing applications based on UV cured
MWCNT/polyurethane acrylate resin (MWCNT/PUA) composites with optimized
piezoresistive response, which is in turn related to the morphological, thermal, mechanical,

and electrical properties of the material as a function of MWCNT content.

2.2. Experimental

2.2.1. Materials and Sample preparation

Multi-walled carbon nanotubes (MWCNT) with reference NC7000TM were provided by
Nanocyl, S.A, Belgium. They were manufactured by chemical vapour deposition and show
a carbon purity of =~ 90%, average diameter = 9.5 nm, and average length =~ 1.5 um.
Commercial polyurethane acrylate photoresin SPOT-ETM was supplied by SPOT-A
Materials® (Spain). All composites samples were processed using the MWCNT and the

photoresin as received.

The samples were prepared mixing different amounts of the nanocarbonaceous filler (0; 0.1;
0.2; 0.3; 0.4; 0.5; 0.6 wt.%) with the corresponding volume of the SPOT-ETM resin by
magnetic stirring for 30 min. To promote a good dispersion and disentanglement of the
MWCNT bundles, the samples were sonicated using an ultrasonic probe (Bioblock
Scientific, model Vibracell 75115) for 5 minutes at S00W and 20kHz with 7 seconds of pulse
and 3 seconds of pause. Then, samples were placed in an ultrasound bath (J. P. SELECTA
Model 3000865) during 1 h. After complete dissolution, flexible films were obtained using
doctor blade technique on a clean glass substrate. The samples were cured at room
temperature for 20 minutes with a UV-LEDs lamp that works at 395 nm wavelength and
19 mW/cm? of irradiance. All process is illustrated in Figure 2.1. The resulting highly
flexible composite films showed thicknesses between 150-300 um, measured using a coater

measurement gauge Fisher DualScope MPOR.
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Figure 2.1 — Schematic diagram showing the preparation of MWCNT/PUA composite films
through a Doctor Blade method.

2.2.2. Samples characterization

The UV curing process was studied by photo-DSC, using a DSC (TAlnstruments Q2000)
equipped with a photocalorimetric accessory (Omnicure S2000) with a 200 W mercury lamp,
with an optical range from 320 to 500 nm and an intensity between 1 and 2 mW/cm?. The

sample area was 0.2 cm?.

The conversion degree (o) of double bonds (C=C) has been obtained considering the area of

the exothermic peak and using Equation (2.1).

AH,
AH gheor

(2.1)

a =

theor

where 4H; is the reaction enthalpy at time ¢, and 4H,"*" is the theoretical value of the
enthalpy for the complete conversion [30]. In this case, due to the use of a commercial resin
with an unknown double bond group, functionality and molecular weight, the final value of
the enthalpy after the complete UV curing process of the pure resin was considered as the

theoretical enthalpy.

The polymerization rate (Rp) has been obtained after Equation (2.2).
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da dH/dt

p E = AHéheor (2.2)

Composite morphology was evaluated using Scanning Electron Microscopy (SEM). The
images were obtained using a Hitachi S-4800 scanning electron microscope at an

accelerating voltage of 10 kV with magnification of 20000x.

Fourier transform infrared spectroscopy in the total attenuated reflection (FTIR-ATR) mode
was performed in a Nexus FTIR Nicolet spectrophotometer in the spectral range 4000 to

600 cm™! with a spectral resolution of 4 cm™ and 32 scans.

The thermal behaviour of the samples was evaluated by thermogravimetric analysis (TGA)
using a Mettler Toledo TGA/SDTAS8S51 instrument. The tests were carried out under nitrogen
atmosphere from 25 °C to 700 °C at a rate of 10 °C-min"'. For each sample, the degradation
temperature (7onser), calculated as the extrapolated onset temperature in the TGA curve, and
the temperature of the maximum degradation rate (7..), measured as the first derivative
peak temperature, were recorded. In addition, the glass transition temperature (7) of the
samples was evaluated by differential scanning calorimetry (DSC), performed from - 50 to
250 °C at a rate of 20 °C-min’' using a DSC 822e from Mettler Toledo under nitrogen
atmosphere in two successive scans. The glass transition temperature was calculated as the

extrapolated onset of the baseline shift.

Analysis of the mechanical properties were performed using a universal testing machine
Shimadzu model AG-IS with a load cell of 1 kN. Measurements were carried out in tensile
mode at room temperature on rectangular composites with dimensions of approximately

~ 10 mm x 4 mm x 250 pum at a test velocity of 1 mm-min™'.

The electrical conductivity of the samples was measured with a Keithley 487
picoammeter/voltage source. The current-voltage characteristic response was obtained in
direct current (DC) mode with an applied voltage ranging between -10 V to +10 V, at room

temperature.

On each sample, two gold electrodes with diameter of 5 mm were deposited by magnetron
sputtering on both sides of the samples. The coating was performed by using a Quorum

Q150T S sputter coater.
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The electrical conductivity (o) is obtained as the inverse of the electrical resistivity (p) by

applying Equation (2.3):
(2.3)

where R is the electrical resistance of the sample, 4 is the area of the electrodes and ¢

represents the thickness of the samples.

The piezoresistive response of the composites has been obtained after electro-mechanical
test carried out in the following way: uniaxial strain tests were performed with a Shimadzu
model AG-IS universal testing machine (load cell of 500 N) while simultaneously measuring
the resistance of the samples during uniaxial mechanical deformation with an Agilent
34401 A multimeter. The dimensions and geometry of the samples where similar to the ones
used for mechanical testing and deformations up to 4% of strain were applied to the samples
at a deformation rate of 5 mm-min™'. The electrodes in the composites were placed in contact
with the clamps of the universal testing machine so that no deformation is applied to them.

The experimental conditions are schematically represented in Figure 2.2 [31].

Movel clamp @+———

Electrodes in clamps ——» [Composite

Fixed clamp =#———

Figure 2.2 — Schematic representations of the electro-mechanical measurements in the composites.
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The electro-mechanical sensibility of the samples, quantified by the gauge factor (GF), was
calculated after Equation (2.4) [32,33].

dR/R d
GF = /Ro _ p/Po
dl/l, dl/l,

+ (14 2v) (2.4)

where Ry is the steady-state electrical resistance of the material without deformation and dR
is the resistance variation due to the deformation dl [37,38]. Further, v represents the Poisson
ratio and p represents the electrical resistivity. It is notice that two different factors contribute

to the GF (Equation 2.4): an intrinsic variation of the electrical resistivity, related to the

L . d . o
variation of the conductive network (ﬁ), and a geometrical contribution, related to
0

dimensional variations of the samples upon deformation (1 + 2 v) [32,33].

2.3. Results and discussion

2.3.1. Photopolymerization process

Figure 2.3a shows the conversion (o) of the curing reaction as a function of the reaction
time for MWCNT/PUA composites with different nanofiller contents. It is observed that an
increase in the MWCNT induce an important decrease on both acrylic double bond
conversion and photopolymerization rate. Similarly, Sandoval et al. [34] described this
phenomenon where the strong absorption of light by the MWCNT strongly competes with
the light adsorption by the photoinitiator.

The polymerization rate (Rp) versus time is presented in Figure 2.3b for the same samples.
The maximum polymerization rate is reached in the first seconds for all samples. However,
a decrease on the polymerization rate owning to the carbon filler content could be observed,
since at higher conversions an immobilization of the polymer chains occurs caused by the
curing reaction [35]. In addition, the R, maximum is not significantly affected by the

MWCNT filler content.
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Figure 2.3 — Curing conversion of PUA and composites samples for 0, 0.1, 0.2, 0.3, 0.5 and 0.6
wt.% MWCNT content (a) and photopolymerization rate (R,) for the same samples (b).

The maximum conversion for each composition is obtained in less than 1 minute for both

PUA resin and composites, with the maximum conversion close to 100% for PUA and
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decreasing to 35% for MWCNT/PUA composite with 0.6 wt.% MWCNT content. The
behaviour of R;, is similar for the resin and the composites with different nanofiller content.
It can be observed that minimum degree of R;, is achieved with the highest MWCNT content,
being for the 0.6 wt.% MWCNT/PUA sample less than half of the PUA resin sample due to
the UV radiation absorption by the MWCNT [35,36]. Therefore, the increase of the amount
of MWCNT reduces the light penetration and, consequently, the probability of producing

initiating radicals, which is reflected in the final conversion values [37].
2.3.2. Morphological and chemical properties

Dispersion and wettability between the MWCNT and the photoresin matrix could be
evaluated by the analysis of the SEM images of the samples with different nanofiller contents

(from 0.1 to 0.6 wt.% MWCNT) in Figure 2.4.

SEM images demonstrate that composites samples present good dispersion of the MWCNT
within the polymer matrix, which fully surrounds the fillers, not showing any voids or loose
interfaces between fillers and the polymer matrix. Further, just a few small aggregates of
several micrometers in diameter are observed for the samples with larger MWCNT content.
These aggregates are homogeneously distributed along the samples, as it could be observed
in the SEM images of the composite with 0.6 wt.% MWCNT. Alishiri and co-workers have
reported similar results for composites of biocompatible acrylate-terminated polyurethane

containing chemically modified MWCNT [38].

A suitable dispersion of the fillers is desirable as it has been demonstrated that the electrical
conductivity (see later) of composites depends on MWCNT distribution within the polymer
matrix. Thus, well distribution of small agglomerates or clusters is more important for
achieving higher electrical conductivity [39,40] than a good dispersion of individual fillers.
However, agglomerate distribution could affect other properties of composites, as the case
of the mechanical properties [40]. Different parameters such as dispersion method,
dispersion agent or structural quality of carbon nanofillers [41] have a direct influence in

electrical properties of polymer/carbonaceous filler composites.
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Figure 2.4 — Representative SEM images of the MWCNT/PUA for 0.1 to 0.6 wt.% MWCNT at
magnifications of 20000x.

FTIR spectroscopy (Figure 2.5) allows to identify the characteristic absorption bands of
SPOT-E™ photoresin, a polyurethane acrylate resin [42]. The resulting polymer obtained
after the UV curing process presents characteristics peaks on the FTIR spectra typical for
polyurethane acrylate polymeric vibrations, 3330-3400 cm™ (N-H stretching),
2855-2955 cm™! (CH; and CHj stretching), 1725 cm™ (C=0 stretching), 1550 cm™ (C-N and
N-H combined stretching), 1360 cm™ (C-N stretching) and 1110 cm™ (C-O-C stretching)
[43]. The addition of different MWCNT contents leads to no significant changes in the

photoresin spectra, indicating no chemical bonding between the polymer and the MWCNT.
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In addition, the absence (or a small band) of the C=C bond at 1650 cm™ imply the complete

curing reaction after the UV curing process [44,45].
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Figure 2.5 — Fourier Transformed Infrared (FTIR) spectra for PUA resin and MWCNT/PUA
composites for 0.1 to 0.6 wt.% MWCNT content.

2.3.3. Thermal properties

The thermal properties of the composites are characterized using TGA and DSC in order to
analyse the variations of the thermal degradation and transition, respectively, temperatures,

due to the presence of the carbon nanofillers on the composites.

The thermogravimetric (TG) and the differential thermal gravimetry (DTG) curves of the
MWCNT/PUA composites for the different amounts of nanofiller (up to 0.6 wt.%) are
depicted in Figure 2.6a and Figure 2.6b, respectively. The thermal degradation of the
polyurethane acrylate films occurs in the temperature range of 160-280 °C for the first step,
at 280-400 °C for the second step, and at 400-450 °C for the third step [46].
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Figure 2.6 - Thermal degradation (a), DTG (b), differential scanning calorimetry (DSC)
thermograms in the first scan (c) and in the second scan (d) for PUA resin and MWCNT/PUA
composites for 0.1 to 0.6 wt.% MWCNT content.
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The first step was attributed to decomposition of urethane bonds; the second and third were
considered consecutive and related to the decomposition of ester groups [47]. Similar
degradation profiles were obtained for all the samples, the degradation beginnings earlier
when the nanofiller content increases indicating a slightly lower thermal stability for samples
with higher MWCNT content. MWCNT does not suffer degradation until 600 °C,
temperature at which the polymer matrix is completely degraded [47]. This decrease in
thermal stability of the polymer matrix with the addition of MWCNT is related to the
differences in the UV-curing process [46], that is, the higher MWCNT hinders the curing
process. After 400 °C the thermal degradation behaviour is similar for PUA and the

composites.

The glass transition temperature (Tg) was measured by DSC (Figure 2.6¢). The pristine
SPOT-E™ photoresin sample shows a Ty at around 20-25 °C. The incorporation of MWCNT
into the photoresin decreases the Ty. Moreover, with higher nanofiller content an exothermic
peak appears indicating a thermal postcure of the samples [48]. In the second scan (Figure

2.6d) all samples present the same 7, which appears at around 37.5 °C.

As previously indicated, the addition of nanofillers affects the photopolymerization process
mainly due to the absorption of UV light by the MWCNT [35,36], hindering the light
absorption by the photoinitiator and reducing the effectiveness of the curing process [49]
(Figure 2.2). A postcuring process is observed for the samples with the higher amount of
MWCNT (0.4, 0.5 and 0.6 wt.%) corroborating that UV irradiation does not lead to a full
curing of the samples. In addition, the glass transition temperature decreases due to the
nanofillers plasticizing effect: the presence of the fillers leads to a larger free volume within
the polymer, which results in a lower Tg with increasing MWCNT content [50]. After the
heating process, all the samples reach the same Ty (37.5 °C) independently of the nanofiller
content, indicating that the crosslinking degree is the same for all the samples (Figure 2.5d).
Furthermore, as any exothermic peak is observed, the maximum crosslinking degree is

obtained for all samples.
2.3.4. Mechanical and electrical properties

UV-curable acrylic coatings/films are limited in some application areas due to their poor

resistance to high temperature, low strength and insulating properties. However, composites
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with enhanced thermal and mechanical properties are prepared by adding nanofillers such as

CNT, ZnO, Si02, ZrO> and graphene into the polymer matrix [51].

Mechanical stress-strain measurements were performed for PUA photoresin film and the
composites with 0.1 wt.% to 0.6 wt.% MWCNT content (Figure 2.7). The initial modulus

was measured up to 1% of strain in 3 different samples.
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Figure 2.7 — Mechanical behavior at 1 mm-min™! (a), initial modulus, maximum stress and
maximum strain as a function of MWCNT content (b), current vs voltage (I-V) measurements (c)
and electrical conductivity as a function of MWCNT content (d) of the PUA and composites up to

0.6 wt.% of MWCNT.
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The maximum strain for the photoresin sample is around 50%, decreasing up to 25% for the
composites with higher nanofiller content. On the other hand, the composites with multi-
walled carbon nanotubes show an increase of the initial modulus when increasing the
nanotube content. For the photoresin sample, the value of the initial modulus is around 45.4
+ 0.7 kPa and increases to 125.6 + 6.4 kPa for composites with 0.4 wt.% filler content.
Hence, it is demonstrated that the nanofiller acts as reinforcement, once the MWCNT show
larger mechanical strength than the polymer matrix. It also demonstrated the good wettability
of the fillers by the polymer matrix and the suitable mechanical properties of the materials

for sensor applications [52—54].

For composites with 0.5 wt.% and 0.6 wt.% MWCNT content, a decrease of the initial
modulus is observed. Taking into account the morphological results (Figure 2.4),
agglomerations or MWCNT clusters are obtained with an increase on the nanofiller content,
which act as defects with respect to the mechanical response. Therefore, the MWCNT
dispersion has an important influence on the mechanical properties observing an increase of
the initial modulus for composites with MWCNT dispersed (before 0.4 wt.% MWCNT
content) and a decrease for composites with MWCNT clusters (after 0.5 wt.% MWCNT

content) due to the surface area interaction between fillers and polymer matrix.

The electrical response of the materials as a function of nanofiller content is presented in
Figure 2.7, which shows the intensity-current (I-V) characteristic curves (Figure 2.7¢) and
the electrical conductivity of the samples as a function of the nanofiller content (Figure

2.7d).

The electrical conductivity is 5.6 x 10"'° S/m for the PUA photoresin and increases with
nanofiller content in the composites, as indicated by the increase on the slope of the I-V
curves, which maintain its linear behaviour independently of the filler content. The electrical
percolation threshold of the MWCNT/PUA composites is between 0.1 wt.% to 0.4 wt.%
MWCNT content, with an electrical conductivity increment from 2.9 x 107 to 4.9 x 10 S/m,
respectively. Similar results have been observed previously, for example, with
functionalized carbon nanotubes [55]. The typical interpretation of this behaviour relies in
the percolation theory [56], that allows to obtain the electrical percolation threshold Equation

(2.5) [57]:

o =0o(p — 9ot (2.5)
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where oo is the electrical conductivity, ¢ the volume fraction of the fillers, @. the percolation
critical volume fraction and t is a critical exponent related to the dimensionality of the

system. Thus, it can be determined form the slope of the log (o) vs log (¢-¢c) representation.

According to the fitting of the log (o) vs log (¢-¢c) (inset of Figure 2.7d), the percolation
threshold of the MWCNT/PUA composites is near ¢.= 0.05 vol% (0.3 wt.%) and t is around

1.06, which represents a two-dimensional conductive system within the polymer matrix [57].

On the other hand, the largest electrical conductivity, =0.014 S/m is obtained for the
composites with higher MWCNT content (0.6 wt.% MWCNT). The high electrical
conductivity and low percolation threshold of MWCNT/PUA composites depends on the
intrinsic properties of MWCNT, mainly their electrical conductivity and aspect ratio, and
the composites preparation method, leading to proper filler dispersion, as it has been
described in other similar systems [4]. The observed low percolation threshold with the
consequent stabilization of the electrical conductivity over increasing filler content
demonstrate the proper dispersion of the fillers [4] and that the prepared composites based
on UV curing method show appropriate electrical and mechanical properties to be used on

sensor applications.
2.3.5. Electromechanical properties

Taking into consideration that composites around electrical percolation threshold show the
largest piezoresistive response [58,59], the electro-mechanical response of the
MWCNT/PUA composites was evaluated around and above the percolation threshold
(Figure 2.8) for deformations up to 5%. It is to notice that larger deformations show strong
non-linear effects due to the strong decrease in the local concentration of the fillers, which

destroys the conductive network [60,61].
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Figure 2.8 — Electro-mechanical properties of the MWCNT/PUA composites with 0.3 and 0.5
wt.% MWCNT content. A) Piezoresistive behavior of the 0.3 wt.% MWCNT/PUA composite at
4% strain, and B) exemplification of the GF calculation. C) Electromechanical test for 500 cycles

for composite with 0.3 wt.% MWCNT in cycles of 4% deformation, and D) piezoresistive
sensibility as a function of the number of cycles for 0.3 wt.% MWCNT sample at 0.4% of strain.

The electro-mechanical response under loading-unloading cycles (Figure 2.2) for

composites with 0.3 and 0.5 wt.% MWCNT content are shown in Figure 2.8., showing that
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the electrical resistance variation follows the mechanical strain applied to the composites
and that increasing mechanical deformation leads to an increase of the electrical resistance
of the samples. Similarly, a decrease of the strain leads to a decrease of the electrical
resistance (see Figure 2.8a for 4% of deformation). A linear relationship between the
electrical resistance and the mechanical deformation is observed for deformations up to 5%,

which allows the calculation of the GF, as presented in Figure 2.8b [52-54].

The obtained GF are in the range between 0.8 and 2.6 for the composites with different
MWCNT content and different applied strains, the composite with 0.5 wt.% MWCNT
content showing a slightly higher piezoresistive response than the composite around
percolation threshold. This behaviour has been found in more evident way in elastomeric
matrices and has been also reported in related polyurethane matrices [52—54]. Further, the
GF increases with increasing strain for the composites. As the Poisson coefficient is around
0.5 [62] for PUA and the geometric factor (1 + 2v) is GFgeometric = 2 for both composites, the
piezoresistive behaviour is mostly attributed to the geometric factor, and thus, sensibility is

not larger for composites near percolation threshold.

Under repeated cycling (Figure 2.8c¢) it is observed that the minimum and maximum
resistance decrease and tend to become constant after several stress-strain cycles. Thus,
MWCNT/PUA composites need aging to stabilize their electro-mechanical response to be
applied as quantitative force and/or deformation sensors. This behaviour is typical for
polymer based piezoresistive composites, including polyurethane-based ones [53,54] and is
related to irreversible reconfigurations of the conductive network (stress relaxation) that

stabilizes after a given number of cycles.

Figure 2.8d shows the piezoresistive sensibility as a function of the number of cycles and it
is observed that is larger for the first cycles (GF = 3), decreasing and stabilizing is GF = 1.7

for the remaining cycles, once the MWCNT irreversible reconfigurations are stabilized.

Thus, UV curable piezoresistive materials show suitable piezoresistive properties up to 5%

deformation for applications in force and deformation sensing.
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2.4. Conclusions

Stimuli responsive UV curable MWCNT/polyurethane acrylate resin (MWCNT/PUA)
composites have been developed with appropriate electro-mechanical properties for sensor

applications.

The MWCNT content affects the UV curing process, samples with larger MWCNT content,
showing lower conversion and photopolymerization rate. This is corroborated with the DSC
measurements that indicate a post-curing process of the samples with high temperatures. In
addition, the thermal stability and the T, of the composites decreases with increasing

MWCNT content.

The electrical percolation threshold of the MWCNT/PUA composites is between 0.1 wt.%
to 0.4 wt.% MWCNT content and the mechanical properties for this samples show
appropriate values of initial modulus, maximum stress and maximum strain for sensor

applications.

Composites with 0.3 wt.% and 0.5 wt.% MWCNT content show piezoresistive response
characterized by GF values between 0.8 and 2.6, being larger for composite with higher
nanofiller content (0.5 wt.%) than for composites around percolation threshold (0.3 wt.%).

In addition, it is observed that the GF stabilizies after around 100 stress-strains cycles.

Overall, this work demonstrates the suitability of these materials for the development of

piezoresistive sensors.
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The development of UV curable barium titanate/polyurethane acrylate (BaTiO3/PUA)
composites with varying ceramic sizes and contents is addressed in order to tailor the
dielectric response of the material. Filler size and content effects on morphological,
thermal, mechanical and electrical properties has been evaluated. High dielectric UV

curable composites are obtained suitable for microelectronics applications.






Photocurable dielectric materials

3.1. Introduction

Technology is nowadays increasingly driven by the Industry 4.0 concept that includes and
takes advantages of the Internet of things (IoT), cyber-physical systems and the Internet of
services (IoS) [1,2]. As it is described in chapter 1 of this thesis, IoT represents the network
that allows a dynamic connection between different everyday objects [3,4], this system
allowing digitalization and computerization of daily tasks and, therefore, energy saving,
increased security and improved quality of life, among others [5]. Further, in order to achieve
full development and improved performance, IoT and Industry 4.0 still need the
development of advanced —smart and multifunctional— materials and production methods

[6-8].

In this context, flexible electronics composed by organic and inorganic nano-structured
materials show the necessary requirements for IoT applications: mechanically flexible
devices, possibility to be implemented in large areas, conformable in different sizes and
shapes, low cost and flexible fabrication methods and lower environmental impact [9,10].
Thus, a large variety of materials have been investigated as appropriate materials for IoT
related devices, including thermoelectric materials [11], wearable antennas for autonomous
communication and sensing [12], or piezoelectric, magnetostrictive, and magnetoelectric

materials for sensing and energy harvesting applications [7,8,13—15].

Directly related with the production of flexible electronics, printing techniques emerge as
suitable approach as they allow the additive manufacturing deposition on large areas in rigid
as well as flexible or irregular surfaces of (multi)functional materials [8,16]. In particular,
among the different printing techniques, non-contact methods such as inkjet printing, laser-
induced forward transfer or aerosol-jet printing can transfer inks to substrates without
damage or contamination risks [17]. Therefore, they enable material deposition on irregular

surfaces and are attractive for the production of printed electronics [ 18-20].

Printed electronics has been traditionally focusing on conductive materials [21-24].
Nevertheless, passive electronic components are essential for the fabrication of sensing
and/or wireless systems and devices. In fact, the printing of those passive components will
improve device integration, as passive electronic components, including capacitors or coils,

are still the most voluminous parts of the current printed electronic circuits [25].
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Electronic circuits require very specific functional characteristics, and this continues to be a
challenge for printing techniques. In order to overcome this challenge, two different
approaches can be distinguishing: process engineering where the currently existing materials
are tailored in terms of shape, geometry and interconnectivity [25], or material engineering
where new materials with tailored functional characteristic for each application (such as

electrical conductivity or dielectric constant) are developed.

In particular, for dielectric materials, the main approach for tailoring dielectric constant is to
include large dielectric constant ceramic particles into polymeric matrix [26]. Polymers offer
advantages such as easy processability or good mechanical properties, while ceramic
particles provide high dielectric features [27]. Further, composite with related properties
such as piezoelectric, pyroelectric or ferroelectric properties can be also processed [8]. The
most used ferroelectric ceramic for this purpose is barium titanate, BaTiOs, crystallizing in
perovskite structure, as it is a lead free ceramic with high dielectric constant (g), depending
on its purity, grain size, temperature or preparation method [28,29]. In the case of polymers,
polymethylmethacrylate [30], polyetheretherketone (PEEK) [31], polystyrene [32], or
polyvinylidene fluoride (PVDF) [33,34] have been used for the developing of those

composites.

In the context of materials for printed electronics, photopolymerizable or UV curable
polymers emerge as a good alternative to solvent or melting processing due to the advantages
of photopolymerization process mentioned in chapter 1. Up to now, just a few studies on UV
curable dielectric materials have been reported. Among them, polyethylene glycol diacrylate
composites with BaTiOs3 particles with two different sizes and filler concentrations up to 50
wt.% has been developed [27], as well as composites based on UV-curable resin Loctite®
with Ag and BaTiO; nanoparticle content up to 56.2 vol.% [35], leading to films with
dielectric constants between 25 and 300, depending on the filler size and concentration. Also,
low dielectric loss and high breakdown strength photocured high-k composites containing
perfluoroalkylsilane treated BaTiO3 nanoparticles have been synthetized using commercial

acrylic resin as polymer matrix [36].

Some of those UV curable dielectric materials were used in printed electronics to obtain
completely functional transistors. Castro et al. [37] prepared all-inkjet-printed bottom-gate
thin film transistors using a UV curable dielectric ink that actuates as insulating material for

the gate dielectric. Prepared transistors show a stable channel length of about 10 pm, an
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electron mobility of 0.012 cm? V! s™' and an on/off ratio of 10°. Another study was carried
out by Kwon ef al. [38] by not only printing functional transistors but also synthetizing a
series of UV curable materials applicable for gate dielectric on organic field-effect
transistors (OFETs). A facile, fluorinated, UV-assisted cross-linker series using a
fluorophenyl azide (FPA), which reacts with the C—H groups of a conventional polymer was
reported. The effect of the cross-linked structure, the patternability and the dielectric
properties of the resulted films were investigated for low/high k amorphous/crystalline gate
dielectric materials. After the OFETs preparation using the obtained UV cured materials,

their leakage current density (J), hysteresis, and charge trap density were evaluated.

Recently, UV curable dielectric materials are employed in the area of 3D printed dielectric
elastomer actuators (DEA) [39]. 3D DEA devices are composed by an electrode of
conductive elastomer ink, based on carbon black particles and poly(ethylene glycol ethylene
sulfide) (PEG-PES) polymer, encapsulated in a self-healing dielectric matrix of a plasticized
UV cured polyurethane acrylate. Obtained DEAs printed using direct ink writing (DIW)
exhibit breakdown fields of 25 V pm™ and actuation strains of up to 9%. 3D dielectric
structures were also prepared by stereolithography (SLA) [40]. McGhee et al. have studied
both the effect of the curing time on the microwave electromagnetic properties of the
photoinitiated resin and in the fabrication of artificial dielectric isotropic and anisotropic
lattice structures. Due to the high resolution of the SLA process, low permittivity high
resolution lattices can be manufactured, allowing for varying permittivity between 1.23 and

2.80 through the control of the density of the structure.

It is to notice that, despite the interesting investigations carried out related to dielectric
materials, relevant parameters such as mechanical ones or in depth theoretical
modelling/interpretation of the observed behaviours have not been reported for these or
related systems. In this work, UV curable BaTiO3 based nanocomposites with tailored
dielectric response have been developed. The influence of the barium titanate content and
size were evaluated in terms of morphological, thermal, mechanical and dielectric properties
of the composites. Further, the effect of the inclusion of the filler in the curing process of the
polymer has been assessed as well as a theoretical evaluation providing insights on the

relevant interactions determining the experimental dielectric results.
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3.2. Experimental

3.2.1. Materials

Polyurethane acrylate (PUA) photoresin SPOT-E™ (SPOT-A Materials®) was selected as
the UV curable polymer matrix. Barium titanate (BaTiO3) nanopowder, with three different
grain sizes (50-70 nm, 100 nm and 200 nm), was used as filler for the preparation of the
composite films. All powders showed a purity of 99.9% and a density of 5.85 g/cm?, were
provided by SkySpring Nanomaterials, Inc. 2-Propanol (99.9%, Octopus® fluids) was used
as sample cleaner. All composites samples were processed using the BaTiO3 and the

photoresin as received.
3.2.2. Samples preparation

The samples were prepared mixing different amounts of the barium titanate particles of 100
nm size with the corresponding volume of the polyurethane acrylate (PUA) resin to obtain
0, 20, 40, 60, 65 wt.% BaTiOs content samples. Samples with 40 wt.% content and barium
titanate powders of 50-70 nm and 200 nm sizes have been also prepared. To promote a good
dispersion of the barium titanate particles, the samples were placed in an ultrasound bath
(ATU® ATM series Model ATM3L) during 5 h at a temperature of 30°C. Then, samples
were magnetically stirred at room temperature for 1h. After a complete dispersion was
obtained, flexible films were prepared using doctor blade technique on a clean glass
substrate. The samples were cured at room temperature for 5 minutes with a UV-LEDs lamp
(405 nm wavelength, 50 mW/cm? of irradiance). Figure 3.1 shows the schematic process of
the PUA and BaTiO3/PUA composites preparation. Highly flexible composite films with a
thickness around 250 pm were obtained, determined by a coater measurement gauge Fisher
DualScope MPOR. Samples were stored at room temperature in the absence of illumination

for further studies. The prepared samples are summarized in Table 3.1.
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Table 3.1 — Nomenclature and composition of the prepared samples.

Sample PUA resin (wt.%) 50-70nm BaTiO3 100nm BaTiO; 200nm BaTiOs
(wt.%) (wt.%) (wt.%)

PUAO 100 - - -
PUA20 100 80 - 20 -
PUA40 50 60 40 - -
PUA40 100 60 - 40 -
PUA40 200 60 - - 40
PUAG60 100 40 - 60 -
PUAG65 100 35 - 65 -

405 nm, 50 mW/cm?

-

1

Ny
.
% -
vy
. — Doctor blade
—
Clean glass substrate

Ultrasonication, 5h Magnetic stirring, 1h Film processing (doctor blade)

AR T
AS b

Figure 3.1 — Schematic representation of the preparation procedure of neat PUA and the
corresponding BaTiO3;/PUA composites films.

3.2.3. Sample characterization

The evaluation of the photopolymerization reaction was carried out by Fourier transform
infrared spectroscopy (FTIR) in a Thermo Nicolet Nexus 670 at the same time as the sample
was illuminated with a UV laser at 405 nm. To perform the measurements, one drop of the
different samples was deposited onto a KBr pellet and the absorbance spectrum as a function
of time (one spectra per second, between 0 and 20 minutes) was collected in the spectral

range from 4000 to 400 cm™! with a spectral resolution of 4 cm™'. The photopolymerization
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reaction was evaluated by monitoring the decrease in the absorbance of the double bond
group centred at 1635 cm™!. The conversion degree (o) of these double bonds was calculated
considering the absorbance at 1635 cm™! normalized with the carbonyl peak centred at

1730 cm’!, according to equation jError! No se encuentra el origen de la referencia. [41]:

. (Ac=c/Ac=0)t, — (Ac=c/Ac=0)t
(Ac=c/Ac=0)t,

(3.1)

where A represents the absorbance of the different functional groups (C=C or C=0) at initial

time (to) or at different times of reaction (t).

The dispersion of the barium titanate fillers within the polymer matrix was evaluated by
Scanning Electron Microscopy (SEM). The images on the cross-section of the cold fractured
samples were obtained in a Hitachi S-4800 scanning electron microscope at accelerating
voltage of 10 kV with magnifications of 400x and 5000x. Fourier transform infrared
spectroscopy in the total attenuated reflection mode (FTIR-ATR) was also used to study the
possible interactions between the polymer and the nanofillers. Measurements were
performed with a Nexus FTIR Nicolet spectrophotometer in the spectral range of 4000 to

600 cm™! with a spectral resolution of 4 cm™ and 64 scans.

The thermal stability of the samples was evaluated by thermogravimetric analysis (TGA) in
a Mettler Toledo TGA/SDTA851 instrument. The tests were performed from room
temperature to 800 °C, at heating rate of 10 °C min™' under nitrogen atmosphere. Two
parameters were obtained from the thermograms: the degradation temperature (7uee),
measured as the extrapolated onset of the curve, and the temperature of maximum

degradation rate (7o), calculated as the first derivative peak temperature.

The effect of the inclusion of the fillers on the thermal transitions (glass transition
temperature, 7) of the polymer was evaluated by differential scanning calorimetry (DSC).
Experiments were carried out using a DSC 822¢ from Mettler Toledo from -50 to 250 °C at
a rate of 20 °C min™! under nitrogen atmosphere in two successive scans. The glass transition

temperature was calculated as the extrapolated onset of the baseline shift.

Mechanical properties were evaluated with a universal testing machine Shimadzu model
AG-IS with a load cell of 1 kN. Measurements were performed at room temperature, in
tensile mode, at a velocity of 3 mm min’!, in samples with dimensions of 30 mm x 10 mm

and an average thickness of 250 um. The secant modulus (E) of the samples (calculated from
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the slope of the linear region), the maximum stress (o») and the strain at break (&) were
determined. The values reported represent the mean average value and the standard deviation

over 5 specimens.

The dielectric properties were obtained after measuring the capacity, C, and the dielectric
losses, tan §, at room temperature. An automatic Quadtech 1929 Precision LCR meter was
used in frequency scans between 100 Hz and 1 MHz at an applied voltage of 0.5 V.
Measurements were performed in samples in the parallel plate condenser approximation and
thus, two circular gold electrodes of 5 mm diameter were deposited onto both sides of the
samples by magnetron sputtering Quorum Q150T SC502 sputter coater. The real part of the
relative permittivity or dielectric constant (¢") was calculated by applying equation ;Error!

No se encuentra el origen de la referencia. [42]:

g = (3.2)

where C is the measured capacity, d is the thickness of the sample and A is the area of the

gold deposited electrodes.

3.3. Results and discussion

3.3.1. Photopolymerization process

The photopolymerization reaction conversion (o) as a function of the exposure time for the
pristine resin and the prepared samples is shown in Figure 3.2a (filler content dependence)
and Figure 3.2b (filler size dependence). It is observed that increasing barium titanate
content and size induce an important decrease on acrylic double bond conversion. Thus, the
absorption of the UV light by the ceramic powder induces a decrease of the light absorption
by the photoinitiator and consequently, a decrease on the photopolymerization and

conversion rate [27,41,43].

It is important to notice that the maximum conversion is achieved in less than 1 minute for
both PUA photoresin and composites, with a maximum conversion close to 100% for
pristine resin and decreasing to 40% for the PUA65 100 composite, the one with the
maximum BaTiO; content. This decrease of the acrylic double bond conversion [27] is
related with the efficiency of the radical photoinitiator, which can be measured in terms of

quantum yields of initiation and quantum yields of polymerization. The absorption of UV
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light by barium titanate particles decrease the amount of light absorbed by the photoinitiator
decreasing therefore the efficiency of the radical photoinitiator and, as a consequence, the

obtained final conversion.

a)
1.0 1
/ PUAO
08- [‘ PUA20_100
Ol 6_ PUA40_100
c 7 PUA60_100
[z PUA6G5_100
g 0.4-,
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O
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00 T T T T T T T T T
0.0 0.2 04 0.6 0.8 1.0
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Figure 3.2 — Curing conversion of PUA and BaTiO3/PUA composites for different nanoparticle
content (a) and size (b).

104



Photocurable dielectric materials

3.3.2. Morphological and chemical characterization

The dispersion and distribution of the BaTiO3 particles into the PUA photoresin has been
studied using the SEM images of the cross-section of the samples with nanofiller contents

between 0 to 65 wt.% and different filler sizes shown in Figure 3.3.

Figure 3.3 - Optical photograph showing the bendability and the macroscopic appearance of
composite samples (a). Representative scanning electron microscopy (SEM) images at
magnifications of 400x and 5000x of the cross-section of samples PUAO (b), PUA20 100 (c),
PUA40 50 (d), PUA40 100 (e), PUA40 200 (f), PUA60 100 (g), PUA65 100 (h).

In polymer nanocomposites, a suitable dispersion of the filler into the matrix is desirable as
it affects electrical and mechanical properties [44,45]. SEM images (Figure 3.3)
demonstrate the good dispersion of the BaTiOj3 particles within the PUA matrix up to 40
wt.% concentration: no large agglomerates or voids are observed and good wettability of the

filler by the matrix is verified.

On the other hand, samples with higher concentration of barium titanate particles (60 wt.%
or above) show larger agglomerates (insets of Figure 3.3g and h). Despite those
agglomerates, BaTiOs particles are well dispersed along the samples (bright dots). Similar
results for photopolymerized BaTiOs-acrylic composites have been reported [27]. With
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respect to filler size, results are similar for average filler sizes of 100 nm and 200 nm (Figure
3.3e and f), whereas barium titanate nanoparticles of 50-70 nm size, show larger well

dispersed agglomerates (Figure 3.3d).

Fourier transformed infrared spectroscopy (FTIR) allows to evaluate possible physico-
chemical interactions between the polymer matrix and the filler as well as to study the
conformational properties of the obtained composites. Figure 3.4 shows the FTIR spectra of
pristine photoresin and the prepared composites with different filler sizes and contents in the
range of 4000 to 600 cm™'. The polymer shows the characteristics peaks of the polyurethane
acrylate, N-H stretching at 3330-3400 cm™!, between 2855 and 2955 cm™! the CH, and CH3
stretch, C=0 stretching at 1725 cm™!, combined stretching of C-N and N-H bonds of the
polyurethane group at 1550 cm™, C-N stretching at 1360 cm™! and the C-O-C stretching at
1110 cm™ [46].

The spectras are similar for the polymer matrix and the composites: no band displacement
or the appearance of new peaks are observed upon the addition of barium titanate particles,
indicating no intermolecular interactions between the PUA polymer and the BaTiO;

nanoparticles, independently of the filler content or size.
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Figure 3.4 - Fourier Transformed Infrared (FTIR) spectra for PUA resin and corresponding
composites with varying BaTiO; content (a) and size (b).

3.3.3. Thermal characterization

Thermogravimetric analyse (TGA) and Differential Scanning Calorimetry (DSC) were used
to characterize the thermal properties of the composites in terms of the variations of the
thermal degradation and glass transition temperatures, respectively, as a function of filler

size and content.

Figure 3.5a shows the thermogravimetric (TG) and the differential thermal gravimetric
(DTG) curves for PUA photoresin and the prepared composites for different BaTiO3 content.
TG and DTG for samples with different nanoparticle sizes are show in Figure 3.5b. The
thermal degradation of neat polyurethane occurs in three steps: the first one in the
temperature range of 160-280 °C, the second one at 280-400 °C and the third step at
400-450 °C [46]. Residual monomers and physically absorbed solvent caused the first small
decomposition step. The second step is assigned to the decomposition of the main polymer
chains. Finally, the third degradation step is ascribed to the combustion of the carbonaceous

residues [27.,47].
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Figure 3.5 - Thermogravimetric (TG) and differential thermogravimetric (DTG) curves for neat
PUA and the different BaTiO3; composites with varying filler content (a) and size (b). Differential
scanning calorimetry (DSC) thermograms in the first scan for neat PUA and the prepared
composites with different BaTiOs content (¢) and size (d).
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Similar degradation profiles were obtained for composites independently of the filler content
and size, being observed the same three differentiated degradation steps for all samples. On
the other hand, the TG curves show that the degradation starts later when the filler content
increases, denoting a slightly increase on the thermal stability of the PUA polymer. This
behaviour is larger for samples with higher filler contents and is attributed to the thermal
insulator behaviour as well as barrier effect of the barium titanate, which influences the
thermo-oxidative process of the PUA polymer [27]. This idea is reinforced by the fact that
BaTiO3 does not suffer degradation in the studied temperature range and the residual solid
is in good agreement with the amount of ceramic filler loaded in each sample. Finally, there

is not relevant influence of the barium titanate nanoparticle size on the thermal stability.

DSC thermograms of neat PUA and the BaTiO3/PUA composites (Figure 3.5¢ and d) show
that all samples exhibit similar thermal behaviour characterized by a glass transition that in
neat polymer is around room temperature (23 °C). The incorporation of ceramic particles
into the photoresin slightly decreased the T, of the PUA, being this decrease larger for
increasing barium titanate content, being 23 °C for the PUAO sample and 11 °C for

PUAG65 100 sample.

As previously indicated, the presence of nanofillers into the curable material affects the
photopolymerization process mainly due to the absorption of UV light by the ceramic
material. This produces a decrease on the light absorption by the photoinitiator and therefore,
the effectiveness of the curing process is affected. Thus, the acrylic double bond conversion
is reduced when the barium titanate content increases, leading to a plasticizing effect. This
effect induces a lower crosslink density and a larger free volume within the polymer which
results in a lower Tg [27]. As in the thermal stability results, barium titanate nanoparticle size

has not influence on the T, of the composites.
3.3.4. Mechanical characterization

UV-curable acrylate materials are limited for some applications due to their low strength and
poor resistance to high temperature. However, thermal and mechanical properties can be
tuned by adding nanofillers such as graphene, carbon nanotubes o ceramic particles [48,49].
In this study, the effect of barium titanate nanofillers on the mechanical properties of the
composites has been addressed (Figure 3.6). The secant modulus (E), maximum stress (cb)

and strain at brake (€») were obtained by evaluating the results of uniaxial tensile tests of the
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samples. Figure 3.6a shows the representative stress-strain curves for PUA and the
corresponding composites. Figure 3.6b and ¢ show the evolution of the main mechanical
parameters as a function of BaTiO3 particles concentration and sizes, respectively. Table 3.2

summarizes the corresponding values of the mechanical properties.

Table 3.2 — Main mechanical parameters obtained from the tensile test for the prepared
nanocomposites. E: Initial modulus; o: stress at yield; &: elongation at yield; Enapin-Tsai: theoretical
initial modulus predicted by the Halpin-Tsai model [50].

Sample E (MPa) o, (MPa) & (%) Ettaipin-Tsai (MPa)

PUAO 5.8+0.1 21+£02 404 +3.5 5.8
PUA20 100 | 6.9+0.3 26+0.2 379+1.9 7.0
PUA40 50 | 10.2+0.4 26+0.2 31.7+3.0 -
PUA40 100 | 8.5+0.6 33+£0.7 37.2+4.2 8.9
PUA40 200 | 8.6+0.5 37+£05 39.0+4.1 -
PUA60 100 | 21.0+0.2 43+0.2 238+1.5 12.7
PUA65 100 | 27.8 £ 1.1 54+0.3 253+1.5 14.4

Neat UV cured PUA polymer shows a mechanical behaviour [51] characterized by a secant
modulus, E, of 5.8 £ 0.1 MPa and strain at brake, &b, of 40.4 £+ 3.5. The addition of BaTiOs
nanoparticles produces an increase of the initial modulus up to 27.8 = 1.1 for the sample
PUA65 100, together with a corresponding decrease of the maximum strain from 40.1 + 3.5
to 25.3 £ 1.5. Thus, it is demonstrated that the inclusion of barium titanate [52] acts as
mechanical reinforcement due to the high tensile modulus of the inorganic component
compared to the organic one, as well as due to the good wettability between filler and matrix.
It is observed that the larger agglomerates observed for samples PUA60 100 and
PUAG65 100 cause a decrease on the maximum elongation, as those act as breaking points
on the polymer matrix due to stress accumulation [53]. It is worth noting that the secant
modulus increases exponentially with ceramic particles content (Figure 3.6b), which is
explained by the fact that the internal network created by the ceramic filler, that is
responsible for the reinforcement effect, has been formed when the content of BaTiO3 within

the polymer matrix is larger than 50 wt.% [51].
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Figure 3.6 — Representative stress-strain curves for neat PUA and the corresponding composites
(a), experimental data and fitting results of neat PUA and the prepared composites with different
amounts of BaTiO3 nanoparticles determined according to the modified Halpin-Tsai model (b) and
experimental results for neat PUA and the prepared composites with different BaTiOs nanoparticles
sizes.

Comparing samples with different nanoparticle sizes, the same tensile behaviour is observed
for samples PUA40 50, PUA40 100 and PUA40 200, showing that the nanoparticles
reinforce effect of the polymer matrix occurs for the three filler sizes. However, attending to
the mechanical parameters (Figure 3.6c¢), a slight difference is observed for the three particle
sizes. The tensile modulus decreases from 10.2 + 0.4 MPa for the same sample with smallest
particle size to 8.6 = 0.5 MPa for the sample that contains 200 nm BaTiO3 nanoparticles. In
the case of 6 and &y, a slight increase is observed between 2.6 + 0.2 to 3.7 £ 0.5 and between
31.7 £3.0 to 39.0 £+ 4.1, respectively, for the same samples. These results are explained in
terms of the surface area interaction between the fillers and the polymer. Thus, small
agglomerates in the samples with smallest particle size can actuate as breaking points and
despite the inorganic matrix reinforce of the PUA polymer (higher E), the composite
becomes more fragile, leading to an early break (lower op and ). Similar results were

observed by Capsal et al. with polyamide 11/Barium titanate ferroelectric composites [53].
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The experimentally obtained results for samples with 100 nm BaTiO; nanoparticles were

compared with the theoretical predictions of the Halpin-Tsai model [50]:

Ec _ <§) <1 + ZPnLVBaTio3> N (E) (1 + ZnTVBaTiO3> (33)

Em \8/\ 1-—n.Vgario, 8/ \ 1 —nrVgario,
CE-1 E-1
W= 120" MTE +2

where E. and E,, are the initial modulus of the composite and matrix [54] respectively, p is
the BaTiO3 nanoparticles aspect ratio (set at 1, spherical), Vgqrio, 18 its volume fraction
within the nanocomposite and Er is defined as the ratio between the Young's modulus of the
filler and the matrix. The density of ceramic filler is obtained from the technical datasheet

of the suppliers, being 5.85 g/cm?, and the density of PUA polymer is 1.55 g/cm?.

Figure 3.6b shows that the experimental values can be markedly well described by the
model for BaTiO3 nanoparticles contents up to 40 wt.% and remain above the theoretical
predictions for higher ceramic particles contents. Those results indicate that the Halpin-Tsai
model properly describes the experimental results until the formation of large agglomerates

(see Figure 3.3g and h) that affect the mechanical properties [50].
3.3.5. Dielectric properties

The dielectric constant or relative permittivity (¢") and the dielectric losses (tan d) as a
function of the frequency are among the most relevant parameter on this types of composites
[33]. In this sense, Figure 3.7a shows the frequency dependence of the room temperature
dielectric constant for neat PUA and the different BaTiO3/PUA composites, and Figure 3.7b
and ¢ show the relative permittivity measured and the corresponding losses at 1 kHz for the
same samples, whereas Figure 3.7d shows that dielectric constant as a function of filler

size.
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temperature as a function BaTiOs; nanoparticles size (d). Electrical conductivity at room
temperature and 1 kHz of the neat PUA and the prepared composites as a function of filler content
for 100 nm nanoparticles (e) and filler size (f).

It is shown that &’ decreased with the frequency for all samples, independently of the filler
size or content. This behaviour is attributed to the dipolar relaxation with increasing
frequency as well as to interfacial polarization effects. The titanium ions of the BaTiO3
structure occupy a position that is too large for that ion. Thus, when a field is applied, the
positively charged ion (Ti*") can move in the direction of the negative pole easily over a
small distance creating a very large polarization and thereby increasing the dielectric
constant or relative permittivity of the material. When the field is removed, the ion is
reoriented. At large frequencies, the titanium ion does not have enough time to reorient itself
in the structure giving rise to the relaxation of the dipoles, which is accompanied with the

corresponding variations in the dielectric losses [55,56].

Relative permittivity measured at 1 kHz increases as a function of filler content increase
(Figure 3.7¢) from 7.48 + 0.08 for neat polymer up to 13.61 = 0.11 for the PUA40 100
sample. The maximum relative permittivity value was achieved for the maximum
concentration of BaTiO3 nanoparticles in sample PUA65 100 that shows and & of
24.90 + 1.04. Further, the relative permittivity measured at 1 kHz as a function of filler size
shows that an increase on the filler size allows a slightly increase on the €’. Thus, the
PUA40 50 sample shows a dielectric constant of 10.09 + 1.05 and PUA40 200 sample of
12.74 £ 0.41. Figure 3.7d shows that the dielectric constant reaches a nearly constant value,
which is explained in terms of agglomeration of the smallest BaTiO3 nanoparticles that
induces a similar electrical behaviour than the 100 nm and 200 nm particles [27]. Similar
values and behaviours were found in the literature for several polymer/ceramic particle
composites [27,33,57-59], but with slightly differences based on the different polymer
matrix and the interaction of the polymer and the ceramic particles. Thus, a study of this

interaction was evaluated.

In addition, the dependence of the electrical conductivity (o) (obtained at 1 kHz) with the
BaTiO3 nanoparticle concentration and size was obtained using the equation jError! No se

encuentra el origen de la referencia. [50]:

o = 2nfey e (3.4)
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where f is the frequency in Hz, & represents the vacuum permittivity (8.854 x 10712 F-m 1)
and ¢ is the imaginary part of the permittivity represented as €” = ¢'-tan 5. The results

obtained are represented in Figure 3.7e and f.

All prepared composites can be considered as insulating materials due to their low ¢ values
(in order of 10 S-m!), in particular, the neat PUA matrix with a value of conductivity about
3.82 x 10® S'm’!. Similar to dielectric properties, the a.c. conductivity increases with
increasing ceramic content being 4.94 x 10® S‘m! for PUA40 100 sample and reaching the
highest value of conductivity (1.58 x 10”7 S-m™!) for the sample with higher BaTiO;3 content.
These slightly but pronounced increase on the conductivity upon BaTiOs; addition is
associated with the increase of interfacial charges and is related to Maxwell-Wargner-Sillars

effects [55,56].

In the case of size dependence, a slight increase of the a.c. electrical conductivity is observed
when the barium titanate nanoparticle size increases. Nevertheless, this increase is lower
than 1 order of magnitude and the maximum conductivity obtained for PUA40 200 sample

is6.61 x 108 S-m™".
3.3.6. Theoretical evaluation of the dielectric properties

The theoretical models for the analysis of the dielectric constant allow to evaluate the nature
of the interactions between the matrix and the fillers, responsible for the dielectric response
of the composites. The BaTiO3/PUA composites have been analyzed, considering the
nanoparticles size (®=100 nm) and concentration (20 wt.%, 40 wt.%, 60 wt.% and 65wt.%
corresponding to volume fractions of 0.06212, 0.15012, 0.28440 and 0.32979, respectively).
The most appropriate models considering filler size and concentration will be presented and

discussed.

The differences between models are related to differences in the considerations of the
relevant interactions between the polymeric matrix and the fillers, as well as on the relevance
of the effect of filler volume fraction. Although the different models consider different
interactions, all of them predict the increase of the dielectric constant with increasing filler
content. The most simple models include Maxwell-Garnett (equation (3.5);Error! No se
encuentra el origen de la referencia.) and Furukawa (equation (3.7)), typically used to
experimentally explain the dielectric behaviour of the composites [60,61], but being unable

to predict the experimental results for higher fillers contents, as they do not consider filler
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shape and size, which are needed to better understand the interactions and aggregation

effects of the fillers [26,61], among other fenomena.

The models of Maxwell-Garnett [62,63] and Furukawa [64] consider the incorporation of
spherical fillers into a polymeric matrix with no interactions among particles and between
matrix and particles, also without considering filler size effects.

The Maxwell-Garnet model is represented by:

3v
£E=g <1 + 1 —i}yy> (3.5)
2
where:
& — &
=< 3.6
Y €, + 2¢4 (3.6)

and ¢ represents the dielectric constant, v is the volume fraction and the subscripts 1 and 2
represent the matrix and filler, respectively. Furukawa et al. [64] proposed an approximation
in the Rayleigh model, considering that the dielectric constant of the fillers is usually much
higher than the matrix (g, > ¢€;), so that the behaviour of the dielectric constant with filler

content is represented by:

(3.7)

Later, models were developed considering also spherical dielectric inclusions into a
polymeric matrix but considering also the materials polarization due to the applied electric
field, the variation in local field and interactions between the fillers and the local and applied
field [26]. When an electric field is applied to a composite material, the dielectric particles
can be, in a good approximation, considered as electric dipoles changing the electric field in
its surroundings. This effect can be neglected for low filler concentrations, however for
higher concentrations the interaction between particles cannot be ignored [65]. Thus,

Bruggeman established a symmetrical expression considering this phenomenon [62]:
€ — € N €, — € B
V1£1+(d—1)s V282+(d—1)8_

0 (3.8)

where d is the dimensionality of the system. An improvement of the Maxwell-Garnett model

considering also the interactions between fillers, lead to rewrite equation (3.5) as [63]:
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3v,y
e=¢g |1+ Y (3.9)

1—-v,y— %vzyln (8——2\/)

where v is defined by equation (3.6).

Most precise and complex models also introduce the effects of the shape and relative
orientation of the fillers, considering in most of the cases an ellipsoids shape for the fillers.
This information appears in the equations as depolarization factor (n) or shape parameter
(n’). Most precisely, the # factor is influenced by the principal axe’s length of the fillers and
the relative orientation to the applied filed [66]. An extension of the Sillars’s work, led to
van Beek to present the following equation, taking in consideration the factor n [67]:

g+ [l —vy) +vy](e; — &)
Ta g1+ n(1 —vy)(e; — &) (3.10)

In particular, for composite samples with only one filler type, Tinga et al. [68] proposed the

expression:
€— & € — &

—v (3.11)
€1 2 g +ny(g; — &) —nyvy(e; — &)

For models that introduce the n’ factor, Yamada et al. [69] deduced an equation for an

ellipsoidal particle dispersion:

n'vy(e; — &)
= 1+ 3.12
cTa n'e; + (g3 —£)(1 —vy) ( )

Taking the same considerations, Wiener ef al. [70] proposed the following equation:

e—1 :V2(32 — &) N 1=v)(E -1
e+n’ g +n' g +n'

(3.13)

The fittings or simulations of the experimental dielectric constant as a function of filler
content was performed with the different models described by equations (3.5) to (3.13)
making use of the Origin 9.4 software. Figure 3.8 shows the corresponding fittings
considering &; = 7.48 (measured) for the polymer matrix and €, = 150 [71] for the BaTiO3
filler. The volume fraction change between 0 and 1 and the experimental data are also
represented.

The prediction of the dielectric constant given by the Bruggeman model is represented for
each value of d. In the case of d=I1, the Bruggeman model has the worst prediction for the
dielectric constant. The Maxwell-Garnett, Maxwell-Garnett 2 (taking into account the

interactions between fillers and the applied field), Furukawa and Bruggeman (d=2) models
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show the same behaviour for low filler concentrations (v, < 0.2) suggesting that, in this
regime, the composite permittivity is almost independent from the filler permittivity. For
higher volume fraction, the models start to show relevant differences one another. Increasing
volume fraction leads to an increase of the dielectric constant of the composite until v, = 1,
excepting for the Maxwell-Garnett model 2 which shows a vertical asymptote for v, = 0.95.
Although Maxwell-Garnett 2 model takes into consideration interactions between fillers and

the applied field, there is just a slight difference between the two author’s models.
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Figure 3.8 — Theoretical models and experimental results for a BaTiO3/PUA composites of 100 nm
diameter particles. The experimental results correspond to a frequency of 1kHz.

The Maxwell-Garnett, Maxwell-Garnett 2, Furukawa and Bruggeman (d=2) models predict
the same behaviour for v, = 0 (¢ = €;) and in the regime limit of v, = 1 the Maxwell-
Garnett and Bruggeman (d=2) models predict a dielectric constant of € = €,. In the case of
the Furukawa model, € goes to infinite. For these models, the Bruggeman’s model (d=2)

predict the higher dielectric constant for v, > 0.4.

The experimental-theoretical difference was calculated as relative percentage deviation (5,.),
for Maxwell-Garnett, Furukawa, Maxwell-Garnett 2, Bruggeman (for d=1,2 and 3) models

through equation (3.14):
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€ — &
(8,) = [zexp = Emoa X 100 % (3.14)

exp
where €¢xp, is the experimental data measured and €4 the predicted dielectric constant for
the corresponding model. The results are summarized in Table 3.3. All these models show
deviations less than 12% for v, = 0.06212 (except Bruggeman (d=1)) but with increasing
filler contents, the models that not considered the filler agglomeration effects (Maxwell-
Garnett and Furukawa), are unable of predict the experimental data. This means that the
interactions only become important for a certain volume fraction. Even though the models
of Maxwell-Garnett 2 and Bruggeman (d=2) consider the interaction between nanoparticles
and the field, they are unable to properly model the experimental data. Within these models,
the Furukawa model is the one with better predictions. Only the Bruggeman (d=3) model
can describe the data for all v, with deviations less than 13%. This deviation values are
related to the agglomerations affect that occurs for higher volume fraction leading to the
break of homogeneity condition underlaying all models [26]. Further, the high surface area
due to the filler size (d=100 nm), leading to an increase of the space charge distribution and
Maxwell-Wagner-Sillars contributions to the dielectric behaviour [33], can also account for

these deviations.

Table 3.3 — Relative percentage deviation for the theoretical models for each volume fraction.

Relative percentage deviation - (8,) (%)

Models\ Volume faction (v;) 0.06212 0.15012 0.28440 0.32979
Maxwell-Garnett 7 21 24 34
Furukawa 5 16 16 26
Maxwell-Garnett 2 7 20 21 30
Bruggeman (d=1) 16 36 48 56
Bruggeman (d=2) 11 25 25 31
Bruggeman (d=3) 6 13 5 1

For the remaining models (van Beek, Tinga, Yamada and Wiener), the experimental data
were fitted to determine the depolarization factor n or shape parameter n’, for the
corresponding models, by computational iteration. These models predict in a more precise
way the dielectric behaviour of the composite showing the important contributions of the
filler’s shape and orientation. The obtained results are summarized in Table 3.4 showing the

n and n’ values and the respective R-square for the fitting procedure.
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Table 3.4 — The parameters n and n’ for the respective models obtained by computational iteration
by fitting the experimental data.

Models
Yamada Wiener Tinga van Beek
n -- -- 0.357+£0.145 0.149 + 0.009
n2 -- -- 0.211 £ 0.046 --
48.167 +
n’ 6.724 + 0.419 - -
3.634
R-Square 0.98397 0.98286 0.99071 0.98397

Although the Tinga model shows a vertical asymptote for v, = 0.74, when it was compared
the R-Square values, all these models have a good fitting to the experimental data, with a
more precise prediction for the Tinga model, followed by the Yamada, van Beek and Wiener
models. The difference between the obtained factors is due to the physical principles
considered by the models. The value n’ can mean the ratio between ellipsoidal axis but also

the size of agglomeration and homogeneity of the sample.

Thus, it can be concluded that the model that better predicts the behaviour of the
BaTiOs/PUA composites is the Tinga model and therefore, the relevant interactions, together
with the filler and matrix dielectric constant and filler concentrations are the materials
polarization due to the applied electric field, the variation in local field and interactions
between the fillers and the local and applied field and the influence of the principal axe’s
length of the fillers and the relative orientation to the applied field. So, the equation (3.11),
that is a special case of the Tinga model that describes a ellipsoidal inclusion of two phases,

must be considered to properly tailor and understating composite dielectric response.

3.4. Conclusions

UV curable barium titanate/polyurethane acrylate (BaTiO3/PUA) composites are presented
with varying ceramic contents, allowing to obtain dielectric materials with tailored dielectric
response for electronic applications, among others. PUA composites with BaTiO; filler
contents up to 65 wt.% for filler sizes between 50 nm and 200 nm have been evaluated. A
good dispersion stability up to 160 °C and mechanical flexibility. Further, the dielectric
constant can be as high as 25 for the samples with the highest filler content, independently
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of the filler size, the dielectric response as a function of filler concentration being suitably

described by the Tinga model for the dielectric behavior of composites.
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Polyurethane acrylate (PUA) composites with Indium Tin Oxide (ITO) are produced in
order to tune morphology, optical, thermal, mechanical and dielectric properties. It is
shown that ITO particles, compared to BaTiO; employed in chapter 3, allows the
development of high dielectric constant materials with an optical transparency of 20%
for the samples containing 10 wt% ITO content. The composite is used for developing
capacitive sensors, showing the suitability of the UV curable materials for capacitive

sensing applications.
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4.1. Introduction

Modern society demands energy, infrastructures and solutions based on smart and
multifunctional materials, in the scope of the Internet of Things (IoT) concept [1,2] explained
in chapter 1 of this thesis. IoT is based on connectivity and needs responsive materials for

the development of high-performance sensors and actuators [3].

New generations of those sensors and actuators are based on polymer composites [4] that
can be fabricated by conventional techniques, such as solvent-casting or extrusion, but which
are increasingly being produced by additive techniques, such as 3D printing, as they allow
customized, low-cost, high-volume and large-area production as well as easy integration on

devices [5,6].

In this scope, hyperbranched polymers (HBPs) such as polyurethane acrylate (PUA) are
suitable materials for the preparation of polymer composites due to their physical and
chemical properties, detailed in chapter 1 of this thesis and summarized in low viscosity,
excellent photoreactivity, excellent mechanical properties, good adhesion, low melting
viscosity, excellent abrasion resistance, high chemical stability and weatherability,
environmental safety, biocompatibility, low swelling and high transparency. This makes
PUA suitable for solvent-free printing technologies [7—10] and appropriate for a variety of
applications such as coatings, adhesives, textiles and membranes [11] as well as for

biomedical applications, ranging from microfluidics to tissue engineering [10].

In this scope, composites based on PUA have been used in antibacterial coatings and
packaging. For antibacterial applications, polyurethane acrylate/zinc oxide (PUA/ZnO)
films demonstrated excellent antibacterial activity, in particular for Escherichia coli. [11].
PUA composites with boron nitride (BN) were produced for sonar encapsulants,
significantly improving both mechanical strength and long-term stability [ 12]. Furthermore,
PUA films with surface-modified tetrapod zinc oxide whiskers (STZnO-W) were
manufactured for packaging applications, the barrier and antibacterial properties of these
films being enhanced with increasing STZnO-W content [13]. In addition, UV-curable
polyurethane acrylate/surface-modified colloidal calcium carbonate (PUA/SCaCOs3)

nanocomposites show excellent water resistance capacity [14].

With respect to the tailoring of electrical properties for electronic and coating applications,

composites based on PUA and graphene have been developed with conductivity percolation
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threshold below 0.5 wt.% [15], graphene derivatives, such as graphene oxide, have also
allowed to improve thermal stability and mechanical properties of the polymer [16].
Multifunctionality has been explored also by producing PUA tricomposites with graphene
oxide and titanium dioxide (TiO.) as fillers, allowing electrical conductive and antibacterial

coatings [17].

Thus, PUA polymer-based composites were rarely investigated for tuning optical and
dielectric properties, which pay an essential role both in coating and electronic applications,
including insulation and sensing as is commented in chapter 3. Huang H-C et al. investigated
highly transparent UV-curable ZnO-acrylic nanocomposites. ZnO nanoparticles (4 nm
diameter) were surface modified by employing 3-(trimethoxysilyl)propyl methacrylate
(TPMA) to enable wettability of particles by the polymer matrix. The addition of ZnO
nanoparticles also enhanced the dielectric constant of the nanocomposites values above 4 at
frequencies ranging from 1 to 600 MHz in the samples containing 10 wt.% of ZnO
nanoparticles. This samples also show a transparency near of 95 % in visible light

wavelengths from 400 to 800 nm [18].

Further, Liao W ef al. also employed ZnO particles to obtain high performance transparent
UV-curable composites. In this case, poly(methylmethacrylate) grafted ZnO (ZnO-PMMA)
particles were included in silicone-acrylate (SA) resin. ZnO-PMMA/SA composites
presented higher UV-shielding efficiency and transmittance to visible light, improved
thermal stability and lower dielectric loss. In particular, the addition of 0.05 wt.% of ZnO-
PMMA can significantly improve the UV-shielding efficiency while maintaining high
transmittance in visible light (88% at 650 nm). Moreover, the composite also shows high
thermal stability and dielectric properties characterized by a dielectric constant between 3

and 2.7 at frequencies ranging from 10 to 10° Hz [19].

In this scope, tin-doped indium oxide, ITO, nanoparticles seem a suitable option due to their
semiconductor properties and high transmittance in the visible region. In fact, it has been
proven that PUA composites with ITO particles show high transparency in the visible light
and can be applied as UV/IR shielding [20]. However, up to our knowledge, not
investigations have been carried out using UV curable materials and ITO particles for tuning

both optical and dielectric properties.
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In this work, the influence of ITO content on the photopolymerization process, morphology,
optical, chemical, thermal, mechanical and dielectric properties of PUA based composites
have been evaluated. Further, the use of the developed material as capacitive sensor has been

demonstrated.

4.2. Experimental

4.2.1. Materials

A commercial photoresin based on polyurethane acrylate (PUA) named SPOT-ETM from
SPOT-A Materials ® was used as UV curable matrix. For the preparation of the
nanocomposite thin films, indium tin oxide (ITO) nanoparticles from SkySpring
Nanomaterials, Inc were selected. This blue powder has a purity of 99.99%, a size of
20-70 nm and a density of 7.12 g/cm>. As a sample cleaner, 2-propanol from Alfa Aesar ®

with a purity of 99.5% was used. All materials were used as received.

4.2.2. Samples preparation

Different quantities of ITO nanoparticles were mixed with the corresponding volume of the
photopolymerizable resin to obtain 0, 1, 5, 10, 20 and 25 wt.% ITO content samples. To
achieve a good dispersion of ITO nanoparticles into the resin, the different mixtures were
placed in an ultrasound bath (ATU® ATM series Model ATM3L) during 3 h at a temperature
of 30 °C. Then, samples were magnetically stirred for 2 h at room temperature. After the
complete dispersion, flexible/bendable films were formed using doctor blade technique on a
clean glass substrate. Samples were then cured at room temperature for 90 seconds with a
UV curing chamber UVACUBE 400 from Honle UV America, Inc., equipped with a
mercury lamp that provides an irradiance of 1000 W/m? on the floor of the chamber. Flexible
films were separated from the glass, washed with 2-propanol for 5 minutes, dried, and finally
stored at room temperature without illumination for future characterization. The thickness
of the samples was around 200 pm, determined with a Powerfix® electronic digital calliper.
The schematic representation of the preparation process of PUA and ITO/PUA composite

films is shown in Figure 4.1.
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. Reagent mixture

2\
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Flexible light blue film

UV cure, 90 s

Figure 4.1 — Schematic representation of the preparation of the PUA and ITO/PUA composite
films.

4.2.3. Samples characterization

The photopolymerization process of the ITO/PUA nanocomposites was characterized by
photo-differential scanning calorimetry (photo-DSC) using a DSC 2920 Modulated DSC
equipped with a differential photocalorimetry accessory from TA Instruments ®. Samples
were illuminated in air at room temperature for 5 minutes and the heat flow was monitored

over time, normalizing then the DSC curves by the weight of the liquid photoresin.

The conversion degree of the C=C double bonds (o) was calculated according to equation

@.1)[21]:

AH,

Atheor (4'1)

a =

where AH, is the reaction enthalpy at time t (obtained by integrating the area under the peak
of the DSC curves), and AHE"°" is the theoretical enthalpy for the total conversion. The
final value of the enthalpy after the complete UV curing process of the pure resin was

considered as the theoretical enthalpy [22].
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The photopolymerization rate (R) was obtained using equation (4.2):

_da _ dH/dt

P E = Atheor (4'2)

where the maximum photopolymerization rate (R,'®*) and the corresponding time spent to

reach the R*** (t™%*) were obtained.

Scanning Electron Microscopy (SEM) was used to study the ITO nanoparticles dispersion
within the PUA films. Cross-section images of the cold fractured samples were obtained
with a Hitachi S-4800 microscope at an accelerating voltage of 10 kV with a magnification

of 5000x.

Possible interactions between the nanoparticles and the polymer were evaluated by Fourier
transformed infrared spectroscopy in the total attenuated reflection mode (FTIR-ATR). A
Nexus FTIR Nicolet spectrophotometer was used in the spectral range from 4000 to 400

cm’! with a spectral resolution of 4 cm™ and 64 scans.

Thermal behaviour of the samples was evaluated by thermogravimetric analysis (TGA) in a
Mettler Toledo TGA/SDTAS851 instrument. Measurements were performed from room
temperature to 800 °C at heating rate of 10 °C/min under air atmosphere. For each sample,
the degradation temperature (Tqeg) and the temperature of the maximum degradation rate
(Tmax), calculated from the first derivative peak, were obtained. In addition, the glass
transition temperature (Tg) of the ITO/PUA samples was evaluated by differential scanning
calorimetry (DSC), determined in two successive scans under nitrogen atmosphere from -50
to 250 °C at 20 °C/min in the first case and from -50 to 150 °C at 20 °C/min in the second
scan. Measurements were carried out using a DSC 822e¢ from Mettler Toledo. The glass

transition temperature was calculated as the extrapolated onset of the baseline shift.

Optical properties of the neat PUA and the ITO/PUA samples were evaluated by
ultraviolet—visible (UV—vis) spectroscopy measurements. An Agilent Cary 60 UV/vis
spectrophotometer was used in the range of 200—800 nm with a sampling interval of 1 nm

and 25 accumulations.

Mechanical properties were studied using a TST350 set-up from Linkam Scientific
Instruments in the tensile mode. Stain-stress tensile experiments were performed at room

temperature at velocity of 3 pm/min in samples with dimensions of 30 mm x 10 mm and an

141 |



N Chapter 4

average thickness of 200 um. Secant modulus (E), obtained by calculating the slope of the
linear region, maximum stress (o) and strain at break (e,) were determined for neat PUA
and for the ITO/PUA samples, reporting the mean average values and the standard deviation

over 3 specimens.

Dielectric response was characterized using a Quadtech 1920 LCR precision meter. A
parallel plate condenser was prepared by depositing 5 mm diameter circular gold electrodes
on both sides of each sample with a Quorum Q150T SC502 sputter coater. The capacity (C)
and dielectric losses (tan 6) were measured at room temperature in a frequency range from
100 Hz to 1 MHz at an applied voltage of 0.5 V. The dielectric constant (¢”) and tan & were
calculated applying equations (4.3) and (4.4), respectively:

. C-d
g = 0 A (4.3)
tanéd = v (4.4)

where C is the measured capacity, A is the area of the gold electrodes, d is the thickness of

the sample and €’ is the imaginary part of the dielectric constant.
The a.c. electrical conductivity (¢’) was determined after equation (4.5):

o' =¢-w-& -tand (4.5)
where € is the dielectric permittivity of vacuum (8.85 x 10'? F/m) and o = 2nv is the angular

frequency.

4.3. Results and discussion

4.3.1. UV curing process

Figure 4.2a shows the UV curing degree of conversion (a) as a function of time, while in
Figure 4.2b the photopolymerization rate (Rp) is represented. Table 4.1 summarizes the

characteristic values a, Ry*** and tmax obtained from Figure 4.2.
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Figure 4.2 — Curing conversion (o) of neat PUA and the prepared composites (a), and the
corresponding photopolymerization rate (R;) (b).
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Table 4.1 — UV curing parameters of PUA resin and the prepared composites.

Sample (%) R (s7) tmax (s)

0 wt.% 100 3.9 6.6 0.3
1 wt.% 90 3.0 82+04
5 wt.% 82 1.2 10,6 0.3
10 wt.% 61 0.7 11.0+£0.5
20 wt.% 40 0.4 10.2+0.7
25 wt.% 33 0.2 10.6 £0.6

Figure 4.2a show that an increase in ITO content produces a considerable decrease on the
conversion degree, changing from 100 % for neat PUA to 82 % for the same samples with
5 wt.% ITO content and to 33 % for the 25 wt.% ITO loaded sample. Further, the
photopolymerization rate strongly decreases due to the ITO incorporation, varying from
395! to 1.2 s and to 0.2 s™! for the same samples. In addition, tmax increases rapidly for
samples with less ITO content and remains stable for the samples with higher filler content
(from 6.6 s for 0 wt.% sample to 10.6 s for 5 wt.% sample and the same value for 25 wt.%

sample).

The C=C double bond conversion is influenced by the UV light absorption capacity of the
liquid curable material. The final degree of polymerization, as well as R, and the curing time,
will be determined by the chemical structure and functionality of the oligomers and
photoinitiator [23]. In addition, viscosity has an important role in the curing process as it
increases rapidly during the liquid to solid phase change and, therefore, delays the
polymerization. Also, it is affected by the addition of fillers [24]. These additives can absorb
also the UV light and strongly competes with the light adsorption needed for the
photoinitiator [22].

Thus, increasing ITO content lead to a reduction of the polymerization rate and the degree
of conversion is reduced due to the absorption of UV radiation by the ITO nanoparticles [20]
in the 350-500 nm range [25], the same region that the light absorption by the photoinitiator
occurs. This absorption competes with the UV light absorption by the photoinitiator and
therefore, less initiating radicals are produced, reducing the final conversion [20,26].

Furthermore, the addition of ITO increases the viscosity of the liquid material [21] and, thus,
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when photopolymerization starts, the material becomes more rigid rapidly due to the further
increase of the viscosity, leading the high decrease of Ry, with ITO content increase, leasing

to an increase in tmax.
4.3.2. Morphological, optical and chemical characteristics

The dispersion of the ITO nanoparticles within the PUA matrix has been evaluated by the

SEM images of the cold fractured cross-section of the samples, presented in Figure 4.3.

Figure 4.3 — SEM images of the ITO/PUA composites at magnifications of 5,000% (a to e) and
20,000x% (f).

Particle dispersion within the polymer matrix has a significant influence on the electrical
[27] and mechanical properties [28] of the composites. Thus, suitable filler dispersion is
desirable. As reported in other ITO/polymer composites [20], ITO distribution can be
identified as ITO nanoparticles appear as white dots in the SEM images. This dots
concentration (Figure 4.3) increases as the filler content increases from 1 wt.% up to
25 wt.% and no large agglomerates or voids of ITO nanoparticles within the PUA matrix is
observed, indicating good filler distribution and wettability of the filler by the polymer
(Figure 4.3f). Only in the case of the sample with maximum filler concentration (Figure

4.3e and f) small nanoparticle agglomerates are appreciated.

It is to notice that mechanical and electrical properties can be affected by the existence of
agglomerates [29], sometimes being better a suitable distribution of small agglomerates or

cluster than well nanoparticles dispersion, in order to improve the electrical response [30].
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In this context, the obtained filler dispersion even at 25 wt.% content is good enough to
maintain suitable mechanical properties while strongly improving the dielectric response of

the composites (see below).

The optical transmittance of the pristine photoresin and the prepared ITO/PUA composite
films within the wavelength (A) range from 200 to 800 nm is represented in Figure 4.4a.
The optical transmittance value at 550 nm as a function of ITO nanoparticle concentration
is represented in Figure 4.4b. Flexibility and transparency of the prepared films (10 wt.%

ITO content sample) are shown in the inset image of Figure 4.4b.

The absorption mechanism of polymer composite films depends on the incident radiation
wavelength and on the filler content [28]. According with the ASTM D1746-15 standar,
Standard Test Method for Transparency of Plastic Sheeting [28], the ultraviolet-visible
(UV/Vis) transmittance spectra of neat PUA and ITO/PUA composites has been evaluated
in the 540 to 560 nm wavelength range. As it can be observed in Figure 4.4a, PUA polymer
show a transparency about 85 %. Optical transparency decreases exponentially with
increasing ITO content, being about 50 % for the 1 wt.% ITO content sample, 30 % for the
5 wt.% ITO content sample and 13 % for the 10 wt.% sample. The minimum transparency
value is obtained for the samples with the highest ITO content: about 8 % for the 20 wt.%

ITO content sample and 1 % for the 25 wt.% sample.

This decrease in optical transparency is due to increasing light scattering in the ITO/PUA
nanocomposite films [31], associated to the difference of refractive index between the PUA
(1.5-1.6) [32] and ITO nanoparticles (1.8-1.9) [33,34], as well as for the increase
polyurethane acrylate-to-ITO nanoparticles interfacial region [28]. Moreover, optical
transparency decreases due to the light absorption of ITO nanoparticles in the UV/Vis
region, particularly in the 350-500 nm spectral region [25].

Attending to the trend of the optical transmittance as a function of ITO content shown in
Figure 4.4b, the experimental results were fitted with the Beer-Lambert law. The fitting
results gives an o absorption coefficient around 10 cm™, in good agreement with related
polymer nanocomposite films [35]. The increase of ITO nanoparticle content promotes an
exponential decrease on the transmittance signal, the obtained composite films keeping

flexible and partially translucent for filler concentrations up to 10 wt.% (Figure 4.4b inset).

| 146



Translucent dielectric photocurable materials (—_—_u

a)
100 A
0wt% ITO
80 -
X 1 wit% ITO
o 60-
O
c 5wt% ITQ
8
E 40'
@ 10 wt% ITO
S 20-
— 20 wt% ITQO
25 wt%_| TQ)
0 - T T T T T T
200 300 400 500 600 700 800
Wavelenght (nm)
b
) 100

)
O
&)
-
L
=
n
-
®
e
—
|
—3
0 5 10 15 20 25

ITO content (wt %)

Figure 4.4 — UV/Vis transmittance for neat PUA and ITO/PUA composite films as a function of
wavelength (a). Transmittance at A = 550 nm as a function of ITO nanoparticle content (b). Flexible
and translucent film with 10 wt.% ITO content (inset).
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Fourier transformed infrared spectroscopy (FTIR) allows the evaluation of the possible
physical-chemical interactions between the ITO nanoparticles and the PUA polymeric
matrix. Figure 4.5 shows the FTIR spectra of PUA photoresin and the prepared composites
in the range of 4000 to 600 cm™'. The resulting polymer films obtained after the UV curing
process show the characteristic peaks for polyurethane acrylate polymer: N-H stretching
band at 3300-3400 cm™!, CH, and CH3 stretching between 2855-2955 cm™!, C=O stretching
at 1725 cm’!, combined stretching of N-H and the C-N band of the polyurethane group at
1550 cm™!, C-N stretching band at 1360 cm™! and the C-O-C stretching band at 1110 ¢cm’!

[36].
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Figure 4.5 — Fourier Transformed Infrared (FTIR) spectra for neat PUA resin and for the ITO/PUA
composites.

All obtained spectra are similar to the neat polymer —no new bands appear or band
displacements are observed— indicating that no intermolecular interactions occur between

the ITO nanoparticles and the polymer.
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4.3.3. Thermal and mechanical properties

Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC) have been
employed to study the thermal properties of the composites. Variations on the thermal
degradation and glass transition temperatures as a function of ITO nanoparticle content are
studied. Figures 4.6a and b show the corresponding TGA and DTG curves, respectively,
for pristine PUA and ITO/PUA composites with different nanoparticle content up to
25 wt.%, while Figures 4.6¢ and d represent the 1% and 2" DSC scan thermograms,

respectively, for the same samples.

Figures 4.6a and b show that the thermal degradation of pristine PUA films occurs in four
steps. The first step, indicated in Figure 4.6a, occurs in the range 160 to 280 °C and is
attributed to the evaporation of residual monomers of the films. The second degradation step,
observed in the 280-400 °C range, is related with the decomposition of the main polyurethane
chains of the polymer films. Finally, the third and the fourth steps are assigned to the

combustion of carbonaceous residues [36—38].

Similar profiles with the same degradation steps are observed for all the composite samples
independently of the ITO content. However, small differences are observed in Figure 4.6b
related to the initial degradation temperature of the different processes. A slight decrease on
the thermal stability of the composites with respect to the neat polymer is observed which
increases with ITO filler content. This behaviour, observed for other UV curable composites
[39], is related to the differences in the UV curing process. As previously indicated, the
presence of ITO hinders the curing process and leads to lower degree of crosslinking. It is to
notice that ITO nanoparticles do not suffer degradation in the studied temperature range,
which is confirmed by the obtained residual mass after degradation in good agreement with

the amount of ITO in each sample.

DSC thermograms presented in Figures 4.6¢ and d demonstrate a similar thermal behaviour
for neat PUA and ITO/PUA composites, characterized by a glass transition around room
temperature. As Figure 4.6¢ shows, the glass transition temperature (Tg) slightly increases
when ITO nanoparticle content increases, being 25 °C for the pristine photoresin and 27°C
for the 25 wt.% ITO content sample. Further, not exothermic peak is observed indicating
that no post-curing process occurs. The added ITO nanoparticles lead to changes in the

photopolymerization process and, as a consequence, the kinetics of the glass transition.
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Figure 4.6 — Thermogravimetric (a) and differential thermogravimetric results (b); and differential
scanning calorimetry (DSC) thermogram in the first scan (c) and second scan (d) for pristine PUA
films and composites with different ITO nanoparticle contents.
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Attending to the FTIR evaluation (Figure 4.4), physical interactions between the PUA
polymer and the dispersed nanoparticles occurs, restricting the segmental motion of polymer
chains and, therefore, Ty slightly increases [36]. However, the observed differences in T are

small and can be considered within the experimental error range.

After the heating process, an increase on the Ty of the UV curable polymer can be observed
in Figure 4.6d, being 25 °C for neat PUA in the 1% scan and 45 °C in the 2" scan. T, of the
samples with different ITO content increases in the same way. For the sample with 25wt.%
ITO content, T, increases from 27 °C in the 1% scan to 48 °C in the 2" DSC scan. This
increase, as observed in related UV curable polymeric composites [22], is because the
samples, after heating process, undergo the same thermal treatment and, therefore, reach the

same polymeric structural relaxations with a similar final Ty.

The effect of ITO nanoparticles on the mechanical properties of ITO/PUA composites has
been examined (Figure 4.7). The average secant modulus (E), strain () and stress (ob) at
break presented in Table 4.2 were calculated by evaluating the results of the multiple
(triplicate for each sample) uniaxial stress-strain tests. Figure 4.7a depicts representative
curves for neat PUA and the ITO/PUA composites, while Figure 4.7b shows the evolution

of E and &p as a function of ITO content.

Polyurethane acrylate photoresin stress-strain curve is shown in Figure 4.7a. Its secant
modulus yields a value of 5.82 + 0.12 MPa. At higher strains, the stress increases nearly
linearly with the strain up to the breaking of the film at &, of 40.4 + 3.5 % and oy of
2.05 £0.24 MPa [40]. When ITO nanoparticles are added, the modulus decreases and just
in the case of the samples with more than 10 wt.% ITO content an increase of E can be
observed. Thus, an E value of 8.48 + 0.36 MPa for the sample with 25 wt.% is obtained, as
observed in Figure 4.7b. Hence, it is demonstrated that ITO nanoparticles firstly act as a
defects on the polymer matrix and then, as also observed for fillers such as barium titanate
nanoparticles or multiwalled carbon nanotubes [41,42], act as mechanical reinforcement due
to the high modulus of the inorganic component compared to the organic one as well as due
to the good ITO dispersion and homogeneous morphology [40]. In addition, it has to be
mentioned that the secant modulus increases exponentially with ITO content (Figure 4.7b),
as has been observed in related polyurethane acrylate reinforced with cellulose nanocrystals

[40].
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Figure 4.7. Representative stress—strain characteristic curves for pristine PUA and the ITO
composites (a) and secant modulus and stress at break for the same samples (b).
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Table 4.2 — Main mechanical parameters obtained from the uniaxial stress-strain tests for the

prepared nanocomposites: E (initial modulus), o (stress at break); &, (strain at break).

Sample E (MPa) & (%) o» (MPa)
0 wt.% 5.82+0.12 404 +3.5 2.05+0.24
1 wt.% 3.57+0.88 35.8+4.27 1.19+0.22
5 wt.% 3.96+0.20 37.1+£2.8 1.26 £ 0.06
10 wt.% 441 +0.21 41.7+7.6 1.38 £0.18
20 wt.% 6.08£0.11 63.2+3.7 3.38+£0.52
25 wt.% 8.48 £0.36 73.9+4.1 4.79 +0.68

Interestingly, the addition of ITO nanoparticles does not decrease the maximum elongation
of the material as typically observed for other polymer composites [22], where the presence
of fillers induces an early fracture as they act as breaking points on the polymer due to stress
accumulation [29]. In this case, low amounts of nanoparticles result in increased elongation
at break which increases further as nanoparticles amount increases being 40.4 + 3.5 % for
neat polymer and 73.9 + 4.1 for 25 wt.% ITO content sample. Stress at break also follows
the same trend and higher stress is needed to break sample when ITO nanoparticle content
increases (from 2.05 + 0.24 MPa for pristine photoresin to 4.79 + 0.68 for the sample with
highest ITO content).

Polyurethane acrylates are elastomers, usually amorphous, with flexibility and mobility
provided by the relatively long and entangled polymeric chains [43]. These entanglements
or crosslinks can be chemical or physical linkages that are distantly connected in the polymer
network structure and provides elasticity, allowing the chains to stretch long distance [43].
When fillers are added, interactions between particles and between particles and matrix
restrict the segmental motion of the polymer chains [40], as it has been observed in the DSC
results (Figure 4.6) for the inclusion of ITO nanoparticles, resulting in a decrease of
maximum elongation (Table 4.2). However, attending to the photopolymerization results
(Figure 4.2), when ITO nanoparticles content increases the final conversion as well as the
photocrosslinking degree decreases. Theoretically, a lower degree of crosslinking on the
obtained material results in a high chain mobility and, as a consequence, high elongation
[44]. In this case, the mentioned effects offset each other and the mechanical properties of

the obtained composites are not strongly affected by the inclusion of ITO nanoparticles.
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Interestingly, all film samples present bending ability (see Figure 4.4b inset) and they not
become fragile with increasing filler content, making them suitable materials for flexible

applications.
4.3.4. Electrical properties

The dielectric constant (¢), dielectric losses (tan 0) and electrical conductivity (¢”) of the
samples are presented in Figure 4.8. Figure 4.8a shows the frequency dependence of the
room temperature dielectric constant for the different ITO/PUA composites, while Figure
4.8b shows the dielectric constant of the samples at 1 kHz. Regardless of ITO content,
Figure 4.8a shows that the dielectric constant is frequency dependent, decreasing with
increasing frequency due to slow dipole relaxation [45]. This frequency dependence is not
observed for tan 6 (Figure 4.8c) where the value just slightly increases when frequency

increases (except for 25 wt.% ITO content sample that presents a minimum).

In addition, regardless of the frequency, the dielectric constant increases with increasing ITO
filler content (Figure 4.8a) due to increase of the interface polarization effects (Maxwell—
Wagner—Sillars (MWS) effect) in which the ITO filler-polymer interfaces hinder carrier
transport, increasing charge trapping at the interfaces and local ionic conductivity [46,47].
The high dielectric constant for the composite with 25 wt.% ITO content is due the fact that
ITO nanoparticles form local microcapacitors as well as from contributions of localized

charge dynamics [48].

In addition, Figure 4.8c for the composite with 25wt.% of ITO filler content shows a high
tan o value independently of the applied frequency, which is mainly related to the interfacial

polarization and localized charge dynamics caused by the higher ITO content [45].

Figure 4.8d shows the electrical conductivity at room temperature of the ITO/PUA
composites as a function of frequency. Regardless of the ITO amount, the electrical
conductivity increases with increasing frequency due to charge carrier mobility at localized
states. Also, for 25wt.% of ITO filler content, it is observed an overall increase of a.c.
conductivity due the increase of charge carriers, most provably due to the larger surface area

and defective interfaces.
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Figure 4.8 — Room temperature dielectric constant as a function of frequency (a) and ITO content
at 1 kHz (b) for neat PUA and the prepared composites. Tan & values (c) and electrical conductivity
(d) as a function of frequency for the same samples.
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4.3.5. Implementation of a capacitive sensor

Due to the high dielectric constant, optical transmittance and flexibility, the prepared
samples can be used for capacitive sensing applications, as demonstrated in Figure 4.9a for
the sample with 25 wt.% ITO content. The electrical system is composed by a
microcontroller (Microchip ATmega328P working at a frequency of 16 MHz) connected to
a computer via Universal Serial Bus (USB) and a red LED used as indicator for touch

detection on the sensor.

The sample was connected to the circuit by two strips of aluminum foil glued to the
electrodes by electric paint (Bare Conductive). The sample was properly isolated with

adhesive tape to prevent the finger from touching the electrodes directly.

The electrical circuit (Figure 4.9a) of the system consisted in a high value resistor of 10
MQ, and two pins connected to a microcontroller, one acting as source signal and another
as a sensing pin. The sensor was composed by two electrodes. These two electrodes create a

very small capacitance, which increases when a finger is placed nearby.
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Figure 4.9 — Developed capacitive sensing prototype, with the circuit diagram and a magnified
view of the sensor (a). Capacitance sensor response (unitless) measured by the microcontroller
during a set of slow and fast finger touch events (b).

The algorithm used to determine the capacitive touch events in the sensor is presented in
Figure 4.10. Initially, both source and sensing pins are connected to ground, and the
capacitor created by the sensor remains with 0 V. Then, the sensing pin is configured as high
impedance input, and the source pin puts out a voltage of 5 V. At that moment, the
microcontroller starts a timer to measure the time that the sensing pin takes to change its
logic level. If no finger is in the sensor, this time will be very short because of the low
capacitance of the sensor, but if a finger is close to the sensor, the capacitance to ground
increases, and the sensing pin will take more time to change its logic level, and the
microcontroller interprets that as a touch event. The time calculated by the microcontroller
is presented as a relative value of the capacitance of the sensor, therefore no units or
conversion factor can be determined. The firmware of the microcontroller averages each 50
samples to reduce noise and executes a calibration by determining the minimum and

maximum values measured since the start of the execution.

159 |



N Chapter 4

Ml =0
Min= 107
Count =10
-0
Sensing pin = W
Souwrce pin= OV

Soures pin =5V
Sensing pin= High impedance

¥
Sensor = {Cownt - Min) " | Max - Min)

Touch
LED on

Figure 10 — Microprocessor algorithm for determining the sensor state.

The capacitance measured by the sensor, Cs (in F) is a sum of two elements: the base
capacitance Co (in F), and the measured amplitude of the sensor As (unitless), and it can be

calculated through the following equation (4.6):
Cs =Cy+ As- C (4.6)

where ks (in F) is the factor capacitance of the sensor per unit of amplitude. In the present
work, for electronic simplicity, no system was implemented to determine Co or ks, and
therefore Cs is not calculated. However, the variations of A; are already enough to determine
finger touch and release events, as it is the case in most capacitive controllers. An example

of the collected amplitude variations of the sensor, As, is shown in the plot of Figure 4.9b.
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The microcontroller calculates the historic minimum and maximum values of the sensor,
and, to calculate A; it performs the following operations: first, subtracts the minimum to the
read value, and second, converts the resulting value to a relative scale of 0 to 1, using the
maximum as 1. Finally, if As is higher than 0.5, it considers a finger touch, else it considers

that the finger is not in touch.

Its response is proportional to the force of the finger touch and the peaks show the application

and recovery of the force.

Different capacitive sensors have been developed using composites reinforced with carbon
fiber and graphene oxide [49] and composites based on Ag nanowires and polimide [50].
Nevertheless, considering environmental issues (UV curable, with no solvents or high
temperature involved), simple integration by additive manufacturing processability, optical
transparency and high dielectric response, the present approach shows an advanced material
with large potential for coatings and sensors, being suitable for the new generation of

interface electronic applications.

4.4. Conclusions

Polyurethane acrylate (PUA)/Indium Tin Oxide (ITO) composites were produced by UV
photopolymerization with filler contents up to 25 wt.% in order to improve the dielectric
response of the material. The polymerization time and conversion depends on the ITO
amount. The ITO fillers are well dispersed for all filler concentrations and no large
agglomerates are observed, leading to thermal properties independent of the ITO amount
and an improvement of the mechanical properties. On the other hand, the optical
transmittance decreases with increasing ITO amount —the optical transparency 20 %
decrease of the optical transmittance in the visible range for samples containing 10 wt.%
ITO content— whereas the dielectric constant increase with increasing ITO content up to
€ = 33 for the composite with 25wt.% ITO. This sample was used for the development of a
capacitive sensor, demonstrating high reproducibility and performance. It is concluded that
it is possible to develop high dielectric constant UV curable polymer composites based on
ITO/PUA, allowing an environmental friendlier solvent-free approach for printed electronics

and functional coatings.
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Photocurable magnetic materials based on polyurethane acrylated (PUA) polymer and
different magnetic particles including magnetite (Fe3Os), cobalt ferrite oxide (CFO) and
neodymium iron boron alloy (NdFeB) have been prepared. The influence of the filler
type and content on the photopolymerization process, morphology, Young modulus,
electric, dielectric and magnetic properties has been investigated. It is demonstrated the
possibility of developing materials with tailored magnetic response by additive

manufacturing technologies.
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5.1. Introduction

As it is commented in the Chapter 1 of this thesis, over the last few years, we have witnessed
the advent of the Internet of Things (IoT) and Industry 4.0 as essential economic and
technological raising paradigms. This, in turn, has also highlighted the need of
multifunctional materials designed ad hoc to fulfil the requirements that each application
demands. Further, additive manufacturing (AM) offers important advantages over traditional
fabrication methods, such as design freedom, ability to adapt the shape of the material to the
application, waste reduction and rapid fabrication with minimum times for prototyping [1].
AM has been used in a successful way to fabricate electronic circuitry in the field of printed
electronics (PE) [2,3], in biomedicine [4], or for the development of sensors [5]. In this
context, polymer composites are ideal for the development of multifunctional materials
compatible with additive manufacturing processing technologies. On the one hand, polymer
composites take advantage of the synergistic combination of inorganic and organic
constituents. On the other hand, the polymeric matrix offers advantages in terms of
processability (flexibility, ductility, etc.), while the filler usually allows to enhance one or
more physico-chemical properties (hardness, electrical conductivity, ductility or magnetism,

among others) [6].

Several types of polymeric nanocomposites, each with specific properties, have been
investigated in the last few decades. Examples include conductive composites containing
carbon nanotubes [7], dielectrics ones using barium titanate [8], that also allow piezoelectric
response [9]. In particular, magnetic nanocomposites are essential for a large variety of
applications, such as PE [10], electromagnetic shielding [11], permanent magnets [12],

information recording [ 13] or magnetoresponsive structures [14].

In order to fabricate magnetic composites, multiple techniques have been employed [15].
Generally, to produce printable magnetic inks, the filler providing the magnetic properties is
dispersed within a proper solvent (depending on the polymer being used), and thereafter the
polymer is added to produce the printable composite. These solvent-based inks can be based
on nano- [16] or micro- particles [17]. Other procedures, such as the sol-gel method [18]
have been also successfully employed. Commercial inks are available as well, many of
which also include other additives, such as humectants, binders, surfactants, and bactericides

[19]. Also, magnetic composites have been prepared for fused deposition modelling (FDM)
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[20]. Thermoplastic polymers were mixed with magnetic fillers to fabricate thermoplastic-
bonded magnetic composites in the form of pellets that are then extruded to obtain a
magnetic filament to be used in a FDM 3D printer. Thus, thermoplastic-bonded magnetic

composites with both tailored geometries and magnetic properties can be 3D printed [21].

Regarding printing methods, direct ink writing (DIW) [22], fused deposition modelling
(FDM) [21], inkjet printing [23], or doctor blade [24] have been used for the development
of magnetic composites depending on the characteristics of the ink. Typically, the printing
process also involves the sintering or curing of the inks, which provide the composites their
final properties. In this sense, solvent-based inks are often thermally cured, so that the
solvent is evaporated from the formulation. However, the main drawback of these process is
the fact that the solvent is typically toxic, with obvious environmental and safety concerns,
while in the case of FDM, elevated temperatures are needed. Further, all them present
limitations in terms of the maximum definition that can be obtained during the printing
process [25]. Hence, more environmentally friendly curing methods, such as UV curing, are
being developed in the recent years, searching for green chemistry and sustainable

production methods [26].

UV curing or photopolymerization, defined in Chapter 1, offers advantages such as fast
curing process, room curing temperatures, reduced emission of volatile organic compounds
(VOCs) or space and energy efficiency [27] that makes it an appropriate process for the
fabrication of composite materials [28] applicable for biomedical [29], sensors [30] or
actuator [31] applications, among others. Thus, a wide variety of functional materials
(piezoresistive [32], piezoelectric [33], conductive [34], dielectric [35] or magnetic [6]) can
be obtained, as it has been demonstrated in the previous chapters of this thesis. Together
with its advantages, UV curing processing has an important drawback that is the limitation
of the amount of filler added to the polymer. Most fillers absorb UV light and compete with
the polymerization reaction, leading to a limitation on the functional properties of the
obtained material [32]. This effect has significant relevance in the case of UV curable
magnetic composites which just allow the incorporation of a few vol.% particle content and
a few microns of maximum thickness in order to preserve a satisfactory degree of

photopolymerization [6].
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Regarding the possible magnetic fillers to tune magnetic properties of polymer composites,
one possibility that has been explored is the use of nanometric-sized ferrites, in particular
when lower magnetic performance is required [36]. Ferrite nanoparticles can be considered
soft magnets, since their coercive field is smaller than that observed for hard magnets. In
fact, magnetic properties of iron oxides are largely dependent on their size, as it is related to
the magnetic interaction among particles, which may cause them to behave as a single, larger
particle. In fact, if the size of the particles is sufficiently small, they enter the
superparamagnetic regime, in which they are easily aligned with an applied magnetic field
but show no coercivity [37]. This allows better control through external magnetic fields and
prevent aggregation of the particles due to magnetic interactions. Among ferrites, cobalt
ferrite (CoFe2O4, CFO) is one of the most widely employed fillers for polymer composites,
exhibiting high chemical stability [38], moderate saturation magnetization and relatively
high coercivity. Other ferrites, in particular magnetite (Fe3O4), have also been integrated into
polymeric matrices, showing that the formation of the nanocomposites does not affect the
magnetic properties of the nanoparticles to a large extent [39]. Hard magnetic materials, on
the contrary, show a much larger coercivity (larger than 5000 Oe) and energy product
(BHmax), which are the two main figures of merit for a permanent magnet. Thus, they retain
their magnetization through a much wider range of magnetic field conditions [40]. These
characteristics are desirable for many applications, such as permanent magnets, hard disk
drives, motors, sensors and consumer electronics [41]. In particular, NdFeB (Nd>Fe14B) has
been extensively used since General Motors and Sumitomo Special Metals discovered their
magnetic characteristics in 1982. NdFeB magnets replaced SmCo magnets previously used
for the same applications. They are usually obtained in the form of micron-sized powders.
Despite these advantages, the quantity of rare earths is trending downwards, and giving that
the demand of these rare-earth-based magnets in the industry of the e-mobility is going to
contribute significantly to this scarcity, research associated with rare-earth-free alternatives

is boosting [42].

Different magnetic materials have been obtained and many of them are based on the same
magnetic filler: iron(ILIIT) oxide (Fe3O4), also known as magnetite. This filler, in most cases
in the form of nanoparticles, has been mixed with different polymers such as
3,4-Epoxycyclohexylmethyl-3,4-epoxycyclohexanecarboxylate ~ epoxy  resin  [43],
polyethylene glycol diacrylate (PEGDA) [44,45], hexanediol diacrylate (HDDA) [44,46] or
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hyperbranched polyester acrylated (HBPA) [39] to obtain magnetic UV curable composite
films. In addition, magnetite has been coated with silica to obtain better photopolymerizable
properties as well as transparent films [6]. Also, other iron oxides have been used to obtain
magnetic UV curable films such as maghemite (Fe>O3) mixed with an epoxy commercial
photoresin [47]. Another magnetic filler that has been used for composite development is
Neodymium Iron Boron (NdFeB) alloy used together with di- and polyfunctional
methacrylates [1] or with commercially available 3D printable acrylic matrices such as
Formlabs ® Clear [48] and Grey [12]. Among them, just polymer-bonded magnets with
different shapes have been 3D printed by UV-Assisted Direct Write (UADW) method.

In this context, polyurethane acrylated (PUA) has to be highlighted as a good polymer matrix
to obtain composites due to its physico-chemical properties and low viscosity that allows
easy filler dispersion [49]. Furthermore, PUA shows good adhesion, high chemical stability
and weather resilience, and excellent abrasion resistance [50,51]. This polymer is also of
large interest due to its biocompatibility, high transparency and low swelling [52]. Thus, a
combination of urethane-acrylate and butyl acrylate resins as the reactive diluent of Fe3O4
nanoparticles was employed to 3D print magnetoresponsive polymeric materials with

tunable mechanical and magnetic properties by digital light processing [14].

In this work, advanced magnetic UV curable composites with varying magnetic properties
have been prepared using magnetite (Fe3O4), cobalt ferrite (CoFe2O4) and neodymium iron
boron alloy (NdFeB) particles, and commercially available polyurethane acrylated (PUA)
photoresin. The influence of magnetic particles type and content on the photopolymerization
process, morphology, chemical, thermal, mechanical, electrical, dielectric and magnetic

properties of PUA based composites has been evaluated and discussed.

5.2. Experimental

5.2.1. Materials

Polyurethane acrylate (PUA) based SPOT-E™ clear photoresin (SPOT-A Materials®) was
selected as UV curable polymer/matrix. Three different magnetic particles were used for the
preparation of magnetic film composites: magnetite (Fe3O4) ref. 2651W1J and cobalt ferrite
oxide or CoFe;O4 (CFO) ref. 1510FY from Nanostructured & Amorphous Materials Inc.,
and neodymium iron boron alloy (NdFeB) model MGFP-15-7 from Magnequench. These
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powders present a purity of 99%, 98% and 99%, and a density of 4.8 — 5.1 g/cm’, 5.3 g/cm’
and 7.6 g/cm?’, respectively. In addition, they show a particle size of 30 nm, 35 — 55 nm and
5 um, respectively. In addition, 2-propanol from Alfa Aesar ® with a purity of 99.5% was

selected as a sample cleaner. All samples were processed using the materials as received.
5.2.2. Sample preparation

Three sample batches were prepared by mixing different quantities of magnetic particles
with the corresponding volume of the UV curable resin. In this way, samples from 0 to 10
wt.% Fes3O4 content, from 0 to 6 wt.% CFO content and from 0 to 50 wt.% NdFeB were
prepared. The different concentration added for each type of particles were selected
according to the maximum amount of filler allowed for the composite to cure with UV light
and to obtain a mechanically consistent film. After mechanically mixing, samples of
different compositions and magnetic particles were placed in an ultrasound bath (ATU®
ATM series Model ATM3L) during 3 h at a temperature of 35 °C in order to obtain a good
powder disaggregation. Then, samples were stirred at room temperature for 2 hours until a
good filler dispersion was obtained. Later, the highly opaque viscous liquids obtained were
coated on a clean glass substrate using doctor blade technique. Samples were then cured for
90 seconds at room temperature using a UV curing chamber UVACUBE 400 from Honle
UV America, Inc. that provides an irradiance of 1000 W/m?. Flexible/bendable films were
detached from the glass substrate and subsequently washed in 2-propanol bath for 5 minutes
in order to remove the residual liquid photoresin. Finally, samples were dried in air and
stored at room temperature without illumination for their future characterization. The
obtained films presented a thickness between 50 and 100 um, determined using a Powerfix®
electronic digital calliper. Figure 5.1 shows a scheme of the fabrication process for all

composite samples.
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Magnetic
composites
preparation

Figure 5.1 — Schematic representation of the preparation of neat PUA and magnetic particles/PUA
composite films: 1 — ultrasonication, 2 — magnetic stirring, 3 — film processing by Doctor Blade
technique, 4 — UV cure, 5 — obtained films.

5.2.3. Characterization techniques

The photopolymerization or UV curing process of the PUA and PUA magnetic liquids was
evaluated by photo-differential scanning calorimetry (photo-DSC) using a DSC 2920
Modulated DSC equipped with a differential photocalorimetry accessory from TA
Instruments®. One drop of opaque liquid samples was UV-light illuminated in air at room
temperature during 5 minutes at the same time that the heat flow was monitored. Then, DSC
curves were normalized by the weight of the samples taking into the account the amount of

magnetic material added.

The conversion degree (a) of acrylate C=C double bonds of the PUA polymer was calculated

according to equation 5.1 [53]:

AH,
AHmax

a= (5.1)
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where AH, is the reaction enthalpy at time t obtained integrating the area under the DSC
curve, and AH,,,, is the final value of the enthalpy after the complete UV curing process of

the commercial PUA photoresin [32,54].

The photopolymerization rate (Rp) was obtained using equation 5.2:

_da _ dH/dt

p E - Atheor (5'2)

In addition, the maximum photopolymerization rate (R;***) and the needed time to reach the

Rp™ (t™*) were obtained and evaluated.

After photopolymerization evaluation, the filler dispersion and distribution within the
polymer was evaluated. Cross-section images of the cold fractured samples were obtained
by Scanning Electron Microscopy (SEM) using a Hitachi S-4800 microscope at an
accelerating voltage of 10 kV and different magnifications of 5000x and 1000x. In all cases,

samples were coated with a 20 nm gold layer by sputtering with a Polaron SC502 apparatus.

Chemical characterization of the nanocomposite samples was studied by Fourier
transformed infrared spectroscopy in the total attenuated reflection mode (FTIR-ATR). A
Nexus FTIR Nicolet spectrophotometer was employed in the spectral range 4000 to 400 cm”

! with a spectral resolution of 4 cm™ and 64 scans.

Thermal properties of the samples were evaluated in terms of the glass transition temperature
(Tg) by differential scanning calorimetry (DSC) using an 822e calorimeter from Mettler
Toledo. Two consecutive scans were measured under nitrogen atmosphere: the first one from
-50 to 250 °C at 20 °C/min and the second one from -50 to 150°C at 20°C/min. The glass

transition temperature was extracted as the extrapolated onset of the baseline shift.

Mechanical properties were studied employing a universal testing machine Shimadzu model
AG-IS with a load cell of 1.0 kN. Films were tested in tensile mode, at room temperature
and a deformation velocity of 1.0 mm/min using rectangular shape samples with dimensions
of 30 mm x 10 mm. The secant modulus (E) of each assay was obtained by calculating the
slope of the linear region. In addition, strain at break (&p) was determined for neat PUA and
all magnetic composites. The mean average values and the standard deviation over 3

specimens are reported.
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The direct current, d.c., electrical conductivity of the magnetic composites was studied
measuring the intensity-current (I-V) curves with a Keithley 487 picoammeter/voltage
source. The current-voltage response was obtained at room temperature with an applied
voltage ranging between —10 V and +10 V. For that, two gold electrodes with diameter of 5
mm were deposited by magnetron sputtering Quorum Q150T S sputter coater on both sides

of the samples.

The electrical conductivity (o) is obtained as the inverse of the electrical resistivity (p) by

applying equation 5.3:

1 1d 5 3
o= =RA (5.3)
where R is the electrical resistance of each magnetic composite sample, A is the area of the

deposited electrodes and d represents the thickness of the films.

Magnetic properties of the composites were measured at room temperature by magnetic
hysteresis loops using a MicroSense EZ7 vibrating sample magnetometer (VSM) from — 1.8

to 1.8 T.

5.3. Results and discussion

5.3.1. UV curing process

The influence of the presence of magnetic particles on the UV curing process of the
commercial PUA photoresin was studied by photo-DSC. Figures 5.2a, ¢ and e show the
conversion degree (o) as a function of irradiation time whereas Figures 5.2b, d and f depict
the photopolymerization rate (Rp) for Fe;O4/PUA, CFO/PUA and NdFeB/PUA samples,
respectively. Table 5.1 summarizes the UV curing characteristic values a, R%*** and t™* for
all samples against the nominal and experimental magnetic particle content. The
experimental magnetic particle contents for all samples is obtained from magnetic
measurements as it is explained in the “Magnetic properties” section. In the following, all
samples will be identified with respect to the experimental content and not to the nominal

one.
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Figure 5.2 — Photopolymerization conversion (o) as a function of time for the Fe;O4/PUA (a),
CFO/PUA (c) and NdFeB/PUA (e) samples, and the corresponding photopolymerization rate (R;)
for the same samples (b), (d) and (f), respectively.
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Table 5.1 — Photopolymerization characteristic parameters (o, Ry*** and t™) of the pristine resin
and the different magnetic composites.

Nominal content  Experimental
Magnetic particle a (%) R (s £ (s)
(wt.%) content (wt.%)

PUA 100 - 100 3.2 7.6
2 1.3+0.1 47 0.4 15.2

4 27+£0.2 33 0.2 17.1

Fe304 6 40+0.3 26 0.1 17.9
8 37+£0.3 22 0.1 17.9

10 6.3+0.4 20 0.1 18.0

1 1.2+0.1 88 1.1 9.8

2 3.0+0.2 71 0.7 10.1

3 42+03 55 0.5 10.1

CFO

4 57+04 45 0.5 13.7

5 7.3+0.5 41 0.4 10.6

6 8.2+0.5 26 0.2 13.5

6 6.5+04 99 2.9 7.7

10 11.3+0.6 99 2.9 7.9

20 23.1+£1.3 95 2.3 7.6

NdFeB

30 354+ 1.8 86 1.6 7.9

40 433+24 74 1.2 7.8

50 55.8+2.9 58 0.6 7.7

Figure 5.2 shows that an increase on magnetic particle content induces a larger decrease on
the conversion degree (o), independently of the particle type. For the Fe3;O4/PUA composites
(Figure 5.2a) and in agreement with the literature [6,46], a decreases from 100% in the neat
polymer sample to 47% in the 1.3 wt.% sample and 26% in the 4.0 wt.% sample. Fe304/PUA
samples with the highest magnetite content show the lowest photopolymerization conversion
being 22% for the 3.7 wt.% sample and 20% for the 6.3 wt.% sample. In the case of
CFO/PUA composites (Figure 5.2¢), similar behaviour is obtained but here with a lowest
decrease of the total conversion when magnetic nanoparticles are added. The a values vary

between 88% for the 1.2 wt.% sample and 26% for the 8.2 wt.% one. With respect to the
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NdFeB/PUA samples (Figure 5.2e) and in contrast with the iron oxide-based particles, a is
less influenced when NdFeB magnetic particles are added. Here, no clear decrease on the o
value is observed until 23.1 wt.% content. For samples with higher NdFeB content, the
polymerization conversion decreases, being 86% in the case of the 35.4 wt.% sample and

the a value is around 58% after 4 minutes of curing for the 55.8 wt.% sample.

Related to the photopolymerization rate (Rp), the addition of magnetic particles results in a
slower UV curing process. In this sense, Ry*** and t™ values for Fe;04/PUA composite
samples (Figure 5.2b) present a high decrease when a low amount of magnetic filler is
added. R}'™ values of 0.4 s just with a 1.3 wt.% filler content and up to 0.1 s for the
6.3 wt.% sample are achieved, being obtained 15.2 s and 18.0 s for t™*, respectively. In the
case of CFO/PUA samples (Figure 5.2d) t™* vary from 3.2 s™! for the 0 wt.% sample to 1.1
s! for the 1.2 wt.% sample and to 0.5 s™! for the 4.2 wt.% one. Here, t™ increases from 7.6
s for pure PUA sample to 9.8 s in 1.2 wt.% and finally 13.5 s for the sample with the highest
CFO content. In the case of NdFeB/PUA samples (Figure 5.2f), the addition of magnetic
particles slightly influences the curing process, which is reflected in the not significant
change of t™ when NdFeB is added. The R}*®* value is reduced to 2.9 s for samples with
6.5 wt.% filler content and continues decreasing linearly down to 0.6 s when NdFeB

content increases.

Comparing the iron oxide-based magnetic nanoparticles, FesO4/PUA 6.3 wt.% and
CFO/PUA 5.7 wt.%, it is noticed that the modification of Fe3O4 by adding cobalt (CFO)
induces a faster and more completed (high conversion degree) UV cure. Thus, a conversion
of 20% and 45% for FesO4 and CFO samples, respectively, is achieved. In addition,
photopolymerization rate is also increased as well as the maximum allowed filler content.
On the other hand, when a metallic alloy such as NdFeB is used, higher photopolymerization
conversion and polymerization rate is obtained, as well as higher filler content is allowed
within the samples in comparison with both iron oxide-based magnetic particles. For the
sample with 6.3 wt.% of NdFeB content, 99% conversion and a polymerization rate of 2.9 s™!
(similar to neat PUA) is obtained, both values improved with respect to iron oxide-based
magnetic filler composites. Furthermore, higher NdFeB particle contents up to 55.8 wt.%
are allowed in the composites with a decrease on a and R, to similar values than samples

that contain 1.3 wt.% of Fe3O4 or 4.2 wt.% of CFO nanoparticles.
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The radical photopolymerization is a process that begins with the light absorption by a
photoinitiator [26]. The efficiency of this absorption is directly related to the capacity of the
photoinitiator to absorb light, here UV light. There are two main factors (quantum yields)
that influence the process and that are also related to the absorbed photons: the number of
starting polymer chains and the number of polymerized monomer units [6]. In the present
case, and similar to other inorganic particles embedded in PUA polymer matrix [53,54],
magnetic particles and, in particular, magnetic oxides, compete with UV light absorption of
the photoinitiator due to their strong photon absorption on the UV spectra region [55-57].
Therefore, the light absorption by the magnetic particles implies a decrease of the photons
absorbed by the radical photoinitiator, reducing the number of starting polymer chains
contribution to the polymerization process [6]. This absorption is higher for Fe3O4 particles
than for CFO ones, which explains the lower maximum particle content allowed for Fe3;O4
composites with respect to CFO ones [55-57]. Magnetic particles composed by metal alloys
such as NdFeB also absorb UV light and influence the photopolymerization process of PUA

magnets [12], but to a lesser extent than iron oxide-based particles.

In addition, viscosity influences the UV curing process as it increases rapidly during the
liquid to solid phase transformation and, therefore, delays the polymerization. When
magnetic particle content increases, the sample viscosity increases and therefore, the
photopolymerization rate decreases. Thus, when magnetic particle content increases, less
amount of initiator contributed to the beginning of the photopolymerization reaction (or

begins later) and the conversion degree as well as photopolymerization rate decrease.

5.3.2. Morphology and chemical properties

After characterization of the UV curing process, polymeric films were obtained and
characterized. The polymer morphology variations due to magnetic particle inclusion as well
as particle dispersion on the film were evaluated by scanning electron microscopy (SEM).
Figure 5.3 shows representative optical photograph of the composite films and SEM images

of the cold fractured cross-section of the samples.
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W23 wt%re0, |l6:3wt.% Fe;0,

Filler content increase

Figure 5.3 — Optical photographs of the Fe;04/PUA (a), CFO/PUA (b) and NdFeB (c) samples.
Representative SEM images of the Fe;04/PUA samples at 1.3 wt.% (d), 4.0 wt.% (e) and 6.3 wt.%
(f) filler content. SEM images of the CFO/PUA samples at 1.2 wt.% (d), 5.7 wt.% (e) and 8.2 wt.%
(f) filler content. SEM images of the NdFeB/PUA samples at 6.5 wt.% (d), 43.3 wt.% (e) and 55.8

wt.% (f) filler content.

Morphology variations of the polymer has a significant influence on the mechanical and
electrical properties [58,59] and those variations are dependent on filler type, size and
distribution [32,54]. Figure 5.3 shows optical images of the prepared magnetic films. With
increasing filler content and independently on the filler type, optical transmittance of the
films decreases drastically, maintaining a certain transparency up to 2.7 wt.%, 3.0 wt.% and
23.1 wt.% for Fe3;04, CFO and NdFeB, respectively. Also, brown colour is appreciated for
Fe;04/PUA composites, dark black for CFO/PUA composites and grey for NdFeB/PUA

samples, which is related to the optical characteristics of the fillers.

Attending to the filler dispersion, Figures 5.3d to f show that Fe3O4 particles are not well
dispersed within the PUA matrix, as demonstrated by the number of size (around 20 um) of
the small agglomerates, which are larger for larger filler content. Interestingly, Fe3Os
inclusion leads to no large variations in the PUA microstructure, not being observed any
visible cracks, pores or patters, the samples being characterized by a smooth and flat
microstructure. On the other hand, the presence of Fe3Os induces a change in the PUA
morphology, leading to a flake-like structure that is more marked for the samples with the

highest particle amount.
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In the case of the CFO/PUA samples, similar results than for the Fe;O4/PUA composites are
obtained. For the sample with around 1 wt.% filler content (Figure 5.3g), small agglomerates
are observed, while by increasing magnetic particle content up to around 6 wt.% (Figure
5.3h) agglomerates increase in size and quantity. In the case of samples with the highest
filler content (8.2 wt.%, Figure 5.3i), large agglomerates are obtained (around 50 pum). In
all cases and similar that for the Fe3O4 composites, a flake-like structure is induced in PUA

by the presence of the CFO fillers, more notable for sample with higher filler content.

Regarding the NdFeB/PUA composites, Figure 5.3j shows that good dispersion of NdFeB
particles is not achieved for low filler content (6.5 wt.%), mainly ascribed to the larger
particle size. For samples with the highest magnetic particle content, despite NdFeB micro-
particle agglomeration is obtained, good agglomerates dispersion can be achieved as shown
in Figures 5.3k and 1 for samples with 43.3 wt.% and 55.8 wt.% filler content, respectively.
In these samples, just like in iron oxide-based particles, a flake-like morphology appears and
1s more noticeable for samples with higher NdFeB content. In all cases, suitable wettability

of the filler by the polymer is observed not voids around the fillers or filler agglomerates.

Possible physicochemical interactions between PUA polymer and the different magnetic
particles were evaluated by Fourier transformed infrared spectroscopy (FTIR). Figure 5.4
shows the FTIR spectra of PUA and the prepared composite samples in the range of 4000 to
400 cm™!.

The pure photoresin film presents the characteristic peaks for polyurethane acrylate polymer
and are summarized in the Figure 5.4a. Thus, in the highest infrared region, a N-H
stretching band at 3300-3400 cm'! is observed together with CH, and CHj stretching bands
between 2855 and 2955 cm™!. C=0 stretching is identified at 1725 cm!, and a combined
stretching of N-H and the C-N band of the polyurethane group at 1550 cm™'. Finally, the C-N
stretching band is observed at 1360 cm™ and the C-O-C stretching band at 1110 cm™ all
representative of PUA [60].
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Figure 5.4 — FTIR spectra of neat PUA (a), Fe;04/PUA (b), CFO/PUA (c) and NdFeB/PUA (d)
samples containing different magnetic filler contents.
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Fe304/PUA composites, as well as CFO/PUA and NdFeB/PUA sample films (Figures 5.4b,
¢ and d), present the indicated bands characteristics for polyurethane acrylate polymer. It
has to be mentioned that in all cases, the C=C stretching band tipically located at 1635 cm’!
[61] is present in a small amount, denoting a quasi-completely curing process both in PUA
polymer and in all prepared composites. This band appears in a higher extent when the
particle content increases, associated to the fact that less C=C conversion is obtained, as it is
observed in UV curing results. In addition, no new bands appear in any case and no
displacement of existing bands is observed indicating that no chemical interactions between

the different magnetic particles and PUA polymer are present [53,54].
5.3.3. Thermal properties

The study of the thermal properties allows to address the influence of filler type and content
on the glass transition temperature (Tg) [32] of the obtained polymeric films. Figure 5.5
show the Differential Scanning Calorimetry (DSC) first scan thermogram obtained for neat
PUA, Fe3s04/PUA, CFO/PUA and NdFeB/PUA prepared composites and the corresponding

Tg values are summarized in Table 5.2.
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Figure 5.5 — DSC thermograms of neat Fe;O4/PUA (a), CFO/PUA (b) and NdFeB/PUA (c)
samples for the first scan.
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Table 5.2 — Glass transition temperature (Ty) for first scans, elastic modulus (E) and strain at break
(ev) for PUA and the different magnetic composite films.

Magnetic particle | Experimental content (wt.%) Tg (°C) E (MPa) &b (%)

PUA 0 21 7.44 +0.68 36.5+4.8
1.3 18 7.17 £0.39 455+ 13.6

2.7 23 7.32+1.47 50.1 £13.0

Fe304 4.0 23 7.25+0.46 42.1+2.5
3.7 19 348 +£0.23 29.5+6.1

6.3 19 1.54 £0.39 232+2.6

1.2 22 8.02+2.92 42.6+79

3.0 20 9.23+0.93 39.0+6.6

4.2 23 8.64+1.20 46.4+49

CFO

5.7 21 6.16 £0.53 39.3+3.2

7.3 19 3.54+0.31 21.3+2.9

8.2 19 5.08+£0.16 33.0+2.7

6.5 25 8.68 £0.70 40.6 +5.8

11.3 24 9.64 +1.02 41.9+0.8

NdFeB 23.1 23 12.64 +2.14 53.3+3.9
354 26 16.45 +1.97 52.0+5.6

433 22 1532+ 1.51 452 +2.0

55.8 25 17.08 £1.93 35.6+2.3

It is verified that all samples present a similar thermal behaviour to PUA, characterized by
the glass transition, Tg, which appears near room temperature at 21.4 °C in the pure resin.
Figure 5.5a shows that the addition of Fe3O4 nanoparticles has no effect on the mobility of
PUA polymer chains, the T, value remaining nearly constant, within experimental error,
independently of filler content, as previously reported [46]. Just for the samples with the
highest filler content (4.0 and 6.3 wt.%) there is a slight decrease of T that can be ascribed
to both the reduction of double bond conversion and to the plasticizing effect [ 14]. A similar
behaviour has been observed for the CFO/PUA samples (Figure 5.5b). The NdFeB/PUA
samples (Figure 5.5¢), on the other hand, shows analogous behaviour to the one observed

in hard magnetic composites [62]. When the filler is added, T, slightly increases for all
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NdFeB/PUA samples compared to PUA, which is associated to the micrometric particle size
and to the larger degree of agglomeration, causing the polymer chains to clump together and
increase the Tg. On the other hand, this effect is independent on the filler content as observed
in related NdFeB/polymer composites [62]. Therefore, not significant changes are observed

in the evaluated thermal characteristics independently of the filler type or content.

5.3.4. Mechanical properties

PUA films obtained by photopolymerization are limited with respect to their mechanical
properties and the addition of specific fillers has been used to improve them [32,54]. Here,
the influence of the magnetic particles into the secant modulus (E) and maximum
deformation strain (ep) of polyurethane acrylate polymer is evaluated. Figure 5.6 shows the
result of a uniaxial stress-strain tests and the evolution of E and &, as a function of the
different studied magnetic particles. Table 5.2 summarizes the obtained mechanical

properties for the prepared composites.

Independently of the filler type and content, all samples show similar mechanical properties,
characterized by a linear stress-strain region in which the material is stretched until it
breaking. Neat PUA polymer films show a secant modulus around 7.44 + 0.88 MPa and a
breaking strain of €, = 36.5 + 4.8 %. As it is observed in Figures 5.6a and ¢, when Fe3;04
nanoparticles are added, E remains approximately constant at a value around 7.5 MPa up to
a filler content of 4.0 wt.% and with increasing Fe;O4 nanoparticles content, the secant
modulus of the material decreases down to 1.54 + 0.39 MPa for the sample with the highest
Fe304 content. The maximum strain remains constant at around 40 % up to 4.0 wt.% filler

load and then strongly decreases, being 23.2 + 2.6 % for the 6.3 wt.% sample.

The addition of Fe3O4 nanoparticles into polyurethane has a reinforcement effect due to high
modulus of the inorganic component, approximately 175 GPa, and the good wettability of
the filler by the polymer [63,64]. When the magnetic content increases, the ratio of
inorganic/organic composition increases and, therefore, the content of the material with
highest modulus too. Thus, by increasing the Fe3Os amount, the mechanical properties
should be enhanced. However, the dispersion of these particles into polyurethane polymer
presents other issues that can cause a decrease on E and & such as the agglomeration of the
filler, leading to weaker adhesion between magnetic nanoparticles and the polymer matrix,

or a decrease of intermolecular forces due to a disruption of hydrogen binding of
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polyurethanes [65]. In particular, agglomeration has a significant role and can actuate at

breaking points during the mechanical tests, which is detrimental for the mechanical

properties of the material [66].
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Figure 5.6 — Stress vs. strain mechanical characteristic curves for Fe;04/PUA (a), CFO/PUA (c),
NdFeB/PUA (e) and, secant modulus (E) and maximum deformation strain (¢b) for same samples
(b), (d) and (f), respectively.
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Related to CFO/PUA nanoparticles (Figures 5.6b and d), when the filler amount increases,
E increases up to 8.02 + 2.92 MPa for 1.2 wt.% content sample and 9.23 + 0.93 MPa for the
3.0 wt.% content sample. This effect is a consequence of the mechanical reinforcement of
the inorganic nanoparticles into a polymer matrix [54], particularly in this case due to the
high modulus of CFO nanoparticles (around 110 GPa) compared to the organic matrix [67].
When a higher amount of CFO is incorporated, E decreases to 3.54 + 0.31 MPa and
5.08 £0.16 MPa for 7.3 wt.% and 8.2 wt.% content samples, respectively, which is related
to small CFO nanoparticle aggregations that decrease the filler-matrix interactions and act
as weak points in the material during the stress-strain test [66], as previously mentioned.
Related to the maximum elongation, similar behaviour is observed, obtaining &, values that
increase from 42.6 £ 7.9 % in 1.2 wt.% CFO sample to 46.4 + 4.9 % in the 4.2 wt.% CFO
one. When the highest amount of magnetic particles is added, the maximum strain value
decreases up to 33.0 + 2.7 %. Therefore, the addition of CFO nanoparticles, when compared

to Fe3Os, induces a higher increase on the E values and similar maximum elongation.

In the case of NdFeB/PUA samples (Figures 5.6¢ and f), similarly to what occurs in the
other studied composites, the magnetic fillers act as a reinforcement due to its high E value
(round 150 GPa) compared with the PUA polymer [68]. Here, E increases for all NdFeB
filler contents under evaluation and its value turns from 8.68 + 0.70 MPa for the 6.3 wt.%
sample to 9.64 = 1.02 MPa for the 11.3 wt.%, to 12.64 + 2.14 MPa for the 23.1 wt.% sample
and finally 17.08 + 1.93 for the sample with highest NdFeB content, similarly as other
authors have reported [69].

On the other hand, & first increases when the filler is added, being 40.6 + 5.8 % for the 6.3
wt.% sample and 52.0 £+ 5.6 % for the 35.4 wt.% sample. Then, for samples with the highest
NdFeB content, a decrease is observed (45.2 + 2.0 % for the 43.4 wt.% sample or
35.6 £2.3 % for the 55.8 wt.% sample). This effect is caused by the formation of
agglomerates at high concentrations that can act as defects providing stress concentration
around them and originating most of the cracks, voids and breaking points. Further, the
presence of high content of magnetic particles hinders the chain elongation in the direction
of the applied load, decreasing the elongation at breaks [70]. Comparing this magnetic filler
to the iron oxide-based ones, higher modulus have been reached related to the high E value

of the inorganic particles, their micron size and the higher amount of these on the composites
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compared to Fe3O4 and CFO. Attending to the maximum elongation, similar results as in the

best of the all studied cases are obtained using NdFeB alloy particles.
5.3.5. Electrical properties

Magnetic particle type [71], content [72] or their annealing treatments [73], as well as the
organic component type and content [74] can have an important effect on the electrical
properties of the magnetic composites. In this regard, the effect of magnetic particle type
and content on the d.c. conductivity were evaluated by measuring the I-V curves of each
sample, as represented in Figure 5.8a, ¢ and e. The electrical conductivity of the magnetic

composites as a function of the filler content is represent in Figure 5.8b, d and f.

All samples show a linear relationship between current and voltage, independently of the
magnetic filler used or its content on the prepared films. However, at higher voltages (V > 8),
a non-linear behaviour can be appreciated for the samples with higher filler contents,

associated to interfacial contributions to the electrical conductivity [75].

Attending to the linear part of the I-V curves, the d.c. electrical conductivity of the samples
increases with increasing filler content. Pristine PUA film presents a conductivity of about
2.3 x 10! S/m, when Fe3;O4 particles are added, the electrical conductivity of the composite
increases to 8.4 x 10! S/m for the 1.3 wt.% sample, 5.9 x 10"!° S/m for the 4.0 wt.% sample
and finally 1.1 x 10 S/m for the sample with the highest content (a total increase on the
electrical conductivity of two orders of magnitude). It has to be mentioned that the sample
with the highest conductivity is also the one with the worst filler dispersion and, as it has
been highlighted [72], iron oxide-based magnetic particles should have no influence on the
electrical conductivity of magnetic nanocomposites. Thus, the increase on electrical
conductivity of Fe3O4/PUA composites is associated to charges in the particle-polymer
interfaces as well as to ionic conductivity contributions of the polymer matrix, which

different degree of curing, depending on the filler content [54].

In the case of CFO/PUA samples, the addition of 3.0 wt.% magnetic particles induces an
increase on the conductivity up to 1.3 x 107! S/m for the sample with highest filler content,

due to the same effects discussed for the Fe3O4 samples [66].
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Related to NdFeB/PUA composites, the same electrical behaviour is obtained, with a
maximum d.c. electrical conductivity of 6.6 x 1071° S/m for the sample with the highest
magnetic filler content of 55.8 wt.%. In this case, the slight increase in the electrical
conductivity is directly associated to the increased filler content due to the intrinsic
conductivity of the NdFeB particles [76]. On the other hand, no larger effects are observed
due to the reasonable particle dispersion and for being below the percolation threshold, the

PUA “encapsulating” the NdFeB micro-particles leading to an insulator behaviour [71].
5.3.6. Magnetic properties

The magnetic properties of the films were evaluated by measuring the hysteresis loops of
each of the samples using a Vibrating Sample Magnetometer (VSM), at room temperature
from -1.8 to 1.8 T. Figures 5.7a, ¢ and e show the hysteresis loops at room temperature for
different particle concentrations for the composite films with Fe;O4, CFO and NdFeB,
respectively. Correspondingly, Figures 5.7b, d and f depict the change of relevant magnetic
parameters namely, saturation magnetization (Ms) and remanence (MR) as a function of the

filler content.

As expected, the three samples show different magnetic behaviors. The first curve
corresponds to the magnetite which is considered as a soft magnetic material, i.e. with high
saturation magnetization (59.1 emu/g) and no coercivity. This is ascribed to the grain size
(30 nm) since at that regime the system is in a superparamagnetic state, well below the
estimated critical size: around 76 nm for cubic nanoparticles and 128 nm for spherical ones
[77]. With respect to cobalt ferrite, the inclusion of Co in this kind of systems increases the
magnetocrystalline anisotropy of the material, allowing developing coercivity of 2000 Oe
for grain sizes of 35-55 nm, the threshold between single and multi-domain particles.
Although Ms is slightly lower than for magnetite (42.4 emu/g) its remanence is above half
the saturation magnetization, this value corresponding to a magnetic exchange-coupled
system [78]. Following the description of the magnetic fillers, the metallic high-energy
NdFeB hard magnetic material presents Hc = 7000 Oe, a saturation magnetization of 114
emu/g and a remanence higher than 0.75 emu/g, typically evidenced in these high-energy

permanent magnets.
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Regarding the coercive field (Hc) of the magnetic composites, i.e. the magnetic field where
the magnetization reversal takes place, another important parameter in magnetic materials,
the coercive field remains constant for all the tested filler concentrations. Coercivity values
are approximately 2.6 Oe, 2000 Oe and 7000 Oe for the composites with Fe3O4, CFO and
NdFeB, respectively. The latter provides an insight of the magnetic hardness of these
materials and, as expected, the largest is the rare earth-based magnet and the lower the soft

ferrites.

The increased remanent magnetization is directly related to the magnetic filler content in the
three composites. However, the normalized remanence (Mr/Ms) remains constant and, more
importantly, is the same as the one for the bare magnetic materials. Thus, it can be suggested
that the coercivity and the Mr/Mgs ratio of the fillers remain unchanged, keeping the particles
diluted into the polymeric matrix, with no spin canting effects or interaction between the
particles and the polymer [79,80] or any reaction that could occur during the processing of

the composite with the photocurable resin.

Regarding the evolution of the magnetic properties with filler concentration of the
composites, a proportional trend is observed for all samples. First, the real composition of
the magnetic filler into the composite was determined by comparing the saturation
magnetization of the composites with the value obtained from the pristine magnetic material.
These values of real compositions, which are summarized in the Table 5.3 (experimental
content), are quite close to the nominal ones. Mainly, two possible reasons are associated to
the observed difference between the nominal and the real particle content; the solvent
(monomer) evaporation and the filler saturation. Manufacturing of samples implies the
mixing of additives by sonication at 35 °C for 3h and then stirring for 2h, long enough to
induce an evaporation of the monomeric compound. In addition, after polymerization of
films and the subsequent washing process with 2-propanol, higher content samples released
a liquid coming from the uncured regions of the samples and losing an undetermined content
of particles associated with the filler saturation corresponding to the polymer with no

acceptance of additional inorganic content.

The composites prepared with Fe3O4 exhibit very low remanence and the change is almost
negligible when the nanoparticle content is increased, ranging from 0.09 emu/g for the
2 wt.% sample to 0.30 emu/g for the 10 wt.% one (Figure 5.7b). In the case of CFO, the

remanence changes from 0.26 emu/g at 1 wt.% filler content to 1.69 emu/g at 6 wt.%, as
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shown in Figure 5.7d. However, when the filler is NdFeB the values are much larger and
the relative change is also higher (also due to the fact that the amount of filler added is much
larger) and ranges from 5.18 emu/g for the 6 wt.% sample to 44.95 emu/g for the 50 wt.%
sample (Figure 5.7e).

Table 5.3 — Saturation magnetization (Ms), remanence (Mg), coercive field (Hc) and normalized
remanence (Mr/Ms)

Magnetic Nominal  Experimental e e
content content Hc (T) Mr/Ms
particle Wt.%) We.%) (emu/g) (emu/g)

100 100 59.1 6.26 0 0.11

2 1.3 0.74 0.09 0 0.12

4 2.7 1.62 0.15 0 0.10

FesOs 6 4.0 2.37 0.18 0 0.08
8 3.7 2.16 0.16 0 0.08

10 6.3 3.70 0.27 0 0.08

100 100 424 20.63 0.2 0.49

1 1.2 0.52 0.26 0.2 0.5

2 3.0 1.27 0.63 0.2 0.49

CFO 3 4.2 1.80 0.87 0.2 0.49
4 5.7 242 1.18 0.2 0.49

5 7.3 3.10 1.52 0.2 0.49

6 8.2 3.50 1.69 0.2 0.48
100 100 114 86.50 0.7 0.76

6 6.5 7.46 5.18 0.7 0.7

10 11.3 12.92 8.99 0.7 0.7

NdFeB 20 23.1 26.40 18.32 0.7 0.7
30 35.4 40.61 28.36 0.7 0.7

40 433 49.64 34.67 0.7 0.7

50 55.8 63.86 44.95 0.7 0.7

Comparing samples with experimental filler content about 6 wt.% for the three different

fillers, it is observed a high stability of the magnetic particles after processing since they
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keep proportionally constant in time. For example, remanence values of 0.27, 1.18 and 5.18
emu/g for Fe3s04, CFO and NdFeB, respectively, preserve the same Mr/Ms ratios: 0.08, 0.49
and 0.7. However, it is found a progressive dependence in other parameters such as T and

R, being these 18.6, 20.7, 25.4 °C and 0.1, 0.5, 2.9 s! for Fes04, CFO and NdFeB,

respectively.

Taking into account that the SEM images show inhomogeneous dispersed nanoparticles
within the matrix, possibly the region where the magnetic properties were measured in the
nominal 6 wt.% sample has a larger concentration of magnetic material, or conversely, the

sample containing Fe3O4 had lower particles concentration in the measured region.

As a final note, it is worth mentioning that the CFO and Fe3O4 nanoparticles show lower
saturation magnetizations than the materials in bulk. In particular, bulk cobalt ferrite has a
reported value of 80 emu/g [81] and for bulk magnetite is around 92 emu/g [77], while the
particles had 42 emu/g and 59 emu/g, respectively. This trend for the saturation
magnetization to decrease from bulk with decreasing size of the nanoparticles is well known,
and experimental evidence suggests that the chemical environment that interact with the iron,

as well as morphology considerations influence the magnetization to a great extent [82].

Thus, it is demonstrated that UV curable magnetic materials can be produced with a wide
range of magnetic properties, for additive manufacturing of magnetic responsive

components.

5.4. Conclusions

Photocurable magnetic materials based on polyurethane acrylated (PUA) polymer and
different particles including magnetite (Fe3O4), cobalt ferrite oxide (CFO) and neodymium
iron boron alloy (NdFeB) have been prepared by UV curing with filler variations between
1.3 and 6.3 wt.%, 1.2 and 8.2 wt.%, and 6.5 and 55.8 wt.% for Fe3O4, CFO and NdFeB,
respectively. The polymerization conversion and photopolymerization rate strongly decrease
with the inclusion of the magnetite based materials, allowing a total conversion of 20 % for
higher filler content. The modification of the filler by adding cobalt (CFO) allows an increase
on maximum particle content in the composite, showing a total conversion of 26 % for the

8.2 wt.% content sample. The influence on UV curing process is reduced by adding NdFeB
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fillers, allowing composites with up to 55.8 wt.% filler content and a polymerization

conversion of 58 %.

A suitable filler dispersion is obtained for the different magnetic particles with small
agglomerated well dispersed along the polymer, which gains a flake-like morphology due to
filler addition.

Magnetic composite films presented thermal properties (Tg) independent of the filler type
and content, whereas the Young modulus decreases strongly for iron oxide-based
composites. On the other hand, the Young modulus for NdFeB/PUA samples increase in all
filler content range. The d.c. electrical conductivity is nearly independent on filler type and
content, with a maximum of 1.0 x 10 S/m for the Fe;04/PUA sample with 6.3 wt.% filler

content.

Finally, magnetic properties demonstrate that particles did not suffer any degradation or
oxidation process when included into the PUA matrix. Variable saturation magnetization,
coercivity and remanence can be obtained by changing particle type and content. Thus,
Fe304/PUA materials show a saturation magnetization up to 3.70 emu/g, remanence of 0.27
emu/g and no coercivity; while samples that contents magnetite with cobalt inclusion
(CFO/PUA composites) show saturation magnetization up to 6.50 emu/g, remanence of 1.69
emu/g and coercivity of 2000 Oe. NdFeB/PUA composites showed a hard magnetic material
behaviour with saturation magnetization up to 63.86 emu/g, remanence of 44.95 emu/ g and

coercivity of 7000 Oe.

It is concluded that it is possible to develop magnetic materials processable by additive

manufacturing with tailored magnetic response for specific application requirements.
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Photocurable thermochromic and humidity responsive materials based on polyurethane
acrylated (PUA) and  bis(1-butyl-3-methylimidazolium) tetrachloronickelate
([Bmim]2[NiCls]) ionic liquid (IL) have been developed. The influence of IL content on
the photopolymerization process, morphology, Young modulus and electrical
conductivity of the materials was evaluated. All composites exhibit humidity dependent
thermochromism from colourless to blue independently of the IL content. Thus, suitable

materials for humidity sensors have been developed.
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6.1. Introduction

Additive manufacturing (AM), considered one of the main cornerstones related to Industry
4.0 and advanced technologies, has strongly developed in recent years at academic and
industrial levels as a powerful research and fabrication tool based on its versatility, tunability
and environmental friendly approaches [1]. AM is defined by the International Organization
for Standardization (ISO)/American Society for Testing and Materials (ASTM) 52900:2015
as “the process of joining materials to make parts from 3D model data, usually layer upon
layer”. It includes seven categories: material extrusion, powder bed fusion, material jetting,
binder jetting, sheet lamination, directed energy deposition and vat photopolymerization [2].
Among them, vat photopolymerization (VP) stands out due to its high resolution and

accuracy, good surface finish and high fabrication speed.

VP is mainly composed by UV or visible light curable processes in which the light activates
the photopolymerization process [3,4]. The use of UV curable materials is increasing rapidly
because the advantages indicated at the first chapter of this thesis [5]. However, a small range
of materials can be used, with limited functionality, and supporting materials are often
required during fabrication [6]. In addition, the IoT has become one of the key element to
truly implement the requirements of the Industry 4.0 [7-9]. In this context, sensors together
with 2D and 3D printing technologies [10] are becoming increasingly demanded and
significant over the past years [11]. In this respect, different photocurable materials for
sensor applications have been obtained, in some cases using AM techniques, including
biosensor [12], piezoresistive [13], tactile [14], acoustic and ultrasonic [15], optical [16],

temperature [17] and gas detection [ 18] sensors.

Most of the indicated sensors are based on multifunctional materials that are generally
obtained from nanocomposites. This makes nanocomposites an essential tool in the
development of sensing materials and applications, mainly based in the synergetic effect of
both nanomaterial and matrix [19], the former providing functionality and the second
structure and processability. Thus, several studies have been carried out in the synthesis of
polymer based nanocomposites [20-22], including UV curable one [23]. Nevertheless,
performance, cost, environmental and safety concerns, as well as the processing of materials
at industrial scale continues to be a problem for nanocomposites [24]. In this sense, hybrid

materials based on ionic liquids (ILs) dispersed within a polymer matrix allow the
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development of new materials with improved properties than conventional nanocomposites
based on inorganic or organic nanoparticles. This increases the interest in developing those

novel materials for different application areas, particularly for sensing [25].

ILs are molten salts composed entirely of organic cations and organic or inorganic anions
[26]. Due to their tuneable intrinsic properties such as high ionic conductivity, mechanical,
electrical, electromechanical and thermal stability, as well as, negligible vapour pressure,
ILs have been attracting a great interest for an increasing number of applications. They have
also been implemented as green solvents for polymeric, organic and inorganic materials

presenting an alternative to volatile organic solvents and electrolytes [27].

These materials can also show the ability of responding in a controlled manner to external
stimuli, namely pH or temperature, among others, by alteration of their intrinsic properties
thus adapting to environmental conditions [28]. The tunability of ILs is possible due to the
large variety of possible options of cations and anions, promoting their implementations as
smart responsive and sensing materials, including electrochromic, pH sensitive and

thermochromic materials, among others [27,28].

Different polymers were used as a matrix to develop ILs based hybrid polymer composites,
such as poly(vinylidene fluoride) (PVDF) and its copolymers, poly(methyl methacrylate)
(PMMA), poly(N-isopropylacrylamide) (PNIPAM), poly(urethane) (PU), polyethylene (PE)
and poly(lactic acid) (PLA), among others [25]. Different and very diverse applications have
been demonstrated for these nanocomposites, from sensors and actuators or batteries and
fuel cells to air and water remediation or biomedical applications [25]. Furthermore,
ILs/polymer hybrid materials were obtained based on UV curable materials such as
PNIPAM with phosphonium-based ILs for ionogels fabrication [29] or methacrylic oligomer
with imide salt type IL to be used as electrolytes for lithium-based batteries [30]. Further,
UV cured IL/polymer hybrid materials were prepared by 3D printing, using photosensitive
commercial photoresist (IP-L 780 or SU-8) combined with dicyanamide salt and printed by
two-photon nanolithography to obtain good optical transparent and down to 200 nm
resolution 3D structures [31]; or phosphonium polymerized ionic liquids structures for

emerging electro-active membrane technologies printed by microstereolithography [32].

UV-curable polymers are particularly suited for smart coating applications, namely as

coatings for corrosion protection, inks and adhesives [33]. However, besides the lartge
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potential of these materials, few studies report on the development of smart coatings curing
by UV light, being polyurethane (PU) coatings the most commonly employed. In this sense,
PU coatings produced by UV curing presents many advantages, being related with their low
environmental impact, energy and time saving processing and an efficient polymerization.
Smart coatings based on pH-responsive polyurethane (pH-PU) and fluorated octavinyl
polyhedral oligomeric silsesquioxane (F-OV-POSS) developed by UV curing revealed a
self-cleaning ability and durability, based on their superhydrophobicity. These interesting
results demonstrate their strong potential to be used in the still to develop area of smart and

multifunctional coatings [33].

With the capability of reversibly changing colour as a function of temperature either by
heating or cooling, thermochromic materials, in particular IL/polymer based materials have
been gained special attention in the field of sensors, such as level sensors [34,35]. This
thermochromic behaviour is present in halide complexes, many transition-metal complexes
such as nickel or copper due to the interaction of the transition metal with an adequate donor
solvent by the energy alteration of the d-d transitions and consequent configuration changes
[36,37]. Systems based on thermochromic materials find applications in areas such as energy
[38,39], flexible electronics [40,41] or sensors [35,42], among others [43—45]. In this sense,
thermochromic materials and, particularly, ILs based ones, are the focus of increasing
attention [25,35]. Besides the high interest in thermochromic materials, few studies reported
on the IL/polymer based thermochromism. Printable level sensors based on the IL bis(1-
butyl-3-methylimidazolium) tetrachloronickelate ([Bmim]2[NiCls]) and the polymer PVDF

able to change colour from transparent to a dark blue, have been reported [35].

The potentiality of the ILs as humidity sensors have also been explored in ILs/PVDF
composites [46], photopolymerizable polymers with carbon nanotubes [47] or
polyelectrolytes based on 2-(dimethylamino)ethyl methacrylate quaternized with n-butyl
bromide [48] or based on trimethylolpropane triacrylate (TMPTA) and different ammonium
salts[49] have been developed.

Besides the great advantages of the ILs for the development of multifunctional materials and
the advantages of UV curable polymers for additive manufacturing and protective and
functional coatings [50], up to our knowledge no studies concerning the development of
thermochromic IL-based UV curable hybrid materials able to change the colour with the

temperature and to detect relative humidity variations (humidity sensor) have been reported.
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Thus, this study reports on the development of an UV curable ILs/polymer thermochromic
and humidity responsive material based on polyurethane acrylate (PUA) and
bis(1-butyl-3-methylimidazolium) tetrachloronickelate ([Bmim]>[NiCls]) able to be
implemented as multifunctional materials or coatings with thermochromic and for humidity

sensing capability.

6.2. Experimental

6.2.1. Materials

SPOT-E™ from SPOT-A Materials ® commercial photoresin was used as the UV curable
matrix. This clear-yellowish material is based on polyurethane acrylate (PUA) polymer. The
IL, 1-buthyl-3-methylimidazolium tetracholonickelate ([Bmim].NiCly), with a purity of
99% was synthetized as previously reported [51,52]. 2-propanol of 99.5 % purity from Alfa

Aesar ® was used as a sample cleaner.
6.2.2. Samples preparation

Different contents of IL were mixed with the corresponding volume of the photoresin to
obtain 0, 5, 10, 20 and 40 wt.% [Bmim]>NiCls content samples. To ensure a good mixture
of the resin and the IL, the samples were dispersed under ultrasonication (ATU ® ATM
series Model ATM3L) for 1 h at a temperature of 30 °C and then magnetically stirred for 2 h
at 45 °C. After the completely homogeneous photoresin-IL mixture, flexible/bendable films
were obtained by doctor blade technique spreading the mixture on a clean glass substrate.
All samples were then cured at room temperature for 90 seconds with a UV curing chamber
(UVACUBE 400, Honle UV America, Inc.) equipped with a mercury lamp (1000 W/m? of
irradiance). Then, films were separated from the glass substrates, washed in a 2-propanol
bath during 5 minutes, dried, and finally, stored in the dark at room temperature for the
subsequent characterization. IL/PUA hybrid materials with a thickness around 150 pm,
determined by an electronic digital caliper of Powerfix ®, were obtained. Figure 6.1 shows

a scheme of the preparation process for PUA and IL/PUA films.
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Figure 6.1 — Schematic representation of the procedure used for the development of the PUA and
IL/PUA composite films (5, 10, 20 and 40 wt.%): 1 — ultrasonication, 2 — magnetic stirring at 45
°C, 3 — film processing by Doctor Blade, 4 — UV cure, 5 — flexible films.

6.2.3. Samples characterization

The effect of the introduction of the IL within the polymer matrix in the UV curing process
was evaluated by photo-differential scanning calorimetry (photo-DSC) using a DSC 2920
Modulated DSC equipment coupled to a differential photocalorimetry accessory from TA
Instruments ®. All samples were irradiated with UV light in air at room temperature for 5
minutes while the heat flow was measured. The results were normalized by the weight of

samples.
The C=C double bonds conversion (o)) was calculated according to the Equation (6.1) [53]:

AH,
= AH gheor

(6.1)

a

where AH; is the enthalpy at time t (calculated by integrating the area under the peak of the
measured DSC curves), and AHE™ " is the theoretical enthalpy for the fully conversion. Due
to fact that a commercial photoresin was used, the enthalpy value of the pure resin after the

complete UV cure was considered as the theoretical enthalpy for totally conversion [13,54].

The photopolymerization rate (Rp) was obtained applying Equation (6.2):

_da _ dH/dt

P E - Atheor (6'2)
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Thus, the maximum photopolymerization rate (R;'**) and the corresponding time to reach

R, named t™, were obtained.

Scanning Electron Microscopy (SEM) was employed to study the morphology variations of
the samples as a function of IL content. Samples were cold fractured under liquid nitrogen
bath and cross-section images were obtained by a Hitachi S-4800 microscope at an

accelerating voltage of 10 kV with magnification of 500x.

Possible interactions between the IL and the polyurethane acrylate polymer were studied by
Fourier transformed infrared spectroscopy in the total attenuated reflection mode
(FTIR-ATR) using a Nexus FTIR Nicolet spectrophotometer. The FTIR-ATR analysis was

performed in the range of 4000 to 400 cm™' with a spectral resolution of 4 cm™! and 64 scans.

Thermal behaviour of the samples was evaluated by differential scanning calorimetry (DSC)
measured in two successive scans under nitrogen atmosphere from -50 to 250 °C at 20 °C/min
in the first scan and from -50 to 150°C at 20°C/min in the second scan using a DSC 822¢
from Mettler Toledo. The glass transition temperature was calculated as the extrapolated
onset of the baseline shift. In addition, the water absorption capability of the samples was

also evaluated.

Contact angle measurements were employed to characterize the hydrophobic/hydrophilic
behaviour of the prepared films as a function of the amount of IL in the samples. The Ossila
Contact Angle Goniometer was used to measure the contact angle of each sample over time
(3 experiments per sample). Drops of Mili-Q water were deposited on each sample (10

pL/drop) and the evolution of the contact angle over time was measured.

The mechanical properties of both pristine and hybrid samples were evaluated by tensile
tests. Mechanical tests in the tensile mode were carried out at room temperature in a universal
testing machine (Shimadzu model AG-IS) using a load cell of 50 N. Rectangular shaped
(30 x 10 mm) samples were analyzed at a test velocity of 10 mm/min. Secant modulus (E),
obtained by calculating the slope of the linear region, and strain at break (e») were determined

for pure PUA and IL/PUA films.

The electrical properties of the films were evaluated by current-voltage (I-V) measurements
using a Keithley 6430 picoammeter/voltage source. Previous to the measurements, the

samples were prepared in the form of a parallel plate condenser by depositing, by magnetron
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sputtering (Polaron Coater SC502), circular gold electrodes of 5 mm diameter. The
volumetric electrical conductivity was obtained at room temperature by the slope of the
characteristic I-V curves and the electrical conductivity (6) was calculated considering the

geometrical factors of the samples according to Equation (6.3) [13]:

L

o

where R is the electrical resistance, L the sample thickness and A is the area of the electrodes.

The thermochromic response was investigated by ultraviolet—visible (UV-Vis) spectroscopy
as a function of temperature. UV—Vis spectra were collected with an Agilent Cary 60 UV/vis
spectrophotometer with an external temperature controller. The spectra were obtained in the
range of 300-800 nm, with a resolution of 1 nm, in the temperature range from 30 to 70 °C
(temperature range in which sample colour changes) every 5 °C after 2 min stabilization
period before each measurement. Further, the effect of temperature and relative humidity
(RH) variation on the colour of the films was measured within a climate chamber Challenge
250E from ACS Company by recording photographs while RH and temperature were varied
as indicated in Table 6.1. This analysis was carried out for the IL/PUA sample (2.5 x 2.5 cm
square) with 20 wt.% IL content. In order to obtain the blue (dehydrated) initial state, the
sample was kept at 70 °C for 5 minutes, while for the colourless (hydrated) state, the sample

was kept under ambient conditions during 24 hours.

Table 6.1 — Experimental details for thermochromic and relative humidity (RH) variation assays.

Constant parameter Variable parameter Studied Time of
Experiment Initial state
and value and interval intervals interval
. Blue Temperature at Relative humidity 10 %
(V]
(dehydrated) 25°C 15-85%
5 Blue Temperature at Relative humidity 105
A .
(dehydrated) 45 °C 1585 % 20 minutes
at constant
Blue Temperature at Relative humidity . value and
3 o o 10 % 15 minutes
(dehydrated) 15°C 20-85% . )
increasing
A Colourless Relative humidity Temperature l0°C to the next
(hydrated) at 60 % 25-75°C step
5 Colourless Relative humidity Temperature 10°C
(hydrated) at 40 % 25-75°C
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6.3. Results and discussion

6.3.1. UV curing process

UV curing process for the different samples is depicted in Figure 6.2. The
photopolymerization conversion (o) as a function of time is shown in Figure 6.2a and the
photopolymerization rate (Rp) in Figure 6.2b. Table 6.2 summarizes the main values that
characterize the UV curing process, o, Rj'** and t™, of the different samples, as a function

of IL content.

Figure 6.2a shows that a decrease on the conversion degree occurs with increasing IL
content. Neat photoresin shows a 100% conversion after approximately 4 minutes that
becomes 95% for the sample with 10 wt.% IL content. Similar trend is further observed for
the samples with 20 wt.% and 40 wt.% IL content, the total conversion decreasing to around
88% for the 40 wt.% IL content sample after 4 minutes. In addition, photopolymerization
rate is also slightly affected by the incorporation of [Bmim]2[NiCls], changing from 3.4 s™!
for neat PUA to 2.9 s! for 40 wt.% IL/PUA sample. In relation to the t™>, a slight decrease
is observed with increasing IL content, varying between 8.0 s for the 0 wt.% IL/PUA sample

to 6.2 s for the sample that contains the highest amount of IL.

The UV light absorption by the photoinitiator has significant influence in the C=C double
bond conversion and, therefore, in the UV curing process [55]. The functionality and
chemical structure of the employed oligomer has influence in the reactivity of the
photocurable ink and as consequence in the final degree of conversion °. Further, the
viscosity of the liquid curable ink/resin also plays an important role on the
photopolymerization and is affected by the addition of additives [54]. Further, the fillers
could absorb UV light, competing with the photoinitiator and, as a consequence, influencing
the photopolymerization reaction and the characteristic photopolymerization parameters

[13].
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Figure 6.2 — Curing conversion (o) as a function of time of the pristine photoresin and the IL/PUA
samples (a), and the corresponding photopolymerization rate (R,)(b).
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Table 6.2 — UV curing process parameters of the pristine resin and the IL/PUA samples for the
different IL contents.

Sample a (%) R} (s tmax (s)

0 wt.% 100 34 8.0+0.1
5 wt.% 99 34 8.0=+£0.2
10 wt.% 95 33 7.4+0.1
20 wt.% 89 32 7.0+£0.3
40 wt.% 88 2.9 62+04

In the present case, UV absorption by [Bmim]>[NiCls] competes with the light absorption
by the photoinitiator [51] and, therefore, lower amount of initiating radicals is produced. As
a consequence, the final conversion and the rate at which the polymerization occurs are
reduced when IL is added to PUA resin. Furthermore, increasing viscosity influences the
photopolymerization by decreasing the rate and increasing the time to obtain the maximum
curing degree [53]. Hence, two factors have to be taken into account: a) when the
photopolymerization is taking place, the viscosity increases and b) the presence of IL also
increases the viscosity of the photocurable material [29]. Thus, different viscosities could be
obtained for two materials with the same degree of cure but different amount of IL content,

being observed a decrease in the R, and t™** with increasing [Bmim]z[NiCl4] content.

6.3.2. Morphological and contact angle characterization

Figure 6.3 shows the cross-sectional SEM images of neat PUA and IL/PUA samples in order
to evaluate morphology variations due to the [Bmim]>[NiCls] inclusion within the polymer

matrix.
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Figure 6.3 — SEM images of the PUA (a) and IL/PUA hybrid samples comprising different IL
contents (b-¢) at magnification of 300x. Thermochromism resulting from the dehydration process
of IL/PUA with 10 wt.% IL content (f).

The filler induced morphological variations have significant influence over mechanical and
electrical properties of the prepared samples [13,54], which depends on IL type and content
[29]. Figure 6.3 shows that the presence of [Bmim]>[NiCl4] modifies the PUA polymer
morphology: whereas pristine PUA (Figure 6.3a) shows a smooth and flat structure, without
any visible crack, pores or patters, the incorporation of the IL leads to spherical or porous
like structures within the sample. This trend increases with increasing IL content within the
PUA matrix and the pore distribution is homogeneous throughout the films. When IL content
increases, the spherical (bubble type) structures appear in a greater extent and the pores seem

to be larger [56].

The obtained SEM results are in agreement with elated studies with [Bmim]2[NiCls] within
different polymer matrix [35,46]. Further, as the IL [Bmim]>[NiCl4] is known by its
thermochromic properties upon a hydration and dehydration process, an important property
for the development of multifunctional materials for smart coatings and/or sensor
applications, the thermochromism upon a hydration process was evaluated. Figure 6.3f
shows the thermochromism occurring as a result of a hydration/dehydration process for the
sample with 10 wt.% IL content, as demonstrated by a colour change from colourless/whitish

to light blue, respectively. This effect will be quantitatively analysed in this work.
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The surface wettability of the PUA and PUA/[Bmim]>[NiCls] was evaluated by contact
angle measurements (Figure 6.4). Attending to the contact angle values, the

hydrophobic/hydrophilic behaviour of each sample can be evaluated.

42° \

0 5 10 15 20 25
Time (s)

Figure 6.4 — Representative images of the water surface contact angle for neat PUA film (a) and
IL/PUA samples containing 5 wt.% (b), 10 wt.% (c), 20 wt.% (d) and 40 wt.% (e). Evolution of the
contact angle values as a function of time for the mentioned samples (f).

Figure 6.4 shows that the contact angle for neat PUA films present a value of 71° and that
when the IL is added to the polymer matrix, the contact angle value decreases to 42° for the
5 wt.% IL/PUA sample and to a minimum value of 29° for the sample with the highest IL
content (40 wt.%). The improvement of the surface wettability of the samples with
increasing [Bmim]>[NiCls] content shows that the inclusion of the IL into the polymer matrix
improves the water absorption capability, increasing the absorbed water per unit mass in the
IL/PUA samples [57]. These results are also in agreement with the increased porosity of the
samples with increasing IL content presented in Figure 6.3, as higher porosity allows a

larger contact between film and water drop and increased water absorption [56].

6.3.3. Thermal and chemical characterization

The thermal properties of pristine and IL/PUA samples were evaluated by the DSC

thermograms shown in Figure 6.5. Only a single endothermic peak is observed for the neat
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PUA in the first and second scans, corresponding to the glass transition temperature (Ty).

The glass transition temperatures for the different samples are indicated in Table 6.3.
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Figure 6.5 — DSC thermograms of neat PUA and IL/PUA samples for the first (a) and second (b)
scans.
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Table 6.3 — Glass transition temperature for first (Tg1) and second (Tg) scans, strain at break (g,) and
elastic modulus (E) for PUA and IL/PUA films.

Sample Te1 (°C) Tg2 (°C) &b (%) E (MPa)

0 wt.% 20.2 41.2 458 +3.2 4.04 +£0.35
5 wt.% 24.1 52.8 543+44 4.87 +£0.37
10 wt.% 23.5 53.3 29.1+£2.1 420+0.13
20 wt.% 23.7 50.9 27.0+£2.5 427+0.31
40 wt.% 23.6 56.7 329+53 3.45+£0.02

For neat PUA the glass transition is located around room temperature (Tg = 20 °C). With the
incorporation of the IL [Bmim]>[NiCls] an endothermic peak is observed between 60 and
150 °C that increases with increasing IL content. This endothermic peak is attributed to water
desorption and can appears at different temperature ranges depending on the H>O molecular
interactions [58], being indicative in the present case of a reversible water desorption on Ni
(IT) compounds in which H,O molecules are coordinated to the metal [35,59]. The increase
of the endothermic peak with increasing IL content is in agreement with contact angle

results, where a higher wettability is observed for samples with higher IL content.

Figure 6.5a also shows that Ty for neat PUA and IL/PUA samples (Table 6.3) slightly
increases from 20 to ~24 °C when [Bmim]>[NiCl4] is added. Thus, no significant differences

are observed among the different samples.

After the heating process up to 300 °C and the subsequent cooling to -50 °C the peak
corresponding to the water absorption does not appear (Figure 6.5b), indicating that the
hydration process does not occur. Related to PUA, Ty increases compared with the first scan
from 20 °C (Tg1) to 41 °C (Tg), increasing further for the samples with IL content up to
40 wt.%, being 53 °C for the sample containing 5 wt.% IL and 56 °C for the sample with
40 wt.% IL. This increase of the Tgi of PUA with the IL incorporation indicates that the IL
actually interacts with the polymer, reducing its mobility [60]. Thus, after the heating process
and water evaporation (second scan), the increase of Ty indicative of the polymer mobility
reduction that can be ascribed to a IL and PUA interactions when dehydration has occurred

[60].
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The possible physico-chemical interactions between the IL and the polymer matrix as well
as the conformational variations of the IL/PUA samples after the hydration and dehydration
processes were evaluated by FTIR-ATR. Figure 6.6 shows both the room temperature,
25 °C, (hydrated) and 80 °C (dehydrated) FTIR spectra.

Figure 6.6a allows to identify the main characteristic absorption bands of neat PUA. The
absorption band at 1550 cm™! is attributed to the combined stretching vibrations of C-N and
N-H bonds of the urethane group. C-N and C-O-C absorption bands appear at 1400 cm™ and
1110 cm’!, respectively. The PUA C=O0 stretching vibrations are observed at 1725 cm™ and
the CH> and CHj3 vibrations are observed between 2855 cm™ and 2955 cm™ [54]. No
chemical changes occur in the FTIR-ATR spectra of PUA upon the IL incorporation within
the polymer matrix. Additionally, it is also to notice that the characteristic IL imidazolium
CHa, CH3 and C-N absorption bands of the cation [Bmim]" are overlapping with the polymer
absorption bands [35,46]. Apart from that, no band displacement or new absorption bands
are observed upon the addition of IL, showing that no notable intermolecular interactions

occur between the IL and the PUA polymer [54].

Comparing samples before (hydrated) and after (dehydrated) the heating process, it is to
notice the presence of two absorption bands at 1650 and 3330 cm™! in the hydrated samples,
which correspond to the stretching and bending modes of water molecules [35]. These results
indicate that the change in colour from light blue to colourless (Figure 6.3f) can be attributed
to the presence or not of water molecules within the coordination structure of the

[Bmim]>[NiCls] IL of the IL/PUA samples, as it will be analysed in detail latter.
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Figure 6.6 — FTIR spectra of neat PUA and IL/PUA samples containing different IL contents (a)
and FTIR spectra at room temperature (hydrated) and at 80 °C (dehydrated) of 20 wt.% IL/PUA
sample (b).
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6.3.4. Mechanical and electrical properties

The mechanical characterization of neat PUA and IL/PUA films as a function of
[Bmim]>[NiCls] content from 5 up to 40 wt.% was performed by stress vs. strain
measurements in tensile mode (Figure 6.7a) and the corresponding elastic modulus (Figure

6.7b) and strain at breaks (Table 6.3) were evaluated.
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Figure 6.7 — Stress vs. strain mechanical characteristic curves (a) and Young modulus (b) for neat
PUA and for IL/PUA samples containing different [Bmim],[NiCls] contents. I-V curves (c) and
electrical conductivity (d) for the same samples.
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According to Figure 6.7a, all samples exhibit a linear elastic response up to a breaking point.
The maximum strain for the PUA film is ~ 45 % decreasing down to ~ 27 % for the IL/PUA
film with a [Bmim]>[NiCls] content of 20 wt.%. With respect to the Young’s modulus
(Figure 6.7b) it is 4.04 + 0.35 MPa for the PUA photoresin film and slightly increase to
4.87+ 0.37 MPa for the composite with 5 wt.% of [Bmim]o[NiCls]. However, for
concentrations higher than 5 wt.%, a reduction in the Young modulus is observed, being
4.20 + 0.13 MPa and 4.27 + 0.31 MPa for the samples containing 10 and 20 wt.% of
[Bmim]>[NiCls], respectively. The IL/PUA film with 40 wt.% of [Bmim]>[NiCls] shows a
Young modulus of 3.45 + 0.02 MPa. The decrease in the Young modulus is mainly attributed
to the plasticizing effect of the [Bmim]>[NiCl4] as well as to the observed morphology

variations increasing [Bmim]>[NiCl4] content, appreciated in the SEM images [61].

Attending to the elongation level of the material, the addition of IL increases the maximum
elongation of the materials for the lower IL contents being 45.8 + 3.2 % for neat PUA and
54.3 + 4.4 % for the 5 wt.% sample. When higher amounts of IL are added, the maximum
elongation decreases down to 27.0 = 2.5 % for the 20 wt.% sample. As shown before, the
addition of IL induces variations on the morphology of the obtained polymer hybrids
resulting in increasingly porous structures and, as consequence, the materials show lower
levels of stretchability [62]. Interestingly, all films present bending ability and they not
become fragile with increasing IL content, making them suitable materials for flexible

applications.

The electrical properties of the PUA and IL/PUA films as a function of [Bmim]>[NiCla]
content are shown in Figure 6.7¢ and d. Figure 6.7c shows the characteristic I-V curves
and the corresponding volume electrical conductivity of the films is presented in Figure

6.7d.

All samples exhibit a typical I-V linear behavior independent of the IL content, with the
slope increasing with the increasing [Bmim]2[NiCls] content (Figure 6.7¢). The electrical
conductivity of the samples, evaluated using Equation (6.3), shows a strong increase with
increasing IL content (Figure 6.7d), the electrical conductivity of the PUA film being around
2.92 x 102 S'm™ and the highest electrical conductivity being obtained for the sample with
40 wt.% [Bmim]2[NiCls] IL content: 5.51x10 S-m™'. This increase results from the ionic
properties of the ILs and to ion-dipole interactions, that occurs between the IL and the PUA

being the electrical conductivity governed by the increase in the number and mobility of the
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ions, ionic charge and viscosity of the [Bmim][NiCls] [63]. By increasing the
[Bmim]>[NiCl4] concentration in the polymeric matrix, the ion transport and dissociation of
IL is promoted, increasing the number of ionic carriers. Further, it has been also reported
that the IL-polymer interaction may decrease as the IL content increases, promoting a faster

dissociation of the ionic transport from the polymer chain motion [35].
6.3.5. Temperature-activated humidity-sensitive materials

6.3.5.1. UV-Vis characterization

The thermochromic effect of the PUA/[Bmim]2[NiCl4] films was evaluated by UV-Vis
spectroscopy at different temperatures as shown in Figure 6.8. Figure 6.8a shows the
UV—Vis spectra for PUA/[Bmim]>[NiCls] composite with 20 wt.% of [Bmim]2[NiCls]
content in the temperature range from 30 to 70 °C. Figure 6.8b shows the UV-Vis curves

for the different composites with different IL contents at 70 °C.
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Figure 6.8 — UV-Vis spectra for the IL/PUA samples containing 20 wt.% of [Bmim]>[NiCla]
content in the temperature range from 30 to 70 °C (a) and UV-Vis curves for the different samples
at 70 °C (b).

Upon the processing, and independently of the IL content, the films are colourless, changing
their colour to blue upon the heating up to 70 °C, being the colour change a reversible and

temperature-dependent process.

As shown in Figure 6.8a, the increase in temperature from 30 to 70 °C induces the
appearance and subsequent increase of two absorption bands at 660 and 710 nm. Comparing
these two peaks among them, similar intensity and shape is obtained regardless of the
temperature. Furthermore, this process is observed for all IL/PUA samples, independently
of the [Bmim]>[NiCls] content, as it can be observed in the Figure 6.9, reaching maximum
absorption at temperatures between 60 and 70 °C in all cases. In addition, an increase of the
IL content from 5 to 40 wt.% induces an increase in the absorption bands, as presented in

Figure 6.8b.
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Figure 6.9 — UV-Vis spectra for IL/PUA samples in the temperature range from 30 to 70 °C for
sample with [Bmim],[NiCl4] content of 5 wt.% (a), 10 wt.% (b), 20 wt.% (c) and 40 wt.% (d).

The appearance of the two absorption bands with increasing temperature indicates colour

change of the films from colourless to blue. As indicated, the absorption peaks appear at
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wavelengths between 600 and 750 nm, ascribed to the blue region of the UV-Vis spectrum.
In addition, these peaks reach a maximum absorption value that corresponds to the most
intense blue colour obtained in the films and this colour is dependent on the IL content of
the composite, increasing the peak intensity, and in this sense the colour intensity, with the
IL content. The observed peaks of similar intensities are attributed to the [NiCls]* complex
in its tetrahedral conformation [64], being thus responsible for the colour variation.
Therefore, the colour change of the films is explained by the modification of the coordination

reaction [35].
6.3.5.2.  Temperature-humidity-colour change characterization

As the composites are thermally and humidity responsive, they show a strong potential for
smart and multifunctional coatings and/or sensing materials. Figure 6.10 shows the
evolution of the colour with increasing relative humidity (RH) at constant temperature, and

with increasing temperature at constant humidity.
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Figure 6.10 — Colour variation of the films (initial and final state) with increasing relative humidity
at constant temperature of 25 °C (a), 45 °C (b) and 10 °C (c), and with increasing temperature at
constant relative humidity of 60 % (d) and 40 % (e).
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Attending to Figure 6.10a, as the relative humidity increases, keeping the temperature
constant, the film remains completely blue until 55 % of RH. At this moment, the film starts
to change its colour to a lighter blue. When a RH of 75 % is reached, the film becomes

colourless, defining the “range of colour change” from 55 to 75 % of RH.

These results also indicate a reversible response of the film in which blue films can recover
the transparency/whitish colour at room temperature, confirming the reversible
thermochromism, which is explained by an abrupt change in the chemical structure as

indicated in section 3.5.3 [65].

Further, when the RH increases, keeping the temperature constant (Figure 6.10b), the film
remains completely blue. When a RH of 40% is achieved, the film starts to change its colour
to a lighter blue (similarly to the first test at room temperature). Finally, when a RH of 55 %
is reached, the film becomes colourless, defining the range of colour change from 40 to 55 %
RH. Thus, temperature has a strong influence on the range of colour change, a decrease from
55% to 40 % of RH being observed for the beginning of the colour change when the tests

are performed at constant temperature of 25 °C or 45 °C, respectively.

When the temperature is maintained at 10 °C (Figure 6.10c¢), a similar result is obtained.
However, in this case, the film has not turned completely colourless at the end of the
experiment, remaining slightly blue. In addition, the colour change begins at higher RH,
around 65 % of RH, than in the previous test indicating that the water absorption (hydration
of [Bmim]>[NiCly]) is slower than when temperature is 25 °C or 45 °C. Thus, the variation
on the moisture absorption capacity by the ILs with temperature and RH is confirmed [66].
The ILs structure (cation and anion type or cation alkyl chain length) and external factors
(relative humidity, temperature or impurities) have an influence on the hydration of ILs [67]

demonstrating that is a process sensitive to and stimulated by temperature [68].

Figure 6.10d show that the colourless sample does not undergo any change during the
heating process under the defined test conditions (temperature variation from 25 °C to 75 °C
under constant RH of 60 %). Thus, when there is enough humidity, the temperature has not

influence for the colouring process.

Finally, as shown in Figure 6.10e of the supporting information, when the temperature
reaches 65 °C, the film begins to undergo a colour change. This result indicates that the water

evaporation occurs when temperature reaches the mentioned value and, as a result, a
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hydrothermochromatic coordination reaction occurs (from the colourless octahedral
complex to the blue tetrahedral). Thus, when humidity is lower than 55 %, temperature
induces water evaporation and, therefore, substitution of water molecules by CI” atoms in the

Ni (II) complex [69].

Thus, it is shown that the chromic phenomenon is humidity governed as at each temperature
the humidity sets the colour change (directly dependence on the humidity of the system),
and is thermally activated as the humidity limit value for the colour change depends on the
temperature of the system. Thus, these humidity hybrid sensing materials present a
temperature limit of 10 °C below which colour change is not clearly observed. At room
temperature, colour change occurs at 55 % of RH, setting this value as limit for

thermochromic effect upon temperature variation.
6.3.5.3.  Colour change mechanism

The colour changes observed by both the UV-Vis (Figures 6.8 and 6.9) and the climate
chamber assays (Figure 6.9), are attributed to the [NiCls]> complex in its tetrahedral
conformation %*. Therefore, the colour change of the films is explained by the modification

of the coordination reaction as reported in Scheme 6.1a [35].

[Bmim]>[NiCls] is a hygroscopic salt capable of absorbing water molecules from ambient
humidity. The afore discussed experiments show that the observed colour change is
attributed to an absorption/dehydration process of the IL [35]. The coordination number of
Ni (II) in the IL structure undergoes a change, varying its structure form tetrahedral (blue
colour) to octahedral (not colour) without change in the cationic structure (see Scheme 6.1b)
[70]. At room temperature, the Cl” ions of the nickel complex are replaced by water
molecules from ambient humidity as a result of H-bonding interactions with the IL anion
[NiCl4]* ¢, corroborating the DSC endothermic peak results [59] (section 3.3). Therefore,
the colouring process is dependent on the environmental humidity as demonstrated in the

Scheme 6.1b.

Therefore, the thermochromic effect of the IL/PUA composite is an effect due to the water
absorption/dehydration of the [NiCls]*, i.e. a change on the coordination number of the
Ni(II) from octahedral to tetrahedral depending on the hydrated ([Ni(H20)s]*") or dehydrated
([NiCl4]*) state.
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Scheme 6.1 — Chemical modifications occurring during the heating and cooling process of
the [Bmim]2[NiCl4] ionic liquid (a) and changes in the coordination number of Ni(II) from
octahedral to tetrahedral structure (b). Reproduced with permission [35]. Copyright 2019.

6.4. Conclusions

Flexible electronic devices and smart and multifunctional coatings are one of the
cornerstones of the current technological advances. In this work, a flexible and cost-effective
thermally activated humidity sensor and/or coating material has been successfully
developed. After the incorporation of ionic liquid in a UV-curable polymer matrix, a porous
network structure is obtained without relevant chemical changes neither in the IL or in the
polymer matrix. In addition, the incorporation of the IL slightly influences the UV curing
process of the polymer obtaining in all cases a polymer curing conversion of 88% or above.
Further, the inclusion of the IL influences the electrical and mechanical properties of the
samples for the higher IL contents obtaining an increase on the electrical conductivity and a

decrease on the Young modulus.

Thermochromic effect was observed even at low IL loads. It was observed that humidity has
a strong influence in the thermochromic effect up to 55% RH and that this process is

thermally influenced. This effect is due to the water absorption/dehydration of [NiCls]*,
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which is related to a change on the coordination number of the Ni(Il) from octahedral to

tetrahedral depending the hydrated ([Ni(H20)s]*") or dehydrated ([NiCl4]*) state.

Thus, the present work demonstrated the suitability of UV curable hybrid materials for smart
and multifunctional coatings processable by additive manufacturing technologies, paving
the way to cost-effective sensing coatings with a low carbon footprint due to it solvent-less

process.
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Conclusions and Future Trends

7.1. Conclusions

As a conclusion, the main goal of this thesis has been fulfilled since different multifunctional
photopolymerizable materials have been prepared and tested for specific applications.
Different UV curable polymer composites have been obtained and characterized according
to their photopolymerization capability and physico-chemical properties. Also, depending
on the material, different functional characterizations have been carried out, including
piezoresistivity, dielectric response, magnetic properties, thermochromism and humidity

sensing.

The inks developed in the present work include the mixture of polyurethane acrylated (PUA)
with multi-walled carbon nanotubes (MWCNT) for improved piezoresistive response, PUA
with barium titanate (BaTiOs) for dielectric materials with tailored dielectric response or
PUA with indium tin oxide (ITO) for dielectric materials with improved dielectric constant
and optical transparency. Further, PUA was mixed with magnetite (Fe3Os), cobalt ferrite
(CFO) and neodymium iron boron (NdFeB) to obtain magnetic inks with tailored magnetic
properties and, finally, PUA was mixed with ionic liquid (IL) to obtain thermally activated

chromic humidity sensors.

As a general conclusion, the addition of fillers into the photopolymerizable material induces
a decay on the polymerization process whenever the added fillers present UV light
absorption. Other intrinsic properties of the fillers, such as size or shape, influence the
viscosity of the photocurable inks and, therefore, the polymerization process. Further, the

increasing filler content also hinders the photopolymerization process.

In this sense, particles with larger aspect ratio and/or higher UV light absorbance, such as
MWCNT, Fe;04 or cobalt ferrite CFO, have been added in a very small amount, up to 0.6
wt.%, 6wt.% and 10 wt.%, respectively, while particles with smaller aspect ratio and lower
UV light absorbance, such as barium titanate BaTiO3, can be added a higher content, up to

65 wt.%.

Regarding to physico-chemical properties of the photocured polymer composites, different
effects have been observed depending on the nature of the filler. Common to all composites,
no intermolecular interactions between the fillers and the polymer have been observed,
however, attending to thermal properties, specifically to the glass transition temperature (Tg)

of the material, different behaviour is obtained depending on the filler type and content.
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Thus, MWCNT induce a significant decrease of the Ty of PUA, while BaTiOs, Fe;O4, CFO
and NdFeB just caused a slightly decrease of T,. In the case of indium tin oxide (ITO) and

IL based materials, the inclusion of different filler contents has not significantly affected the

T, of PUA.

Attending to the mechanical properties, the inclusion of fillers induces an increase on the
Young modulus (E) without significant effect on the maximum elongation (&) of each
sample for lower filler contents independently on the filler type. This effect is associated to
the reinforcement effect of the inorganic fillers. In contrast, the addition of small amounts of
IL does not influence the mechanical properties of PUA. When higher filler contents are
added, filler agglomeration occurs in all cases and these agglomerates act as breaking points

due to stress accumulation, decreasing the &p.

With respect to the electrical response, the d.c. electrical conductivity and the dielectric
constant of the composites have been evaluated. It has been observed that the inclusion of
fillers increases the d.c. electrical conductivity, typically low for pure PUA due to its
insulating characteristic. Three different effects cause this increase. First, several of the use
particles show higher electrical conductivity than the PUA matrix and therefore, per mass
unit, higher electrical conductivity is obtained for composite materials than for the pure
polymer. Second, the inclusion of fillers induces an increase on the charges in the particle-
polymer interfaces increasing the total electrical conductivity of the material. Third, the ionic
conductivity contributions of the polymer matrix associated to the different degree of curing
depending on the filler content and type increases the electrical conductivity of each

composite material.

With respect to the dielectric constant, it increases with the addition of BaTiO3z and ITO.
This increase is associated to the higher dielectric constant of the fillers added and to an
increase of the interface polarization effects (Maxwell-Wagner—Sillars effect) in which the
filler-polymer interfaces hinder carrier transport, increasing charge trapping at the interfaces
and local ionic conductivity. This dielectric constant can be tailored depending on the type

and size of the fillers.

Finally, multifunctional materials are obtained depending on the filler. The electrical
percolation threshold of the MWCNT/PUA composites is between 0.1 wt.% to 0.4 wt.%
MWCNT content and for samples with higher MWCNT content good electrical conductivity
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is obtained. Composites with 0.3 wt.% and 0.5 wt.% MWCNT content show piezoresistive
response characterized by GF values between 0.8 and 2.6 that stabilizes after around 100
stress-strains cycles. Thus, MWCNT inclusion allows the fabrication of piezoresistive

photocurable materials with suitable GF values for sensing applications.

Further, BaTiO; and ITO combined with PUA polymer enable the fabrication of dielectric
materials with different optical properties and high dielectric constant that can be applied on
flexible printing of electronic applications. When BaTiOs is used, dielectric constant
variations between 7.5 to 25 can be obtained depending on the filler size and content, while
ITO allows dielectric constants up to 33 together with an optical transparency which

decreases with increasing content.

The use of Fe304, CFO and NdFeB particles demonstrate the ability to prepare magnetic
composites with tailored magnetic properties (from hard to soft magnetic ones) depending
on filler type and content. Fe304/PUA materials show a saturation magnetization up to 3.70
emu/g, remanence of 0.27 emu/g and no coercivity; while samples with CFO show saturation
magnetization up to 6.50 emu/g, remanence of 1.69 emu/g and coercivity of 2000 Oe.
NdFeB/PUA composites show a hard magnetic material behaviour with saturation
magnetization up to 63.86 emu/g, remanence of 44.95 emu/ g and coercivity of 7000 Oe. All
these develop magnetic materials are processable by additive manufacturing and tailored

magnetic response for specific application requirements has been achieved.

Finally, by adding IL, PUA can be used as temperature activated thermochromic humidity
sensor with a colour change from blue to colourless. This thermochromic effect has been
observed even at low IL loads. Humidity has a strong influence in the thermochromic effect
up to 55% relative humidity (RH). Further, the humidity sensing capability is thermally
activated. Thus, the suitability of UV curable hybrid materials for smart and multifunctional
coatings processable by additive manufacturing technologies has been demonstrated, paving
the way to cost-effective sensing coatings with a low carbon footprint due to it solvent-less

process.

7.2. Future work

In this thesis, new UV curable multifunctional materials have been developed. Nevertheless,

new materials with improved properties or new functionalities can be further explored.
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For instance, materials with even higher electrical conductivity can be further improved or
tailored for specific applications, eventually by employing other conductive fillers such as
graphene or metallic wires, through polymer curing can be an issue for some filler

concentrations. The same can be started with increasing electromechanical response.

Also, the dielectric constant can be further improved/tailored as well as the optical

transparency. In this area, higher aspect ratio dielectric fillers can be used.

With respect to magnetic properties, materials allowing higher magnetization and

anisotropic fillers should be considered, for anisotropic magnetic response.

Further, new functionalities could be added to photocurable PUA materials by the use of
titanium dioxide (TiO2), and/or silver nanoparticles that induces photocatalytic, self-
cleaning and antimicrobial properties to the photocurable films. In a similar way, the rich

variety of stimuli IL can be further explored for integration into the UV curable matrix.

In order to improve filler integration into UV curable matrices, the polymer matrix can be
tailored for specific fillers with UV curing at specific wavelengths or with tailored
polymer/filler compatibility. Also, it would be interesting the integration of the developed
materials in printed electronic complex components and evaluate integration, performance

and reliability in real application scenarios.

In addition, all obtained multifunctional materials could be processed by additive
manufacturing in order to prepare 3D printed functional materials or devices. In this sense,
time responsive 3D printed structures can be fabricated that can change one or more of their
properties over time. Thus, piezoresistive 3D printed sensor could be printed using
MWCNT/PUA composites, 3D humidity sensor with IL/PUA hybrid materials or also
polymer-bonded 3D printed magnets using NdFeB/PUA composites.

Finally, taking into consideration the green deal approach of European Commission, circular
economy approaches must be integrated in order to improve sustainability. Circular
economy (CE) emerges to promote sustainable development being therefore transversal in
all human activities, but particularly relevant in the industrial production and consumer
sectors. In this sense, a new horizon emerges related to the synthesis of new photocurable
polymers and composites more environmental friendly using more sustainable precursors

obtained from natural sources such as soybean oils, castor oils or biodegradable lignin.
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Thus, despite the interesting results obtained in the present work, different interesting

research paths must still be followed.
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