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Resumen 

Aportar soluciones hacia la descarbonización de la industria de 

la automoción se ha convertido en uno de los principales retos para el 

sector. En este contexto, uno de los grandes desafíos es el aligeramiento 

de los componentes estructurales y los composites se presentan como 

una de las soluciones más competitivas. 

Dentro de las diferentes alternativas de fabricación de piezas 

estructurales de composite, se encuentra el moldeo por transferencia de 

resina (RTM) que ofrece la ventaja de ser más eficiente tanto en costes y 

tiempos como en consumo energético. Por ello, actualmente las resinas 

de curado rápido y altas prestaciones, específicas para el RTM están 

suscitando gran interés. Entre las resinas de curado rápido se encuentran 

los poliuretanos termoestables (PUR). 

Las ventajas que ofrece la tecnología basada en PUR frente a 

otras alternativas son su tenacidad y resistencia a fatiga, que las hace 

especialmente atractivas para componentes sometidos a cargas cíclicas, 

así como su baja viscosidad y ciclos de curado rápidos. Sin embargo, 

actualmente no son alternativas del todo sostenibles, debido al origen 

petroquímico de sus componentes y su baja reciclabilidad. 

En este trabajo se ha desarrollado una investigación en la línea de 

nuevas formulaciones de base poliuretano más sostenibles, siendo el reto 

principal el que fueran válidas para aplicaciones estructurales y además 

viables para el proceso de RTM. Más concretamente, se ha optimizado 



 

 

 

la formulación para la fabricación de una ballesta de suspensión para el 

sector automoción. 

En cuanto a la procesabilidad, los PUR en general poseen bajas 

viscosidades, pero su elevada reactividad provoca un aumento de 

viscosidad prematuro imposibilitando la adecuada impregnación de las 

fibras en el proceso de RTM. Por ello, en la primera parte de este trabajo, 

se han desarrollado catalizadores específicos de acción retardada para 

controlar y adecuar su reactividad a los requisitos del proceso. 

Por otra parte, se ha trabajado en la mejora del impacto 

medioambiental de las resinas formuladas. Con este objetivo, se han 

incorporado en la formulación de los PUR componentes de origen 

vegetal (BIO-PUR), en concreto polioles derivados de aceites vegetales. 

Se ha estudiado el efecto de las características de los polioles biobasados 

en la reactividad, viscosidad y propiedades finales de los BIO-PURs. 

Basándose en este estudio se ha podido formular un BIO-PUR con un 

contenido de componentes biobasados de hasta 29%, que tras su 

optimización mediante la incorporación de agentes de entrecruzamiento 

y catalizadores, resulta adecuado para la fabricación de componentes 

estructurales por RTM.  

La formulación desarrollada se ha validado mediante la 

fabricación por RTM y ensayo de composites reforzados con fibra de 

vidrio, seleccionándose los parámetros de fabricación tras un estudio 

preliminar de su efecto en la calidad. Por otra parte, se ha desarrollado 

un modelo basado en la metodología de sistemas de aplicación basados 

en datos dinámicos (DDDAS) de cara a mejorar la robustez del proceso.  



 

 

Asimismo, debido a la gran demanda en general de soluciones de 

composites estructurales más sostenibles, se ha estudiado la viabilidad 

de los BIO-PUR’s para otros sectores como el de la energía en 

aplicaciones como la eólica, en este caso mediante el proceso de 

infusión. 

Por último, se han estudiado nuevas líneas de investigación hacía 

la mejora de la circularidad y fin de vida de los BIO-PURs. La 

reciclabilidad se ha abordado a nivel exploratorio con un estudio de 

viabilidad preliminar incorporando enlaces dinámicos de tipo Diels-

Alder. Por otra parte, se ha abordado el tema de la revalorización de 

residuos, estudiando la incorporación en las formulaciones del 

monómero BHET obtenido del reciclado químico de botellas de PET 

recogidas del mar. 

 





 

 

Abstract  

The achievement of novel solutions towards the decarbonization 

of the automotive industry has become one of the major challenges for 

the sector. One of the main issues is the lightening of structural 

components, and to this end, composites are one of the most competitive 

solutions. 

Among the different alternatives for manufacturing structural 

composite parts, resin transfer molding (RTM) offers the advantage of 

being more efficient in terms of costs, time, and energy consumption. 

This is reason why high-performance, fast-curing resins specific for 

RTM are gaining increasing interest. Thermosetting polyurethanes 

(PUR) are among the most promising the fast-curing resins. 

The advantages offered by PUR-based technology are its 

toughness and resistance to fatigue, which makes it especially attractive 

for components subjected to cyclic loading, as well as its low viscosity 

and fast curing cycles. However, they are currently not fully sustainable 

alternatives, due to the petrochemical origin of their components and 

their low recyclability. 

In this work research in the field of more sustainable 

polyurethanes resins has been carried out facing the challenge of 

developing formulations for structural composite applications and also 

suitable for the RTM process. More specifically, the formulation has 

been optimized for a leaf spring for the automotive sector.  



 

 

 

In terms of processability, PUR presents low viscosities, but their 

high reactivity causes a premature increase of viscosity, limiting the 

impregnation of fibres in the RTM process. For this reason, in the first 

part of this work, specific delayed-action catalysts have been developed 

to control and adapt their reactivity to the process requirements. 

On the other hand, in order to improve the resins sustainability, 

components with renewable origin have been incorporated in the 

formulation, concretely polyols derived from vegetable oils. For this 

purpose, the effect of the characteristics of biobased polyols on the 

reactivity, viscosity and final properties of BIO-PURs has been studied. 

Based on this study, a novel BIO-PUR with a content of biobased 

components of up to 29% has been selected. After it’s optimization, 

incorporating cross-linking agents and catalysts, a formulation suitable 

for manufacturing of structural components by RTM has been 

developed. 

The developed formulation has been validated by manufacturing 

by RTM and testing glass fibre reinforced composites. The election of 

the process parameters has been performed after a preliminary study of 

their effect on quality. On the other hand, a model based on the DDDAS 

methodology has been developed to improve the robustness of the 

process. 

Likewise, due to the great demand in general for more sustainable 

structural composite solutions, the BIO-PUR has been validated for other 

sectors such as wind energy. In this case, the process studied was 

infusion. 



 

 

Finally, new research lines have been studied to improve the 

BIO-PURs circularity and their end of life. Recyclability has been 

addressed at an exploratory level with a preliminary feasibility study 

incorporating dynamic Diels-Alder type bonds. On the other hand, the 

issue of waste recovery has been addressed, studying the BHET, a 

monomer obtained from the chemical recycling of PET bottles collected 

from the sea, incorporation in the formulation. 

 





 

 

Laburpena  

Autogintza industriaren deskarbonizazioa sektorearen lehentasun 

nagusien artean kokatzen da. Honetarako, erronka 

azpimarragarrienetarikoa egiturazko osagaien arintzea da, konpositeak 

alternatiba lehiakorrenen artean aurkitzen direlarik. 

Egiturako konpositeen fabrikazio prozesu mota ezberdinen 

artean transferentzia bidezko moldekatzea (RTM) topatzen da. Bera 

izanik, prozesuaren kostua, denbora eta kontsumo energetikoa kontuan 

hartuz gero alternatiba eraginkorrenetakoa. Hau dela eta, RTM 

prozesuetarako diseinatutako ontze erreakzio azkarrak eta propietate 

altuak eskaintzen dituzten erretxinek sektorearen arreta piztu dute. Ontze 

erreakzio azkarreko erretxinen artean poliuretano termoegonkorrak 

(PUR) aurkitzen dira. 

PURetan oinarritutako teknologiak hainbat abantaila eskaintzen 

ditu; hala nola, biskositate baxuak, ontze erreakzio azkarrak, eta 

nabarmengarrienak, zailtasun handia eta nekearekiko erresistentzia 

bikaina. Horrela ba, PURak bereziki interesgarriak dira karga ziklikoak 

jasan behar dituzten aplikazioetarako. Alabaina, egun ez dira material 

erabat jasangarriak, euren jatorri ez-berriztagarria eta birziklagarritasun 

maila baxua dela eta. 

Lan honen ardatza PUR jasangarrien garapena izan da, jorratu 

den ikerketa lerroa, RTMrako egokiak diren eta egiturazko 

aplikazioetarako beharrezko eskakizunak betetzen dituzten PURen 



 

 

 

diseinua izanik. Gainera, formulazio berria autogintza sektorerako 

interesa duen konpositezko baleztetarako egokitu da. 

Prozesagarritasunari dagokionez, nahiz eta PURek biskositate 

baxuak eskaini, duten erreaktibotasun altua dela eta, biskositatea 

garaizegi hasten da handitzen, RTM prozesuetan nahitaezko den zuntzen 

blaitze egokia galaraziz. Ondorioz, ikerkuntza lan honen lehen zatian 

PURen erreaktibotasuna kontrolatze eta egokitze aldera, erreakzioa 

atzeratzeko gaitasuna duten katalizatzaile espezifikoak garatu dira. 

Bestalde, PURen ingurumen-inpaktua murrizteko helburuz, 

formulazioetan jatorri berriztagarrietatik eratorritako konposatuak gehitu 

dira, zehazki erabili diren osagaiak landare olioetatik eratorritako 

poliolak izan dira. Ezaugarri ezberdinetako poliolak erabiliz BIO-PURak 

garatu dira, honi esker poliolen ezaugarriek formulazio berrien 

erreaktibotasunetan, biskositateetan eta amaierako propietateetan duten 

eragina aztertu da. Ikerketa honetan oinarrituz, gurutzaketa areagotzeko 

ahalmena duten osagaiak eta katalizatzaileak gehituz BIO-PURak 

optimizatu dira. Horrela,% 29ko jatorri berriztagarria duen BIO-PUR 

berria garatu da, zein RTM bidez fabrikatutako konposite egituraletarako 

egokia den. 

Erretxina berriaren egokitasuna frogatze aldera, konposite plaka 

bat fabrikatu da RTM bidez, zeini amaierako kalitatea aztertu zaion eta 

mekanikoki karakterizatu den. Bestalde, DDDAS metodologian 

oinarrituriko modelo bat garatu da fabrikazio prozesuaren irmotasuna 

hobetzeko helburuz. 

Halaber, egun material jasangarrietan beste sektore batzuk duten 

interesa ikusita, garatutako BIO-PURaren egokitasuna aztertu da beste 



 

 

industria eta prozesu batzuetarako; hala nola, industria eoliko eta 

fotoboltaikorako infusio bidez egindako konpositeetarako. 

Azkenik, BIO-PURen zirkularitatea eta bizi amaiera hobetze 

aldera bi estrategia ezberdin aztertu dira. Lehenari dagokionez, BIO-

PURaren birziklagarritasunaren hobetze aldera egitura kimikoan Diels-

Alder motako lotura dinamikoak gehitzeak duen eragina aztertu da. 

Bigarren estrategiari dagokionez, hondakinen balioa handitzeko eta 

materialen zirkularitatea hobetzeko asmoz, formulazio berrietan itsasotik 

bildutako PET botilen birziklapen kimikotik eratorritako BHET 

monomeroa formulazioetan gehitu da. 
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En este primer capítulo se describe la motivación para empezar 

con esta tesis y también se presenta la organización del trabajo. 

 

1.1. MOTIVACIÓN 

La creciente preocupación por el medioambiente está impulsando 

el desarrollo de medios de trasporte más sostenibles. En este contexto, 

uno de los desafíos para abordar la reducción del impacto 

medioambiental de los vehículos está asociado a la cantidad de CO2 que 

emiten. Por ello, es imprescindible minimizar el consumo de energía y/o 

combustible necesario en su vida útil y una de las soluciones es el 

aligeramiento de su estructura. Una disminución de peso del 10% en un 

vehículo de tamaño medio puede reducir sus emisiones de CO2 en un 

5.6%.  

En esta carrera emprendida hacia el aligeramiento, los materiales 

juegan un papel relevante en los vehículos sostenibles del futuro, y los 

composites de matriz polimérica se presentan como uno de los 

candidatos más sólidos. Este interés se debe en gran medida a la buena 

combinación de propiedades mecánicas y ligereza, pero además facilitan 

la libertad de diseño, posibilitan la integración de funciones, la reducción 

de componentes y presentan alta resistencia a la corrosión.  

Sin embargo, la utilización de estos materiales para soluciones 

ligeras en el mercado de la automoción es todavía incipiente debido al 

coste de producción de estos componentes y la limitada capacidad 
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productiva, teniendo en cuenta los elevados tiempos de proceso de las 

tecnologías de fabricación actuales. 

Por ello, los fabricantes de automoción, junto con los fabricantes 

de resinas, están trabajando en el desarrollo de materiales más reactivos 

y procesos que permitan aumentar las cadencias de producción y reducir 

los tiempos de proceso a pocos minutos, como por ejemplo el HP-RTM 

(Moldeo por Transferencia de Resina, RTM, de alta presión) y el C-RTM 

(compresión RTM de alta presión). Concretamente, en el caso de las 

resinas para RTM, se buscan formulaciones de curado ultra-rápido 

(procesos de 2-5 min) y bajas viscosidades para optimizar al máximo los 

ciclos de curado e inyección. En esta carrera, las resinas epoxi 

actualmente utilizadas compiten con algunos termoplásticos, como la 

poliamida y con las resinas acrílicas y poliuretanos. 

La tecnología basada en resinas de poliuretano (PUR), ofrece 

frente a otras alternativas, la ventaja de poseer gran tenacidad y 

resistencia a la fatiga, lo cual las hace especialmente atractivas para 

elementos sujetos a impactos o a cargas cíclicas como los elementos de 

suspensión. Sin embargo, el desarrollo principal de los PUR se ha 

centrado tradicionalmente en aplicaciones de bajas prestaciones y 

procesos como proyección, moldeo por inyección de resina reforzada (R-

RIM), moldeo por inyección de resina estructural (S-RIM) o casting lo 

que hace que su aplicación en componentes estructurales no sea 

inmediata. Ejemplo de ello es, que en la actualidad existen formulaciones 

comerciales de PUR para RTM, pero debido a sus altas reactividades y 

elevada exotermia no se han implantado en la mayoría de las cadenas de 

producción industrial. 
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Además, los PUR actualmente utilizados presentan algunos 

inconvenientes desde el punto de vista de la sostenibilidad como el 

origen petroquímico de sus componentes y su baja reciclabilidad. Este 

problema es de gran relevancia y ha suscitado un gran interés en los 

últimos años debido a la demanda tanto a nivel legislativo, como de la 

sociedad de productos más ecológicos. 

Esto hace que cada vez se esté trabajando más en buscar 

soluciones que permitan la síntesis de poliuretanos más sostenibles, 

como aquellos que incorporan elevados contenidos de carbono renovable 

o biobasados, BIO-PUR. Actualmente, el desarrollo de nuevos BIO-PUR 

está en auge, pero la mayoría de estos desarrollos están dirigidos a otro 

tipo de aplicaciones de menor requisito estructural como biomédicas, 

aislamiento, recubrimientos y adhesivos.  

Por último, uno de los mayores retos de los PUR, como resinas 

termoestables, es su fin de vida. Los PUR están formados por una red 

tridimensional constituida por enlaces covalentes, por lo que estos 

materiales son infusibles e insolubles, de manera que no se pueden ni 

reprocesar ni reciclar. El desarrollo de resinas termoestables de tipo PUR 

que en determinadas condiciones se comporten como materiales 

termoplásticos es otro ámbito que también despierta gran interés.  

En este contexto, el objetivo principal de esta tesis ha sido el 

desarrollo de formulaciones de base poliuretano más sostenibles, siendo 

el reto principal el que fueran válidas para aplicaciones estructurales y 

además viables para el proceso de RTM.  
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Para ello, se ha trabajado en aportar soluciones en estas tres 

direcciones; control de la reactividad, origen renovable y fin de vida más 

sostenible.  

 

1.2. ORGANIZACIÓN DE LA TESIS 

Esta tesis está estructurada en nueve capítulos incluido este 

primero (capítulo 1) donde se describe la motivación por la que se 

empezó con este trabajo de investigación y la descripción de las 

diferentes secciones que lo forman. 

En el capítulo 2 se ha realizado la revisión del estado del arte de 

los composites estructurales para automoción. El objetivo principal de 

este capítulo es introducir los poliuretanos termoestables y exponer las 

ventajas que presentan estos materiales para su aplicación en composites 

estructurales. Además, se han identificado los aspectos a mejorar para su 

implementación en la industria y gracias a ello se han establecido los 

objetivos de la tesis que se describen en este mismo capítulo. 

Los dos grandes retos que presentan los poliuretanos 

termoestables son la procesabilidad y la sostenibilidad. Estas líneas se 

han desarrollado en las siguientes secciones experimentales donde se ha 

escogido el formato e idioma (inglés) comúnmente utilizado para la 

redacción de artículos científicos. Por esta razón, se solicita la 

indulgencia del lector por las repeticiones inherentes a esta forma de 

redacción. 
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El capítulo 3 se enfoca al desarrollo de catalizadores de acción 

retardada para controlar y adecuar la reactividad de los PUR a los 

requisitos del proceso de RTM. 

En el capítulo 4 se sintetizan diferentes BIO-PURs a partir de 

diferentes polioles derivados de aceites vegetales de diferentes 

características y se estudia el efecto de dichas características en las 

propiedades de los BIO-PURs con el objetivo de establecer los requisitos 

para la aplicación. 

La formulación más prometedora se optimiza en el capítulo 5, 

donde se mejoran las propiedades finales (térmicas y mecánicas) 

mediante la adición de agentes de entrecruzamiento biobasados para 

cumplir con los requisitos de las piezas estructurales de automoción.  

La nueva resina optimizada se valida en el capítulo 6 con la 

fabricación por RTM y ensayo de composites reforzados con fibra de 

vidrio. En este capítulo se estudia el efecto de los parámetros del proceso 

en la calidad del composite de cara a su optimización y se desarrolla un 

modelo DDDAS para mejorar su robustez.  

Tras validar el BIO-PUR desarrollado para aplicaciones 

estructurales de automoción, en el capítulo 7 se estudia su viabilidad 

para otro tipo de aplicaciones como la eólica, utilizándose en este caso 

para la fabricación el proceso de infusión. 

Por último, en el capítulo 8 se exploran nuevas líneas de 

investigación para la mejora de fin de vida y circularidad. Para ello, se 

estudia la viabilidad de incorporar enlaces dinámicos de tipo Diels-Alder 

en la formulación de cara a mejorar la reciclabilidad de los materiales 
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desarrollados y por otra parte se aborda el tema de la revalorización de 

residuos mediante la incorporación de tereftalato de bis (2-hidroxietilo), 

BHET, reciclado de politereftarato de etileno, PET, altamente degradado 

en la formulación.  

Finalmente, en el capítulo 9, se resumen las conclusiones 

generales de todo el trabajo realizado en esta tesis, así como las futuras 

líneas de investigación.  
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2.1. INTRODUCCIÓN 

En este capítulo se pone en contexto y se presentan los objetivos 

de la tesis. Se realiza una revisión bibliográfica y el estudio del arte de 

los composites para componentes estructurales de automoción. Además 

de ello, se introduce la química de los poliuretanos y las ventajas que 

pueden presentar frente a otras alternativas utilizadas actualmente en este 

tipo de aplicaciones. Por otra parte, las resinas basadas en la tecnología 

de poliuretano también presentan algunos retos y desventajas que 

también se exponen en este capítulo.  

El objetivo fundamental de este capítulo es introducir de manera 

general estas resinas. Por esta razón, y tratando de evitar repeticiones, no 

se presentará una revisión bibliográfica global ya que en los capítulos 

siguientes se recoge el estado del arte específico de cada temática. 

2.1.1.Composites 

La creciente preocupación por el medio ambiente ha impulsado 

a la industria de la automoción a invertir en desarrollos sostenibles. 

Ejemplo de ello es la fuerte apuesta del sector por la electrificación de 

los vehículos. Otro de los grandes desafíos del sector es el aligeramiento 

de los vehículos, ya que la reducción de peso está directamente ligada a 

la cantidad de energía y/o combustible necesario en su vida útil [1]. Los 

objetivos en cuestión de emisiones de CO2 fijados para Europa en 2020 

son de 95 g CO2 km-1, lo cual requiere una reducción del peso del 
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vehículo de 200-300 kg [2,3]. En este contexto, los composites de matriz 

polimérica se postulan como uno de los candidatos más interesantes.  

Los composites son materiales heterogéneos constituidos por 

más de dos fases inmiscibles de diferente naturaleza y estructuras que 

combinados presentan propiedades mejoradas. Hay diferentes tipos de 

composites, pero los que presentan la mejor combinación 

resistencia/peso son los composites de matriz polimérica reforzados con 

fibras continuas. Debido a sus superiores propiedades mecánicas en 

combinación con su ligereza, estos composites son una alternativa que 

suscita gran interés. En el camino hacia un transporte cada vez más 

sostenible, donde se requieren vehículos con diseños más aerodinámicos 

y menos pesados, el potencial de los composites reside en que se pueden 

fabricar piezas con geometrías complejas y con mejor relación 

resistencia/peso Figura 2.1.  

Sin embargo, la utilización de estos materiales para soluciones 

ligeras en el mercado de la automoción es todavía incipiente debido al 

coste de las materias primas y la limitada capacidad productiva de las 

tecnologías de fabricación actuales. Ejemplo de ello, que podamos ver 

algunos modelos exclusivos de grandes marcas o los coches de carreras 

fabricados con composite, pero que los veamos de manera limitada en la 

carretera en nuestro día a día.  

En la Figura 2.2 se presentan las piezas estructurales que en la 

actualidad se están fabricando y/o sería viable fabricar en composi
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2.1.2.Aplicación (Ballesta) 

Entre las aplicaciones que se mencionan en la sección anterior se 

encuentran las ballestas fabricadas en composite. Actualmente, existen 

varios fabricantes que además de las tradicionales ballestas metálicas, 

están fabricando ballestas en composite (Tabla 2.1). Tal y como se ha 

comentado, la reducción de peso está directamente ligada a las emisiones 

de CO2, y en el caso de las ballestas, se ha conseguido una reducción de 

peso entre el 50 - 80%. Además, las ballestas de composite pueden 

presentar ventajas frente a las metálicas, como mejora en propiedades de 

amortiguación, excelente resistencia a la fatiga y disminución en 

términos de vibración/ruido [4].  

Las ballestas de composite actuales son principalmente de resina 

epoxi y fibra de vidrio (Tabla 2.2) [5-15]. Las fibras de vidrio son 

utilizadas para diferentes aplicaciones debido en gran parte a su bajo 

coste y la elevada resistencia a fatiga, siendo la mejor alternativa para las 

piezas estructurales que van a tener que soportar el pandeo en su vida 

útil, como las ballestas. En cuanto a la resina (Tabla 2.2), es indudable 

que, en la actualidad, debido a sus elevadas prestaciones, la mayoría de 

las piezas de composite en el mercado son de base epoxi [16-20]. Sin 

embargo, existen desarrollos donde se están explorando otras 

alternativas como los poliuretanos [21,22] y los polímeros 

termoplásticos, como la poliamida y resinas acrílicas [23,24].  
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Tabla 2.1.Fabricantes de ballestas de composite. 

Fabricante  

Benteler-SGL 

[5,6] 

 

IFC Composite 

[7] 

 

 

Rassini 

[8] 

 

 

Ziur composites 

[9] 

 

 

Hyperco 

[10] 

 

 

Owen springs 

[11,12] 

 

 

Mubea 

[13] 

 

 

Hendrickson 

[14] 

 

 

ARC Industries 

[15] 
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Tabla 2.2. Tecnologías y materiales empleados en la fabricación de 

ballestas de composite. 

Propietario Tecnología Materiales 

 

SGL carbon 

[16,17] 
Preimpregnado 

Epoxi + fibra de 

vidrio 

 

Hexcel 

[18] 

 

Preimpregnado 
Epoxi + fibra de 

vidrio 

 

Mubea 

[13] 
Preimpregnado 

Epoxi + fibra de 

vidrio  

 

Chomarat Group 

 +  

Huntsman 

 +  

KraussMaffei 

[19] 

HP-RTM 
Epoxi + fibra de 

vidrio 

 

Henkel  

+  

Benteler 

[20] 

HP-RTM 
Poliuretano + 

fibra de vidrio 

 

MBHA 

 +  

Huntsman 

[21] 

HP-RTM 
Poliuretano + 

fibra de vidrio 

 

Fraunhofer ICT 

[22] 
RTM 

ε-Caprolactama 

(termoplástico) + 

fibra de vidrio 

 

Fraunhofer IMWS 

+  

IFC Composite 

[23] 

Cintas Unidireccionales 

Fibra de vidrio + 

polímero 

termoplástico 
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Estas ballestas se fabrican utilizando diferentes tipos de procesos. 

Uno de los grandes retos de los composites es el elevado coste de 

producción. Necesitan ser adaptados a la producción en masa, 

reduciendo tiempos de proceso y disminuyendo los costes. 

Tradicionalmente, la industria del composite ha estado basada en un alto 

componente manual, por lo que se precisa avanzar en su automatización 

para aumentar la eficiencia, algo que se puede conseguir a través de 

procesos como el conformado, HP-RTM y C-RTM [25]. 

Para el caso particular de las ballestas, el RTM resulta una 

solución competitiva, ya que se pueden conseguir composites con altas 

prestaciones con un proceso altamente automatizado y se evita trabajar 

con materiales preimpregnados que presentan desventajas desde el punto 

de vista de la vida útil y del coste inicial del material. 

2.1.3.RTM 

Tal y como se ha comentado en el apartado anterior, el RTM está 

entre los procesos que permiten la reducción de los tiempos de proceso 

a pocos minutos y aumentar las cadencias de producción.  

Básicamente, el proceso de RTM consiste en la inyección de una 

resina en un molde cerrado en el cual se han colocado previamente 

refuerzos de fibra que suelen estar previamente preformados. Una vez 

colocado el refuerzo en la cavidad del molde, la resina se inyecta 

mediante presión y/o vacío e impregna el refuerzo y finalmente se 

solidifica y alcanza las propiedades finales en el proceso de curado 

(Figura 2.3). Las ventajas que presenta el RTM frente a otros procesos 

son los buenos acabados de las piezas y la capacidad de fabricar piezas 

de geometrías complejas y altamente integradas en un solo paso. 
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Figura 2.3. Etapas principales del proceso RTM. 

El gran inconveniente actual del RTM es la dificultad para 

trabajar en serie en tiempos cortos. Para aumentar las cadencias de 

producción y reducir los tiempos de proceso, se puede trabajar a alta 

presión de inyección en el RTM de alta presión (HP-RTM) o también en 

el RTM con compresión (C-RTM). Pero, para ello es imprescindible el 

desarrollo de nuevas resinas específicas para este tipo de procesos. 

Formulaciones con curado ultra-rápido (procesos de 2-5 min) y bajas 

viscosidades para optimizar al máximo los ciclos de inyección y curado 

[24]. Las resinas epoxi son las más utilizadas actualmente en composites 

estructurales, pero en la actualidad se están desarrollando nuevas 

alternativas termoplásticas, como la poliamida y resinas acrílicas, y 

poliuretanos [25–29]. 



2.Introducción y objetivos 

19 

 

2.1.4.Poliuretanos 

En cuanto a la historia de esta familia de polímeros, el primer 

trabajo se atribuye a Wurtz, A. en 1848 con su estudio sobre los 

isocianatos [30]. En los siguientes años se estudió la química de los 

isocianatos y se sintetizaron gran variedad de ellos [31,32], pero el 

desarrollo industrial de los poliuretanos no comenzó hasta el año 1937 

en Alemania, con la primera patente sobre poliuretanos de Bayer y sus 

colaboradores [33,34]. Hoy en día los poliuretanos, tanto en su versión 

termoplástica como termoestable, constituyen una de las familias de 

polímeros más importantes y con mayor crecimiento del mercado, siendo 

la quinta que más se produce en Europa y la séptima a nivel mundial 

[35]. 

Cabe destacar que los poliuretanos se caracterizan por su gran 

versatilidad, debido a la amplia gama de reactivos disponibles para la 

síntesis, incluso de origen renovable. Esto hace que los poliuretanos 

puedan ser sintetizados con diferentes estructuras químicas y por lo tanto 

con propiedades muy diferentes, abarcando desde materiales flexibles a 

materiales de alta rigidez, tanto en forma de materiales compactos como 

de espumas. En sus diferentes formas (elastómeros, adhesivos, 

recubrimientos, espumas flexibles y rígidas) son un componente clave 

de la industria del plástico, ocupando un lugar destacado en la 

producción de polímeros en Europa, y a nivel mundial. Los poliuretanos 

cubren una amplia gama de aplicaciones en diferentes sectores tales 

como la construcción, textiles, aislamiento térmico y acústico, deportes, 

automoción o biomedicina [36]. 
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Química de los poliuretanos 

Los poliuretanos se caractrizan por los grupos uretano de sus 

cadenas. Este grupo funcional se genera mediante la reacción de 

poliadición entre el grupo funcional hidroxilo y el isocianato, como se 

puede observar en la Figura 2.4. 

 

Figura 2.4. Formación del grupo uretano. 

Reactivos 

En la síntesis de los poliuretanos tanto termoplásticos como 

termoestables se utilizan dos componentes base, el poliol y el isocianato. 

La elección de estos componentes es fundamental, ya que la 

procesabilidad y las propiedades finales estarán directamente 

relacionados con la naturaleza de estos dos reactivos [37]. 

Isocianato 

Los isocianatos se forman mediante la fosgenación de las aminas. 

En la Figura 2.5 se muestra el grupo funcional y sus estructuras de 

resonancia. Los más utilizados en el mercado para la síntesis de los 

poliuretanos se recogen en la Tabla 2.3. 

 

Figura 2.5. El grupo isocianato y sus estructuras de resonancia. 
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Cabe destacar que los isocianatos aromáticos MDI, pMDI y TDI 

son los más utilizados en la industria, tanto en la síntesis de poliuretanos 

termoplásticos, poliuretanos termoestables de alto entrecruzamiento y 

elastómeros, como de espumas flexibles y rígidas [38,39]. En general el 

MDI se utiliza en la síntesis de poliuretanos termoplásticos, el TDI en la 

síntesis de espumas flexibles y el pMDI para sintetizar poliuretanos con 

mayor entrecruzamiento como las espumas rígidas o los termoestables 

compactos. Los isocianatos aromáticos presentan la característica de que 

son más reactivos que los alifáticos, y por lo tanto más adecuados en 

aplicaciones industriales de alta producción. Presentan el inconveniente 

de que desarrollan coloración por absorción de radiación ultravioleta, 

aspecto no deseable en ciertas aplicaciones. Otro inconveniente es que 

entre los productos de degradación producen aminas aromáticas más 

tóxicas que las alifáticas. Los isocianatos alifáticos, aunque más caros y 

menos reactivos, se emplean en aplicaciones en los que la estabilidad a 

la luz es crítica como en algunos recubrimientos o piezas estéticas [40–

43]. 

En los últimos años, las políticas medioambientales han impulsado el 

interés por los isocianatos de origen renovable (Table 4.2). Entre los 

comerciales destacan el diisocianato de dimerilo (DDI) [44–46], 

diisocianato de etil éster L-lisina (L-LDI) y triisocianato de etil éster L-

lisina (LLTI) [44,46,47], alofanato en base a diisocianato de 

hexametileno y aceite de palma (TolonateTM X Flo 100, Vencorex) [48–

51] y trímero de isocianurato de pentametilendiisocianto (Desmodur® 

eco N 7300, Covestro) [28,52,53], pero este tipo te diisocianatos 

presentan algunas desventajas como baja reactividad y las propiedades 

mecánicas de los poliuretanos no llegan a ser la de lo poliuretanos 

sintetizados con disocianatos aromáticos. 
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Tabla 2.3. Isocianatos más utilizados en la síntesis de los poliuretanos. 

Diisocianato Estructura química 

2,4- o 2,6-Tolueno 

diisocianato  

(TDI) 

 

4,4’-Difenil metano 

diisocianato  

(MDI)  

4,4’-Difenil metano 

diisocianato polimérico 

(pMDI) 
 

1,6- Hexametilen 

diisocianato  

(HDI) 
 

Isoforone diisocianato 

(IPDI) 
 

Diciclohexilmetano-4,4'-

diisocianato 

metileno-bis-(4-

isocianatociclohexano) 

(H12MDI) 
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Tabla 2.4. Isocianatos biobasados comerciales. 

Diisocianato Estructura química 

Diisocianato de 

dimerilo 

(DDI) 

 

 

Diisocianato de etil 

ester L-lisina  

(L-LDI)  

Alofanato en base a 

diisocianato de 

hexametileno y aceite 

de palma 

(TolonateTM X Flo 

100) 

 

 

Trímero de 

isocianurato de 

pentametilendiisocianto 

(Desmodur® eco N 

7300) 

 

Polioles  

Los polioles son macromoléculas con grupos hidroxilo con 

masas moleculares entre 250-10000 g mol-1[54,55]. Los polioles más 

utilizados en la síntesis de los poliuretanos se pueden clasificar en dos 

grandes grupos, poliéster y poliéter y presentan funcionalidades entre 2-
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8, permitiendo la síntesis de una gran variedad de poliuretanos. Los 

polioles con funcionalidades bajas (2-3) se utilizan para sintetizar 

poliuretanos flexibles y los de funcionalidades altas (3-8) se utilizan en 

la síntesis de poliuretanos con mayor entrecruzamiento, poliuretanos 

rígidos. 

Los polioles suelen tener una temperatura de transición vítrea 

(Tg) muy baja, por ello a temperatura ambiente las cadenas del poliol 

suelen tener movilidad y aportan flexibilidad al poliuretano. En cuanto a 

la microestructura pueden ser amorfos o semicristalinos, presentando 

además una temperatura de fusión (Tm) en torno a la temperatura 

ambiente. 

La mayoría de los polioles comerciales que se utilizan 

actualmente son de origen petroquímico. Sin embargo, los de origen 

renovable, más atractivos desde el punto de vista de la sostenibilidad, 

están suscitando cada vez más interés, en concreto los polioles derivados 

de aceites vegetales. Los aceites vegetales son trigliceroles, conocidos 

como triglicéridos, formados por la esterificación de tres ácidos grasos y 

una molécula de glicerina. Son muchos los polioles renovables utilizados 

en la síntesis de poliuretanos con propiedades comparables a las de los 

sintetizados con polioles de origen petroquímico, tales como derivados 

de aceite de palma [56–58], canola [59–61], ricino [62–66], soja [67–

70], girasol [71–73] y linaza [74,75]. 

Como ya se ha mencionado dependiendo de la funcionalidad de 

los constituyentes, se pueden sintetizar poliuretanos termoplásticos y 

poliuretanos termoestables con diferentes propiedades y para diferentes 

aplicaciones. 
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Poliuretanos termoplásticos (TPU) 

Los poliuretanos termoplásticos se forman mediante la reacción 

de adición entre los isocianatos de un diisocianato y los grupos hidroxilo 

de un macrodiol o de un diol de baja masa molecular, denominado 

extendedor de cadena, formando en la mayoría de los casos una 

estructura amorfa o semicristalina. Las cadenas poliméricas, que 

contienen el grupo uretano, además de los enlaces covalentes de la propia 

cadena, forman otros enlaces secundarios entre diferentes cadenas, como 

se muestra en la Figura 2.6. Los poliuretanos termoplásticos están 

constituidos por segmentos termodinámicamente incompatibles [76,77], 

el rígido y el flexible. El diisocianato y el extendedor de cadena 

constituyen el segmento rígido y el macrodiol el segmento flexible. Estos 

segmentos, forman (micro)dominios o (micro)fases separadas que 

resultan en la estructura que se muestra en la Figura 2.6 [54]. En cuanto 

a las propiedades, el segmento flexible controla las propiedades del 

material a bajas temperaturas, aportando flexibilidad, ductilidad y 

capacidad de recuperación. El segmento rígido controla las propiedades 

del poliuretano a temperaturas elevadas. Este segmento y los dominios 

que forma, actúan como refuerzo de elevado módulo elástico. En general 

los TPU no presentan transiciones vítreas superiores a 120 ºC y tampoco 

las propiedades mecánicas son lo suficientemente altas para su 

aplicación en componentes estructurales de automoción [36,78–81].  
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Poliuretanos termoestables (PUR) 

Los poliuretanos termoestables pasan de estado líquido a solido 

mediante el proceso de curado en el que el isocianato de un diisocianato 

o isocianato con funcionalidad mayor reacciona con el grupo hidroxilo 

de un poliol creando una red tridimensional como se muestra en la 

Figura 2.7 [82]. Los constituyentes se unen mediante enlaces covalentes 

en una reacción irreversible donde se obtiene un material insoluble e 

infusible. La estructura del poliuretano es totalmente amorfa y los 

entrecruzamientos aportan rigidez al material. Esto hace que sean los 

elegidos para aquellas aplicaciones donde se requieran altas propiedades 

mecánicas como es el caso de la aplicación objetivo. 
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2.1.5.Propiedades de los PUR 

En los últimos años los PURs han suscitado interés como matriz 

de composite ya que presentan algunas ventajas frente a las alternativas 

convencionales (Figura 2.8) como buena adhesión con las fibras 

(carbono, vidrio, aramida y de origen vegetal), elevadas propiedades 

térmicas, curados ultra-rápidos, bajas viscosidades y altas propiedades 

mecánicas [36].  

 

Figura 2.8.Propiedades de los PUR. 

En la búsqueda de soluciones para RTM, las bajas viscosidades 

iniciales y las altas reactividades convierten a los poliuretanos en una 

alternativa a tener en cuenta. De ahí que, en la actualidad, en el mercado 
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existan varias alternativas de PUR de altas prestaciones para RTM, como 

se muestran en la Tabla 2.5.  

Tabla 2.5. Resinas poliuretano termoestables comerciales. 

Suministrador 
Sistema de 

PUR 
Aplicación 

Henkel 

[85] 
Max 

Sistema de suspensión - ballesta 

Parte de la consola central 

Módulo del asiento 

Techo del vehículo 

Dow 

[86] 
Voraforce 

Piezas interiores estéticas 

Parachoques 

Guardabarros 

Huntsman 

[87] 
Vitrox 

Sistema de suspensión - ballesta 

Piezas interiores del vehículo 

Módulo del asiento 

Cajas de batería EV 

Covestro 

[88–90] 
Baydur 

Componentes de carbono para 

vehículos. 

Tanques de presión 

Palas para turbinas eólicas 

Basf 

[91] 
Elastolit 

Componentes estructurales 

Paneles de la carrocería 
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Entre estas propiedades, cabe destacar la resistencia a fatiga de 

estos materiales. Esto los hace especialmente interesantes en el caso de 

piezas estructurales de automoción que estén sujetas a impactos y/o a 

cargas cíclicas, como las ballestas. Un ejemplo de ello es que en la 

actualidad, una de las casas más reconocidas, Volvo, está empezando a 

fabricar ballestas de base poliuretano para algunas de las líneas más 

exclusivas XC90, sedán de lujo S90 y modelos de camioneta V90 [5,6]. 

Otro de los sectores es la energía eólica donde se ha empezado a explorar 

la fabricación de palas de PUR [83,84]. 

 

2.2. ASPECTOS A MEJORAR RESPECTO 

AL ESTADO DEL ARTE 

A pesar de las ventajas que presentan los PUR, su uso principal 

se ha centrado tradicionalmente en aplicaciones de bajas prestaciones y 

procesos de proyección, R-RIM, S-RIM o casting lo que hace que su 

aplicación en componentes estructurales no sea inmediata. Además, 

actualmente las formulaciones de poliuretano presentan algunas 

dificultades de procesabilidad para su integración en procesos RTM. Por 

otra parte, también presentan desafíos desde el punto de vista de la 

sostenibilidad (Figura 2.9).  
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Figura 2.9. Retos que presentan los poliuretanos. 

2.2.1.Reactividad 

En cuanto a la procesabilidad para RTM, los PUR en general 

poseen bajas viscosidades, pero su elevada reactividad provoca un 

aumento de viscosidad prematuro imposibilitando la correcta 

impregnación de las fibras. Para que las resinas sean adecuadas para 

RTM es necesaria una cierta latencia en la primera parte del proceso, 

manteniendo una viscosidad baja durante el llenado seguida de un curado 

posterior rápido [27,92–94]. Esta evolución de la viscosidad se podría 

ajustar utilizando catalizadores específicos de acción retardada. 

En el caso de los catalizadores para PUR, los más utilizados por 

la industria se centran en acelerar la reacción de curado, como las aminas 

terciarias [95,96] o los catalizadores organometálicos [97–99]. Este tipo 
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de catalizadores son muy eficientes y conocidos, pero no son adecuados 

ya que las resinas resultan demasiado reactivas para el proceso de RTM. 

Otra de las soluciones utilizadas son los catalizadores de acción 

retardada. Este tipo de catalizadores, también basados en aminas 

terciarias y catalizadores organometálicos suelen activarse con la 

temperatura o retrasan la reacción desde el primer momento [100]. En 

ambos casos, no se consigue la combinación latencia / curado rápido 

requerida para las formulaciones para RTM. De ahí surge la necesidad 

de desarrollar catalizadores específicos para el caso particular de los 

PUR para RTM. 

2.2.2.Sostenibilidad  

Uno de los aspectos más críticos de los nuevos desarrollos de 

materiales es su sostenibilidad. La sostenibilidad se puede definir y 

cuantificar de diferentes maneras, pero para poder tener una idea más 

realista, es recomendable tener en cuenta todo el ciclo de vida del 

material desde la extracción u origen de los materiales, pasando por 

procesos de producción, hasta su fin de vida [101,102]. 

 

Figura 2.10. Ciclo de vida de materiales. 



Nuevas formulaciones de PUR más sostenibles para componentes estructurales  

34 

 

En este sentido, los poliuretanos presentan diferentes desafíos: 

Origen  

Actualmente, las formulaciones de PUR para componentes 

estructurales están basadas en componentes de origen petroquímico. Sin 

embargo, en los últimos años se ha sintetizado una gran variedad de 

polioles derivados de aceites vegetales, aceites como el de palma [56–

58], canola [59–61], ricino [62–66], soja [67–70], girasol [71–73] y 

linaza [74,75]. Debido a la gran variedad de polioles disponibles, el 

desarrollo de nuevos BIO-PUR está en auge, pero están dirigidos a otro 

tipo de aplicaciones como biomédicas [103], aislamiento [104–106], 

recubrimientos [107–109] y adhesivos[110,111] y no existen desarrollos 

para matrices de altas prestaciones.  

Eficiencia del proceso 

Otro de los retos que plantea la sostenibilidad, es que los procesos 

de producción también tienen que ser eficientes, tanto desde el punto de 

vista de consumo energético, como de la tasa de piezas defectuosas. 

El proceso de RTM es un proceso en el que el aseguramiento de 

la calidad sigue siendo un reto debido al gran número de variables 

involucradas. Por ejemplo, las incertidumbres del material afectan 

negativamente en la impregnación produciendo defectos de porosidad y 

áreas secas que llevan a la generación de deshechos con el consiguiente 

coste económico y medioambiental [112]. 

A pesar de que ya se han realizado algunos avances de cara a 

poder predecir en tiempo real la calidad del proceso queda todavía 
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mucho camino por recorrer en este sentido, sobre todo en cuanto a su 

implementación [113,114]. 

Fin de vida y circularidad 

En líneas generales, los materiales para que sean totalmente 

sostenibles deben poseer las “tres R” de la economía circular: 

reutilizable, reciclable, recuperable. En este sentido, los BIO-PUR, como 

resinas termoestables presentan grandes retos.  

En cuanto al fin de vida, los PUR están formados por una red 

tridimensional constituida por enlaces covalentes, por lo que estos 

materiales son infusibles e insolubles, de manera que no se pueden ni 

reprocesar ni reciclar [115].  

Se está investigando en aportar nuevas soluciones para aportar 

reciclabilidad a los PUR, como incorporar enlaces dinámicos de tipo 

disulfuros [116] o de tipo Diels Alder [117,118]  pero al igual que ocurría 

con los biopoliuretanos, no existen desarrollos para el caso matrices de 

altas prestaciones  

Por otro lado, la síntesis de BIO-PUR a partir de monómeros 

reciclados podría ser una alternativa interesante de cara a mejorar su 

circularidad. Por ejemplo, se ha visto que mediante el proceso de 

reciclado químico del politereftalato de etileno (PET) proveniente de 

envases plásticos altamente degradados en ambiente marino se puede 

producir un poliol, el Bis(2-Hidroxyethil) tereftalato BHET [119,120] 

válido para la síntesis de los BIO-PUR, ya que posee grupos hidroxilo 

capaces de reaccionar con el isocianato. Sin embargo, todavía no se ha 
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estudiado su viabilidad para la síntesis de resinas para moldeo por vía 

líquida (RTM o infusión).  

 

2.3. OBJETIVOS 

El objetivo principal de esta tesis es el desarrollo de 

formulaciones de base poliuretano más sostenibles, siendo el reto 

principal el que sean válidas para aplicaciones estructurales y además 

viables para el proceso de RTM.  

En base a este objetivo principal, se han definido los siguientes 

objetivos técnicos de cara a poder aportar soluciones en cuanto al control 

de la reactividad, origen de las materias primas, eficiencia del proceso y 

fin de vida: 

• Objetivo I: Control de la reactividad mediante el desarrollo de 

sistemas catalíticos específicos de doble efecto para optimizar la 

evolución de la viscosidad de los PUR. En estos procesos es 

necesaria una baja viscosidad para reducir los tiempos de llenado e 

impregnar adecuadamente el refuerzo y tras ello las resinas para 

RTM deben presentar curados rápidos. 

 

• Objetivo II: Incorporación de componentes de origen vegetal en la 

formulación, en concreto polioles derivados de aceites vegetales. 

Para ello es necesario el estudio del efecto de las características de 

los bio-polioles y otros componentes como los agentes de 

entrecruzamiento en la viscosidad, reactividad y propiedades finales 
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de los BIO-PUR de cara a identificar las características más 

adecuadas para la aplicación objetivo. 

 

• Objetivo III: Mejora de la eficiencia del proceso. Esto implica el 

estudio del efecto de las condiciones de proceso en la calidad final 

de las piezas y el control de las mismas mediante el modelo basado 

en la metodología DDDAS. 

 

• Objetivo IV: Demostrar la viabilidad del sistema desarrollado 

para aplicaciones estructurales tanto para aplicaciones de 

automoción como de otro tipo de sectores donde podrían ser de 

interés. 

 

• Objetivo V: Explorar nuevas líneas de investigación para la mejora 

de fin de vida y circularidad con la incorporación en la formulación 

de monómeros obtenidos a partir del reciclado químico de 

Politereftalato de etileno (PET) altamente degradado en ambiente 

marino, y de enlaces dinámicos con el fin de aumentar la 

reprocesabilidad y reciclabilidad del composite final.  
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3.2. ABSTRACT 

The high reactivity of PUR’s hinders some manufacturing 

processes like Resin Transfer Moulding (RTM). The work presented in 

this chapter aimed to achieve a PU resin (PUR) formulation with the 

required latency and reactivity for the RTM. For this purpose, different 

catalytic systems based on an epoxide and LiCl were investigated. The 

reactivity of the systems was evaluated through Differential Scanning 

Calorimetry (DSC) and rheology tests, and the curing reaction and 

viscosity were modelled. Furthermore, the RTM process of a 

representative composite part was simulated. Results demonstrated the 

processability improvements when the LiCl was incorporated into the 

isocyanate component of the formulation combined with a monool or a 

diol. It was observed that these combinations contribute to the 

encapsulation of the LiCl between the as formed urethane groups by 

hydrogen bonding, providing the desired latency and acting as a delayed 

action catalyst. Once the reaction started and the encapsulation was 

deactivated, an alkoxide was formed to act as a catalyst. Encapsulation 

was more effective with the diol, providing a higher latency. 

 

3.3. INTRODUCTION 

In the mass-production of automobiles, speed is paramount, and 

the newly developed materials should allow high production rates. This 

is why some developments in the field of PU's for composites are 
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targeting the RTM process [1,2], which allows the application of short 

cycle times in the production of structural composites components. For 

a successful RTM process, the novel PU thermoset resins (PUR) should 

have initially low viscosity to achieve a good wetting and fast and 

controllable reaction to allow fast curing. The high reactivity and short 

cure times of PURs [2–5] result in an abrupt and premature increase in 

viscosity that makes them not suitable for RTM. Therefore, it is 

necessary to develop new catalyst formulations to achieve a certain 

latency to maintain a low viscosity in the wetting step. 

Different types of catalysts are used for PUR, the most common 

being the low molecular weight tertiary amines, such as 1,4-

diazabicyclo[2.2.2]octane (DABCO) and 2-[2-(dimethylamino)ethoxy]-

N,N-dimethylethanamine (BDMAEE), widely used in rigid and elastic 

foams [6,7]. However, due to their low molecular weight, they have the 

tendency to release volatile organic compounds (VOC). Reactive amine 

catalysts functionalised with isocyanate reactive groups (urea, amino or 

hydroxyl) can bond to the polymer and reduce VOC release [7–9]. In any 

case, tertiary amines, reactive or not, accelerate the reaction from the 

beginning, the curing is very fast, and they do not provide the necessary 

latency to the PUR for RTM. 

Organometallic catalysts have also been extensively used in 

polyurethane reactions [9–11], being inorganic and organic tin 

compounds, and more specifically tin alkoxides, the most common 

[12,13]. Despite their efficiency, they are susceptible to moisture, 

reducing their catalytic activity [9]. Another disadvantage is their 

toxicity due to the residues formed [14]. 
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Delayed action catalysts formed by tertiary amines blocked with 

organic acids, which can be thermally activated, have been investigated 

[15]. However, organic carboxylates have a strong corrosive action, 

causing a faster deterioration of the machine and storage containers due 

to the release of carboxylic acid [9]. Therefore, they are not a feasible 

alternative for the RTM process. In addition to the tertiary amines with 

delayed action catalyst, there are organometallic compounds with 

delayed action, but in most cases, they are formed by mercury and heavy 

metals [16]. Another solution of delayed action catalysts consists of 

using polymers capable of containing or bonding the catalyst in order to 

encapsulate or link the catalyst to the polymer [9,17,18]. In this context, 

some authors propose to encapsulate one component of the catalyst 

system within the reaction components through electrostatic interactions 

[19,20]. After the component release, the catalyst is formed in situ, and 

it acts to accelerate the reaction. Pelzer et al. [21] studied the effect of 

different halides in the catalytic coupling with an epoxide in the presence 

of different ratios of 4,4'-diphenylmethane diisocyanate (MDI). They 

observed that at high MDI contents, the intermediate alkoxide formed by 

the coupling between epoxide and ammonium halide catalyses the 

formation of isocyanurate. It was shown that when the halide was 

chloride, the catalysed reaction that leads to the formation of 

isocyanurate prevails over other paths. Moreover, the ability of LiCl was 

reported  to coordinate with urethane groups forming a stable complex 

via electrostatic interactions [22,23], as well as to form stable 

intermolecular hydrogen bonding interactions with hydroxyl groups 

[24]. In this context, adding a stabilised halide salt within a hydroxyl 

group containing molecule to the isocyanate component to form an 

urethane prepolymer can be envisaged as an effective strategy for 
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encapsulating the halide salt of the catalyst system within one of the 

reaction components. 

The aim of this chapter was to achieve a PUR formulation with 

the required latency and reactivity for the RTM manufacturing of 

structural PUR based composites. More specifically, the target 

application was an automotive component subjected to cycling loadings, 

such as leaf springs. For this purpose, different catalytic systems based 

on an epoxide and LiCl, separately incorporated within the reaction 

components, were investigated. The reactivity of the PUR systems was 

evaluated through differential scanning calorimetry, and rheology tests 

and the curing reaction and viscosity were modelled. The chemo-

rheological resin models considering the viscosity dependence on 

temperature and curing degree were employed to effectively predict the 

resin systems-viscosity evolution with time. Finally, in order to evaluate 

the different alternatives and find the best process parameters of the 

injection and curing stages of the RTM process, a representative 

composite part has been simulated with ESI's PAM-RTM software. 

 

3.4. EXPERIMENTAL 

3.4.1.Materials 

In this chapter a high reactivity and low viscosity two-component 

commercial thermoset polyurethane resin, supplied by Dow Chemical 

(Milano, Italia) was employed. The first PUR component was constituted 

by a polyether-polyol (Voraforce TR 1551-Polyol, OH-number = 527 
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mg KOH g-1 and viscosity = 750 mPa s). Hydroxyl number of Voraforce 

1551 was determined according to ASTM D 4274-88. The second 

component was an isocyanate (Voraforce TR 1500-Isocyanate, NCO 

equivalent weight = 136 g eq-1 and viscosity = 130 mPa s). NCO 

equivalent weight was determined according to the ASTM D2572-97. 

Three different catalyst systems were evaluated. CAT1 is a two-

component system formed by an epoxide (1,4-butanediol diglycidyl 

ether, BDDE) and a halide salt (LiCl). CAT2 is formed by BDDE and 

LiCl dissolved in a low molecular mass biobased cyclic diol (1,4:3,6-

dianhydro-D-glucitol or D-isosorbide, DAS). CAT3 is formed by BDDE 

and LiCl dissolved in a low molecular mass aliphatic monool (diethylene 

glycol butyl ether, BDG). All the catalysts components were supplied by 

Sigma Aldrich (St. Louis, USA), and used as received. 

3.4.2.Synthesis 

Four PUR systems were synthesised, three catalysed and one 

without additional catalyst as reference. The isocyanate index was 

maintained constant (equal to 1.2) for all the PUR systems studied. 

Designation and composition of the PUR systems are summarised in the 

Table 3.1. All formulations are based on 150 parts by weight of 

isocyanate (pbw). 

Before the polyurethane synthesis reaction, both polyol and 

isocyanate were degassed separately under vacuum at 1000 mbar and 

1000 rpm for 30 min. The non-catalysed system (PUR-REF) consists of 

the reaction of previously degassed polyol and isocyanate components. 

The reaction components were prepared as shown in Figure 3.1a. 
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Table 3.1. Designation and composition of synthesised thermoset 

polyurethanes. 

System 
Components ratio (pbw) 

Polyol Isocyanate LiCl BDDE DAS BDG 

PUR-REF 100 150 - - - - 

PUR-CAT1 99.92 150 2.31 5.56 - - 

PUR-CAT2 83 150 2.31 5.56 10.19 - 

PUR-CAT3 92.6 150 2.31 5.56 - 10.19 

The catalysed PUR systems (PU-CAT1, PU-CAT2 and PU-

CAT3) consist of the reaction of a polyol and epoxide based mixture 

(Part A) and an isocyanate based prepolymer (Part B) formed just before 

the mixing of both components (Figure 3.1b). For part A preparation the 

polyol and epoxide were mixed at room temperature (RT) and under 

nitrogen at 1000 rpm for 15 min, obtaining the Part A mixture. For part 

B, the LiCl is used alone (CAT1) or dissolved in DAS (CAT2) or in BDG 

(CAT3) after mixing for 30min at 1000 rpm and 80 ºC under nitrogen. 

After that it was mixed with isocyanate at 1000 rpm and 50 ºC for 4 h 

under nitrogen to obtain the isocyanate prepolymer. Finally, Part A 

mixture and isocyanate prepolymer were mixed with the same procedure 

as for the uncatalysed system (Figure 3.1a). 
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b) Part A 

 

c) Part B 

 

Figure 3.1. b) Part A preparation of the catalysed systems and c) 

Part B preparation of the catalysed systems. 
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3.5. CHARACTERIZATION 

3.5.1.Rheological characterization 

Rheological tests were carried out on a HAAKE RheoStress 6000 

Rheometer (Thermo Fisher Scientific, Massachusetts, USA), running in 

an oscillating stress mode at a frequency of 1 Hz. Amplitude was held 

constant in the Linear Viscoelastic Range (LVR) throughout the test. A 

gap separation of 1 mm and disposable parallel plates of 60 mm diameter 

were used. Experiments were performed at both isothermal or time 

sweep test, and dynamic or temperature sweep test conditions. Time 

sweep tests were carried out at different temperatures ranging from 50 to 

90 ºC whereas temperature sweep tests were performed from 25 to 200 

ºC at a constant heating rate of 5 ºC min-1. Storage and loss moduli, G' 

and G" respectively, and complex viscosity, *, were measured over 

time or temperature in isothermal or dynamic conditions. The gelation 

time, tgel, was taken as G' and G" crossover (G' = G"). 

3.5.2.Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) tests were carried out on 

a TA Instruments DSC Q100 (TA Instruments, New Castle, USA) 

calorimeter in both dynamic and isothermal conditions. The dynamic 

experiments were performed from 20 to 200 ºC at three heating rates 5, 

10 and 20 ºC min-1. Isothermal experiments were performed at 

temperatures ranging from 50 to 120 ºC. All samples were subjected to 

a subsequent dynamic scan from 20 to 200 ºC at 10 ºC min-1 to determine 



Nuevas formulaciones de PUR más sostenibles para componentes estructurale 

66 

 

the residual heat of reaction and the glass transition temperature, Tg, of 

the cured material. The Tg was taken as the midpoint of the heat capacity 

change and the total heat of reaction (HT) was calculated from the 

integration of the area of the exothermic peaks. 

The curing rates (d/dt) from the heat flow curves obtained in the 

dynamic and isothermal DSC tests equation (3.1) were integrated to 

calculate the degree of cure () profiles equation (3.2). 

𝐻 =
𝑑𝐻

𝑑𝑡
=

𝑑𝛼

𝑑𝑡
 𝐻𝑇 (3.1) 

𝛼 = ∫
𝑑𝛼

𝑑𝑡
 

𝑡

0

𝑑𝑡 (3.2) 

where H is the instantaneous heat evolved during the polymerisation 

reaction of the resin, and HT is the total heat after the curing process. 

 

3.6. RESULTS AND DISCUSSION 

3.6.1.Rheological characterization 

Viscosity during the resin curing evolves with time and depends 

on degree of cure and temperature. In the case of a resin system suitable 

for high production rate RTM, a combination of low reactivity in the first 

part of the process and high reactivity in the following steps is necessary. 

Figure 3.2a shows schematically the desired viscosity evolution curve 

for the suitable RTM resin system. Some latency is needed in the first 
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part of the process (resin injection) to maintain a low viscosity value and 

to facilitate the fibre impregnation. Then, a high reactivity is desired to 

reduce curing times and allow fast production cycles. 

Viscosity results from oscillatory temperature sweep tests of the 

four PUR systems are shown in Figure 3.2b. As has already been 

mentioned, the latency in the first part of the curing reaction is necessary 

to guarantee low viscosity values and obtain an adequate mould filling. 

Normally, for RTM resin systems, process temperatures are in the range 

of 90-120 ºC to reach the final target properties in process times ranging 

from 3 to 10 minutes. Therefore, results showed that the PUR-REF 

system would not be suitable. The viscosity starts increasing at 

temperatures lower than 70 ºC, which means that this system will start to 

react in a few seconds at the target temperatures and will not have the 

necessary latency. In the case of the PUR-CAT1 the results have been 

unsatisfactory since the curing is accelerated, and the viscosity increase 

starts earlier, and it is faster than the reference system. Moreover, this 

system shows higher viscosity values from the beginning. For the PUR-

CAT2 system, the viscosity increase starts at a higher temperature 

showing that the catalyst system provides latency. Furthermore, the 

shape of the curve at the viscosity increase is similar to the observed for 

the reference one, which means the cure is fast. PUR-CAT3 system does 

not show any appreciable improvement compared to the reference 

systems at this temperature range. 
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Figure 3.2. a) Ideal viscosity evolution for the PUR RTM resin systems 

and b) complex viscosity evolution with temperature for the different 

PUR. 
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Oscillatory time sweep tests were performed at temperatures 

between 50 and 90 ºC (Figure 3.3).  

 

Figure 3.3. Complex viscosity evolution with time at different 

temperatures, a) PUR-REF, b) PUR-CAT1, c) PUR-CAT2 and d) 

PUR-CAT3. 

Results are in accordance with previous temperature sweep tests. 

The PUR-REF cure is ultra-fast at temperatures higher than 60 ºC and 

not suitable for RTM. For PUR-CAT1, the cure reaction is accelerated 

at high temperatures worsening the material processability for RTM. 

PUR-CAT3 only provided a slight improvement compared to the 

reference. For PUR-CAT2, however, it can be observed that the desired 

latency is obtained in the first part of the reaction. This delayed action 

catalytic system seems to be suitable for RTM processing and fulfils the 
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function to provide both latency at the beginning and fast curing at the 

end of the reaction to the polyurethane resin. 

Gel times, tgel, were determined as the G' and G" moduli 

crossover in the time sweep tests. The obtained tgel values for each PUR 

system at the studied temperatures are represented in Figure 3.4. 

 Results show that PUR-CAT2 provides latency to polyurethane 

system, increasing the gel times for all the temperatures studied. In this 

case, although the best results are obtained for PUR-CAT-2, the 

improvement of latency is also appreciated for PUR-CAT-3. 

 

Figure 3.4. Gel time vs temperature for the studied PUR systems. 

Again, the lower gel times or the higher reactivities are obtained 

for PUR-CAT1, showing that this catalyst system is capable of 

accelerating the reaction, but it cannot provide latency. In PUR-CAT1 

the dissociated lithium and chloride encounters the epoxide unimpeded, 
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and they can create an alkoxide, which acts accelerating the reaction of 

polyurethane [21,25].  

The behaviour observed in PUR-CAT-2 and PUR-CAT-3 can be 

attributed to the developed catalytic system, which is based on the 

generation of the catalyst in situ, once the reaction between part A and 

part B is initiated. The urethane groups formed once the monool or diol 

and the isocyanate are mixed to prepare the part B are able to encapsulate 

the lithium salt through the formation of a polydentate complex with the 

salt [22,24]. The encapsulation process involves several steps. In the first 

step of the part B preparation, the lithium salt is dissociated in the diol or 

monool due to the electrostatic interactions (Figure 3.5a).   
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In the second step of the part B preparation, the isocyanate reacts 

with the hydroxyl groups of the diol or monool, creating urethane groups. 

Thanks to the electrostatic interaction, the lithium cation and chloride 

anion can be associated with the urethane groups [22,23] and create a 

monodentate or bidentate complex. Figure 3.5b shows the chemical 

structure evolution in this second step. The salt is caught between the 

urethane groups encapsulating via electrostatic interactions. In addition, 

the urethane groups are capable of creating hydrogen bonds among them 

increasing the encapsulation effectiveness, being stringer in the case of 

diol. Due to the lack of urethane groups in the PUR-CAT1 Part B, the 

encapsulation of the LiCl is not possible. For this reason, the CAT1 

accelerates the reaction from the beginning and does not provide any 

latency. Therefore, this system has been discarded as a suitable 

alternative for the RTM process. 

3.6.2.Differential scanning calorimetry (DSC) 

The curing reaction of PUR-REF, PUR-CAT2 and PUR-CAT3 

was also characterised by both dynamical and isothermal DSC tests. 

Figure 3.6a-c shows the thermograms obtained in dynamic conditions 

for the different systems at 5, 10 and 20 ºC min-1. The total heat of 

reaction, taken as the value obtained at 10 ºC min-1 was 311 J g-1 for the 

PUR-REF system whereas for the catalysed systems PUR-CAT2 and 

PUR-CAT3 were 282 J g-1 and 301 J g-1 respectively. The enthalpy 

difference could be due to the fact that in catalysed systems, the diol and 

monool were mixed with the isocyanate to form an urethane prepolymer 

during the Part B preparation. In this step, some isocyanate groups react 

with hydroxyl groups of the monool or diol in order to produce urethane 
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groups as shown in the Figure 3.5b. The heat released in this step was 

not measured in the later DSC cure. 

 

Figure 3.6. Dynamic DSC thermograms for the different PUR 

systems at a) 5 ºC min-1, b) 10 ºC min-1 and c) 20 ºC min-1, and d) 

isothermal DSC thermograms for the different PUR systems at 120 

ºC. 

As can be seen in the figures, the reaction is delayed for the 

catalysed systems. For instance, at 10 ºC min-1 PUR-REF system peak 

has a maximum at 80 ºC, whereas it appears at 97 and 93 ºC for PUR-

CAT2 and PUR-CAT3, respectively. However, it is not evident for the 

PUR-CAT3 system presented in Figure 3.6c-d at high reaction rates (20 

ºC min -1 and isothermal at 120 ºC). Furthermore, the shape of the heat 

flow curve changes and a second peak or an overlapped peak can be 

appreciated at a higher temperature. This could be attributed to a two-
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step catalytic mechanism. The first peak in the PUR-CAT2 and in the 

PUR-CAT3 is associated with polyurethane reaction. At the beginning 

of the reaction, when the two parts of the system (Part A and Part B) are 

mixed, due to LiCl is encapsulated, a delay in the reaction is observed, 

providing the necessary latency (Figure 3.7, First step). 

Once the reaction progresses, the heat released is able to break 

down hydrogen bonds between urethane groups, the encapsulation is 

destabilised, and the LiCl encounters the epoxide. LiCl activates the ring 

opening of the epoxy group, forming an alkoxide, which acts as a catalyst 

accelerating the reaction of the polyurethane system, as well as reacting 

with isocyanate group in excess forming isocyanurate [21,24]. The 

second peak in PUR-CAT2 and PUR-CAT3 could be associated with the 

isocyanurate and additional network formation [26] (Figure 3.7, Second 

step). This second peak appears at 127 ºC in the case of PUR-CAT2 

dynamic test at 10 ºC min-1, whereas for PUR-CAT3 the maximum 

appears at higher temperatures 150 ºC. In the case of PUR-REF systems, 

although the second peak was overlapped with the main reaction peak, a 

shoulder was also appreciated. This can involve the achievement of a 

lower maximum degree of cure at the process temperatures. This effect 

is also appreciated at the other heating rates studied (Figure 3.6). 
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The Tg calculated from the second DSC scan at 10 ºC min-1 gives 

values of 130 ºC for PUR-REF, 133 ºC for PUR-CAT2 and 93 ºC for 

PUR-CAT3. The changes in Tg are attributed to the effect of the diol and 

monool on the crosslinking density of the polyurethane. It was expected 

that crosslinking density decreased with the addition of the diol and 

monool in the formulation, since both have lower functionality than the 

Voraforce TR 1551 Polyol (Figure 3.8).  

Three-dimentsional network 

 

Figure 3.8. Polyurethane three-dimensional network for PUR-REF, 

PUR-CAT2 and PUR-CAT3 systems. 

Nevertheless, in the case of the diol, which has been integrated 

into PUR-CAT2 system, the Tg value is maintained. This can be 

attributed to the cycloaliphatic diol structure, which also provides steric 

hindrance that affects polymer mobility. On the other hand, the monool 

of PUR-CAT3 is aliphatic and monofunctional and reduces the 

crosslinking density as shown in Figure 3.8, where a schematic 

representation of the three-dimensional network of the polyurethane 

systems PUR-REF, PUR-CAT2 and PUR-CAT3 is depicted. 
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Isothermal experiments were carried out at temperatures ranging 

between 50 and 120 ºC. Figure 3.6d shows as an example the results 

obtained at 120 ºC (target process temperature). As for the dynamic tests, 

a shift of the maximum of the heat flow is observed with the addition of 

the catalyst, suggesting an increase in the latency of the system, being 

more remarkable for PUR-CAT2 system. 

3.6.3.Modelling and process simulation  

Once the reactivity of the PUR systems was evaluated, the curing 

reaction and viscosity were modelled. For the cure kinetic modelling, the 

degree of cure curves obtained from the dynamic and isothermal DSC 

tests were fitted to the Kamal-Sourour equation (3.3) [27]. In order to 

consider the diffusion effect and have a good fitting in all the degree of 

cure ranges, we completed the model with a diffusion factor F() (3.3) 

[28]. 

𝑑𝛼

𝑑𝑡
= (𝑘1𝑒−

𝐸1
𝑇 + 𝑘2𝑒−

𝐸2
𝑇 𝛼𝑚) (1 − 𝛼)𝑛𝐹(𝛼) (3.3) 

𝐹(𝛼) =
1

1 + 𝑒(𝐸𝑑(𝛼−𝛼𝑐))
 (3.4) 

where 

𝐸𝑑 = 𝐸𝑑1 + 𝐸𝑑2 𝑇 (3.5) 

and 
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𝛼𝑐 = 𝛼𝑐1 + 𝛼𝑐2 𝑇 (3.6) 

are temperature dependent adjustable parameters. 

In this equation  is the degree of cure, dα/dt is the reaction rate, 

n and m the reaction orders and T the temperature. The variables k1, E1 

and k2, E2 are the preexponential factors and activation energies of the 

nth and mth order reactions, respectively and F() corresponds to the 

diffusion factor. The kinetic model parameters for each of the PUR 

systems are summarised in Table 3.2.  

Table 3.2. Kinetic model parameters for the different PUR resin systems. 

  PUR-REF PUR-CAT2 PUR-CAT3 

K1 s-1 4.45E+08 1.38E+08 2.49E+11 

E1 ºK 8.80E+03 1.53E+04 1.10E+04 

K2 s-1 2.05E+06 1.79E+06 2.05E+06 

E2 ºK 9.10E+03 6.79E+03 1.26E+04 

m  3.00E-01 2.50E-01 2.40E-01 

n  1.80E+00 2.30E+00 3.14E+00 

αc1  6.10E-01 1.54E-01 -3.29E-01 

αc2  1.00E-03 2.00E-03 3.00E-03 

Ed1  -1.76E+06 -1.34E+03 -6.15E+02 

Ed2  7.67E+03 6.90E+00 3.65E+00 
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The activation energies for the first part of the reaction, E1, are 

higher for the catalysed than for the reference systems (1.53E+04, 

1.10E+04 and 8.80E+03 ºK for PUR-CAT2, PUR-CAT3 and PUR-REF, 

respectively), confirming their higher latency. The activation energy for 

the second part, E2, is clearly higher for PUR-CAT3 (1.26E+04, 

9.10E+03 and 6.79E+03 ºK for PUR-CAT3, PUR-REF and PUR-CAT2, 

respectively) showing a delay of the final part of the cure. For PUR-

CAT2 however, the activation energy remains low. As it can be seen in 

Figure 3.9 there is a good correlation between the experimental results 

and the proposed models for all the systems studied. 

Figure 3.9d compares the maximum degrees of cure obtained at 

each temperature for the different resin systems. As it can be seen, at the 

temperature range studied, the maximum degree of cure for the catalysed 

systems is lower than for the uncatalysed system. In the case of PUR-

REF maximum degrees of cure from 0.93 to 1 (full cure, at 120 ºC) are 

obtained and for PUR-CAT2 and PUR-CAT3 the maximum at 120 ºC 

are 0.94 and 0.85, respectively. For PUR-CAT2 the maximum degree of 

cure of 0.94 is good enough to avoid postcuring whereas for PUR-CAT3 

system would require a postcure at higher temperatures. This is in 

agreement with the results from the dynamic DSC scans (Figure 3.6a-c), 

where a peak appears at temperatures above 120 ºC for PUR-CAT3. Due 

to the requirement of postcure process, which is an important 

disadvantage, the PUR-CAT3 systems were discarded as a real 

alternative for RTM resin.  
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For the viscosity modelling, the results from the time and 

temperature sweeps tests for PUR-REF and PUR-CAT2 were fitted to 

the following equation based on Castro-Macosko model (3.7) [29]:  

𝜂∗ = 𝜂0𝑒
𝐸
𝑇

1

(1 − 𝛼)

𝑝1+𝑝2𝛼

 (3.7) 

where η* is the resin viscosity at a given degree of cure (α), temperature 

(T) and activation energy (E), and η0, p1 and p2 are adjustable 

parameters, which are shown in Table 3.3. 

As it can be seen in Figure 3.10, there is a good fitting for both 

systems in the pregel stage. Also, again it is demonstrated that the 

catalytic system is capable of delaying the reaction. The PUR-REF 

system reaches a viscosity of 1000 Pa.s at 80 ºC in one minute, whereas 

the viscosity of the PUR-CAT2 at this time is lower than 1 Pa.s. At 90 

ºC, this difference is more significant, where the PUR-REF reaches a 

viscosity of 1000 Pa.s in half a minute, whereas for PUR-CAT2 the 

viscosity is 0.12 Pa.s. The difference in the reactivity is also reflected in 

the model's parameters shown in Table 3.3. 

Table 3.3. Viscosity model parameters. 

  PUR-REF PUR-CAT2 

η0 Pa s 1.22E-04 1.50E-03 

E ºK 2383 3979 

p1  1.93 9.82 

p2  52.42 -10.4 
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Figure 3.10. Viscosity evolution with time at 80 and 90 ºC for PUR-

REF and PUR-CAT2 systems. Experimental results (symbols) and the 

rheological model (red lines). 

 Finally, in order to evaluate the PUR systems suitability for 

manufacturing structural parts by RTM, a representative composite part 

has been simulated with ESI's PAM-RTM software. The composite part 

simulated was a leaf spring reinforced with 47% fibre volume content of 

high fatigue resistance (ultra-fatigue) unidirectional glass fibre (Ultra 

Fatigue UD, U-V-E-PB-1176g/m²-1200mm, Saertex, Saerbeck, 

Germany). These parts are normally produced with a linear, lateral 

injection strategy with the resin inlet at the middle point of the part and 

the outlets at the ends (Figure 3.11a) so for the evaluations, only half 

length of the real part was considered. The mesh dimensions used in the 

simulations are shown in Figure 3.11b. 
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Figure 3.11. a) Injection strategy and b) mesh used in the simulation of 

a reinforced leaf spring. 

The flow of the polyurethane resin through the glass fibre fabric 

can be described by Darcy's law (3.8).  

𝑄 = −
𝑆 𝐾 

ɸ 𝜂
∇𝑃 (3.8) 

where Q denotes the resin flow rate, K is the preform permeability, S is 

the cross-sectional area, ɸ is the porosity, η is the resin viscosity, and P 

represents the pressure. On the other hand, as mentioned previously, 

a) 

b) 
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resin viscosity depends on resin temperature and time (degree of cure) as 

described in equation (3.7). 

The temperature used for the simulations was 120 ºC in all the 

cases, which is a standard temperature for the production of composite 

automotive parts. Also, two different injection strategies were 

considered, at constant pressure and a constant flow. In the case of 

constant pressure injections, the simulations have been carried out at 

different pressures ranging from 70 to 100 bar. PUR-REF is not able to 

fill the mould in any case, as shown in (Figure 3.12). This happens 

because the viscosity starts to increase in a few seconds, and the resin 

gels, making it impossible to continue mould filling. PUR-REF lack of 

latency makes this resin system not suitable for the manufacture of leaf 

springs by RTM. However, PUR-CAT2 system simulations results are 

satisfactory (Figure 3.13). Simulations show the processability of PUR-

CAT2 at moderate pressures. At pressures higher than 70 bar, this system 

can fill the mould in a few seconds. After the mould filling the curing is 

fast, and in four minutes, the curing is completed without post-curing 

processes. The PUR-CAT2 provides enough latency to be suitable for 

RTM.  

The simulations at a constant flow rate of 1 Kg min-1 and 100 bar 

maximum pressure strengthen the previous results (Figure 3.14). The 

PUR-REF is not capable of filling the mould, and it reaches the 

maximum pressure and gels before in a few seconds. In the simulation 

with PUR-CAT2 system, the maximum pressure is reached in 5 seconds, 

and there is a decrease in filling rate, but the mould is fully filled in only 

14 seconds. 
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3.7. CONCLUSIONS  

In this work, different catalytic systems based on an epoxide and 

LiCl were investigated to achieve the required reactivity for the RTM 

manufacturing. DSC, rheology and RTM simulation results showed that 

the PUR-REF commercial system is not suitable for the target 

application due to the abrupt increase of viscosity during the mould 

filling step. It is necessary to provide latency to the resin system. When 

the LiCl was used alone, as in PUR-CAT1, the salt and the epoxide could 

form an alkoxide, which acted as a catalyst accelerating the reaction, but 

the curing rate was increased from the beginning of the reaction, 

worsening the PUR processability. Adding the diol or monool in the 

isocyanate component of the formulations, as for PUR-CAT2 (DAS diol) 

and PUR-CAT3 (BDG monool), delayed the curing in the first part of 

the reaction and provided latency in both systems. This is a result of the 

capability of urethane groups, formed by isocyanate component and diol 

or triol, to encapsulate the lithium halide via electrostatic interactions. 

When the reaction progressed, the heat released could break down 

hydrogen bonds, and the encapsulation was destabilised. After that, the 

LiCl encountered the epoxide to form alkoxide, and it acted as a catalyst. 

The delayed action catalyst with DAS (PUR-CAT2) showed more 

effective encapsulation. Moreover, for PUR-CAT2 the maximum curing 

degree obtained was good enough to avoid postcuring, with a Tg of 133 

ºC, whereas the PUR-CAT3 system would require a postcure at a higher 

temperature to achieve the required properties. The RTM simulations 

demonstrated the PUR-CAT2 processability improvements and the 

capability to manufacture real structural parts.  
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4.2. ABSTRACT 

Actually, a broad range of biobased polyols are available in the 

market, but there is not a specific formulation for high-performance 

PURs composites. The aim of this chapter was to study the effect of 

biobased polyol chemical structure in the PUR characteristics (reactivity, 

viscosity and final properties). In addition, biobased polyol features to 

synthesize BIO-PURs suitable for structural applications were 

stablished. The viscosity and reactivity were studied by means of 

rheology and differential scanning calorimetry (DSC). Thermal and 

mechanical properties were studied through thermogravimetric analysis 

(TGA), dynamic mechanical analysis (DMA) and flexural tests. The 

results obtained demonstrated the dramatical influence of polyols nature 

on BIO-PUR/PUR properties and their effect on the crosslink density. It 

was observed that using a high functionality and high hydroxyl index 

biobased polyol, it was possible to synthesize high-performance BIO-

PUR suitable for structural composites. 

 

4.3. INTRODUCTION  

In general, the interest on developing PUR formulations based on 

renewable resources is significantly increasing due to environmental, 

geopolitical and economical concerns derived from the commonly used 

fossil-based starting materials [1,2]. Actually, many biobased polyols, 
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mainly derived from vegetable oils, are available in the market to 

synthesize biobased PURs (BIO-PUR).  

Vegetable oils are one of the cheapest and most abundant 

sustainable sources available in the world [3,4]. The use of biological 

sources as platform chemicals for polyol synthesis has numerous 

advantages, including inherent biodegradability and limited toxicity [5]. 

The most used oils are castor, soybean, sunflower, palm, canola and 

eucalyptus. Nowadays, there are different routes for the synthesis of 

polyols from these oils, which provide the possibility to produce a wide 

variety of biobased polyols [6,7]. 

BIO-PUR based on polyols derived from vegetable oils are being 

developed for a huge variety of applications. For instance, PU’s are 

gaining increasing interest for biomedical applications due to their 

tuneable properties and the possibility of obtaining shape memory 

materials [8–10]. In this context, BIO-PU’s have shown great 

biocompatibility and degradation properties compared to petrochemical 

based ones [11,12]. Also, BIO-PU’s have shown their suitability for 

coatings [13–15], adhesives [16–18] or foams [19–21].  

However, despite the intensive investigation on BIO-PURs, there 

is not a high-performance formulation suitable for structural 

applications. A biobased alternative suitable for structural composites 

should have low initial viscosity, latency and fast cure to allow fast and 

low-cost manufacturing processes together with high mechanical 

properties [22]. These characteristics are directly correlated to 

components nature, so a good selection of the biobased polyol is critical.  
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The aim of this work was to study the effect of the biobased 

polyols structure on the reactivity, viscosity and final properties of the 

BIO-PUR resin systems in order to find the keys to formulate biobased 

systems suitable for high-performance composites. For this purpose, 

several BIO-PUR based on biobased polyols with different 

characteristics, such as functionality and OH index, were formulated, and 

compared to PURs based on petrochemical polyols. The viscosity and 

reactivity of the different BIO-PUR/PUR resin systems were studied by 

means of rheology and differential scanning calorimetry (DSC). Thermal 

and mechanical properties were evaluated by thermogravimetric analysis 

(TGA), dynamic mechanical analysis (DMA) and flexural tests. 

 

4.4. EXPERIMENTAL 

4.4.1.Materials 

Different renewably sourced commercial polyols were employed in the 

synthesis of BIO-PURs. Their renewable content, hydroxyl index (IOH), 

functionality (f), equivalent weight and viscosity values, provided by the 

supplier or determined in their absence, are summarized in Table 1. 

Moreover, two petrochemical origin polyols were also used for 

comparative purposes (¡Error! No se encuentra el origen de la 

referencia.). The second component was an isocyanate (Voraforce 

TR1500-Isocyanate from Dow Chemical, NCO equivalent weight = 136 

g·eq–1 and viscosity = 130 mPa·s). NCO equivalent weight was 

determined according to the ASTM D2572-97  
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4.4.2. Synthesis 

Nine BIO-PUR/PUR systems were synthesised, seven with a 

biobased polyol, BIO-PUR1 to BIO-PUR7, and two with a petroleum 

derived polyol, PUR8 and PUR9, as references. The isocyanate index 

was maintained constant (equal to 1.2) for all the PUR/BIO-PUR 

systems studied. The designation, composition and renewable content of 

the BIO-PUR/ PUR systems are summarized in Table 4.2. All 

formulations are based on 100 parts by weight of polyol (pbw).  

Table 4.2. Summary of synthesized BIO-PUR/PUR systems.  

System 
Polyol 

(pbw) 

Isocyanate 

(pbw) 

Renewable 

content 

% 

BIO-PUR1 
100 

(Polyol-1) 
17.5 63.1 

BIO-PUR2 
100 

(Polyol-2) 
25.1 63.9 

BIO-PUR3 
100 

(Polyol-3) 
20.7 71.3 

BIO-PUR4 
100 

(Polyol-4) 
80.6 33.2 

BIO-PUR5 
100 

(Polyol-5) 
116.7 36.9 

BIO-PUR6 
100 

(Polyol-6) 
96.3 40.8 

BIO-PUR7 
100 

(Polyol-7) 
81.7 44.0 

PUR8 
100 

(Polyol-8) 
116.7 0 

PUR9 
100 

(Polyol-9) 
143.0 0 
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The renewable content of BIO-PURs was determined according 

to the weight percentage and renewable content of the biobased 

components. All BIO-PURs have a renewable content higher than 33%. 

BIO-PUR/PURs were synthesised using one-step bulk 

polymerization process, according to the reactant’s ratios shown in Table 

2. Before the BIO-PUR/ PUR synthesis reaction, all components, polyols 

and isocyanate, were degassed under vacuum to remove any trace of 

moisture. The reaction components were prepared as shown in Figure 

4.1a. The BIO-PUR/PUR plates were manufactured by casting the resin 

into a mould and curing it in an oven at 120 ºC for 1 hour (Figure 4.1b). 

a) b) 

 

Figure 4.1. a) BIO-PUR/ PUR sample preparation and b) resin 

plates casting process. 
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4.5. CHARACTERIZATION 

4.5.1.Rheological characterization 

Rheological tests were carried out on a HAAKE RheoStress 6000 

Rheometer (Thermo Fisher Scientific, Massachusetts, USA), running in 

an oscillating stress mode at a frequency of 1 Hz. Amplitude was held 

constant in the Linear Viscoelastic Range (LVR) throughout the test. A 

gap separation of 1 mm and disposable parallel plates of 60 mm diameter 

were used. Experiments were performed at dynamic or temperature 

sweep test conditions. Temperature sweep tests were performed from 25 

to 200 ºC at a constant heating rate of 5 ºC min-1. Storage and loss moduli, 

G’ and G’’ respectively, and complex viscosity, *, were measured over 

temperature. 

4.5.2.Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) tests were carried out on 

a TA Instruments DSC Q100 (TA Instruments, New Castle, USA) 

calorimeter in dynamic conditions. The experiments were performed 

from -90 to 200 ºC at 10 ºC min-1 heating rate. All samples were 

subjected to a subsequent dynamic scan from -90 to 200 ºC at 10 ºC min-

1 to evaluate the presence of residual curing.  

4.5.3.Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis (DMA) tests were carried out 

using the Gabo Eplexor100N (Netzch, Selb, Germany) dynamic 
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mechanical analyser. Temperature scans were performed from -40 to 200 

ºC at 2 ºC min-1 heating rate and at a frequency of 1 Hz. The sample 

dimensions were 2.2 x 5 x 50 mm3. The Tg of the PUR resin systems was 

taken at the temperature value of the maximum of tan , [23,24]. 

4.5.4.Thermal stability (TGA) 

The thermal stability of the cured PURs was analysed by 

thermogravimetric analysis (TGA) using a Mettler Toledo 

TGA/SDTA851 (Mettler Toledo, Columbus, USA) equipment. 

Temperature scans were performed from RT to 600 ºC at a heating rate 

of 10 ºC min-1, under nitrogen atmosphere. 

4.5.5.Mechanical properties 

The flexural tests were carried out at RT using a Instron 5967 

(Instron, Norwood, USA) equipment, with a 3-point bending device, 

according to ISO 178 standard. 

 

4.6. RESULTS AND DISCUSSION  

4.6.1.Rheology 

Liquid composite moulding process (LCM) in its different 

versions such RTM, H-RTM, C-RTM or infusion is used more and more 

to produce structural composites because of its numerous advantages. 

In these processes the viscosity is a critical factor. Some latency 

is needed in the first part of the process to maintain a low viscosity value 
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and to facilitate the fibre impregnation. Then, a high reactivity is desired 

to reduce curing times and allow fast production cycles. 

Before curing, the BIO-PUR systems showed in general higher 

viscosity values than the two petroleum derived references PURs (Figure 

4.2). This can be related to i) the lowest content of low viscosity 

isocyanate and ii) the different polyol nature.  

Among the different BIO-PURs, BIO-PUR1 showed the highest 

initial viscosity value and BIO-PUR5 showed the lowest one due to their 

lowest and highest isocyanate content, respectively. On the other hand, 

the polyols properties such as, functionality, hydroxy number and 

molecular weight also affected directly on the component’s viscosity. 

The viscosity of the polyols depends on the functionality or hydroxyl 

number due to the quantity of hydroxyl groups capable of forming 

hydrogen bonds [25]. This is the reason why Polyol-4 and Polyol-9 

showed very high viscosity values (22750 and 27050 mPas, 

respectively). However, after mixing them with isocyanate, the hydrogen 

bonds concentration decreased and viscosity value decreases down to 

3990 and 1140 mPas respectively. The effect of the molecular wight 

could be observed on BIO-PUR1, this systems present the highest 

viscosity value because of the effect of the Polyol-1 high molecular 

weight [26,17]. 

Figure 4.2 shows results of the complex viscosity evolution for 

the different BIO-PUR/PURs resins. At low temperatures viscosity 

decreased with temperature until the curing started accompanied by an 

abrupt increase of viscosity. Regarding the effect of hydroxyl index 

value and polyol functionality in the reactivity, it can be observed that in 

the case of biobased polyols with the lowest hydroxyl index value (IOH < 
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100 mg KOH g-1), BIO-PUR1, BIO-PUR2 and BIO-PUR3, the curing 

started at higher temperatures, showing a higher latency. At these 

hydroxyl indexes, the increase of the functionality results in an increase 

of the reactivity of the system showing lower curing starting temperature 

as in the BIO-PUR1. For higher hydroxyl index value (IOH > 200 mg 

KOH g-1), there was a decrease of reaction starting temperature as for 

BIO-PUR4 with functionality 4. This effect was observed even for the 

lowest functionality system such BIO-PUR5 were its lower functionality 

(f=3) was compensated by its higher hydroxyl value (IOH = 400 mg KOH 

g-1). 

However, these were not the only factors affecting the resins 

viscosity evolution. In addition to IOH and functionality, the type of 

hydroxyl group, primary or secondary, has to be considered. In this way, 

if we compare BIO-PUR6 and BIO-PUR7, both with the same 

functionality, it can be observed that although BIO-PUR6 has a higher 

hydroxyl index, the curing started at higher temperature. This can be 

attributed to the fact that the polyol employed in BIO-PUR6 has a 

secondary hydroxyl group that is less reactive than primary hydroxyl 

group [28-30]. The same effect can be seen in the reference PUR8 and 

PUR9 systems, which contain only secondary hydroxyl groups. 

Regarding PUR9, it can be also observed that an increase of IOH and 

functionality results in a faster curing. 

Comparing the different options, it can be seen that BIO-PURs 

based on polyols with high functionality (f = 4) and high OH index (200 

mg KOH g-1 < IOH  < 330 mg KOH g-1) like BIO-PUR4, BIO-PUR6 and 

BIO-PUR7, or polyols with f = 3 and IOH  = 400 mg KOH g-1 like BIO-
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PUR5, could provide promising viscosity and reactivity to formulate 

systems for LCM processes.  

 

Figure 4.2. Complex viscosity evolution with temperature of the 

different BIO-PUR and PUR.  

4.6.2.Differential scanning calorimetry (DSC) 

The curing reaction of BIO-PURs was also characterised by 

dynamical DSC tests (Figure 4.3). The obtained thermograms were in 

accordance with rheological tests results. The resin systems formulated 

with polyols with high functionality and OH index higher than 200 mg 

KOH g-1 presented the fastest cures. BIO-PURs based on polyols with 

OH index lower than 100 mg KOH g-1 exhibited significantly slower 

curing reactions. As can be seen in Figure 4.3, the exothermic peaks 

corresponding to the curing of BIO-PUR1, BIO-PUR2 and BIO-PUR3 

started and finished at higher temperatures. Also, BIO-PUR6 and PUR8 

and PUR9 presented slower cures than their counterparts with similar 

functionality and OH index, due to the different hydroxyl group type. 

These results demonstrate that BIO-PUR/PURs reactivity directly 
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correlated with the polyol OH index, functionality and secondary 

hydroxyl group content.  

The total heat of reaction is summarized in the Table 4.3. For the 

different BIO-PUR/PUR systems, the total heat of reaction increased 

with the increase of IOH, which is mainly related with the total hydroxyl 

or isocyanate groups content, thus the formed urethane groups density. 

However, other factors should be also considered such as the 

functionality and hydroxyl group type. BIO-PURs showed in general 

lower total heat release than PURs, which is of interest for structural 

composite manufacturing processes to avoid overheating due to 

exotherm, especially in the case of thick laminates.  

 

Figure 4.3. Dynamic DSC thermograms. 
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Table 4.3. Total heat of cure reaction of different BIO-PUR/PUR’s 

systems.  

System 
Total heat of reaction 

(J g-1) 

BIO-PUR-1 72 

BIO-PUR2 99 

BIO-PUR-3 73 

BIO-PUR-4 164 

BIO-PUR-5 121 

BIO-PUR-6 109 

BIO-PUR-7 211 

PUR-8 207 

PUR9 278 

4.6.3.Dynamical mechanical analysis (DMA) 

BIO-PUR/PURs plates for DMA were prepared by casting and 

curing 1 h at 120 ºC. BIO-PUR1, BIO-PUR2 and BIO-PUR3 presented 

high flexibility, while the other systems were stiffer at RT (Figure 4.4).  

 

Figure 4.4. BIO-PURs and PURs plates. 
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Figure 4.5 shows tan δ and storage modulus, E’, as a function of 

temperature for the synthesized BIO-PUR’s and PUR’s systems. 

Flexible BIO-PURs with low OH index (IOH <100 mg KOH g-1), showed 

Tg values below RT (Figure 4.5a), while BIO-PURs with IOH > 200 mg 

KOH g-1 showed Tg values above RT (Figure 4.5a).  

 

Figure 4.5. Curves of loss factor (tan δ, dashed line) and storage 

modulus (E’, continuous line) vs temperature. a) Flexible BIO-PUR 

systems flexural geometry and b) Rigid BIO-PUR and PUR systems. 
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The cross-linking density was calculated from the storage 

modulus in the rubbery interval according to equation (4.1) [23,24]. 

𝑣(𝑚𝑜𝑙 𝑚−3) =
𝐸′𝑇𝑔+50

3 𝑅 (𝑇𝑔 + 50)
 (4.1) 

where E’Tg+50 is the storage modulus in the rubbery region (at Tg + 50 

ºC), R is the universal gas constant (8.314 J mol-1 K-1) and T is the glass 

transition temperature in Kelvin. Results are shown in Table 4.4. 

Table 4.4. Crosslinking density and Tg values of different BIO-PUR/PUR 

systems. 

System 
v 

(mol m-3) 

E’ (Tg+50) 

(MPa) 

Tg 

(ºC) 

E’ (25 ºC) 

(GPa) 

BIO-PUR-1 --- --- -17 --- 

BIO-PUR2 --- --- -17 --- 

BIO-PUR-3 --- --- -25 --- 

BIO-PUR-4 1516 15.6 90 1.8 

BIO-PUR-5 2145 23.7 119 2.3 

BIO-PUR-6 1938 20.5 101 2.1 

BIO-PUR-7 1992 20.9 97 2.0 

PUR-8 1830 23.3 108 2.9 

PUR9 8020 106.3 187 3.0 

As it can be observed in Figure 4.6, where the structure of the 

synthesised BIO-PUR7PURs is schematically represented, BIO-PUR1-

3 systems presented a low crosslinking density network that resulted in 

Tg values below RT. In addition, above Tg temperature these 

formulations showed very high flexibility, the polymer chains presented 

high mobility, so that caused very high elongation and low resistance 

during the DMA tests (Figure 5a). Despite not shown here, the same 

results were obtained in tensile geometry. Consequently, the test did not 

provide accurate results above 0 ºC and the crosslinking density 



Nuevas formulaciones de PUR más sostenibles para componentes estructurales  
  

112 

 

determination was not possible for these systems. BIO-PUR1-3 systems 

could be interesting for flexible components but there are not suitable for 

the target structural composite applications. 

In contrast, BIO-PUR4-7, PUR8 and PUR9 presented higher Tg 

values, due to the higher crosslinking density network and the lower 

chain mobility (Figure 4.5b and Figure 4.6). If we compare BIO-PUR 

4-7, BIO-PUR5 showed the highest Tg value and storage modulus (E’). 

This is due to its higher urethane density, which is comparable to the 

PUR8 reference system with a slightly lower Tg and crosslink density. 

PUR9 ref system showed the higher Tg and storage modulus values 

according to higher crosslinking density. 

 
Figure 4.6. Scheme of the different three-dimensional networks of the 

BIO-PUR/PUR systems. 
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According to these results, the following systems were selected 

to compare the final properties of the cured resins. One flexible system 

(BIO-PUR1), two BIO-PUR rigid systems with different crosslink 

density (BIO-PUR4 and BIO-PUR5), and the petrochemical origin 

reference system with the highest properties (PUR9). 

4.6.4.Thermal stability (TGA) 

Figure 4.7 shows the results of the thermogravimetric curves for 

the selected BIO-PUR and PUR systems.  

 

 

Figure 4.7. a) TG curves b) DTG curves for the BIO-PUR and PUR 

systems 
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The thermal stability of PURs was related with the structural 

differences in the reactants. Two regions were clearly appreciated in the 

decomposition of all analysed systems. The first one corresponds to the 

dissociation of urethane bonds (200-350 ºC) and the second region (370–

500 ºC) to the polyol degradation and the residues formed during the 

previous degradation steps that further degrade to form char residue [31]. 

As shown in Figure 4.7 in all studied formulations the weight loss 

started at temperatures higher than 200 ºC so it can be concluded that all 

BIO-PUR/PURs systems had a suitable thermal stability. The onset of 

weight loss was similar for all studied systems except for BIO-PUR5 and 

PUR9 where degradation started at a slightly lower temperature. It is 

reported that the degradation onset temperature of PURs depends both 

on urethane groups density and structural differences [32,33]. The 

degradation onset temperature sifts to lower temperatures as polyol IOH 

and functionality increases. Javni et al. analysed the thermal stability of 

different polyurethanes synthesized from polyols derived from different 

vegetable oils and observed that those synthesized with polyols 

containing double bonds in their structure presented lower thermal 

stability and more complex degradation mechanism [32,34,35]. 

Therefore, the lower thermal stability observed for BIO-PUR5 could be 

attributed to its high urethane density (Figure 4.6 and Table 4.4) and to 

its unsaturated chain as shown in the 3600-2575 cm-1 interval of the FTIR 

spectra of the selected polyurethanes polyol (Figure 4.8). 

Moreover, several differences between the different systems in 

terms of percentage of weight loss of each region could be appreciated. 

Figure 4.7 shows that in the urethane cleavage temperature region the 

PUR9 presented the largest mass loss (around 62%). This system was 
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based on the polyol with the highest OH index and as previous results 

demonstrated the higher crosslinking density (Figure 4.6). The BIO-

PUR4 and BIO-PUR5 also presented large mass loss in the urethane 

cleavage region (27% and 31%). Conversely, when the crosslink density 

is significantly lower, the mass loss is not large (6%) as for BIO-PUR1 

with IOH < 100 mg KOH g-1
. 

In the second temperature region, the opposite effect could be 

appreciated. The mass loss in that region decreased with the crosslinking 

density. In this step polyol degradation occurred and also the oxidation 

of the char residue. Therefore, system based on low OH index polyols 

(BIO-PUR1), showed a significative mass loss. Moreover, PUR9 

presented the higher residue due to the higher content of aromatic 

isocyanate used in its synthesis.  

 

Figure 4.8. FTIR spectra of selected polyurethane polyols in the 

3600-2575 cm-1 interval. 
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4.6.5.Mechanical properties  

Table 4.5 summarizes the results of flexural tests for the BIO-

PUR/PUR systems.  

Table 4.5. Flexural properties of PUR/BIO-PUR systems. 

Systems 

Flexural 

strength 

Flexural 

modulus 

Flexural strain 

to failure 

MPa GPa % 

BIO-PUR1 10.8 ± 1.6 0.01 ± 0.00 No break 

BIO-PUR4 73.7 ± 2.0 1.85 ± 0.01 6.4 ± 0.3 

BIO-PUR5 92.8 ± 4.3 2.17 ± 0.07 6.6 ± 0.7 

PUR9 115.0 ± 1.3 3.13 ± 0.02 6.0 ± 0.0 

Flexural modulus values are in accordance with the DMA tests 

results. BIO-PUR1 system presented low flexural strength and modulus 

and a high elastic deformation. Samples did not break during the test and 

they recovered the initial deformation. (Figure 4.9). 

 

 

Figure 4.9. Flexural test for BIO-PUR1. 
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In general, the properties for the rest of the BIO-PURs were 

satisfactory. BIO-PUR5 presents very promising results. However, the 

modulus was still lower than the reference petrochemical origin. 

Nevertheless, these properties could be further enhanced by the addition 

of other components on the formulation such cross-linking agents to 

increase the network rigidity [24,36]. 

 

4.7. CONCLUSIONS  

In this chapter different BIO-PUR/PUR systems based on 

different biobased polyols and petrochemical based polyols were 

investigated in order to understand the effect of biobased polyols 

characteristics on the resin viscosity, reactivity and final properties.  

Rheology, DSC, DMA, TGA and flexural test results show that 

BIO-PUR/PURs behaviour are closely related to the polyol’s hydroxyl 

index value, functionality and hydroxy group type as well. The initial 

viscosity of the resin depends on polyols initial viscosity, which is 

associated to their chemical structure. The BIO-PURs showed wide 

variety of reactivities, including fast curing if the functionalities and 

hydroxy index values were high. In the same way, high functionality and 

high hydroxy index polyols led to high crosslinking density BIO-PURs 

with high modulus and high Tg values.  

Formulations based on polyols with low functionalities (f < 3) 

and low hydroxyl index value (IOH < 200 mg KOH g-1) like BIO-PUR1-

3, presented high initial viscosity, low reactivity and they were very 

flexible materials. These types of biobased polyols are not suitable for 

structural applications.  
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On the other hand, due to the good balance of biobased polyols 

functionality (f ≥ 3) and hydroxyl index value (IOH > 200 mg KOH g-1) 

BIO-PUR4-7 showed high reactivities. Moreover, all these systems 

showed Tg value higher than 90 ºC. Among all BIO-PURs, BIO-PUR5 

presented a promising combination of low viscosity before curing, high 

reactivity, high Tg and good mechanical properties for the target 

application. The flexural modulus seemed to be the only factor to be 

improved in order to get properties equivalent to the petrochemical origin 

structural PUR system (PUR9).  However, this property could be further 

enhanced by the addition of other components on the formulation.  
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5.2. ABSTRACT 

In the previous chapter we observed that using a high 

functionality and high hydroxyl index biobased polyol, it was possible 

to synthesize high-performance BIO-PUR with a promising combination 

of low viscosity, high reactivity, high Tg and good mechanical properties 

for structural composites. However, the flexural modulus should be 

improved to achieve properties equivalent to the petrochemical origin 

structural PUR. 

In order to optimize the BIO-PUR formulation the high 

functionality (f=3) and hidroxyl value (IOH = 400 mg KOH g-1) castor 

oil-based polyol was used combined with a biobased glycerol (BIO-Gly) 

to increase the crosslinking density and improve final properties  

The viscosity and reactivity of the different resins were studied 

by means of rheology and Differential scanning calorimetry (DSC). 

Thermal and mechanical properties were studied by Dynamic 

mechanical analysis (DMA) and flexural tests. Furthermore, the RTM 

process of a representative composite part was simulated 

The properties of the BIO-PUR resin systems were strongly 

influenced by the addition of biobased glycerol and its effect in the 

crosslink density giving a high-performance BIO-PUR with the required 

final properties for composite structural applications.  
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5.3. INTRODUCTION  

As previously mentioned, the intensive investigation on BIO-

PURs, there is not a high-performance formulation suitable for structural 

applications such as automotive parts[1–3]. 

The BIO-PUR characteristics are directly correlated to polyols 

nature, so a good selection of the biobased polyol is critical. In the 

previous chapter it was observed that using a high functionality and high 

hydroxyl index castor oil-based polyol, it was possible to synthesize 

BIO-PURs that could be suitable for structural applications. However, 

some of the properties such the elastic modulus was still lower than the 

reference petrochemical origin PUR. Nevertheless, these properties 

could be further enhanced by the addition of other components on the 

formulation such cross-linking agents to increase the network rigidity 

[4,5]. 

In order to achieve the desired rigidity, besides castor oil-based 

polyol, a biobased glycerol, BIO-Gly, was used in the synthesis of BIO-

PUR.  Glycerol was proven to be efficient for increasing the crosslinking 

density, Tg and toughness in non-structural BIO-PURs due to its low 

molecular weight [6–8]. Moreover, glycerol can be produced from 

renewable resources as byproduct in transesterification reaction in 

biodiesel plants or also in saponification and hydrolysis reactions in 

oleochemical plants [9].  

Another aspect that has to be considered is the BIO-PUR 

reactivity. A biobased alternative suitable for structural composites 
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should have low initial viscosity, latency and fast cure to allow fast and 

low-cost manufacturing processes such RTM [10]. For this purpose, a 

delayed action catalyst based on epoxide and LiCl was added to the BIO-

PUR formulation  

The viscosity and reactivity of the different BIO-PUR resin 

systems were studied by means of rheology and Differential scanning 

calorimetry (DSC).  

Furthermore, to evaluate the effect of BIO-Gly on the final 

properties, dynamic mechanical analysis (DMA) and flexural tests were 

performed. PUR-BIO systems characteristics were compared with one 

non-biobased PUR system suitable for RTM, which was used like a 

reference resin. 

In order to evaluate the different alternatives and find the best 

process parameters of the RTM manufacturing a representative 

automotive composite part was simulated with ESI’s PAM-RTM 

software.  

Results showed the suitability of developed BIO-PUR 

formulation for structural automotive applications. 

 

5.4. EXPERIMENTAL 

5.4.1.Materials 

In this work an MDI based commercial isocyanate (Voraforce TR 

1500-Isocyanate, NCO equivalent weight = 136 g eq-1 and viscosity = 
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130 mPa s) supplied by Dow Chemical was employed. NCO content was 

determined according to the ASTM D2572-97.  

In the case of polyols, two different components were used. The 

first polyol, used as a reference, was a petrochemical origin polyether-

polyol, supplied by Dow Chemical (Voraforce TR 1551-Polyol, IOH = 

527 mg KOH g-1 and viscosity = 750 mPa s). The second polyol derived 

from castor oil was supplied by Vertellus (Polycin T-400, IOH = 400 mg 

KOH g-1 and viscosity = 1500 mPa s). Hydroxyl number of Voraforce 

1551 and Polycin T-400 were determined according to ASTM D 4274-

88. 

A biobased glycerol, BIO-Gly, supplied by Sigma Aldrich, was 

used as low-molecular-weight-crosslinking modulator.  

The catalyst employed was a two-component system formed by 

an epoxide (1,4-butanediol diglycidyl ether, BDDE) and a halide salt 

(LiCl) dissolved in a low molecular mass biobased cycloaliphatic diol 

(1,4:3,6-dianhydro-D-glucitol or D-isosorbide, DAS). All the catalysts 

components were supplied by Sigma Aldrich.  

Four PUR systems were synthesised, three biobased and one 

petroleum based as reference. The isocyanate index was maintained 

constant (equal to 1.2) for all the PUR systems studied. Designation and 

composition of the PUR systems are summarized in Table 5.1. All 

formulations are based on 100 parts by weight of polyol (pbw). 
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In the case of the glycerol containing mixtures (BIO-PUR2 and 

BIO-PUR3) the BIO-Gly was previously mixed with the biobased 

polyol. The reaction components were prepared as shown in Figure 5.1. 

The addition of the catalysts (PUR-REF and BIO-PUR3) was 

performed following the same protocol as in Chapter 3. 

 

Figure 5.1. Polyurethane resin system preparation. 

5.4.2.Samples preparation 

The neat plates were manufactured by casting the resin into 

mould and curing in an oven at 120 ºC during 1 hour. 

 

5.5. CHARACTERIZATION 

5.5.1. Rheological characterization 

Rheological tests were carried out on a HAAKE RheoStress 6000 

Rheometer (Thermo Fisher Scientific, Massachusetts, USA), running in 

an oscillating stress mode at a frequency of 1 Hz. Amplitude was held 

constant in the Linear Viscoelastic Range (LVR) throughout the test. A 
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gap separation of 1 mm and disposable parallel plates of 60 mm diameter 

were used. Experiments were performed at dynamic or temperature 

sweep test conditions. Temperature sweep tests were performed from 25 

to 200 ºC at a constant heating rate of 5 ºC min-1. Storage and loss moduli, 

G’ and G’’ respectively, and complex viscosity, η*, were measured over 

temperature. 

5.5.2. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) tests were carried out on 

a TA Instruments DSC Q100 (TA Instruments, New Castle, USA) 

calorimeter in both dynamic and isothermal conditions. The dynamic 

experiments were performed from 20 to 200 ºC at three heating rates 5, 

10 and 20 ºC min-1.  Isothermal experiments were performed at 

temperatures ranging from 50 to 120 ºC. All samples were subjected to 

a subsequent dynamic scan from 20 to 200 ºC at 10 ºC min-1 to determine 

the residual heat of reaction and the glass transition temperature, Tg, of 

the cured material. The Tg was taken as the midpoint of the heat capacity 

change and the total heat of reaction (HT) was calculated from the 

integration of the area of the exothermic peaks. 

The curing rates (d/dt) from the heat flow curves obtained in the 

dynamic and isothermal DSC tests equation (5.1) were integrated to 

calculate the degree of cure () profiles equation (5.2). 

𝐻 =
𝑑𝐻

𝑑𝑡
=

𝑑𝛼

𝑑𝑡
 𝐻𝑇 (5.1) 

𝛼 = ∫
𝑑𝛼

𝑑𝑡
 

𝑡

0

𝑑𝑡 (5.2) 
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where H is the instantaneous heat evolved during the polymerisation 

reaction of the resin, and HT is the total heat of the curing process. 

5.5.3.Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis (DMA) tests were carried out 

using the Gabo Eplexor100N (Netzch, Selb, Germany) dynamic 

mechanical analyser. Temperature scans were performed from -40 to 200 

ºC at 2 ºC min-1 heating rate and at a frequency of 1 Hz. The sample 

dimensions were 2.2 x 5 x 50 mm3. The Tg of the PUR resin systems was 

taken at the temperature value of the maximum of tan  [5,11]. 

5.5.4.Mechanical properties 

The flexural tests were carried out at RT using a Instron 5967 (Instron, 

Norwood, USA) equipment, with a 3-point bending device, according to 

ISO 178 standard 

  

5.6. RESULTS AND DISCUSSION 

5.6.1.Rheological characterization 

Viscosity results from oscillatory temperature sweep test of from 

formulated systems are shown in Figure 5.2. 

Temperature sweep rheology tests show the high reactivity of 

BIO PUR1. The viscosity decreased with temperature until the curing 

started accompanied by an abrupt increase of viscosity at 70ºC, which 

means that this system will start to react in a few seconds at the target 

process temperatures and will not have the necessary latency.  
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In the case of BIO-PUR2 and BIO-PUR3 the results showed the 

improvement on two ways, the reactivity control and the decrease of 

initial viscosity. BIO-PUR2 reactivity and viscosity evolution were 

comparable with the PUR-REF, petrochemical origin catalysed system. 

These two effects are attributed to the glycerol incorporation on the 

formulation. This cross-linking agent presents very low viscosity at RT, 

which has caused the BIO-PUR2 and BIO-PUR3 initial viscosity 

decrease. On the other hand, the secondary and lower reactivity hydroxy 

groups of the glycerol have delayed the BIO-PURs cure reaction. The 

addition of the catalyst to the BIO-PUR, decreased further the reactivity 

as in can be seen in the BIO-PUR3 viscosity evolution curve.  In this 

case, the viscosity increase starts at 85 ºC, making the system suitable 

for a broader range of RTM process temperatures.  

 

Figure 5.2. Complex viscosity evolution with temperature for 

different PUR systems. 
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5.6.2.Differential scanning calorimetry (DSC) 

The curing reaction of BIO-PUR1, BIO-PUR2, BIO-PUR3 and 

PUR-REF was also characterized by both dynamical and isothermal 

DSC tests Figure 5.3. 

 

 

Figure 5.3 a) Dynamic DSC thermograms and b) isothermal DSC 

thermograms for the different PUR systems. 
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Figure 5.3a shows the thermograms obtained in dynamic 

conditions for the different systems at 10 ºC min-1. As can be seen in the 

Figure 5.3a, the reaction is delayed for the BIO-PUR2 and BIO-PUR3 

systems, suporting the retuls obatined on rheology tests. The BIO-PUR1 

system peak has a maximum at 83 ºC, whereas it appears at 91 and 94 ºC 

for BIO-PUR2 and BIO-PUR3, respectively. Moreover, in the case of 

BIO-PUR3 and the reference system, the shape of the heat flow curve 

changes and a second peak can be appreciated at higher temperatures. 

This is attributed to the two-step catalytic mechanism as observed 

previuosly in Chapter 3. 

Another critical issue for ultra-fast cure resins is the heat released 

during curing. Due to the fast heat production speed the resins can have 

temperature instabilities, especially in the case of thick laminates such as 

in the target application, hindering their processability. The total heat of 

reaction, taken as the value obtained at 10 ºC min-1 was 301 J g-1 for the 

PUR-REF system whereas for the biobased systems BIO-PUR1, BIO-

PUR2 and BIO-PUR3 the heats were 121, 205 and 175 J g-1respectively. 

The total heat of reaction increased with the increase of IOH, 

which is mainly related with the total hydroxyl or isocyanate groups 

content. This is the reason why the PUR-REF and BIO-PUR2 presented 

higher total heat of reaction. Moreover, other factors should be also 

considered like the functionality and polyols chemical structure. This is 

the reason why BIO-PUR1 presented lower heat of reaction than BIO-

PUR2, BIO-PUR3 and PUR-REF. 

BIO-PUR3 presented lower heat of reaction than the uncatalyzed 

system BIO-PUR2. As observed in Chapter 3, this is related to the 

catalyst components preparation. The components were mixed with the 
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isocyanate to form urethane prepolymer during the components 

preliminary preparation. In this step, some isocyanate groups react with 

hydroxyl groups in order to produce urethane groups and the heat 

released in this step was not measured in the later DSC cure.  

Figure 5.3b shows the results obtained in the isothermal tests at 

120 ºC (target process temperature). In the case of BIO-PUR1 maximum 

degrees of cure at 120 ºC 0.99-1 (full cure) are obtained whereas for 

PUR-BIO2 and PUR-BIO3 the maximum at 120 ºC are 0.97 and 0.96 

respectively. The reference petrochemical origin system, PUR-REF, has 

a maximum degree of cure of 0.94. In all the cases, the maximum degree 

of cure atained is considered good enough to avoid postcuring.  

5.6.3.Dynamical mechanical analysis (DMA) 

Figure 5.4 shows the dynamic mechanical curves (storage modulus and 

tan δ) as a function of temperture for the PUR systems. The obtained 

values are summarized in Table 5.2.. The Tg of each material is taken the 

temperature value of the maximum of tan δ. The Tg of BIO-PUR1 gives 

value of 119 ºC, which is insufficient for automotive composite parts  

where a minimun of 120ºC is targeted as for PUR-REF, with a Tg of 124 

ºC. On the other hand, for the BIO-PUR2 and BIO-PUR3 the values are 

higher, 167 ºC and 161 ºC respectively. 
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Figure 5.4. Curves of loss factor (tan δ, dashed line) and storage 

modulus (E’, continuous line) vs temperature of different PUR 

systems. 

Table 5.2. RT Storage modulus and Tg values for the different BIO-

PUR/PUR systems. 

System 
Tg E’ (25 ºC) 

ºC GPa 

PUR-REF 124 3.4 

BIO-PUR1 119 2.3 

BIO-PUR2 167 3.2 

BIO-PUR3 161 3.0 

 

The changes in Tg are attributed to the low moculear weitght and 

high functionality of the BIO-Gly that produces an increase of the 

crosslinking density of the PURs. Moreover, the storage modulus is also 

affected by the decrease on the network mobility, ivcreasing significantly 

in the BIO-PUR2 and BIO-PUR3 systems compared with BIO-PUR1. 
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Figure 5.5  shows a schematic representation of the three-dimensional 

network of the PUR systems BIO-PUR1, BIO-PUR2, BIO-PUR3 and 

PUR-REF based on these results. 

5.6.4.Mechanical properties  

Table 5.3 summarizes the mechanical properties of the PUR 

systems. It could be observed that with the addition of BIO-Gly as cross-

linking agent, the flexural modulus and strength increases. Moreover, the 

BIO-PUR2 and BIO-PUR3 maintain the flexural strain, compared to 

BIO-PUR1. The results obtained in the flexural tests modulus are in 

accordance with those of the the DMA tests. BIO-PUR1 presents very 

promising results but the modulus was still lower than the reference 

petrochemical origin. However, when the glycerol was incorporated 

such in the BIO-PUR2 and BIO-PUR3 the mechanical properties were 

comparable with the petrochemical origin reference system properties 

showing their suitability for structural applications. It was also observed 

that the addition of the catalyst didn’t produce any significant difference 

on the mechanical properties.  

 

 

 

Figure 5.5.  Scheme of the three-dimensional network of the different 

PUR systems. 
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Table 5.3. Flexural properties of the PUR systems. 

Systems 

Flexural 

strength 

Flexural 

modulus 

Flexural 

strain  

MPa GPa % 

PUR-REF 139.0 ± 1.6 3.3 ± 0.1 6.6 ± 0.2 

BIO-PUR1 92.8 ± 4.3 2.2 ± 0.1 6.6 ± 0.7 

BIO-PUR2 124.2 ± 2.3 2.9 ± 0.1 6.9 ± 0.3 

BIO-PUR3 127.6 ± 0.9 3.0 ± 0.1 6.5 ± 0.1 

 

5.6.5.Modelling and process simulation  

Next step was to evaluate the suitability of the developed systems 

(BIO-PUR2 and BIO-PUR3) for the target application. For this purpose, 

the RTM process was simulated. The composite part simulated was a leaf 

spring reinforced with 47% fibre volume content of high fatigue 

resistance (ultra-fatigue) unidirectional glass fibre. These parts are 

normally produced with a linear, lateral injection strategy with the resin 

inlet at the middle point of the part and the outlets at the ends (Figure 

5.6a) so for the evaluations, only half length of the real part was considered. 

 

a)                                                       b) 

 

Figure 5.6. a) Mesh and b) injection strategy used in the simulation. 
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The flow of the polyurethane resin through the glass fibre fabric 

can be described by Darcy's law (3.8).  

𝑄 = −
𝑆 𝐾 

ɸ𝜂∗
∇𝑃 (5.3) 

where Q denotes the resin flow rate, K is the preform permeability, S the 

cross-sectional area, ɸ the porosity, η* the resin viscosity and P 

represents the pressure. For the preform, a nominal permeability of 1.35e 

−10 m2 was considered for this fibre volume content [12]. 

On the other hand, as mentioned previously, resin viscosity 

depends on resin temperature and time. So, the curing reaction and 

viscosity evolution were modelled to obtain the rheo-kinetic equations. 

For the cure kinetic modelling, the degree of cure curves obtained 

from the dynamic and isothermal DSC tests were fitted to the Kamal-

Sourour equation (3.3) [13]. In order to consider the diffusion effect and 

have a good fitting in all the degree of cure ranges, we completed with a 

diffusion factor F() (3.3) [14]. 

𝑑𝛼

𝑑𝑡
= (𝑘1𝑒−

𝐸1
𝑇 + 𝑘2𝑒−

𝐸2
𝑇 𝛼𝑚) (1 − 𝛼)𝑛𝐹(𝛼) (5.4) 

𝐹(𝛼) =
1

1 + 𝑒(𝐸𝑑(𝛼−𝛼𝑐))
 (5.5) 

where 

𝐸𝑑 = 𝐸𝑑1 + 𝐸𝑑2 𝑇 (5.6) 

and 

𝛼𝑐 = 𝛼𝑐1 + 𝛼𝑐2 𝑇 (5.7) 

are temperature dependent adjustable parameters. 

In this equation  is the degree of cure, dα/dt is the reaction rate, 

n and m the reaction orders and T the temperature. The variables k1, E1 
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and k2, E2 are the preexponential factors and activation energies of the 

nth and mth order reactions, respectively and F() corresponds to the 

diffusion factor. The kinetic model parameters for each of the BIO-PUR2 

and BIO-PUR3 are summarised in Table 5.4.  

Table 5.4. Kinetic model parameters for the different BIO-PUR3. 

  BIO-PUR2 BIO-PUR3 

K1 s-1 2.59E+09 2.04E+09 

E1 ºK 5.76E+04 1.01E+04 

K2 s-1 7.32E+05 7.57E+04 

E2 ºK 6.55E+03 5.56E+03 

m  2.42E-01 4.96E-01 

n  2.02E+00 2.39E+00 

αc1  -3.08E-01 -9.71E-01 

αc2  3.41E-03 5.00E-03 

Ed1  -1.71E+02 7.28E+02 

Ed2  8.10E-01 2.77E+01 

 

As it can be seen in Figure 5.7 there is a good correlation between 

the experimental results and the proposed models. 
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Figure 5.7. Degree of cure curves from DSC isothermal and dynamic 

tests(symbols) and models fitting (red lines) for a) BIO-PUR2 and b) 

BIO-PUR3. 

For the viscosity modelling, the results from the time and 

temperature sweeps tests for BIO-PUR2 and BIO-PUR3 were fitted to 

the following equation based on Castro-Macosko model (3.7)[15]:  

𝜂∗ = 𝜂0𝑒
𝐸
𝑇

1

(1 − 𝛼)

𝑝1+𝑝2𝛼

 (5.8) 
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where η* is the resin viscosity at a given degree of cure (α), temperature 

(T) and activation energy (E), and η0, p1 and p2 are adjustable 

parameters. The viscosity model parameters for each of the BIO-PUR2 

and BIO-PUR3 are summarised in Table 5.5. 

As it can be seen in the figure bellow, there was a good agreement 

between the experimental results and model for both systems.  

Table 5.5 Viscosity model parameters. 

  BIO-PUR2 BIO-PUR3 

η0 Pa s 1.73E-07 2.93E-06 

E ºK 7011 6300.2 

p1  -2.2 -4.4 

p2  10.8 10.0 

 

 

Figure 5.8. Viscosity evolution with time at 90 ºC for BIO-PUR2 and 

BIO-PUR3. Experimental results (symbols) and model (red lines). 
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The temperature used for the simulations was 120 ºC, which is a 

standard temperature to produce composite automotive parts. Also, two 

different injection strategies were considered, at constant pressure and a 

constant flow. 

In the case of constant pressure injections, the simulations have 

been carried out at 70 bar. BIO-PUR2 system simulation results are 

satisfactory (Figure 5.9). Simulations show the processability of BIO-

PUR2 at moderate pressures. At pressures higher than 70 bar this system 

can fill the mould in a few seconds. After the mould filling the curing 

was completed in eight minutes without the needed post-curing process. 

The BIO-PUR2 provided the good combination of enough latency and 

fast cure to be suitable for RTM. BIO-PUR3 system had a longer filling 

time due to its higher initial viscosity but showed a latent behaviour, 

achieving a curing degree and viscosity of 0.34 and 612 mPas 

respectively after the filling. Also, it required 3 additional minutes to 

reach the full curing compared to BIO-PUR 2.  

The simulations at constant flow rate of 1 Kg min-1 and 100 bar 

maximum pressure strengthen the previous results. The results show that 

it is possible to fill the mould with both systems with similar filling times. 

However, for the BIO-PUR3 system the maximum pressure is reached.   
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Figure 5.9. Leaf spring RTM process simulation. 
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5.7. CONCLUSIONS 

The addition of a biobased glycerol, BIO-Gly to a high 

functionality and high hydroxyl value castor oil-based polyol was proven 

to be efficient for increasing the crosslinking density, Tg and mechanical 

properties of a structural BIO-PUR.  

Moreover, the system showed a viscosity profile similar to the 

reference petrochemical origin structural PUR system with the required 

latency and reactivity. The addition of a delayed action catalyst allowed 

to further delay the curing if necessary.  

The process simulation of the target composite part (leaf spring) 

at industrial conditions (120ºC and high-medium pressures) showed both 

catalyzed and uncatalyzed systems suitability. However, for the 

catalyzed systems both process times and maximum pressures were 

higher.  
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6.2. ABSTRACT 

As mentioned before, sustainability should be considered in all 

the aspects, including the composite manufacturing process. In the RTM 

process the filling of the mould remains the limiting step of the whole 

process, and the reduction of the filling and curing times and 

temperatures has an important environmental impact.  

On the other hand, the injection cycle must be appropriately 

carried out to ensure a proper fibre impregnation avoiding creation of 

voids and dry areas that lead to defective and scrap parts. In addition, the 

final part quality is very sensitive to unavoidable variations in the raw 

material parameters, in particular the permeability fabric stacks, 

resulting in unexpected resin flow patterns. These, in turn, may cause 

unacceptable content of dry spots and voids. 

In this chapter, the influence of the filling rate on the void 

formation was studied in order to select the right process parameters and 

optimize the manufacturing process.  

Once the parameters selected, the RTM process of a 

representative composite part was simulated and validated trough the 

manufacturing and testing of plates. The quality obtained was good, 

fulfilling the requirements for automotive structural applications.  

Finally, to improve the process robustness a numerical solution 

to optimize RTM processes based on a DDDAS methodology, taking 

permeability as stochastic was studied. The suitability of the proposed 
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model was tested and validated under different process parameters 

variations like pressure and preform permeability. 

 

6.3. INTRODUCTION 

Resin transfer moulding (RTM) has become one of the most 

widely used processes to manufacture medium size reinforced composite 

parts. To further enhance the sustainability of composites based on BIO-

PUR it is necessary to improve the process efficiency ensuring the best 

possible quality of the produced parts.  

The quality of composite components fabricated by RTM 

depends not only on materials, resin and fibre, but also on the filling 

process itself.  

In the case of Newtonian fluids, the motion of fluids through 

porous fibre structure is governed by this well-known Darcy’s law. 

𝑄 = −
𝑆 𝐾 

ɸ 𝜂∗
∇𝑃 (6.1) 

where Q denotes the resin flow rate, K is the preform permeability, S is 

the cross-sectional area, ɸ is the porosity, η* is the resin viscosity, and P 

represents the pressure.  

The main factors that influence the resin motion are the pressure 

gradient, the resin viscosity, which depends on time and temperature, and 

fibre permeability [1]. 
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The filling of the mould remains the limiting step of the whole 

process, and the reduction of the filling time has an important impact on 

the overall cost reduction. However, the injection cycle has to be 

appropriately carried out to ensure a proper fibre impregnation. Indeed, 

a partial fibre impregnation leads to the creation of voids. 

Composite parts porosity is a critical factor due to its 

considerable influence on physical and thermomechanical properties 

[2,3].  

Moreover, in components subjected to cyclical loads is a major 

issue because they can radically influence the resistance to fatigue [4,5]. 

D. Huelsbusch et al. observed the void formation in their polyurethane 

systems and the influence in the fatigue resistance. They explained that 

matrix cracks can grow immediately due to pores under cyclic loading. 

This results in higher energy loss and heating that leads to an acceleration 

of damage development with the number of cycles to failure ten times 

smaller [6]. 

Investigation of voids in composites started around half a century 

ago and is still an active research field in composites community. The 

voids can be classified based on their location (Figure 6.1), micro-voids 

are defined as the interstitial spaces between the filaments in the fibre 

tows and the macro-voids are the gaps between the tows[7]. 
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The voids are generated by different mechanisms: mechanical air 

entrapment during resin flow, gas created due to chemical reactions 

during cure, nucleation, leakage, cavitation or uneven resin curing [2,8-

10]. Nevertheless, the most common void formation in the RTM is due 

to air entrapment [11-13]. 

The void formation is directly associated with the velocity of the 

impregnation. The amount and type of voids directly depend on this 

parameter [14-17]. The creation of micro and macro pores is due to the 

double scale flow of the resin during the RTM process. Because of the 

fibre structure, the resin can easily flow in open channels between the 

tows with less viscous resistance than in the inter-tows due to the balance 

between the two types of forces involved, the viscous forces and 

capillarity (Figure 6.2). 

As Figure 6.3 shows, when the impregnation velocity is low, the 

dominant force is the capillarity. The resin advance causes the generation 

of macro-voids between tows gaps. Conversely, when the velocity of the 

flow front is very high, viscous forces are dominant: The resin flows 

 

Figure 6.1. Example of micro-void and macro-void in RTM 

manufactured composite. 
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preferably between the gaps in the tows and micropores into tows are 

generated. 

Researchers have demonstrated that the percentage of 

macro/micro-voids is nearly a logarithmic function of the fluid flow 

velocity[18-21]. So, to select the optimal process parameters, the 

influence of the filling rate on the void formation should be considered. 

 

Figure 6.3. Relationship between macro and micro voids and the 

mould filling velocity[18]. 

 

 

Figure 6.2.  Schematic relationship between voids formation and the 

impregnation velocity [18]. 



Nuevas formulaciones de PUR más sostenibles para componentes estructurales  

 158   

   

In addition, the final part quality is very sensitive to unavoidable 

variations in the raw material parameters, in particular the permeability 

fabric stacks, resulting in unexpected resin flow patterns. These, in turn, 

may cause unacceptable content of dry spots and voids. So, improve 

process robustness it would be necessary to develop process control 

systems able to predict and correct the outcomes of these deviations. 

Usually models to simulate the manufacturing processes use a 

static combination of parameters that represents the behaviour of the real 

system. The disadvantage lies at the variability of the parameters of the 

design phase in the real-time process. As the values of those parameters 

are not static but stochastic, the outputs of these simulated models often 

present significant deviations from those of the corresponding real 

processes [22,23]. 

Parameters such as permeability and porosity cannot be 

estimated accurately beforehand as a consequence of preform 

architecture variability due to different handling and storage conditions 

or shear deformations during the forming/draping stage, nesting effects 

during lay-up, low resistance channels along the preform, as well as 

accidental misplacement of the preform in the mould [24]. Several 

experimental and simulation studies have outlined the stochastic nature 

of permeability. Standard deviations up to 20% were observed during 

permeability measurements[25-29], while according to other results 

permeability standard deviation can reach values up to 30% [30]. 

To circumvent this stochastic nature of permeability  DDDAS 

(Dynamic Data Driven Application Systems) methods can be applied 

[31]. With the DDDAS the simulation can process online field data from 
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measures and adapt to those measurements. DDDAS systems have been 

mostly applied in Computational Science and Engineering and 

Mathematics, and also been some research in the field of Environmental 

Science [32] or Materials Science [33]. However, only a few examples 

can be found for composite materials [34,35]. These examples address 

only mechanical properties and not manufacturing processes, excepting 

the work of Chinesta et al [36], where Hybrid Twins Features of which 

DDDAS systems are a constitutive part were illustrated for RTM.  

In this chapter the influence of the filling rate on the void 

formation was studied to select the right process parameters and optimize 

the manufacturing process of a reinforced composite part. For this 

purpose, plates were manufactured at different pressures and test 

coupons were extracted at different filling rates and studied by optical 

microscopy.  

Once the parameters selected, a representative composite part 

was simulated with ESI’s PAM-RTM software and validated trough the 

manufacturing and testing of its physical (density, void content), thermal 

(DMA) and mechanical (ILSS, Flexural) properties. 

Finally, in order to improve the process robustness a numerical 

solution to optimize RTM processes based on a DDDAS, taking 

permeability as stochastic was studied.  The proposed model was tested 

and validated under different process parameters variations like pressure 

and preform permeability. 
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6.4. EXPERIMENTAL 

6.4.1.Materials 

Reinforcements 

A unidirectional glass fibre specifically developed for 

components subjected to cyclic loadings (Ultra Fatigue UD) supplied by 

Saertex, was selected as reinforcement. Fibre properties are summarized 

in Table 1. 

Table 6.1. Fibre properties. 

Weaving pattern 
E-glass unidirectional non-crimp 

fabric (NCF) 

Areal weight 1176 ± 64 g/m2 

Powder Huntsman XB 6078 10 ± 2 g/m2 

Sewing thread Polyester 76 dtex 12 ± 3 g/m2 

Preforming was carried out under in a vacuum table at 150ºC for 

90 seconds. 

Resins 

The composition of the PUR resin used for this study is shown in 

the Table 6.2. 
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Table 6.2. Summary of synthesized polyurethanes. 

System 

Component’s ratio (pbw) 

Part A 
 

Part B 

Polyol Glycerol BDDE Isocyanate LiCl DAS 

BIO-PUR3 100 22 7  267 2 9 

 Renewable content (%) 

 27 

In the permeability and DDDAS part to take into account the 

possible interaction of the resins and the binder a commercial low 

viscosity epoxy supplied by Resoltech (1800/1805) was used as the 

infiltration fluid. This resin has a constant viscosity of 25 cps at the 

experiment’s temperature/times. 

 

6.5. CHARACTERIZATION 

6.5.1.Permeability test 

Permeability tests were carried out on a sensorized self-heated 

steel mould with a glass window frame in the upper side to see the flow 

front progression (Figure 6.4). The mould is equipped with a camera in 

order to see and record all the phenomena involved in the process. An in 

situ developed software automatically calculates the resin filing rate and 

permeability. 

Permeability tests were performed at 60 ºC and constant 

pressures ranging from 0.75 to 2 bars. 
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a) 

 

b) 

 

Figure 6.4. a) Schematic diagram of the test equipment and RTM 

mould. b)RTM test equipment and software picture. 

Permeability is calculated from the flow velocity with the LSF 

method (least square fit) in order to obtain accurate values. 
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6.5.2.Void content 

The voids of fabricated composites were studied by optical 

microscopy (Eclipse MA200, Nikon). Sample images were obtained at 

RT. The sample were embedded in epoxy resin (EpoFix resin / Epofix 

Hardener, STRUERS). 

The image analysis software Olympus Stream 2.3.3., was used to 

determine the percentage of voids. 

6.5.3.Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis (DMA) tests were carried out 

using the Gabo Eplexor100N (Netzch, Selb, Germany) dynamic 

mechanical analyser. Temperature scans were performed from -40 to 200 

ºC at 2 ºC min-1 heating rate and at a frequency of 1 Hz. The sample 

dimensions were 2.2 x 5 x 50 mm3. The Tg of the PUR resin systems was 

taken at the temperature value of the maximum of tan  [37,38]. 

6.5.4.Mechanical properties 

The flexural tests were carried out at RT using an Instron 

5500R6025 (Instron, Norwood, USA) equipment, with a 3-point bending 

device, according to ISO 14125. Moreover, ASTM D2344 tests were 

carried according to ASTM 2-344. 
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6.5.5.Density 

The density of the developed resin and the composite plate was 

determined in accordance with the liquid displacement method (ASTM 

D792-20). 

6.5.6.Fibre and void Volume Fraction 

The burn-off method described in ASTM D3171-22 was used to 

determine the fibre volume fraction, Vf, and the void volume fraction, 

Vv, of the composite samples. 

 

6.6. RESULTS AND DISCUSSION  

6.6.1.Permeability 

For the permeability calculation by the average method, Darcy’s 

equation was rearranged to; 

𝑥2 =
2𝐾𝑎𝑣∆𝑃𝑡

ɸ𝜇
 (6.2) 

were ∆P denotes the pressure gradient, Kav the permeability determined 

by average method, ɸ the composite porosity and μ the resin viscosity. 

Permeability value was obtained directly using the straight-line 

slope. 
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Elementary method 

This method uses the average values of the flow front velocity to 

obtain the macroscopic value of the permeability. The impregnation 

velocity, for specific time (vt), was calculated using the sample pairs (xi, 

ti) that describe the flow front position evolution with time i (6.3). 

𝑣𝑡 =
1

2
(
𝑥𝑡+1 − 𝑥𝑡

𝑡𝑡+1 − 𝑡𝑡
+

𝑥𝑡 − 𝑥𝑡−1

𝑡𝑡 − 𝑡𝑡−1
) (6.3) 

Permeability values were calculated with equation (6.4) for each 

time step and then averaged. 

𝐾𝑒𝑙𝑒 =
1

𝜇

𝑑𝑃
𝑑𝑥⁄

𝑣𝑡ɸ
 (6.4) 

where the pressure gradient is evaluated by equation (6.5) and Kele is the 

permeability determined by elementary method. 

𝑑𝑃
𝑑𝑥⁄ =

𝑃0(𝑡)

𝑥𝑓(𝑡)
 (6.5) 

where the P0 denotes the pressure at x0 point (preform initial point) and 

xf  is the flow front position. 

Interpolation method 

The permeability determined by this method represent the best 

global fit from experimental data.  

𝐾𝑖𝑛𝑡 =
𝑎2𝜇

2ɸ
 (6.6) 
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where a parameter is calculated by equation (6.7)(6.5) and Kint is the 

permeability determined by interpolation method. 

and I parameter for specific time is determined by equation (6.8). 

Single-point method 

The single point method uses a single pair of (xi, Ii) to a rapid 

approximation of permeability (Ksp). 

𝐾𝑠𝑝 =
𝑥2𝜇

2𝐼𝑡ɸ
 (6.9) 

This method is based on the determination of the permeability 

value at a specific moment in a specific position. As it is a permeability 

value in one position, this value will give large errors in other positions. 

In this case, an average of the most representative positions was used for 

the calculations. 

The results achieved for the glass fibre used in this work are 

shown in Table 6.3 for a 47,5% Vf. The permeability values obtained 

with different calculation methods were similar. However, the value of 

the interpolation method was used, as it is considered the most reliable. 

Therefore, the permeability value considered in this work is 1.35E-10 

m2. 

𝑎 =
∑ 𝑥𝑓√𝐼𝑡

∑ 𝐼𝑡
 (6.7) 

𝐼𝑡 = 𝐼𝑡−1 + (
𝑃0𝑡−1

+ 𝑃0𝑡

2
)(𝑡𝑡 − 𝑡𝑡−1) (6.8) 
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Table 6.3 Permeability value calculated with different method. 

Kav(m
2) Kele (m

2) Kint(m
2) Ksp(m

2) 

1,35E-10 1,38E-10 1,35E-10 1,30E-10 

6.6.2.Void content 

In order to study the effect of filling rate on void formation, plates 

were manufactured at constant pressures and test coupons were extracted 

at different filling rates ranging from 0.5 to 10mm s-1 and studied by 

optical microscopy. Figure 6.5 shows the samples extraction areas. 

Previous to the composite micro – macro void study, the 

morphology of the dry the fibre with the binder has been analysed in 

order to avoid interpretation errors. Figure 6.6 shows the micrographs of 

fibreglass fabric. The binder after the preforming process presents an 

amorphous geometry similar to macro voids. 

Figure 6.7 shows the micrographs and the image analysis of the 

composite samples. The different samples present micro and macro 

pores. In some cases, it was not easy to differentiate between the binder 

and the macro voids. 
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Figure 6.5. Samples extraction areas. 
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a) Before preforming 

 

 

 

Figure 6.6. a)  Glass fabric morphology before preforming. 
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b) After preforming 

 

 

Figure 6.6. b) Glass fabric morphology after performing. 
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Figure 6.7. Micrographs and processed images for the different 

composite samples (blue areas: macrovoids; red areas: microvoids). 
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Results show that with the selected process parameters, it was 

only possible to quantify the void content and impregnation velocity in 

a very narrow window (Figure 6.8).  Void content of the composites was 

less than 2% in all the cases. 

 

Figure 6.8. Void content for different impregnation velocity. 

E. Ruiz et al. employed velocities ranging from 0.0001 to 1m s-1 

were used to get the macro and micro void velocity relationship [18]. In 

this case, the equipment used, with a glass cover did not allow high flow 

front velocity, due to the pressure limit. As expected, the number of 

micro voids decreased at low velocities. However, in the case of macro 

voids the amount remained stable. 

Based on these results, an impregnation velocity between 1 - 6 

mm s-1 was considered optimal to manufacture structural composites 

with this reinforcement at a 47.5% fibre volume content.  
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6.6.3.Composite manufacturing and testing 

Once the impregnation velocity range was selected, composite 

plates were manufactured and tested in order to further validate the BIO-

PUR developed formulation suitability for structural composites. 

The reinforcement and fibre content used was the same as in the target 

application process simulations (47,5% fibre volume content of high 

fatigue resistance (ultra-fatigue) unidirectional glass fibre) but, the 

process conditions had to be changed due to a 3 bar maximum injection 

pressure of the glass cover mould used. Also, in this case, the less 

reactive BIO-PUR3 system was selected. Moreover, the selected process 

temperature was also lower than the target 120 ºC. In this case, the filling 

was performed at 60 ºC and pressures ranging from 0.5 to of 3 bar and 

then postcured for 1 h at 120 ºC.  

 

Figure 6.9. The flow front evolution for BIO-PUR3.  

Experimental (symbols) and  simulation (red line) results. 

Figure 6.9 shows the comparison between the experimental and 

simulation results. As can be seen although there is a good agreement 

and the models fitting could be considered good enough, the real process 
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has slightly quicker than the theoretical one. This is probably due to the 

presence of higher permeability zones that modified the flow pattern as 

can be seen in Figure 6.10. 
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Figure 6.10. Comparison between the simulation and real RTM 

process with the BIO-PUR3 formulation. 
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Once manufactured, characterization tests were carried out to test 

the composite plate quality. Figure 6.11 and Figure 6.12 show the curves 

obtained in Flexural tests. 

 

 

Figure 6.12. Interlaminar shear strength results for BIO-PUR 

composite plate. 
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Figure 6.11. Flexural strength testing results for BIO-PUR 

composite plate. 
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The results are shown in Table 6.4. The BIIO-PUR composite 

exhibit excellent mechanical properties with modulus and flexural 

strength of 35 GPa and1000 MPa respectively (Figure 6.11). ILSS value 

of the coupons, extracted at different plate lengths showed a very small 

deviation showing that a constant quality was attained (Figure 6.12). 

Void content of the coupons was less than 1.25% in all the cases. The 

fibre volume content was also constant and in accordance with the 

theorical one (47,5%). 

Samples were also examined with optical microscopy. As can be 

seen in the Figure 6.1, a good and homogenous quality is obtained (Dark 

areas correspond to binder). 

 

Figure 6.13. Composite plate micrographs. 

Moreover, the Tg value is also higher than 120ºC, fulfilling the 

automotive structural parts requirements. 
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Table 6.4. Final properties of BIO-PUR based composite  

BIO-PUR3 

Method Properties Value 

Mechanical 

properties 

Flexural strength 

(MPa) 
1009 ± 61  

Flexural modulus 

(GPa) 
36.8 ± 1.0 

Flexural strain 

(%) 
2.8 ± 0.2 

ILLS 

(MPa) 
65 ± 2 

DMA 
Tg  

(ºC) 
138 

Liquid displacement 

method 

Matrix density at 25 

◦C (ρm) 

(g cm-3) 

1.21 

Burn-off method 

Void content (Vv) 

(%) 
-0.28 ± 0.96 

Fibre volumen content 

(Vf) 

(%) 

48.2 ± 0.9 

 

6.6.4.Devopment of the DDDAS process control 

system 

As shown in the previous section, even if the optimal filling rates 

are selected, there are still some deviations between the simulations and 

reality due to the presence of high permeability areas. So, in order to 
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improve the process robustness a numerical solution to optimize RTM 

processes based on a DDDAS is proposed in this section. The modelling 

activities were performed by the Department of Applied Mathematics of 

the Faculty of Engineering of Gipuzkoa in University of the Basque 

Country. 

Proposed virtual offline model 

The method of simulation consists in solving by finite differences 

the following 2D Initial Value Problem (IVP): 

 

This IVP consists of Darcy’s law for the filtration velocity of the 

flow in the i direction, plus a condition for the initial position of the front 

of the flow. Where v is the filling rate, k is the permeability tensor of 

order 2, μ is the viscosity (scalar), p is the pressure, x is the vector 

pointing to the front of the flow and g is the initial gap between the edge 

of the preform and the contour line. The IVP is defined in domain Ω. The 

boundary of the domain consists of the pressure contour, the 

impermeable boundary and the goal line. 

Approximating the differentials by finite increments and 

assuming through each step a constant pressure gradient and a constant 

permeability tensor, we can iterate on the position of the front of the flow 

and generate simulations of the RTM processes for different variations 

𝑣 (𝑥, 𝑡) =  
𝑑𝑥

𝑑𝑡
=  

𝑘 (𝑥)

𝜇
∇𝑝 (𝑥, 𝑡) 

𝑥(0) = 𝑔 

(6.10) 
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of the parameters. The pseudo-code of the generation of the theoretical 

simulations is presented here as Algorithm 1. 
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Proposed model for the DDDAS RTM simulation 

The simulation proceeds using Algorithm 1, assigning at each of 

the points in the actual front (at each iteration step) a stochastic value of 

the permeability obtained from anormal Gaussian distribution that uses 

as mean the nominal value of the actual permeability of the simulation 

and a fixed standard deviation of 2.5% of the nominal permeability. 

Figure 6.14 describes the way the DDDAS works. The model 

starts with an initial state of the RTM process. An initial discrete front of 

one hundred points located along the width of the mould at an initial 

separation from the injection line (x = x0 mm). Another two hundred 

points are fixed at the impermeable boundary (in the case of our mould, 

y = 0 mm and y = 125 mm) and one hundred more are fixed at the goal 

line (x = 530 mm). The nominal value of permeability is set to an initial 

value. 

The model uses both the estimate and the measured value to 

apply a Kalman filter that gives a new filtered current filling rate 

estimate. If the mould is not filled, the model checks whether there is a 

precalculated variation (permeability value) for the actual front position 

that gives a filling rate that is closer to the estimate than that of the actual 

variation. If there is one, the model updates the permeability value taking 

the corresponding value of the offline model that performs best. 
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Figure 6.14. DDDAS flow chart. 

 

The process goes on taking new steps using the new parameter 

until it finds new data (in that case the Filter + Current State + Update is 

repeated) or the mould has been filled (the points in the front have 

reached the goal line). The pseudo-code is detailed in Algorithm 2. 
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Model testing and validation  

In order to check the suitability of the proposed model for 

detection and correction of permeability variation, different kind of 

preforms were prepared with the following configurations: 

-Configuration 1: preforms constant permeability (4 layers of 

glass fabric) 

-Configuration 2: preforms with different permeability zones.  

For this purpose, the number of plies was reduced from 4 to 3 and 0 in a 

specific area of the preform as shown in the Figure 6.15. 
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Configuration 1 Configuration 2 

 

 

 

 

Figure 6.15. Preforms configuration. 

Unidirectional laminar flow RTM tests were carried out at a 

constant pressure with the same equipment and materials as in the 

permeability tests.  

The RTM injection test were performed at 60 ºC and pressure 

gradients ranging from 0.5 bar to 2.3 bars. Both visual and a pressure 

sensor form Kistler (Type 4001A, with temperature compensation) were 

used for the flow front position determination.  

The model was tested under different preforms configurations 

and process conditions: 

Test 1 

The Figure 6.16 show Test 1. configuration. It was performed 

with a constant permeability preform consisting of 4 plies of glass fabric, 

with a resultant fibre volume content Vf, of 47.5% and a nominal 

permeability of 1.35E-10 m2. The test was carried out under controlled 

vacuum, at -0.73 bar. 

As can be seen in Figure 6.17, the flow front was stable, with no 

race tracking and little difference between the saturated (full preform 

impregnated, dark grey) and unsaturated (preform partially impregnated, 
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lighter grey) areas. The sawtooth aspect of the flow front is due to the 

presence of high permeability channels between fibre tows. 

 

Figure 6.16. Test 1 configuration. 

 

Figure 6.17 Flow front progression during Test1. 

Figure 6.18 shows the results of the on-line model calculations 

for Test nº1. An onset permeability of 1.0E-10 m2 was used in order to 

check the on-line adaptation ability of the model. As in can be seen in 

the figure, permeability value was quickly recalculated as soon as the 
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model received the real data from the experiment showing a good fitting 

between calculated and real filling rate values.  

Permeability 

 

Filling rate 

 

Figure 6.18 Model results for Test 1. 

Test 2 

Test 2 was performed with the same preform configuration as 

Test 1:  a constant permeability preform, with a nominal permeability 

value of 1.35E-10m2 (Figure 6.16Figure 6.19). The difference between 
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both tests was the pressure gradient applied. In this case the test was 

performed under vacuum (-0.98. bar) and a constant injection pressure 

of 1.04 bar, resulting in a pressure gradient of 2.02 bar. 

The increase of the filling rate intensifies the effect of the high 

permeability channels and significantly increases the difference between 

the saturated and the unsaturated flow (Figure 6.19).  

 

Figure 6.19 Flow front progression during Test 2. 

Figure 6.20 shows the results of the on-line model calculations 

for Test nº2. Again, an onset permeability of 1.0 E-10 m2 was used. As 

in can be seen in the figure, permeability value was quickly adapted to 

real data even at high filling rates.  
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Permeability 

 

Filling rate 

 

Figure 6.20 Model results for Test 2. 

Test 3 

Test 3 was performed with a variable permeability preform. For this 

purpose, the number of plies was reduced from 4 to 0 in a specific area 

of the preform (Figure 6.21). The test was carried out under vacuum (-

0.98 bar) and at a constant injection pressure of 1.32 bar (pressure 

gradient of 2.30 bars). 
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As for Test 2, there was a significative difference between the 

saturated and the unsaturated flow rates. The filling rate dramatically 

increased in the high permeability window producing a turbulent flow 

with bubbles (Figure 6.22). 

 

Figure 6.21. Test 3 configuration. 

 

Figure 6.22 Flow front progression during Test nº3. 
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As shown in the Figure 6.23 the model was able to detect an 

adapt to abrupt permeability changes giving a good prediction of filling 

rate. 

Permeability 

 

Filling rate 

 

Figure 6.23 Model results for Test 3. 

Test 4  

The Figure 6.24 shows Test 4. configuration. As Test 3, it was 

performed with a variable permeability preform. In this case, the number 
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of plies was reduced from 4 to 3 in a specific area of the preform, in a 

fibre volume variation from 47.5 to 35.6% in order to test the model at 

less extreme conditions. In addition, the test was carried out at lower 

filling rate, under a constant vacuum of 0.53 bar and no injection pressure 

applied. 

In this case, as expected the change of the filling rate was 

significatively less pronounced. (Figure 6.26). However, as seen in the 

figure bellow (Figure 6.25), it could be clearly appreciated visually by a 

more unsaturated flow condition (light grey). 

 

Figure 6.24. Test 4 configuration. 
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Figure 6.25 Flow front progression during Test nº4. 

Figure 6.26 shows the model results for Test 4. Again, the model 

was able to detect and recalculate permeability changes. Even if the 

differences were less pronounced, the model was giving an accurate 

prediction of filling rate. 
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Permeability 

 

Filling rate 

 

Figure 6.26 Model results for Test nº4. 

 

6.7. CONCLUSIONS 

In this chapter, the influence of the filling rate on the void 

formation was studied in order to select the right process parameters and 

optimize the manufacturing process. Although it was not feasible to 

perform the study in a broader range, results showed that it was possible 
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to manufacture high quality parts at filling rates ranging from (1 to 6 mm 

s-1)  

Once the filling rates selected, manufacturing of a high fibre 

volume unidirectional glass fibre composite plate allowed to 

demonstrate the BIO-PUR resin system and process parameters 

suitability. The quality was good, with less than 2% of voids, and a Tg 

value higher than 120 ºC. Regarding the mechanical properties, a flexural 

modulus higher than 35 GPa and strength higher than 1000 MPa were 

obtained, fulfilling the requirements for automotive structural 

applications.  

Finally, in order to improve the process robustness a numerical 

solution to optimize RTM processes based on a DDDAS methodology 

was developed. The model was able to detect and adapt to both abrupt 

and smooth permeability changes in the experiments, giving accurate 

predictions. The developed solution allows the online estimation of the 

evolution of the filling process and its uncertainty. This estimation can 

be utilized to carry out control and corrective actions during 

manufacturing, potentially increasing process efficiency, improving part 

quality and reducing process failures and defects.  
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7.2. ABSTRACT 

The development of wind energy is an important element of the 

strategy to limit global warming. As a green energy, it should be 

sustainable in all the aspects, that is why the sector is constantly seeking 

to design and manufacture their products with more sustainable materials 

. In this context, the BIO-PUR’s resins systems developed in this PhD 

could be especially attractive for this application, mainly in the case of 

wind turbine blades but also for other components such nacelles or nose 

spinner covers. This is the reason why in this chapter we performed a 

preliminary viability study of the BIO-PUR’s for the application. In this 

case, the manufacturing process studied was vacuum infusion. For this 

purpose, the infusion process had to be optimized in terms of ancillary 

materials and process parameters. Then, composite plates were 

manufactured and tested showing very promising properties. 

 

7.3. INTRODUCTION 

Climate change, economic growth, higher electricity prices and 

security of energy supply underscore the global need for locally 

produced renewable energy. In Europe alone, the ocean energy industry 

plans to deploy 100 GW of production capacity by 2050, meeting 10% 

of electricity demand, the equivalent of 76 million households.  

Wind energy, and specifically offshore wind energy, is one of the 

most sustainable alternatives [1,2] due to its great efficiency. Therefore, 
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this technology arouses great interest [3,4]. However, despite being one 

of the most sustainable alternatives in terms of energy production, there 

are several aspects that should be improved, such as the sustainability of 

the materials and processes used in wind turbines. 

Currently, between 85 and 90% of the total mass of wind turbines 

can be recycled [5,6] but the difficulty lies in the blades and other 

elements of the wind turbine such as the nacelle covers which are made 

of thermosetting matrix composites. Although there are different 

technologies for recycling blades and a growing number of companies 

offer recycling services, these solutions are not yet fully available or 

economically competitive [7].  

On the other hand, the materials currently used are of 

petrochemical origin, that is, they are produced by refining fossil fuels, 

a process that generates significant amounts of CO₂. 

The matrices for wind turbines blades manufacturing are 

typically polyester, vinyl ester or epoxy resins although for large blades 

such as in offshore wind turbines, where great mechanical and fatigue 

properties are required, epoxy resins are generally used [8,9]. 

Nowadays, work is being done on the development of biobased 

epoxy resins, recyclable acrylic resins and hardeners for epoxy resins 

with dynamic bonds [10-13]. A very interesting example is the 

development of Siemens Gamesa with a blade 81 meters long made of 

recyclable epoxy. The chemical structure of this new resin type makes 

possible to separate the resin from the other components at end of the 

blade’s working life by dissolution of the matrix in acetic acid [14,15]. 
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Another interesting development is the polyurethane resin 

developed by Covestro. Covestro partnered with the Chinese wind 

turbine giant Goldwind to develop the world’s very first 64.2 m wind 

turbine blade entirely made of polyurethane resin – demonstrating the 

material’s suitability as a cost-effective solution for wind turbines[16-

18].  

Although this PU resin technology has a petrochemical origin, it 

is claimed to improve rotor blade performance due to the resin enhanced 

mechanical properties, enabling reducing overall weight and material 

consumption. Also, it contributes to the blades manufacturing process 

sustainability, allowing a faster curing than when using epoxy resins.  

In this chapter we performed a preliminary viability study of the 

developed BIOPUR’s for the application. For this purpose, the infusion 

was optimized in terms of ancillary materials and process parameters. 

Then, composite plates were manufactured, and their quality was tested 

through micrographic and ILSS tests showing very promising results.  

 

7.4. EXPERIMENTAL 

7.4.1.Materials 

Resin 

The composition of the BIO-PUR3 resin used for this study is 

shown in the Table 6.2. As previously mentioned in the chapter 5, the 
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BIO-PUR3 system present the broader process time window, being the 

most suitable formulation for infusion. 

Table 6.2.BIO-PUR3 resin formulation. 

System 

Components ratio (pbw) 

Part A 
 

Part B 

Polyol Glycerol BDDE Isocyanate LiCl DAS 

BIO-PUR3 100 22 7  267 2 9 

 Renewable content (%) 

 27 

Reinforcement 

An unidirectional axial glass fibre used in wind blades, supplied 

by Axson technologies (Cergy-Pontoise, France) was selected as 

reinforcement. Fibre properties are summarized in Table 1. 

Table 7.1. Fibre properties. 

Weaving pattern 
E-glass unidirectional axial non-

crimp fabric (NCF) 

Areal weight 962 ± 29 g m-2 

Sewing thread Polyester 11 ± 0.3 g m-2 

 

7.5. CHARACTERIZATION 

7.5.1.Mechanical properties 

ILSS tests were carried out at RT according to ASTM 2344 using 

an Instron 5500R6025 (Instron, Norwood, USA) equipment. 
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7.5.2.Density 

The density of the developed resin and the composite plate was 

determined in accordance with the liquid displacement method (ASTM 

D792-20). 

7.5.3.Fibre and void volume fraction 

The burn-off method described in ASTM D3171-22 was used to 

determine the fibre volume fraction, Vf, and the void volume fraction, 

Vv, of the composite samples. 

 

7.6. RESULTS 

7.6.1.Infusion process development 

Ancillary materials selection 

In order to validate the compatibility of BIO-PUR3 system with 

the usual infusion materials, different combinations of resin distribution 

media and Peel ply were studied. The materials used are summarized in 

the Table 7.2. The materials used in the different combination studied 

are summarised in Table 7.3. 

The infusions made with different resin distribution media 

showed that the turbulent flow produced with the LowMesh3P95 during 

the process, favoured the creation of bubbles. Therefore, for the 

following infusions, Greenflow75 was selected. 

On the other hand, the Econostitch G Peel Ply was bonded to the 

sample and couldn’t be removed. Although both the Release Ply C and 
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60BR showed a good behaviour, the Release Ply C was selected due to 

its lower price. 60BR peel ply is specific for high temperatures and it was 

not necessary in this case. 

Table 7.2. Commercial infusion materials. 

Resin distribution media 

Greenflow75 LowMesh3P95 

 

 

Release film / Peel Ply 

Econostitch G Release Ply C 60BR 

 

 

 

Table 7.3. Ancillary materials combinations studied. 

System Distribution media Pell ply 

INFU-1 LowMesh3P95 Econostitch G 

INFU-2 Greenflow75 Release Ply C 

INFU-3 LowMesh3P95 Release Ply C 

INFU-4 Greenflow75 60BR 
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Vacuum bag configuration  

The double infusion bag (Figure 7.2) was selected in this work. 

This method is commonly used in industrial process to tight process 

control enabling repeatable fibre volumes percent and improving 

consistency of infused laminates [19].  

 

Figure 7.2. Double infusion bag configuration. 

Infusion process optimization 

In order to select the suitable infusion parameters, the infusion 

temperature, and moisture effect was analysed.  

Infusion temperature 

As seen in the previous chapter BIO-PUR3 used in this study was 

developed to enable a quick RTM process at 120 ºC. This is the reason 

why it is not optimal for RT manufacturing.  

Currently, the wind blade infusion process is performed at low 

temperatures, usually RT. Nevertheless, the BIO-PUR3 presents a 

viscosity value higher than 200 mPa at RT which is the maximum 

optimal value for infusion resins. This case, infusions were performed at 
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different temperatures: RT, 40 and 60 ºC to compare and select the best 

combination viscosity/resin reactivity. 

The pictures presented in Figure 7.3 show that the filling at RT 

was very slow and, in the inlet, a high amount of BIO-PUR3 has 

accumulated. However, the fibre impregnation was fast enough to avoid 

the resin accumulation at 40 ºC and 60 ºC. 

After these preliminary infusions with the BIO-PUR3 resin at 

different temperatures, it was noticed that the polyurethanes tend to foam 

in the curing stage and the appearance of bubbles was observed (Figure 

7.3). This phenomenon also happens in the case of petrochemical origin 

PUR for infusion [16-18]. 
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T = RT 

Filling Curing Final part 

 

T = 40 ºC 

Filling Curing Final part 

 

T = 60 ºC 

Filling Curing Final part 

 

Figure 7.3. BIO-PUR3 infusion at different temperatures. 
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Foaming process control 

PURs foaming was studied in detail. One of the main reasons of 

this phenomenon is the capability of isocyanate to react with water to 

form urea and CO2 groups. Because of that, the control of this reaction 

is a critical factor in the case of PURs. 

Composites for wind turbine blades are reinforced with high-

performance glass fabrics and these fibres are hygroscopic and tend to 

absorb moisture. The Figure 7.4 shows that the fibre moisture content of 

the fibre stored in the warehouse is enough to react with isocyanate and 

cause the resin foaming.  

Before curing 

Neat resin Not dried fibre Dried fibre 

 

 

 

Cured samples 

Neat resin Not dried fibre Dried fibre 

 

 

 

Figure 7.4. Fibre moisture effect. 
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Avoiding foaming of BIO-PUR3 is one of the major challenges 

for the validation of this resin for the infusion process. For this reason, 

different strategies were studied to control the moisture effect in the 

infusion process. 

1. Incorporation in the formulation of moisture scavengers  

One of the most used strategy to control the moisture effect in 

PURs is the moisture scavenger integration in the PUR formulation 

[20,21]. There is a wide variety of moisture scavengers based on 

different technologies in the market. One of the most attractive 

alternatives is the system based on mono-oxazolidines [22-23]. The 

oxazolidine reacts with the water and prevents the generation of CO2 

leading to defect free PURs [24]. Zeolites are natural aluminium-silicate 

and one of the most common moisture scavengers [20,25,26]. They show 

an extremely high porosity and cationic exchange capacity. This is the 

reason why zeolites are used as smell binder, molecular sieve or filter 

media. In order to avoid the foaming of BIO-PUR3, these components 

were incorporated in the formulation. Two commercial mono-

oxazolidines, Incozol 2 provided by Incorez Limited (Preston, United 

Kingdom) and LithoFill provided by Lithos Natural GmbH (Ennsdorf, 

Austria), were employed as moisture scavengers. However, the results 

were not satisfactory employing 3% of moisture scavenger. The BIO-

PUR3 presented bubbles in both cases (Figure 7.5). 
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Moisture scavenger based on mono-oxazolidine (Incozol 2) 

Infusion Final part 

 

Moisture scavenger based on mono-oxazolidine (LithoFill MM) 

Infusion Final part 

 

Figure 7.5. BIO-PUR3 infusion trial with moisture scavengers. 

2. Vacuum Assisted Process (VAP®) 

The incorporation of a specific membrane in the infusion 

assembly was studied. Vacuum Assisted Process (VAP®) uses the 

properties of modern, semi-permeable membrane systems to remove 

trapped air and gas during resin infusion. 

Nevertheless, the composite fabricated foamed, showing that this 

VAP system is not the final solution for this type of issues (Figure 7.6). 
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Vacuum Assisted Process (VAP®) 

Infusion Final part 

 

Figure 7.6. Infusion trial with Vacuum Assisted Process. 

3. Fibre drying  

In order to prevent the BIO-PUR3 foaming, the final strategy 

studied was to eliminate the moisture drying the fibres (120 ºC for 1 

hour) before the infusion process. This strategy presents the disadvantage 

of adding a previous process step of drying the infusion materials, 

increasing the process time and the amount of energy consumption. The 

results shown in Figure 7.7 demonstrate the suitability of this strategy. 

The composite plate manufactured presented only some slight foaming 

evidence in the dry areas but not in the fully saturated and the general 

aspect better.  
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Dried fibre 

Infusion Final part 

 

Figure 7.7. BIO-PUR3 infusion with previously dried glass fabric. 

7.6.2.Composite sample fabrication 

Based on the previous results, the following infusion process 

parameters were selected (Figure 7.8). 

 

Figure 7.8. BIO-PUR3 infusion process parameters. 
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Three composite plates of different sizes were manufactured with 

the established work method and the selected infusion parameters. The 

three parts presented a good appearance as shown in Figure 7.9. 

Infusion with optimum parameters 

Small plate (200 x 90 mm) 

Infusion Final part 

 

 

Medium plate (300 x 300 mm) 

Infusion Final part 

 

 

Big plate (350 x 450 mm) 

Infusion Final part 

 

 

Figure 7.9. Infusion manufactured BIO-PUR3 composite plates. 
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Although the reinforcement was fully impregnated, the filling 

stopped before reaching the outlet because of the resin reaction and 

consequent increase of viscosity. The resin viscosity increases caused a 

filling showdown at 23 minutes. 

7.6.3.Composite manufacturing and testing  

In order to validate the BIO-PUR3 formulation suitability for the 

infusion process the composite big plate was tested mechanically and the 

void content was determined to analyse the composite quality. Figure 

7.10 shows the force-displacement curves obtained in the ILSS tests of 

the different coupons.  

The tests results are shown in Table 7.4. The BIO-PUR3 

composite exhibit good final properties. ILSS value of the coupons, 

extracted at different plate lengths showed a very small deviation 

showing that a constant quality was attained. Void content of the samples 

 

Figure 7.10. Interlaminar shear strength results for infused BIO-

PUR3 composite plate. 
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was less than 0,72% in all the cases. The fibre volume content was also 

constant and in accordance with the theoretical one (57,1%). 

Table 7.4. Final properties of BIO-PUR3 based composite 

BIO-PUR3 composite (infusion) 

Method Properties Value 

Mechanical 

properties 

ILLS 

(MPa) 
45 ± 1 

Burn-off method 

Void content (Vv) 

(%) 
0.46 ±0.23  

Fibre volumen content 

(Vf) (%) 
57.56± 0.21 

 

7.7. CONCLUSIONS 

In this chapter the suitability of the developed BIO-PUR resin 

system for infusion was studied.  

The resin viscosity made necessary to increase the process 

temperature from RT to 40 ºC, even for small composite plates 

manufacturing and process time window was narrow. The resin tested, 

BIO-PUR3, was designed for short cycle times RTM manufacturing at 

120 ºC. Although the resin system should be further optimized for the 

target application, the results are considered promising.  

The main challenge of BIO-PUR3 was the moisture control. Due 

to the isocyanate capability to react with water and form CO2, the resin 

tends to foam. However, with the adequate selection of process 
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parameters high quality composites based on BIO-PUR could be 

manufactured. The composite samples presented good quality (only 

0.5% of voids) and high mechanical properties (ILLS 45 MPa). 
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8.2. ABSTRACT 

In this chapter a valid end of life option for the newly developed 

sustainable BIO-PUR formulation was explored with the incorporation 

of reversible/dynamic covalent bonds to increase recyclability. The 

technology is based on the development of specifically engineered 

polyols with reversible Diels Alder (DA) cleavage points. The DA/r-DA 

reaction thermo-reversibility was analysed by DSC and FTIR. The 

curing of the BIO-PUR system with Diels Alder cleavage points (BIO-

PUR-DA) was analysed by means of DSC and resin plates were 

manufactured to carry out preliminary studies of the novel formulation 

reprocessability. 

Moreover, the incorporation of recycled monomers in the BIO-

PUR was also investigated adding bis(2-hydroxyethyl) terephthalate 

(BHET), a monomer obtained after the glycolysis of highly degraded 

marine PET to the BIO-PUR formulation (BIO-PUR-R). The effect of 

integrating BHET in the BIO-PUR formulation instead of glycerol on the 

reactivity was studied by DSC and rheological tests. In addition, coupons 

were manufactured and tested by DMA and flexural tests. 

 

8.3. INTRODUCTION 

PUR resin systems used for high-performance composite 

structures react to crosslink and cure into rigid three-dimensional 

infusible networks that cannot be depolymerized, reformed, reused or 

recycled. This is one of the main disadvantages of BIO-PUR with regard 
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of environmental impact. Covalent adaptable networks (CAN) with 

dissociative or associative dynamic or reversible bonds could be very 

promising approach to achieve thermally reprocessable or recyclable 

PURs [1-5] (Figure 8.1) to improve the PUR circularity. 

Reversible covalent bonds can be divided into two groups, 

depending on their exchange mechanism (Figure 8.2): (a) dissociative 

CANs, where an existing bond is broken before a new bond is formed, 

and (b) associative CANs, where the cleavage of the exiting bond and 

the formation of a new one is concerted [2]. 

A typical example for a dissociative CAN reaction is given by 

Diels-Alder based polymers. Diels-Alder (DA) reaction is highly 

efficient, simple and can be repeatedly healed through only the 

application of heat for the occurrence of the retro Diels-Alder (r-DA) 

reaction (Figure 8.3) [2,6-11]. 

 

 

 

Figure 8.1.CAN advantages compared to thermoplastic and 

thermoset common polymers. 
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The proposal of introducing cleavable bonds into thermosetting 

resin provides a new strategy for the gentle recovery of fibres from the 

composite. The temperature range at which the process takes place 

depends on several factors, such as the polymer backbone, crosslinking 

density, crosslinking moieties, and macromolecular architecture. These 

factors also influence the general properties of the materials, making 

them highly tuneable regarding their processing temperatures and 

mechanical performance. 

a) 

 

 

 

 

b) 

 

 

 

 

Figure 8.2. a) Dissociative and b) associative CANs reversible 

reaction mechanism [12].. 

 

Figure 8.3.Diels Alder reaction. 
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In addition to dynamic bonds, recent publications focus on the 

subproducts obtained from the depolymerization/repolymerization of 

fossil based products like poly(ethylene terephthalate) (PET), in order to 

reduce the environmental impact [13]. As it is well known, PET 

represents a high percentage of the plastic waste, both from urban and 

marine origin. The main process for the valorisation of PET residues is 

the mechanical recycling, however it is not suitable for highly degraded 

PET. 

In a recent publication, it is in fact demonstrated that chemical 

recycling of highly degraded PET marine litter produces a subproduct 

that can be successfully used to this scope [119,120]. Bis(2-

hydroxyethyl) terephthalate (BHET) (Figure 8.4) is the monomer 

obtained after the glycolysis of marine and urban PET, and as it is 

reported, is a suitable hydroxylated component for the synthesis of 

polyurethanes providing stiffness to the obtained polyurethane [16,17]. 

BIO-PUR resins developed in this work are derived from 

renewable sources (vegetable oil), but they still present some 

environmentally drawbacks like their linear life cycle (Figure 8.5). 

 

Figure 8.4. BHET monomer obtained after the PET glycolysis and a 

polyurethane synthesised from it [18]. 
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Two research lines have been identified to further improve the 

BIO-PUR sustainability; the incorporation of dynamic bonds to improve 

the end of life of the composites manufactured with the BIO-PUR and 

the recovery of degraded polymers to obtain monomers and their 

integration into the BIO-PUR formulation (Figure 8.6). This work was 

performed with the collaboration of the 'Materials + Technologies' 

research group of the University of the Basque Country (EHU/UPV) 

which are focussing their research work on the incorporation of dynamic 

bonds in thermosets and on the chemical recycling of PET. 
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Dynamics bonds were incorporated in the BIO-PUR adding a 

novel triol with DA (Triol-DA) into the formulation (BIO-PUR-DA). 

The effect of the triol in the curing has been analysed by DSC tests. 

Moreover, DSC and FTIR evaluated the DA/r-DA reaction thermo-

reversibility, and some preliminary tests have been carried out to study 

the new formulation reprocessability. Moreover, the novel BIO-PUR-

DA systems has been compared with the BIO-PUR2 optimized system. 

In the other hand, the BHET obtained in the glycolysis of PET 

has been incorporated in the BIO-PUR (BIO-PUR-R). DSC and 

rheology analysis were performed in order to study the formulation 

reactivity. Moreover, the viability of the developed systems was 

evaluated by DMA and flexural tests. In order to validate the BIO-PUR-

R systems, it has been compared with the BIO-PUR2 formulation. 

To clearly differentiate the two strategies, the results of this 

chapter are divided into two large sections: the synthesis of BIO-PUR 

containing dynamic covalent bonds (BIO-PUR-DA) and the synthesis of 

BIO-PUR with recycled components (BIO-PUR-R). 

 

8.4. EXPERIMENTAL 

8.4.1.Materials 

GMT-EHU/UPV group kindly provided the Triol-DA and BHET 

employed in the synthesis of BIO-PUR-DA and BIO-PUR-R 

polyurethanes, respectively. The polyol and isocyanate are those selected 

in previous chapters for the development of BIO-PUR for structural 
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applications, Polycin T-400 (Vertellus) and Voraforce TR 1500-

Isocyanate (Dow Chemical), respectively. For the preparation of the 

BIO-PUR-DA systems, the solid Triol-DA was diluted in a reactive 

biobased glycol such as 1,3-propanediol (PD, Quimidroga, S.A.). 

Materials used in the BIO-PUR-DA and BIO-PUR-R are summarized in 

the Table 8.1. 

Table 8.1. Components used in the BIO-PUR-DA and BIO-PUR-R 

formulation. 

 Polyol Triol-DA PD BHET Isocyanate 

INCO (%) --- --- --- --- 30.79 

IOH 

(mg KOH g-1 ) 
400 247.26 201.0 441.7 --- 

f 3 3 2 2 --- 

Equivalent 

weight (g eq-1 ) 
140.3 226.7 279.1 127.0 136.4 

Recycled 

content (%) 
--- --- --- 100 --- 

Renewable 

content (%) 
80 43 100 --- --- 

8.4.2.Synthesis 

Two BIO-PUR-DA and one BIO-PUR-R polyurethane systems 

were synthesised mixing at RT the Part A, constituted by hydroxylated 

components, and Part B, isocyanate component. 

The isocyanate index was maintained constant (equal to 1.2) for 

all the systems studied. Subsequently, the mixture was heated at 105 ºC 

for 3 h in the case of BIO-PUR-DA and at 120 ºC for 1 h in the case of 

BIO-PUR-R in order to obtain the cured polyurethane. The designation, 

composition, renewable content, DA adduct content and recycled 
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material content of all the systems are summarized in Table 8.2. All 

formulations are based on 100 parts by weight of polyol (pbw). 

Table 8.2. Summary of synthesized BIO-PUR-DA and BIO-PUR-R 

systems. 

BIO-PUR-DA1 

 Polyol PD Triol-DA Isocyanate 

Equivalent (mol) 1.5 0,75 0,75 3,6 

Equivalent weight (g eq-1) 140.3 279,1 226,7 136,4 

Weight (g) 100 99,5 80,8 233,0 

Triol-DA content (%) 15.7 

Renewable content (%) 41.7 

BIO-PUR-DA2 

 Polyol PD Triol-DA Isocyanate 

Equivalent (mol) 1 1 1 3,6 

Equivalent weight (g eq-1) 140.2 279,1 226,7 136,4 

Weight (g) 100.0 199,0 161,6 350,1 

Triol-DA content (%) 19.9 

Renewable content (%) 43.0 

BIO-PUR-R 

 Polyol BHET Isocyanate 

Equivalent (mol) 0.6 0,4 1,2 

Equivalent weight (g eq-1) 140.3 127,0 136,4 

Weight (g) 100.0 60,4 194,5 

Recycled material content 

(%) 
17.0 

Renewable content (%) 22.5 
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8.5. CHARACTERIZATION 

8.5.1.Characterization of Triol-DA and BHET 

The chemical structure of the synthesized raw materials was analysed by 

Fourier transform infrared spectroscopy (FTIR) or proton nuclear 

magnetic resonance (1H NMR). FTIR was carried out on a Nicolet Nexus 

FTIR spectrometer equipment with an ATR Golden Gate (Specac) 

accessory. The spectra were performed averaging 32 scans in the range 

from 4000 to 650 cm-1 with a resolution of 2 cm-1. Liquid–state 1H NMR 

measurements were conducted with an Avance Bruker 500 spectrometer 

equipped with a BBO probe with gradient in Z axis, at a frequency of 

500 MHz, number of scans 64, spectral window of 5000 Hz and recovery 

delay of 1s.  

Molecular weight distribution was determined by gel permeation 

chromatography (GPC). Weight average molecular weight (Mw) and 

number average molecular weight (Mn) values have been determined by 

GPC, using a Thermo Fisher Scientific chromatograph (Waltham, 

Massachusetts, USA), equipped with an isocratic Dionex UltiMate 3000 

pump and a RefractoMax 521 refractive index detector. The separation 

has been carried out at 30 °C within four Phenogel GPC columns from 

Phenomenex with 5 µm particle size and porosities of 105, 103, 100, and 

50 Å, located in an UltiMate 3000 thermostated column compartment. 

THF was used as mobile phase at a flow rate of 1 mL min-1. Samples 

have been prepared by solving in THF at 1 wt% and filtering using nylon 
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filters with a pore size of 2 µm. Mw and Mn have been reported as weight 

average based on monodisperse polystyrene standards.  

Thermal properties were determined by differential scanning calorimetry 

(DSC) and thermogravimetric analysis (TGA). DSC analysis has been 

carried out from 25 °C up to 300 °C with a heating rate of 10 °C min-1 

under nitrogen atmosphere in a Mettler Toledo DSC3+ equipment 

(Columbus, Ohio, USA) provided with a robotic arm and an electric 

intracooler as refrigerator unit. Between 5 and 10 mg of sample have 

been encapsulated in aluminium pans. TGA were performed in a 

TGA/SDTA851 Mettler Toledo (Columbus, Ohio, USA) equipment. 

Samples were heated from RT to 800 ºC at a heating rate of 10 ºC min−1 

under nitrogen atmosphere. 

8.5.2. Characterization of BIO-PUR-DA and BIO-

PUR-R systems 

The viscosity evolution during resin curing was evaluated by rheological 

analysis. Rheological tests were carried out on a HAAKE RheoStress 

6000 Rheometer (Thermo Fisher Scientific, Massachusetts, USA), 

running in an oscillating stress mode at a frequency of 1 Hz. Amplitude 

was held constant in the Linear Viscoelastic Range (LVR) throughout 

the test. A gap separation of 1 mm and disposable parallel plates of 60 

mm diameter were used. Experiments were performed at dynamic or 

temperature sweep test conditions. Temperature sweep tests were 

performed from 25 to 200 ºC at a constant heating rate of 5 ºC min-1. 

Storage and loss moduli, G’ and G’’ respectively, and complex viscosity, 

*, were measured over temperature.  
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The resin curing and Diels-Alder reaction thermo-reversibility were 

evaluated by differential scanning calorimetry (DSC) tests on a TA 

Instruments DSC Q100 (TA Instruments, New Castle, USA) calorimeter. 

The curing was analysed by dynamic experiments, which were 

performed from -90 to 225 ºC at 20 ºC min-1 heating rate. Diels Alder 

reaction thermo-reversibility were evaluated, for that the triol was 

subjected to various heating and cooling scans, which are summarized in 

Figure 8.9. 

The evolution of the functional groups involved in the DA/r-DA themo-

reversible reaction was monitored by Fourier transform infrared 

spectroscopy (FTIR) in a Nicolet Nexus FTIR spectrometer equipment 

with an ATR Golden Gate (Specac) accessory. The thermomechanical 

stability of the synthesised polyurethanes was analysed by dynamic 

mechanical analysis (DMA). DMA tests were carried out using the Gabo 

Eplexor100N (Netzch, Selb, Germany) dynamic mechanical analyser. 

Temperature scans were performed from -40 to 200 ºC at 2 ºC min-1 

heating rate and at a frequency of 1 Hz. The sample dimensions were 2.2 

x 5 x 50 mm3. The Tg of the PUR resin systems was taken at the 

temperature value of the maximum of tan , T [19,20].  

Mechanical behaviour of the synthesised polyurethanes has been 

analysed by flexural tests. The analysis was carried out at RT using a 

Instron 5967 (Instron, Norwood, USA) equipment, with a 3-point 

bending device, according to ISO 178 standard. 
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8.6. RESULTS 

8.6.1. Synthesis of BIO-PUR containing dynamic 

covalent bonds (BIO-PUR-DA) 

A DA adduct containing triol synthesized from a trismaleimide 

and furfuryl alcohol (Figure 8.7), kindly provided by the GMT-

EHU/UPV group (Triol-DA), has been employed to incorporate covalent 

bonds in the BIO-PUR formulations.  

The tris(2-maleimidoethyl) amine and furfuryl alcohol were 

mixed at 65 ºC at a stoichiometric ratio under constant mixing for 16 

hours. After the reaction time, the triol was dried on a vacuum oven, and 

characterized by FTIR. This triol is a partially biobased component since 

the furfuryl alcohol is obtained from polysaccharides or sugars from 

vegetable renewable sources. A renewable content of 43% was 

calculated from the weight percentage of the renewable components. 

Tris(2maleimidoethyl)amine Furfuryl alcohol Triol-DA 

 

Figure 8.7. Scheme of the synthesis of the DA adduct containing triol. 
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Figure 8.8 shows the FTIR spectrum of the synthesized triol. The 

characteristic broad band between 3200 and 3600 cm-1attributed to the 

stretching vibration of hydroxyl groups and the band around 1000 cm-º1, 

related to the C-O stretching, confirmed the presence of the primary 

alcohol. The bands at 3078 and 2951 cm-1 are attributed to stretching 

vibration of =CH and –CH groups, respectively. The band at 1768 cm−1, 

characteristic of the stretching vibration of DA adduct carbonyl group, 

the signal at 1152 cm-1 related to asymmetric stretching vibration of C-

O-C bond and the band at 733 cm-1 due to the deformation out of the 

plane of the =C-H confirmed the presence of the DA adduct [21,22]. 

 

Figure 8.8. FTIR of the synthesized triol. 

Before the synthesis of DA containing polyurethanes, the 

thermo-reversibility of the DA adduct was evaluated. The synthesized 

triol was characterized by DSC. The triol was subjected to various 

heating and cooling scans, which are summarized in Figure 8.9. 

Figure 8.9a shows the results of cycle 1 constituted by five 

consecutive steps. In this cycle, a first dynamic heating sweep (10 ºC 
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min-1) was carried out up to 200 ºC followed by a controlled cooling and 

an isothermal annealing of 3 h at 65 ºC and finishing with a second 

dynamic scan (10 ºC min-1) up to 200 ºC. The thermogram of the first 

scan shows three stages: triol fusion, DA opening reaction and 

maleimide homopolymerization [23]. DA formation at 65 ºC was not 

possible due to the maleimide homopolymerization in the first scan, 

consequently the second scan did not present the r-DA. Therefore, the 

first step of cycle 2 and 3 was modified as shown in Figure 8.9b and 

Figure 8.9c. 

Figure 8.9b-c present results of cycle 2 and cycle 3, in both cycles 

first dynamic sweeps (10 ºC min-1) were carried out up to 160 ºC and 140 

ºC respectively, continued by a controlled drop including an isothermal 

step at 65 ºC for 3 h and followed by a second heating (10 ºC min-1) up 

to 200 ºC. In the case of cycle 3, there was an isothermal step of 1 hour 

once the target heating temperature (140 ºC) was reached.  

In both cases, the maleimide groups formed during the r-DA were 

available for the subsequent DA formation during the isothermal step for 

3 h at 65 ºC. The reversible DA reaction occurred. In addition, in the 

thermograms of the second scans of the two cycles, the retro reaction of 

the DA could be observed indicating that the DA had been re-formed 

during isothermal step. In the case of cycle 3, which had more time for 

the reversible reaction and the same time for the formation of the DAs 

again, the second scan showed a slight difference with the others. 

Therefore, not only the temperature at which r-DA is brought can 

affect reprocessability and recyclability, but time also plays an important 
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role in the degree or magnitude of that reprocessability and recyclability 

takes place. 

a) Cycle 1 

Thermograms Temperature cycle 

 
 

b) Cycle 2 

Thermograms Temperature cycle 

  
c) Cycle 3 

Thermograms Temperature cycle 

  
Figure 8.9.Triol-DA thermograms for the different heating and 

cooling cycles. 
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Once the thermo-reversibility of the triol with the DA adduct 

corroborated, a BIO-PUR with including this component (BIO-PUR-

DA) was synthesized. The scheme of the synthesis and thermo-

reversibility is shown in Figure 8.10. 

The DA adduct was solid at RT, which is the temperature used 

for the preparation of polyurethane resin mixture, and therefore a 

reactive solvent of Triol-DA was employed. 1,3-Propanediol was 

selected in order to maintain as high as possible the Triol-DA content in 

the formulation and also according to previous miscibility tests. As 

shown in Figure 8.11, Triol-DA and PD presented good miscibility 

among them and with pMDI, obtaining a homogeneous dispersion of 

BIO-PUR-DA before curing.  

 

Figure 8.10.Schema of the strategy to integrate the DA adduct in the 

BIO-PUR formulation. 
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Figure 8.11. Triol- DA appearance at RT and miscibility of the 

components. 

The curing reaction of BIO-PUR-DAs was characterised by 

dynamic DSC tests at 10 ºC min-1 (Figure 8.12). In both systems the first 

peak is attributed to the curing reaction which can be overlapped with 

DA adduct fusion and r-DA reaction and followed by maleimide 

homopolymerization. In the BIO-PUR-DA2 system, the maleimide 

homopolymerization reaction was more intense, due to the higher adduct 

content. 

As can be observed, the BIO-PUR-DA1 and BIO-PUR-DA2 

systems showed curing peak maximums at 95 and 90 ºC, quite similar to 

BIO-PUR2 (92 ºC). Therefore, and in order to avoid the r-DA reaction 

during the resin curing, a temperature between the curing peak maximum 

and the starting of the r-DA reaction was selected (105 ºC). 

 



Nuevas formulaciones de PUR más sostenibles para componentes estructurales  
 

246 

 

BIO-PUR-DAs plates were prepared by casting and curing at 105 

ºC for 1 h (Figure 8.13). 

As expected according to components functionality and content, 

BIO-PUR-DA2 presented higher flexibility due to the higher content of 

PD component, both difunctional and aliphatic, which contributes more 

to chain extension than to crosslinking providing chain mobility (Figure 

 

Figure 8.12. DSC thermograms of BIO-PUR-DA systems and BIO-

PUR2. 

BIO-PUR-DA1 BIO-PUR-DA2 

  

Figure 8.13.BIO-PUR-DA plates 
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8.13). The BIO-PUR-DA1 showed higher rigidity and could be more 

suitable for structural application, and this is the reason why it was 

selected for the subsequent study. 

A preliminary thermo-reversibility study was preformed, where 

the BIO-PUR-DA1 was subjected to various heating and cooling cycles 

(Figure 8.14) and analysed by FTIR (Figure 8.15). The evolution of the 

bands characteristic of furfuryl group at 1017, 914 and 724 cm-1 

[21,22,24], maleimide group at 813 and 696 cm-1 [22,24,25] and DA 

adduct at 765 cm-1 [22,25] were analysed. 

After the first heating at 120 ºC for 1 h and subsequent fast 

cooling out of the oven, the characteristic band of isocyanate group at 

2270 cm-1 disappeared, suggesting that polymerization was not 

completed at 105 ºC. Moreover, new bands related with furfuryl group 

at 914 and 724 cm-1 and with maleimide group at 696 cm-1 could be seen, 

suggesting the occurrence of r-DA reaction.  

The ability of DA adduct re-formation was also analysed. Once 

the sample is heated at 120 ºC for 1 h, it was cooled down up to 80 ºC 

and annealed at this temperature for 5 h in an oven, leaving it inside to 

reach RT. No significant variations were observed in the characteristic 

bands of furan and maleimide, suggesting that the maleimide and furan 

groups generated by the r-DA reaction were not recombined by the DA 

reaction during the annealing at 80 °C. This could indicate that 5 h and 

80 ºC are not enough to coupling DA adduct in the polyurethane plate. 

Yasuda el al. Reported 60 ºC for 48 h for the coupling of DA adduct in 

healing tests [25]. 
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The effect of the temperature on the extension of r-DA reaction 

was also analysed. The BIO-PUR-DA1 plate was subjected to 160 ºC for 

1 h in an oven and cooled down fast out of the oven. As can be seen, the 

intensity of the characteristic bands of the maleimide group at 813 and 

696 cm-1 increased. Moreover, the band attributed to DA adduct at 765 

cm-1 slightly decreased. This suggests that the extension of r-DA reaction 

is favoured at the higher temperature studied, as also reported by other 

authors. Yasuda et al. reported onset temperatures in the range of 140-

150 ºC for the r-DA reaction of cured products[25]. Moreover, the 

additional cooling up to 80 ºC, annealing the sample at this temperature 

for 5 h in an oven and leading to cool down to RT in the oven, results in 

a decrease of the maleimide band intensity at 696 cm-1respect to the band 

of DA adduct at 765 cm-1, suggesting that the maleimide and furan 

groups generated by the r-DA reaction at 160 ºC were partially 

recombined by the DA reaction during the annealing at 80 °C. The 

obtained preliminary results, in agreement with previous DSC results, 

confirmed that the synthesised BIO-PUR-DA1 experienced successfully 

the thermo-reversible r-DA/DA reactions.  
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Figure 8.14.BIO-PUR-DA1temperature cycles. 
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Figure 8.15. FTIR of BIO-PUR-DA1after temperature cycles. 

Based on the previous results, to study the reprocessability of the 

BIO-PUR-DA1, a grinded plate was heated in the press under 15 bar for 

1h at 160 ºC to enable r-DA reaction and then a controlled cooling was 

carried out holding at 80 ºC 5 h to allow the DA reaction (Figure 8.16). 
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The process was repeated to verify that the reprocessing capacity was not 

lost after the first test. The results were promising (Figure 8.16) showing 

the capability of forming a new plate. 

 

Figure 8.16. Preliminary tests of BIO-PUR-DA1 reprocessability. 
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8.6.2. Synthesis of BIO-PUR with recycled 

components 

The second strategy was the synthesis of PUR using recycled 

monomers. For that purpose, bis(2-hydroxyethyl) terephthalate, BHET, 

kindly provided by the GMT-EHU/UPV group was used. The BHET was 

obtained by glycolysis of PET bottles collected in the sea according to a 

previously optimized protocol [14]. Briefly, glycolysis was performed in 

a closed reactor using ethylene glycol (EG) with a ratio of PET:EG of 

1:3, under a pressure of 3 bar, at 220 ºC and during 30 min. The obtained 

mixture was filtered with excess of water, and the fraction rich in BHET 

recovered and dried at 60 °C under vacuum. The BHET was 

characterized by FTIR, 1H NMR, GPC, DSC and TGA before its use in 

the synthesis of PUR.  

The chemical structure of BHET was analysed by FTIR and 1H 

NMR (Figure 8.17). FTIR spectrum (Figure 8.17a) shows the 

characteristic stretching vibration of hydroxyl group at 3442 cm-1, the 

double band attributed to stretching vibration of ester carboxyl group at 

1712 cm-1 and 1690 cm-1 and the absorption band of aromatic group at 

1508 cm-1  [26]. 1H NMR spectrum (Figure 8.17b) shows a peak at 8.1 

ppm assigned to protons of the aromatic ring, a, b, c and d, a signal 

attributed to hydroxyl groups at 4.95 ppm, the peak assigned to 

methylene groups (-CH2-) adjacent to the -OH groups at 3.73 ppm and 

the signal of methylene groups (-CH2-) adjacent to the -COO groups at 

4.33 ppm. The peak around 2.5 ppm belongs to DMSO-d6 used as 

solvent and the peak at 3.3 can be attributed to residual H2O [26]. 
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Figure 8.17. a) FTIR and b) 1H NMR spectra of the BHET obtained 

from PET glycolysis. 

The obtained BHET was also analyzed by GPC (Figure 8.18). As 

can be observed, BHET shows two peaks centred at 36 and 41 min 

retention times, ascribed to BHET dimer (Mn = 380-393 g mol-1 and Mw 

= 384-396 g mol-1 according to polystyrene standard) that represents a 
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180 g mol-1), respectively. The obtained results confirmed that the 

obtained fraction is mainly constituted by the BHET monomer. 

 

Figure 8.18. GPC chromatogram of the BHET obtained from 

PET glycolysis. 

BHET was also thermally characterized. DSC thermogram 

(Figure 8.19a) shows a prominent melting peak around 113 °C attributed 

to BHET monomer and a small melting enthalpy centred at 213 °C 

attributed to the crystalline structures formed by the BHET dimers. 

Regarding thermal stability, the first weight loss observed by TGA is 

related to the degradation of BHET monomer, whereas the second one 

centred at 433 °C to the degradation of PET formed during the 

thermogravimetric analysis (Figure 8.174b) [27].  
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Figure 8.19. a) DSC and b) mass loss (lines) and derivative (dot 

line) of the BHET obtained from PET glycolysis. 

The structural and thermal analysis results confirmed that the 

glycolyzed product recovered from the glycolysis of highly degraded 

marine PET consist on BHET with high purity, which will be 

investigated in the synthesis of PUR. 

The BHET is solid at RT but the monomer presented good 

miscibility with the polyol under stirring. After 20 min under 1000 rad 

min-1 a homogeneous dispersion was obtained (Part A), which can be 
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mixed and react with the isocyanate (Part B). BIO-PUR-R plate was 

prepared by casting and curing 1 h at 120 ºC (Figure 8.20). 

 

 

Figure 8.20. BIO-PUR-R plate preparation. 

Viscosity evolution results from oscillatory temperature sweeps 

of BIO-PUR-R system are shown in Figure 8.21. The new formulation 

was compared with the BIO-PUR2 system optimized for leaf spring 

RTM manufacturing process. 

Temperature sweep rheology tests show that BIO PUR-R 

reactivity is similar to the BIO-PUR2 reactivity (Figure 8.21). However, 

the initial viscosity increased. This effect is attributed to the BHET 

incorporation in the formulation. This monomer is solid at RT and 

presents a high melting point (113 ºC) making BIO-PUR-R viscosity 

higher than BIO-PUR2. 
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Figure 8.21.Viscosity evolution with temperature for BIO-PUR-R 

and BIO-PUR2 systems. 

The curing reaction of BIO-PUR-R was also characterized by 

dynamical DSC tests and compared with the BIO-PUR2 optimized 

formulation. Figure 8.22 shows the thermograms obtained at 10 ºC min-

1.  

 

Figure 8.22. Dynamic DSC thermograms. 
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system peak has a maximum at 92 ºC, whereas it appears at 91 ºC for 

BIO-PUR2. However, BIO-PUR-R was less reactive at temperatures 

lower than 80 ºC, problably due to it’s higher viscosity. 

Another critical factor for ultra-fast cure resins is the heat released during 

curing. As mentioned before, the fast heat production speed the resins 

curing producing temperature instabilities. The total heat of reaction, 

taken as the value obtained at 10 ºC min-1 was 205 J g-1 for the BIO-

PUR2 system whereas for the BIO-PUR-R the heat was 130 J g-1, which 

is a satisfactory result. As previously discussed, the lower total heat of 

reaction could be related with the lower total hydroxyl or isocyanate 

groups content of BIO-PUR-R. 

 Once the suitability of the system evaluated, plates were prepared 

by casting and curing at 120 ºC for 1 h (Figure 8.23) and tested to 

determine the final properties. 

 

Figure 8.23. BIO-PUR-R plate. 

 Figure 8.24 shows the tan δ results of BIO-PUR-R and BIO-

PUR2 polyurethanes. The Tg of each material is taken as the temperature 

value of the maximum of tan δ. As can be seen in the Figure 8.24 the 

BIO-PUR2 Tg value (167 ºC) is higher than BIO-PUR-R Tg (138 ºC). 

This is attributed to the higher cross-linking density of BIO-PUR2 
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system. Even so, the BIO-PUR-R fulfilled the automotive structural parts 

requirements (Tg > 120 ºC). 

 

Figure 8.24. BIO-PUR-R and BIO-PUR2 curves of tan δ vs 

temperature. 

 BIO-PUR-R sample was also mechanically characterized 

(Figure 8.25) and compared to BIO-PUR2. Table 5.3 summarizes the 

flexural mechanical properties of the BIO-PUR-R and BIO-PUR2 

systems. It could be observed that with the addition of BHET the flexural 

modulus value was comparable to the optimized BIO-PUR2 system. 

Nevertheless, due to the BHET incorporation the BIO-PUR-R fragility 

increased and the flexural strength and flexural strain values were lower 

than the BIO-PUR2. The results of the DMA test demonstrated the lower 

crosslinking density of the BIO-PUR2 than BIO-PUR-R, being this the 

reason to higher flexural strength and flexural strain. The maintenance 

of the modulus was associated to the BHET aromatic rings. 
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Figure 8.25. Flexural strength testing results for BIO-PUR 

composite plate. 

 

Table 8.3. Flexural properties of the BIO-PUR2 and BIO-PUR-R 

systems. 

Systems 

Flexural 

strength 

Flexural 

modulus 
Flexural strain  

MPa GPa % 

BIO-PUR2 124,2 ± 2,3 2,9 ± 0,1 6,9 ± 0,3 

BIO-PUR-R 90,9 ± 2,2 3,0 ± 0,1 3,6 ± 0,15 

 

8.7. CONCLUSIONS 

In this chapter a valid end of life option for the newly developed 

sustainable BIO-PUR formulation was explored with the incorporation 

of dynamics bonds adding a novel triol with DA (Triol-DA) into the 
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formulation (BIO-PUR-DA). BIO-PUR-DA polyurethane systems with 

high renewable content, up to 40%, were synthesised. 

The reprocessability of the systems was demonstrated with the 

production of two successful consecutive reprocess cycles.  

Results show that temperature is not the only factor affecting r-DA/DA 

reprocessability and recyclability, time also plays an important role in 

the degree or magnitude of that reprocessability and recyclability takes 

place.  

Regarding the incorporation of recycled monomers in the BIO-

PUR adding BHET, rheology and DSC tests show that the reactivity of 

the system is similar to the reference BIO-PUR2 formulation at 

temperatures higher than 80 ºC, whereas viscosity is higher. The reaction 

was also less exothermic than the reference system.  

 The BIO-PUR-R presented high Tg value, 138 ºC, higher than 

120 ºC, fulfilling the automotive structural parts requirements. However, 

the BIO-PUR2 presented a higher Tg, 167 ºC, due to higher cross-linking 

density. 

 The BIO-PUR-R presented a high flexural modulus, comparable 

to the optimized BIO-PUR2. However, the crosslinking density decrease 

resulted in a higher fragility, and the flexural strength and flexural strain 

values were lower than the BIO-PUR2. 
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9.1. CONCLUSIONES GENERALES 

En este trabajo se han desarrollado formulaciones de base 

poliuretano más sostenibles específicas para aplicaciones estructurales y 

viables para el proceso de RTM.  

Para ello se ha trabajado en aportar soluciones en cuanto al 

control de la reactividad, origen de las materias primas, eficiencia del 

proceso y fin de vida. 

Control de la reactividad:  

Se han estudiado diferentes sistemas catalíticos basados en un epóxido 

combinado con LiCl para aportar latencia PUR’s. Se ha visto que la 

adición del LiCl provoca que la sal y el epóxido formen un alcóxido que 

acelera la reacción y empeora su latencia. La adición de un diol o monol 

en la formulación hace que el LiCl quede encapsulado por la formación 

de puentes de hidrógeno entre los grupos uretano generados 

proporcionando la latencia necesaria en la primera parte del proceso.  

Cuando la reacción progresa el calor generado rompe estos puentes de 

hidrógeno y permite que se forme el alcóxido acelerando la última parte 

del curado. La incorporación del diol (DAS) resulta ser más efectiva que 

el monol, obteniéndose el perfil de reactividad deseado y una Tg final de 

133 ºC, evitando el postcurado.  
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La simulación del proceso de RTM de una ballesta de suspensión 

demuestra la viabilidad del sistema a las temperaturas y presiones 

utilizadas habitualmente en la industria (120 ºC, 70-100 bar). 

Incorporación de componentes de origen vegetal en la formulación 

Se han sintetizado BIO-PURs a partir de polioles derivados de 

aceites vegetales de diferentes índices de hidroxilo y funcionalidades y 

se ha estudiado el efecto de dichas características en sus propiedades. 

Los polioles biobasados con alta funcionalidad (f ≥ 3) e índices 

de hidroxilo (IOH > 200 mg KOH g-1) resultan ser más viables para la 

aplicación debido a que presentan altas reactividades y Tg’s, siendo el 

más prometedor el Polycin 400, derivado del aceite de ricino. El sistema 

con este poliol presenta una muy buena combinación de baja viscosidad, 

alta reactividad, alta Tg y las propiedades mecánicas necesarias para la 

aplicación objetivo.  

El único factor a mejorar es el módulo elástico, que resulta 

inferior al de la resina de referencia de origen petroquímico. Sin 

embargo, se ha visto que las propiedades finales (térmicas y mecánicas) 

se pueden mejorar con la adición de un agente de entrecruzamiento 

basado biobasado como el glicerol. Con el glicerol se obtiene un valor 

del módulo equivalente y una Tg superior a la resina de referencia. 

Además, se ha visto que el poliol seleccionado (Polycin 400) 

aporta latencia al sistema, presentando un perfil de viscosidad sin 

catalizar similar al del sistema de referencia con un catalizador de acción 

retardada. La adición del sistema catalítico permite retrasar todavía más 

la reacción en caso de ser necesario (RTM a baja presión).  
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De nuevo, la simulación del proceso de RTM ha permitido 

demostrar la viabilidad del sistema (tanto sin catalizar como catalizado) 

para la aplicación objetivo. 

Mejora de la eficiencia del proceso  

Para la mejora de la calidad del proceso de fabricación, se ha 

estudiado la influencia de la velocidad de llenado en la porosidad 

fabricando y ensayando probetas extraídas a diferentes velocidades. 

Aunque no ha sido posible el estudio en el rango deseado, se ha visto que 

es posible fabricar componentes de buena calidad a velocidades entre 1 

y 6 mm s-1.  

Una vez seleccionado el rango de velocidades de llenado óptimo, 

se han fabricado y ensayado placas de composite de BIO-PUR reforzado 

con fibra de vidrio obteniéndose una buena calidad, con menos de un 2% 

de poros y una Tg mayor de 120 ºC. Con respecto a las propiedades 

mecánicas, se alcanza un módulo superior a 35 GPa y resistencia mayor 

que 1000 MPa, cumpliéndose con creces los requisitos para piezas de 

automoción estructurales.  

Por otra parte, se ha desarrollado un modelo basado en la 

metodología DDAS de cara a mejorar la robustez del proceso. Este 

modelo es capaz de detectar y predecir los cambios en la velocidad de 

llenado debidos a variaciones en la permeabilidad y permitiría la 

implementación de sistemas de control capaces de corregir en tiempo 

real estas desviaciones.  
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Otras aplicaciones 

Además, y dada la creciente demanda de resinas más sostenibles 

en diferentes sectores se ha estudiado la viabilidad del sistema 

desarrollado para otras aplicaciones como la eólica, utilizándose en este 

caso para la fabricación el proceso de infusión. 

En este caso, la viscosidad del sistema resulta demasiado alta a 

temperatura ambiente por lo que ha sido necesario aumentar la 

temperatura de proceso a 40 ºC. La resina está optimizada para ciclos 

cortos de RTM a temperaturas de 120 ºC por lo que sería necesario 

reformularla para la aplicación. Sin embargo, los resultados obtenidos 

son prometedores. 

Se ha visto que el principal reto es el control de la humedad, ya 

que la resina tiende a absorber agua y formar CO2, con la consiguiente 

formación de burbujas.  

No obstante, se ha demostrado con una selección adecuada de los 

parámetros del proceso es posible fabricar piezas de composite de alta 

calidad (con sólo un 0.5% de porosidad) 

Fin de vida y circularidad 

Por último, para la mejora del fin de vida del BIO-PUR 

desarrollado se ha explorado la opción de integrar enlaces dinámicos. 

Para ello, se ha desarrollado un triol con enlaces dinámicos de tipo Diels-

Alder (Triol-DA) que se ha agregado a la formulación (BIO-PUR-DA).  

Se han sintetizado sistemas BIO-PUR-DA con alto contenido 

renovable de hasta un 40%, demostrándose mediante ensayos 
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consecutivos de reprocesamiento la reprocesabilidad de los sistemas 

desarrollados. 

Por otra parte, los resultados han mostrado que la temperatura no 

es el único factor que afecta la capacidad de reprocesamiento y 

reciclabilidad de r-DA/DA, el tiempo también juega un papel importante 

en el grado o magnitud de la capacidad de reprocesamiento y 

reciclabilidad. 

 La Tg y las propiedades mecánicas del BIO-PUR-R obtenidas en 

los ensayos de DMA y de flexión muestran que la Tg es más baja y el 

sistema es más frágil que el BIO-PUR2. Sin embargo, la Tg obtenida 

cumple con los requisitos de la aplicación (Tg > 120 ºC) y el módulo de 

flexión es equivalente al del sistema optimizado. La menor densidad de 

reticulación del sistema con BHET hace que la Tg, resistencia y 

deformación a flexión se vean reducidos.  

 El contenido renovable y reciclado del poliuretano BIO-PUR-R 

desarrollado fue de hasta un 40%. 

 

9.2. TRABAJOS FUTUROS 

Basándose en los resultados obtenidos, se han identificado las 

siguientes líneas en las que sería interesante continuar investigando 

Validación de las formulaciones a fatiga  

En este trabajo se ha demostrado que el sistema BIO-PUR 

desarrollado permite fabricar piezas de composite de alta calidad y 
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propiedades mecánicas equivalentes a las resinas de origen 

petroquímico. 

Sin embargo, el estudio se ha realizado mediante ensayos 

estáticos. Una de las propiedades más interesantes para la aplicación 

objetivo y donde los PU’s podrían aportar mayores ventajas es la 

resistencia a la fatiga. Esta propiedad es muy dependiente de la 

configuración de la pieza y, en el caso de las ballestas de suspensión, los 

fabricantes comunicaron que son muy sensibles a las tensiones residuales 

provocadas por diferencias en el grado de curado debido a su gran 

espesor [1-4].  

Por ello, se considera necesario ensayar probetas con una relación 

de aspecto muy cercano al real.  Actualmente se está trabajando en esta 

línea, en la que se han podido llevar a cabo algunos avances en la 

fabricación de un demostrador (530 mm x 85 mm x 25 mm) que 

posteriormente se ensayará a fatiga (Figura 9.1). 

 

Figura 9.1. Fotos de las pruebas de la fabricación del demostrador 

de ballesta. 
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Aumento del contenido de componente biobasado en las 

formulaciones 

A pesar de que las formulaciones de resinas desarrolladas entran 

dentro de la categoría de bio-basadas por tener un porcentaje BIO mayor 

del 20% (29%) sería interesante trabajar en aumentar este porcentaje, por 

ejemplo, con la utilización de polioles con un mayor porcentaje de 

carbono renovable, a pesar de que probablemente no existan alternativas 

comerciales. En este trabajo los polioles utilizados presentaban un 

contenido carbono renovable máximo del 80%.  

Por otra parte, también sería interesante aumentar el porcentaje 

de componente bio y/o sostenible en el composite con la incorporación 

de fibras naturales como cáñamo, yute o fibras recicladas y estudiar su 

viabilidad para piezas estructurales de automoción u otras aplicaciones 

[5-9]. 

Mejora de la eficiencia del proceso 

Se ha visto que el modelo basado en DDDAS es capaz de detectar 

y predecir los cambios en la velocidad de llenado debidos a variaciones 

en la permeabilidad. El siguiente paso sería la implementación en un 

molde sensorizado y validación de un sistema de control con este 

modelo, verificando su capacidad de corregir on-line los parámetros de 

proceso (presión o velocidad de alimentación) para que el proceso se 

realice a una velocidad óptima en la que no se produzcan porosidades o 

áreas secas. 
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Otras aplicaciones 

En este trabajo, se ha realizado un estudio preliminar, 

demostrándose la viabilidad del sistema desarrollado para otras 

aplicaciones como la eólica y el proceso de infusión. Sin embargo, se ha 

visto que sería necesario mejorar algunos aspectos de cara a su 

implementación como la viscosidad y reactividad del sistema. En ese 

sentido se prevé colaborar con Covestro que ha desarrollado un sistema 

de PU’s de muy baja viscosidad optimizado para la infusión de palas. 

Actualmente se está en proceso de firma de un NDA.  

Por otra parte, se considera que estas resinas podrían ser de 

interés para el campo de la energía offshore, tanto para eólica como para 

otros sectores, por lo que se está estudiando el comportamiento de estos 

materiales en ambiente marino en el laboratorio flotante HarshLab de 

Tecnalia [10].  

Para ello, se han fabricado probetas por infusión y se han 

colocado en la zona atmosférica y en la zona de inmersión, con el fin de 

estudiar su viabilidad en aplicaciones como las palas de los 

aerogeneradores o estructuras de plataformas flotantes. Para llevar a cabo 

el estudio es necesario mantener las probetas durante 3 y 6 meses por lo 

que se espera tener estos resultados en breve. 

La Figura 9.2c muestra el aspecto de las probetas después de 1 

mes de inmersión.  
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a) 

 

b) 

 

c) 

 

Figura 9.2. a) Probetas para el ensayo en el HarshLab, b) Las 

probetas colocadas en el HarshLab y c) el aspecto de las probetas 

tras 1 mes. 



9.Conclusiones finales y sugerencias para trabajos futuros 

277 

 

Resinas para paneles fotovoltaicos 

Otra de las energías renovables en el que los composites y en 

concreto las resinas sostenibles presentan un gran interés es la energía 

solar fotovoltaica.  

Los módulos fotovoltaicos Solarface desarrollados por Tecnalia 

(WO2016038000) consisten en un composite transparente en el que se 

embeben las células fotovoltaicas permitiendo la fabricación de módulos 

fotovoltaicos estructurales de gran ligereza. En este sentido los BIO-PUR 

podrían ser una alternativa más sostenible que las resinas epoxi de origen 

petroquímico utilizadas actualmente.  

Sin embargo, las resinas para esta aplicación deben ser 

transparentes y el isocianato utilizado en la formulación presenta un 

color amarillento debido a su naturaleza del isocianato (pMDI). Se ha 

realizado un ensayo preliminar en la EQE (External Quantum 

Efficiency) a muestras de resina sin reforzar tanto del BIO-PUR 

desarrollado en este trabajo (BIO-PUR3) como a un BIO-PUR 

sintetizado a partir de un isocianato transparente de base MDI. La 

muestra con MDI presenta valores que se podrían acercar más a los 

mínimos necesarios (muestras de composite) por lo que se seguirá 

trabajando en esta línea.  
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a) 

 

b) 

 

Figura 9.3. a) Ensayo preliminar en la EQE (External Quantum 

Efficiency) y b) Resultados en los que se presentan eficiencia 

cuántica frente a longitud de ondapara los diferentes sistemas. 
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Fin de vida y circularidad 

A lo largo de estos años se ha comprobado que a pesar de que el 

aumento de la circularidad de los materiales composites es un tema que 

se considera crítico en diferentes sectores (automoción, eólica, 

fotovoltaica...) queda aún mucho camino por recorrer. En este trabajo se 

han explorado nuevas líneas de investigación para la mejora de fin de 

vida y circularidad de los BIO-PUR desarrollados. Se han obtenido 

resultados muy prometedores tanto con la incorporación de enlaces de 

dinámicos de tipo Diels-Alder para mejorar su reciclabilidad como con 

la utilización de BHET proveniente de PET reciclado. Por lo tanto, se va 

a continuar trabajando y colaborando en estas dos líneas considerada 

como estratégicas tanto para Tecnalia como para el grupo de la GMT-

EHU/UPV. 

Incorporar elementos reciclados 

 En este trabajo se ha visto viable incorporar elementos 

componentes derivados de plásticos reciclados como el BHET. Se han 

podido fabricar BIO-PUR-R con un 40% de contenido reciclable y 

biobasado. Sin embargo, la incorporación del BHET a pesar de que se 

obtengan un módulo equivalente al sistema de BIO-PUR optimizado, 

aumenta la fragilidad del material. El siguiente paso sería modificar la 

formulación para aumentar la tenacidad del material. Esto se podría 

hacer por varias vías. En este trabajo se ha substituido totalmente el 

glicerol por el BHET por lo que se podrían evaluar diferentes grados de 

sustitución de glicerol utilizando diferentes relaciones de glicerol:BHET. 
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También se podrían utilizar otros polioles biobasados con mayor peso 

equivalente para lograr una mayor flexibilidad, pero con mayor 

funcionalidad para mantener el grado de reticulación al máximo posible.  

Por otra parte, habría que optimizar los parámetros de proceso y fabricar 

placas de composite con esta formulación y caracterizar las propiedades 

finales (Tg y propiedades mecánicas)  

Fin de vida 

 En este trabajo se ha visto que es posible incorporar enlaces 

dinámicos en los BIO-PUR para obtener nuevas formulaciones, BIO-

PUR-DA1 reprocesables por lo que se considera interesante seguir 

investigando en esta línea. El siguiente paso sería realizar el estudio 

reológico del BIO-PUR-DA1 para analizar los tiempos de relajación de 

la resina a diferentes temperaturas, con el objeto de caracterizar y 

optimizar su termo-reversibilidad. Por otra parte, también sería necesario 

optimizar los parámetros de proceso y fabricar placas de composite con 

esta formulación y caracterizar las propiedades finales (Tg y propiedades 

mecánicas) y también desarrollar el proceso de reciclado. 
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 Grado de curado 

∆P Gradiente de presión 

1H NMR Resonancia magnética nuclear de protones 

BDDE 1,4-butanodiol diglicidil éter 

BDG Dietilenglicol dibutil éter 

BDMAEE 2-[2-(dimetilamino)etoxi]-N,N-dimetiletanamina 

BHET Bis(2-Hidroxyethil) tereftalato 

BIO-Gly Glicerol biobasado 

BIO-PUR Poliuretanos termoestables de origen vegetal 

CAN Redes adaptables covalentes 

C-RTM Moldeo por transferencia de resina de alta presión por 

compresión  

d/dt Velocidad de curado 

DA Diels Alder 

DA Diels Alder 

DABCO 1,4-diazabiciclo[2.2.2]octano 

DAS 1,4:3,6-dianhidro-D-glucitol o D-isosorbide 

DDDAS Sistemas de aplicación basados en datos dinámicos 

DDI diisocianato de dimerilo 

DMA Análisis mecánico diferencial 

DSC Calorimetría diferencial de barrido 

E, E1, E2 Energía de activación 

E’T+50 Módulo de almacenamiento en la región elastica 

f Funcionalidad de los polioles 

F() Factor de difusión 

FTIR Espectrofotómetro de transformada de Fourier 

G’ Módulo de almacenamiento 

G’’ Módulo de perdida 

GPC Cromatografía de permeación por gel 
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H Calor instantáneo desarrollado durante la reacción de 

polimerización de la resina 

H12MDI Diciclohexilmetano-4,4'-diisocianato metileno-bis-(4-

isocianatociclohexano) 

HDI 1,6- Hexametilen diisocianato 

HP-RTM Moldeo por transferencia de resina de alta presión 

HT Calor total de la reacción 

ILSS Resistencia al cizallamiento interlaminar 

IOH Índice de hidroxilo 

IPDI Isoforone diisocianato 

IVP Problema de valor inicial 

K Permeabilidad de la preforma 

k1, k2 Factor preexponencial (ecuación Kamal-Sourour) 

Kav, Kele, 

Kint, Ksp 

Valores de permeabilidad determinadas por diferentes 

métodos de cálculo (basado en el promedio, el método 

elemental, basado en la interpolación y el basado en el 

punto único)  

LCM Proceso de moldeo por vía líquida de composites 

L-LDI Diisocianato de etil ester L-lisina 

LLTI Triisocianato de etil ester L-lisina 

LSF Ajuste por mínimos cuadrados 

LVR Rango Viscoelástico Lineal 

MDI 4,4’-Difenil metano diisocianato 

Mn Peso Molecular Promedio en Número 

Mw Peso molecualar 

nth, mth Orden de reacción 

P Presión 

ɸ Porosidad 

PET Politereftalato de etileno 

pMDI 4,4’-Difenil metano diisocianato polimérico 
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PUR Poliuretanos termoestables 

Q Flujo de la resina 

R Constante universal de los gases ideales (8.314 J mol-1 K-1) 

rDA Reacción de Retro-Diels-Alder 

R-RIM Inyección de resina reforzada 

RT Temperatura ambiente 

RTM Moldeo por transferencia de resina 

S Área transversal 

S-RIM Inyección de resina estructural 

T Temperatura 

TDI 2,4- o 2,6-Tolueno diisocianato 

Tg,  Transición vítrea 

TGA Análisis termogravimétrico 

THF Tetrahidrofurano 

Tm Temperatura de fusión 

TPU Poliuretanos termoplásticos 

UD Unidireccional 

v Velocidad de impregnación de la resina 

VAP Proceso asistido por vacío 

Vf Volumen de fibra de composite 

VOC Compuestos orgánicos volátiles 

Vv Volumen de poros 

x Posición del frente de flujo 

η* Viscosidad de la resina 

η0, p1, p2 Parámetros ajustables (ecuación Castro-Macosko) 
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 En este trabajo se han utilizado polioles comerciales tanto de 

origen petroquímico como de origen renovable.  

 Entre los de origen petroquímico, se han utilizado tres polioles de 

tipo polieter, Voraforce TR 1551-Polyol [1], amablemente suministrado 

por Dow Chemical (Milano, Italia), y los Lupranol 3300 y Lupranol 

3422, derivados de glicerol y sorbitol respectivamente [2], amablemente 

suministrados por Basf Española (Barcelona, España).  

 Entre los de origen renovable, se han utilizado siete polioles 

comerciales derivados de diferentes aceites vegetales, como los Emerox 

14060 y Emerox 14090 derivados de aceite de palma [3], amablemente 

suministrado por Emery (Cincinnati, USA), los Priplast 3186 y Priplast 

4F derivados de varios tipos de aceites [4,5] , amablemente suministrado 

por Croda Ibérica (Barcelona, España), y los Polycin T-400, Polycin T-

12 y Polycin M-280 derivados de aceite de aceite de ricino [6], 

amablemente suministrados por Bercen de Vertellus (Denham Springs, 

USA).  

 En la Tabla A.1 se resumen las principales propiedades de los 

polioles utilizados en este trabajo, proporcionadas por el proveedor o 

determinadas en su defecto, como el índice de hidroxilo (IOH), la 

funcionalidad (f), la viscosidad a 25 ºC, el peso equivalente y el 

contenido de carbono renovable en el caso de los biobasados. El índice 

de hidroxilo se ha determinado mediante valoración según la norma 

ASTM D 4274-05 [7].  
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 Los polioles utilizados en este trabajo también han sido 

caracterizados espectroscópicamente mediante FTIR con la finalidad de 

determinar los principales grupos funcionales y el tipo de poliol. Los 

resultados relativos a esta caracterización se muestran en la Figura A.1, 

Figura A.2, Figura A.3 y Figura A.4. 

 La Figura A.1 muestra los espectros FTIR de los polioles de 

origen petroquímico. 

 

Figura A.1. Espectro infrarrojo de los polioles Voraforce TR 1551-

Polyol, Lupranol 3300 y Lupranol 3422. 

 Como se observa en la Figura A.1, los tres polioles presentan 

espectros muy similares. No se observan diferencias apreciables ni en las 

posiciones de las bandas, ni en las intensidades. En la Tabla A.2 se 

detallan las principales bandas del espectro infrarrojo, así como la 

asignación de las bandas significativas observadas en los espectros FTIR. 
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Tabla A.2. Asignación de los picos significativos del espectro FTIR de 

los polioles Voraforce TR 1551-Polyol, Lupranol 3300 y Lupranol 3422. 

Número de onda Asignación 

3650-3050 ν (O-H) 

2970, 2915, 2865 ν (-CH3, -CH2, -CH) 

1476-1450 δ (-CH2, CH3 (as)) 

1379 δ (- CH3 (si)) 

1196-1015  (C-O) de -CH2-OH y -CH-OH 

 Del análisis FTIR de los polioles Voraforce TR 1551-Polyol, 

Lupranol 3300 y Lupranol 3422 se confirma que son polioles de tipo 

poliéter con alto contenido de grupos hidroxilo. 

 En lo que respecta a los polioles biobasados, la Figura A.2, 

Figura A.3 y Figura A.4 muestran los espectros FTIR de los polioles 

suministrados por Emery, Croda y Vertellus, respectivamente. En la 

Tabla A.3, Tabla A.4 y Tabla A.5 se detallan las principales bandas del 

espectro FTIR y la asignación de las bandas. 
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Figura A.2. Espectro infrarrojo de los polioles Emerox 14060 y 

Emerox 14090. 

Tabla A.3. Asignación de los picos significativos del espectro FTIR de 

los polioles Emerox 14060 y Emerox 14090.  

Número de onda (cm-1) Asignación 

3660-3290  (O-H) 

-, 2931, 2857  (-CH3, -CH2-, -CH-) 

1726  (C=O) 

1488-1426  (-CH2-, -CH3 (as)) 

1370  (-CH3 (si)) 

1264-1221  (C-O) de -CO-O-  

1202-1091  (C-O) de -CH2-OH y -CH-OH 

 La principal diferencia reside en la intensidad de la banda 

correspondiente a la vibración de tensión del grupo hidroxilo, menor en 

el caso de los polioles suministrados por Emery de acuerdo al menor IOH 

de estos polioles, así como en la presencia de la banda correspondiente a 
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la vibración de tensión del grupo carbonilo. Estos resultados confirman 

que los polioles Emerox 14060 y Emerox 14090 son polioles de tipo 

poliéster con bajo contenido de grupos hidroxilo.  

 

Figura A.3. Espectro infrarrojo de los polioles Priplast 3186 y 

Priplast 4F. 

Tabla A.4. Asignación de los picos significativos del espectro FTIR de 

los polioles Priplast 3186 y Priplast 4F.  

Número de onda (cm-1) Asignación 

3640-3125  (O-H) 

2954, 2920, 2853  (-CH3, -CH2-, -CH-) 

1741  (C=O) 

1477-1445  (-CH2-, -CH3 (as)) 

1355  (-CH3 (si)) 

1270-1219  (C-O) de -CO-O-  

1219-1127  (C-O) de -CH2-OH y -CH-OH 
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 En este caso se observan ligeras diferencias entre los espectros 

de los polioles suministrados por Croda, sobre todo en lo que respecta a 

las intensidades de las bandas. El espectro del poliol Priplast 3186 es 

similar al de los polioles Emerox 14060 y Emerox 14090, de acuerdo a 

que presentan IOH similares. En el caso del poliol Priplast 4F, se observa 

un aumento de la intensidad de las bandas 3640-3125 y 1219-1127 cm-1, 

asociadas con la vibración de tensión del enlace O-H y C-OH de los 

compuestos hidroxilados, debido al mayor IOH de este poliol. Ambos 

polioles presentan la banda característica de la vibración de tensión del 

grupo carbonilo, así como del enlace C-O del grupo éster, por lo que se 

trata de polioles de tipo poliéster. 

 

Figura A.4. Espectro infrarrojo de los polioles Polycin T-400, 

Polycin T-12 y Polycin M-280. 
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Tabla A.5. Asignación de los picos significativos observados en el 

espectro FTIR de los polioles Polycin T-400, Polycin T-12 y Polycin M-

280.  

Número de onda (cm-1) Asignación 

3645-3100  (O-H) 

3008  (=C-H) 

2957, 2923, 2853  (-CH3, -CH2-, -CH-) 

1737  (C=O) 

1490-1444  (-CH2-, -CH3 (as)) 

1360  (-CH3 (si)) 

1264-1220  (C-O) de -CO-O-  

1220-1136  (C-O) de -CH2-OH y -CH-OH 

 La principal diferencia con respecto al resto de los polioles 

biobasados reside en la banda a 3008 cm-1 del enlace =C-H de carbonos 

insaturados., lo cual indica que estos dobles enlaces no se han utilizado 

para incorporar los grupos hidroxilo en poliol. El aceite de ricino es uno 

de los pocos aceites vegetales que naturalmente contienen grupos 

hidroxilo. En particular, contiene el triglicérido de ácido ricinoleico (87-

90 %), que posee grupos hidroxilo reactivos en el ácido graso, con un 

valor medio de 2,7 por unidad [8]. En lo que respecta a las bandas 

relacionadas con el grupo hidroxilo, a 3645-3100 y 1220-1136, las 

intensidades son ligeramente superiores a las observadas en el poliol 

Priplast 4F, ya que presentan mayores valores de IOH, entre 280-400 mg 

KOH g-1. Entre los diferentes Polycin, el Polycin 400 presenta 

intensidades mayores, de acuerdo con su mayor IOH. Las bandas 

relacionadas con el grupo carbonilo confirman que se trata de polioles de 

tipo poliéster.  

 En lo que respecta al isocianato empleado en la síntesis de los 

poliuretanos, se ha utilizado un isocianato polimérico aromático basado 
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en diisocianato de 4,4'-difenilmetano (pMDI), Voraforce TR 1500-

Isocyanate [1], amablemente suministrado por Dow Chemical (Milano, 

Italia), con una viscosidad de 130 mPa s y un equivalente NCO de 136 g 

eq-1. El equivalente isocianato se ha determinado según la norma ASTM 

D2572-97 [9]. En la Figura A.5 se muestra el espectro FTIR del 

isocianato empleado, así como la fórmula química. 

 

Figura A.5. Espectro infrarrojo del diisocianato pMDI. 

 Como se puede ver en el espectro FTIR, la banda más 

característica de este compuesto es la que aparece centrada a 2265 cm-1 

y corresponde a la vibración de tensión del grupo –N=C=O. Esta banda 

disminuye, o desaparece completamente, con el avance de la reacción. 

 En lo que respecta a los compuestos hidroxilados de baja masa 

molecular se han utilizado etilenglicol y glicerol suministrados por 

Sigma Aldrich - Merk, (Darmstadt, Alemania). Aprovechando sus 

diferentes funcionalidades, y en función del contenido, se han sintetizado 

poliuretanos con diferentes densidades de entrecruzamiento. 



ANEXO III: Materiales 

313 

 

 En el desarrollo de los catalizadores se han empleado un epóxido 

(diglicidil éter de 1,4-butanodiol, BDDE) y cloruro de litio (LiCl) como 

constituyentes base. Como componentes de encapsulación de los 

catalizadores se han empleado un diol cíclico de base biológica de bajo 

peso molecular (1,4:3,6-dianhidro-D-glucitol o D-isosorbida, DAS) o un 

monool alifático de bajo peso molecular (dietilenglicol butil éter, BDG). 

Todos los componentes de los catalizadores fueron suministrados por 

Sigma Aldrich - Merk, (Darmstadt, Alemania). 

 En lo que respecta a los refuerzos utilizados en los composites, 

se han seleccionado dos tejidos de vidrio. Uno de ellos, el tejido 

unidireccinal de vidrio específico para piezas sujetas a cargas cíclicas 

(Ultra Fatigue UD) suministrado por Saertex (Saerbeck, Alemania) se ha 

utilizado para la fabricación por RTM. Las propiedades de la fibra 

seleccionada para RTM se presentan en la Tabla A.6.  

Tabla A.6. Propiedades de la fibra Ultra Fatigue UD utilizado en el 

proceso RTM. 

Tipo de tejido Tejido de vidrio unidireccional 

Gramaje 1176 ± 64 g m-2 

Aglomerante Huntsman XB 6078 10 ± 2 g m-2 

Hilo de costura Poliester 76 dtex 12 ± 3 g m-2 

En el caso de los composites fabricados por infusión se ha seleccionado 

un tejido unidireccional utilizado en las palas eólicas, suministrado por 

Axon technologies (Cergy-Pontoise, Francia). Las propiedades de la 

fibra se exponent en la Tabla A.7. 

Tabla A.7. Propiedades de la fibra utilizado en el proceso de infusión. 

Tipo de tejido Tejido de vidrio unidireccional 

Gramaje 962 ± 29 g m-2 

Hilo de costura Poliester 11 ± 0.3 g m-2 
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