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Resumen en Esparniol

RESUMEN EN ESPANOL

OBJETIVOS DE LA PRESENTE TESIS

De un modo muy general podemos decir que la presente tesis se centra en el
desarrollo de materiales celulares poliméricos con propiedades fisicas mejoradas
basados en poliolefinas y el correspondiente estudio de estas propiedades fisicas. Lo
anterior resume todo lo que sera presentado en los proximos capitulos. Con este fin se
pueden seguir dos posibles aproximaciones. La ecuacion que se presenta a
continuacion modeliza de una manera muy sencilla pero representativa cualquier
propiedades fisica P de un material celular
Pmaterial Celular)n

Pmaterial celular = Fsélido * (
Psélido

Esta aproximacion empirica establece que el valor de un cierta propiedad P puede
ser modelado conociendo el valor de la misma propiedad relativa al material 100%
s6lido (Pssiiao) su densidad relativa (prelativa)y Un parametro n que varia entre 1y 2. A la
vista de esta formula esta claro que hay dos posibles formas de modificar cualquier
propiedad fisica de un material celular (Pmaterial celular) @ Una densidad fija : la primera es
modificar de alguna manera las propiedades fisicas de la matriz sé6lida y la segunda es
modificando la estructura celular de tal manera que el exponente n se acerque lo mas
posible a 1. En esta tesis ambas aproximaciones han sido empleadas individualmente o

combinadas.

Todo el trabajo de investigacion presentado en la tesis puede ser estructurado
teniendo estas ideas en mente. Los siguientes esquemas estan divididos en
Modificaciones en la Matriz Polimérica, Modificaciones en la Estructura Celular y
Combinacién de Modificaciones en la Matriz Polimérica o en la Estructura Celular. En
cada caso las técnicas de espumado empleadas se incluyen junto con las propiedades
fisicas estudiadas y las posibles aplicaciones reales que han motivado la investigacién

junto con las patentes surgidas del trabajo de investigacion.



Métodos de Propiedades fisicas Aplicaciones
espumado estudiadas Practicas
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Modificaciones

Matriz Polimérica

J. Escudero Arconada

Adicion de Nanoarcillas
Adicion de compatibilizantes
poliméricos.

Reticulacion del polimero.

Propiedades mecdanicas
de sélidos

Propiedades

barrera/ Disolucion de
gas (sélidos)

Reologia (sélidos)
Interaccion del
espumante con las
nanoparticulas (sélidos)

f

Relacion entre

}

Propiedades Mecdnicas
(espumas)

Propiedades

Barrera/ Disolucion de
gas (espumas)
Interaccién agente
espumante/
nanoparticulas
(espumas)

Métodos de Propiedades fisicas Aplicaciones
espumado estudiadas Practicas

e Propiedades mecdanicas

Modificaciones

Estructura Celular

(espumas)

* Ruta de produccion novedosa

desarrollada durante la tesis
“Moldeo por etapas para
espumas estructurales”

e Mecanismos fisicos

involucrados (espumas)
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Adiciéon de Nanoarcillas
Combinacién Adiciéon de compatibilizantes

modificaciones en poliméricos

matriz polimérica y Polimeros ramificados
celular Celdas anisétropas

Estructuras de celda abierta y
cerrada.

Métodos de Propiedades fisicas Aplicaciones
espumado estudiadas Practicas

*  Propiedades mecdnicas
(solidos)
Reologia (sélidos)

!

Relacion entre

|

*  Propiedades mecdnicas
(espumas)

* Densidad (espumas)

e Estructura celular
(espumas)

Los objetivos generales de la presente tesis son por lo tanto

Mejorar la morfologia celular, rango de densidades alcanzable y propiedades
fisicas de materiales celulares basados en poliolefinas. Para esta finalidad la
matriz polimérica se ha modificado y los parametros de procesado han sido
optimizados. En este sentido se ha desarrollado nuevas rutas de producciéon y
se ha prestado una especial atencién a las aplicaciones practicas.
La caracterizacién de la morfologia celular y las propiedades fisicas y establecer
relaciones entre:

a) Propiedades del sé6lido precursor y la espumabilidad y propiedades del

polimero celular.
b) Ruta de procesado y parametros de producciéon- estructura celular
c) Estructura celular-propiedades fisicas también es una parte importante

de los objetivos generales de la presente tesis.
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Los objetivos mas especificos se podrian resumir en:

Estudiar el efecto de barrera a gases jugado por las nanoarcillas tipo
montmorillonita en diferentes materiales celulares espumados por diferentes
procedimientos: disolucién de gas en estado sélido, disoluciéon de gas en estado
sélido en una matriz polimérica reticulada quimicamente, espumado por moldeo

a compresion en dos etapas.

Estudiar la influencia que tiene la presencia de montmorillonitas nanométricas
sobre la cinética de espumacion, estabilidad y tamano celular y densidad
alcanzable. De especial interés es el efecto nucleante de estas nanoarcillas sobre

la estructura de la espuma.

Correlacionar los efectos de las mencionadas nanoarcillas sobre el
comportamiento reolégico del polimero con el posterior comportamiento en

espumacion.

Estudiar el efecto que tiene la espumacion sobre el grado de
exfoliacion/intercalacion de las nanoarcillas. Emplear técnicas in-situ que nos

permitan llevar a cabo este estudio durante el propio proceso de espumado.

Desarrollar un nuevo método de produccién para espumas estructurales en
base poliolefinica que no tenga nada que ver con los métodos convencionales

basados en el moldeo por inyeccién.

Realizar un estudio de propiedades mecanicas en espumas estructurales y
comparar dichas propiedades con las de espumas convencionales. Estudiar la
influencia del tamano de las pieles sélidas sobre las propiedades mecanicas

globales.

Fabricar espumas con densidades inferiores a 250 kg/m3 de celda cerrada en
base polipropileno no reticulado y con propiedades mecanicas mejoradas para

aplicaciones estructurales.

Estudiar la influencia de las nanoarcillas tipo montmorillonita sobre estas

matrices de polipropileno en el posterior proceso de espumacion.

Estudiar las propiedades mecanicas en compresion y cizalla para estos

materiales celulares basados en polipropilenos no reticulados.
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Metodologias empleadas

Para la fabricacion de los materiales se han empleado diferentes métodos de

espumacion a escala de laboratorio que tienen su contrapunto a nivel industrial

Espumacion por disolucion de gas en estado so6lido. La disolucion de gas se
realiza dentro de un autoclave en condiciones sub-criticas y posteriormente la
muestra se extrae para ser espumada dentro de un bafo de silicona a

temperaturas superiores a la temperatura de fusion del polimero.

Espumacion por disolucién de gas en estado sélido de muestras previamente
reticuladas. La reticulacion de las muestras se hace quimicamente en el interior
de una presa de platos calientes. Las muestras ya reticuladas se introducen en
el interior de un autoclave el cual se presuriza en condiciones sub-criticas.
Posteriormente la muestra se espuma en un bano de aceite de silicona a

temperaturas superiores a la de fusion del polimero.

Espumado libre. La muestra se espuma libremente sin emplear ningin

dispositivo que limite su espumacion utilizando agentes espumantes quimicos.

Espumado por moldeo por compresion en dos etapas. En una primera etapa las
pre-formas soélidas se unen y se reticulan en el interior de una prensa de platos
calientes. Cuando la presién se libera se obtiene una pre-espuma que
posteriormente se introduce en un molde para conferirla su espumacion
completa. En la segunda etapa la temperatura de la pre-espuma se eleva por

encima de la temperatura de descomposicion del espumante.

Espumado por moldeo a compresion mejorado. La espumacion se realiza dentro
de un molde el cual se introduce dentro de una prensa de platos calientes. El
molde incorpora un sistema de retenciéon del grado de expansiéon que permite su

rapida extraccion y enfriado.

Espumacion de espumas estructurales. E1 método, desarrollado en esta tesis,
consiste en recubrir las paredes del molde mediante un material poroso que
tenga capacidad de absorber el gas. Esto permite la formacién de pieles sélidas

en todas las zonas que se encuentran en contacto con este material absorbente.
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Para la caracterizacion de los materiales fabricados y analisis de las diferentes

propiedades estudiadas se han empleado los siguientes técnicas experimentales:

Difracciéon de rayos X a angulos grandes (WAXD).
Calorimetria diferencial de barrido (DSC).
Termogravimetria (TGA).

Microscopia electronica de barrido (SEM).
Microscopia electronica de transmisiéon (TEM).
Reologia extensional.

Picnometria de gases.

Maquina de ensayos universal.

Equipo de fluencia en compresion.

Difraccién de rayos X dispersiva en energia mediante el empleo de radiacién
sincrotron. Sincrotron Bessy.

Expandometro 6ptico.

Radioscopia de rayos X.

Principales conclusiones v resultados

Es de resenar que a lo largo de la tesis se han elaborado y patentado dos métodos de

fabricacion de materiales celulares

Stages moulding que permite la fabricacién de espumas estructurales con el
empleo de moldes sencillos y mediante un método de fabricacién completamente
novedoso. El método permite tener un alto control sobre espesor de pieles
sélidas, tamano y distribucion de celdas y densidad final. Estas espumas
presentan, a igualdad de densidad, mejores propiedades mecanicas que sus

homoélogas no estructurales.

Anicell que permite la fabricaciéon de espumas de baja densidad con matrices no
reticuladas. A lo largo de la tesis el método se aplica a polipropileno no
reticulado para la fabricacién de espumas con densidades en el rango 90-250
kg/m?3 y con dos variantes, celda abierta y celda cerrada. Estas espumas, debido
a sus caracteristicas, presentan unas propiedades mecanicas mejoradas con
respecto a otros materiales anteriores y tienen la ventaja de ser reutilizables ya

que la matriz no esta reticulada.

Ademas como conclusiones generales de la presente tesis se pueden resefar
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Se han conseguido nanocompuestos con una estructura intercalada/exfoliada
en dos tipos de matrices poliméricas diferentes: polietileno de baja densidad y

polipropileno.

La presencia de nanoarcillas tipo montmorillonita disminuye la difusividad del
CO;2 a través de la matriz en un porcentaje del 11%. En este sentido es de
resefiar también que la mera adicién de un polimero compatibilizante basado en
anhidrido maléico produce disminuciones de la difusividad de hasta el 30%.
Para mejorar el efecto barrera de estas nanoarcillas habria que conseguir
mejores exfoliaciones/compatibilizaciones. Este efecto barrera se ha estudiado
mediante un procedimiento gravimétrico aprovechando las técnicas de

espumado por disolucion de gas.

Se ha estudiado la espumacion por disolucién de gas en estado soélido y
condiciones sub-criticas de una matriz termoplastica (LDPE). Se ha realizado
una intercomparacioén entre las mismas matrices reticuladas y no reticuladas.
La reticulacion permite obtener espumas microcelulares de matriz termoplastica
por disolucion de gas en estado solido y condiciones sub-criticas y alcanzar
densidades del orden de 140 kg/ms3.

La reticulacién por si sola, al influir en la cristalinidad, modifica la solubilidad y

difusividad del gas a través del polimero.

La adicién de nanoarcillas tiene un efecto catalitico sobre la descomposicion de
la azodicarbonamida disminuyendo su temperatura de descomposicién y

liberando una mayor cantidad de gas.

El espumado incrementa el grado de exfoliacion/intercalaciéon de las
nanoarcillas en LDPE. Esto es independiente del agente espumante empleado.
Atn asi existe una interacciébn quimica entre las nanoarcillas y la
azodicarbonamida de tal manera que cuando este es el agente espumante
empleado los grados de intercalacion/exfoliacion son mayores antes incluso de

que se fabrique el material espumado.

Se han fabricado bloques de espuma con mas de 30 expansiones partiendo de
nanocompuestos de polietileno reticulado. La presencia de wun agente
compatibilizante basado en anhidrido maléico en estos compuestos ayuda a

obtener tamanos celulares inferiores y mayores densidades celulares.
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Estos bloques de espuma permiten estudiar los coeficientes de difusion de gas y
el papel barrera a gases jugado por las nanoarcillas empleando un método de
determinacién semi-empirico. Los resultados estan en consonancia con los

obtenidos por disoluciéon de gas.

La reologia extensional se demuestra como un método muy util para predecir el
posterior comportamiento en espumado de una determinada formulacién
polimérica basada en polipropileno. Especialmente el parametro denominado
“endurecimiento por deformacién” tiene una conexion directa con los posteriores

contenidos de celda abierta encontrados en los materiales celulares.

El empleo de polipropilenos ramificados combinado con una espumacién por
moldeo a compresiéon mejorado da como resultado espumas de celda cerrada
con densidades inferiores a 250 kg/m3. Estos materiales presentan unas
excelentes propiedades mecanicas. La adicion de nanoarcillas modifica la
reologia del polimero lo cual tiene como consecuencia que los contenidos de
celda abierta se incrementen sustancialmente. A pesar de estos altos contenidos
de celda abierta en espumas fabricadas partiendo de nanocompuestos las
propiedades mecanicas especificas siguen siendo altas. Esto es una
consecuencia del refuerzo que las nanoarcillas tienen sobre la matriz polimérica

base.

CONCLUSIONES

Modificaciones en la Matriz Polimérica

* La composicién quimica de los materiales celulares basados en polietileno de
baja densidad se ha modificado mediante la adicién de una carga inorganica de
tamano nanométrico (nanoarcillas tipo montmorillonita) y un agente
compatibilizante basado en polietileno lineal de baja densidad injertado con
anhidrido maléico. Los nanocompuestos se han fabricado mediante mezclado en
fundido. A través de estos nanocompuestos se han fabricado espumas siguiendo
diferentes procesos de espumacion lo cual permite realizar comparaciones entre
todos ellos.

* La adiciéon de nanoarcillas, a pesar de no estar completamente exfoliadas sino
que conservan una estructura intercalada tienen los siguientes efectos sobre la
matriz sélida: la estabilidad térmica se incrementa, las propiedades mecanicas
en compresion, traccion y flexion también se ven mejoradas, incrementan la

cristalinidad de la matriz polimérica y tienen un efecto especialmente marcado
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en las propiedades reologicas del polimero. Todas estos efectos se conectan
después con las propiedades de la espuma.

e Se presta especial atenciéon a la disolucion de gas en los sélidos. Las
nanoarcillas disminuyen la difusividad en porcentajes del 11% e incrementan la
solubilidad. La presencia de interfaces nanoarcillas-polimero juegan un papel
muy importante en este comportamiento. La mera presencia de un polimero
compatibilizante injertado con anhidrido maléico reduce la difusividad en un
30% por si mismo.

« La presencia de compatibilizante injertado con anhidrido maléico mejora la
estructura celular con ratios de expansion superiores a 2 y tamanos de celda
inferiores a 80 ym aun disolviendo CO> en estado sub-critico. Sin embargo la
presencia de nanoarcillas empeora manifiestamente la estructura celular como
consecuencia de los efectos reologicos que presentan sobre el polimero.
Independientemente de esto las nanoarcillas presentan un importante efecto
nucleante en el sentido de reducir la cantidad de energia necesaria para nuclear
y crecer celdas.

* Cuando la matriz polimérica se reticula empleando peroxido de dicumil se
obtienen densidades celulares del orden de 1:10° celdas/cm?3 y densidades de
140 kg/m?3 en un polimero semicristalino empleando CO> en condiciones sub-
criticas. Este comportamiento en espumacion se relaciona directamente con las
propiedades reologicas medidas para estos polimeros reticulados.

* La presencia de nanoarcillas tiene un efecto catalitico muy importante sobre la
descomposicion de la azodicarbonamida, acelerando su descomposicion y
aumentando la cantidad de gas liberada. Sin embargo la estabilidad de los
nanocompuestos es inferior, lo que de nuevo esta conectado con las propiedades
reologicas del polimero. Paralelamente el polimero compatibilizante por si mismo
ayuda a alcanzar ratios de expansiéon mayores.

* El grado de exfoliacion de las nanoarcillas se incrementa tras la espumacion.
Este efecto se estudia mediante radiacién sincrotrén en continuo permitiendo
obtener la evolucion de la exfoliacién de las nanoarcillas paralelamente a la
espumacion. Para ello se emplean agentes espumantes de diferente naturaleza.
La especial interaccion entre nanoarcillas y azodicarbonamida se pone de Nuevo
de manifiesto aqui, cuando se emplea azodicarbonamida el grado de exfoliaciéon
de partida de las nanoarcillas es mayor.

¢ Se consigue la fabricacion de espumas con ratios de expansion superiores a 30
y conteniendo nanoarcillas por espumado por moldeo a compresiéon. Las
propiedades mecanicas de estos bloques de espuma se ven mejoradas por la

presencia de nanoarcillas.
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Al igual que en la espumacion por disolucion de gas en estado soélido la
reduccion en difusividad por la adicién de nanoarcillas no es muy grande. La
presencia de un polimero compatibilizante injertado con anhidrido maléico tiene
por si mismo un efecto mayor de barrera a gases. De nuevo la presencia de

interfaces nanoarcillas-polimero se postula como la explicacion a este fenémeno.

Modificaciones en la estructura celular.

* Se presenta una nueva ruta de fabricaciéon de espumas estructurales que no
tiene nada que ver con los métodos de moldeo por inyeccién habituales. El
nuevo método presenta ventajas frente a los meétodos convencionales con
moldes mucho mas sencillos e inversiones iniciales menores.

* El mecanismo fisico detras de este efecto consiste en un proceso de disolucion
de gas desde la espuma hacia el material amorfo que recubre las paredes del
molde de espumado. Se generan pieles sélidas en todas las partes en contacto
con el material amorfo que recubre las paredes del molde.

 El método de fabricaciéon permite un control exhaustivo de propiedades de la
espuma como grosor de las pieles o densidad final. Esto se consigue variando
convenientemente los parametros de fabricacion.

* Las propiedades mecanicas especificas de estas nuevas espumas estructurales
son superiores a las de las espumas convencionales, especialmente en flexion.

» [Esta nueva tecnologia esta patentada y la patente se incluye en el marco de esta

tesis.

Combinacién de modificaciones en la matriz polimérica y en la estructura celular

* Se emplea la técnica de microtomografia de rayos X para caracterizar las
espumas de polipropileno de baja densidad. La técnica se emplea para
correlacionar parametros de produccion con la posterior morfologia celular
obtenida.

* La reologia del polimero de nuevo juega un papel determinante para la
espumabilidad y calidad de la espuma. En especial el denominado
“endurecimiento por deformaciéon” o “strain hardening” de la matriz polimérica
tiene una importancia vital en parametros como contenido de celda abierta. La
presencia de nanoarcillas, virgenes u organomodificadas o la presencia de
nanotubos de carbono reducen el endurecimiento por deformacion de la matriz
polimérica e incrementan los contenidos de celda abierta. Estos contenidos de
celda abierta tienen una influencia muy marcada sobre propiedades mecanicas

de la espuma como médulo elastico
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* Puesto que la presencia de nanocargas refuerzan la matriz polimérica esto
ayuda a compensar el deterioro que se produce en propiedades mecanicas por
los altos contenidos de celda abierta.

e La combinacién de polipropilenos ramificados junto con el método de
espumacion denominado “moldeo por compresiéon mejorado” permiten obtener
espumas en base polipropileno no reticulado con densidades menores de 150
kg/m?3 junto con propiedades mecanicas mejoradas debidas a los altos ratios de
anisotropia que presentan estas espumas. Esta combinacion de densidades y
propiedades mecanicas se puede conseguir tanto en espumas de celda cerrada
como en espumas de celda abierta mediante la incorporaciéon de cargas
nanométricas. Las propiedades mecanicas obtenidas son similares a las de
espumas con matrices sélidas con mejores propiedades mecanicas de partida
como el PVC o el SAN. Estas espumas pueden cubrir un rango de aplicaciones
practicas muy amplio que va desde la industria de las palas de aerogeneradores
hasta el sector del automévil o la industria aeronautica. La tecnologia de
fabricacion de estas espumas se ha patentado y la patente se puede encontrar

anexa a esta tesis.
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Chapter 1. Introduction.

Costs reduction is nowadays one of the main objectives in which many different
industries are focused. On the other hand, there are even some applications in which it
is mandatory the use of light weight materials and/or obtaining properties that can
only be covered by cellular materials, the thermal insulation of cellular polymers for
example do not have counterpart in other materials and so, they are essential in
thermal insulation applications. Altogether confers cellular materials a fundamental
role in technological areas as important as aeronautics, construction, packaging and

cushioning, renewable energies, biotechnology or the automotive sector [1,2].

The applications in which cellular polymers are used are each time more and
more demanding. Besides this, with time, new applications have appeared with
challenging requirements. All these facts have motivated, and motivate every day, a
strong research from different points of view, focused in the improvement of the already
known cellular materials or in the development of new ones. Even scientifically, there is
still a lack of knowledge in several aspects of the science and technology related to

these materials.

This thesis work has followed a scientific approach but without losing sight of the
industrial requirements and needs. This global approach has allowed to gain new basic
knowledge and to contribute to the state of the art but also to the development of novel

materials and technologies that can be industrially used.

1.1.- FRAMEWORK AND GENERAL LAYOUT OF THE THESIS

1.1.1 Current research lines in Cellular Polymers

Cellular polymers have undergone a very intense evolution in the last three
decades. Modifications both in the polymer matrices as well as in the production
processes have given rise to novel and diverse cellular materials with improved
properties. Due to these novel properties the industrial sectors and applications in
which cellular materials can be used have been extensively broaden lately. Currently,
the more outstanding research lines in cellular polymers can be divided into four main
areas: microcellular foams, cellular nanocomposites, cellular polymers based on

biopolymers and nanocellular foams. Let us introduce briefly each topic:
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~ Bigpolymer Micracellular
Foams

Foams

Current Research
Lines in Cellular
Materials

Nonocomiposite: Nanoceliular
Foams Faams

Figure 1.1: Schematic of the current research lines in cellular polymers

1. Microcellular Foams: the research on microcellular foams began in
the early eighties in the Massachusetts Institute of Technology in response to a
challenge proposed by the photographic film industry. Companies as Kodak
were looking for a method aimed at weight reduction with minimal losses in
mechanical performance in 1 mm thick sheets. Other industries, as food
packaging for example, could take advantage of the development of the
materials previously mentioned [9]. Microcellular foams can be defined as those
with cell size below 10 pm [5] (below 100 pm in other latter and less restrictive
definitions). Theoretically the consecution of such a fine cellular structure would
offer an outstanding mechanical performance with linear dependencies with the
relative density. These promising expectations motivated the accomplishment of
numerous research studies all around the world giving rise to an overwhelming
number of scientific publications and patents [4,5]. Nowadays there is still
controversy about the real influence of the cell size in the mechanical properties.
It seems that at high densities the linear tendencies with the relative density are
reached but this situation gets worst when low or medium densities are taken
into account. Some properties as fatigue or impact resistance seems to benefit
from the smaller cell sizes but some other, like elastic modulus or yield
strength, do not show the same dependency and appear insensitive to the cell
size [4,5,10]. Altogether still nowadays there is a remarkable interest paid to

these materials.
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The difficulties associated to the production of microcellular foams have
also hindered its industrialization [10]. Only some of the production routes used
at lab scale have been finally scaled up. Trexel (http://www.trexel.com) offers
the possibility of producing microcellular foams either by extrusion or injection
molding. They license the machinery needed and designed by them to other
companies all around the world. Together with several advantages other
disadvantages are also present and will be mentioned in later chapters.
Microgreen must be mentioned also as other company commercializing
nowadays microcellular foams. Taking advantage of the patents developed by
Prof. V. Kumar in the University of Washington Microgreen

(http://www.microgreeninc.com) produces and sells microcellular foams based on

recycled PET for very different purposes.

2. Cellular Nanocomposites: inevitably developed as result of the
huge interest paid to polymer solid nanocomposites, cellular nanocomposites
are thought to combine not only the advantages inherent to polymer
nanocomposites and cellular polymers, but also to present interesting synergetic
effects between both. During the last two decades both industrial and academic
institutions have carried out a very intense research on everything related to
“nano”. The research goes from medicine to electronics passing of course
through polymers. In the early 90’s Toyota headed the research in polymer
nanocomposites developing a formulation based on nylon 6 and nanoclays [11].
The amazing properties published for these composites encouraged a big
number of researchers and public institutions to focus their efforts on polymer
nanotechnology. The high aspect ratio of the nanofillers employed underlies
behind the outstanding performance expected in barrier properties, mechanical
behavior or flame retardancy. The interest on cellular nanocomposites has gone
parallel to the one on their solid counterparts but it has been less intense and
detailed [12,13]. Next chapters contain a further description on this subject so

more information can be found later.

3. Cellular Materials based on Biopolymers: till some years ago
biopolymers were a marginal research field, developed at lab-scale but with no
industrial production or application. But due to the more restrictive standards
on contamination and to the true need of biodegradable materials as substitutes
for traditional non-biodegradable plastics, biopolymers industrialization and
research have suffered a remarkable progress in the last few years [14,15].
Nowadays several polymers as polylactic acid (PLA) polyhhydroxybutyrate (PHB)

and starch can be disposed for industrial production [14,15]. Again, the
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evolution of cellular materials based on biopolymers has taken place parallel to
the evolution of solid biopolymers. This is one of the more novel and promising

research fields in cellular polymers.

4. Nanocellular materials: ten years ago, when microcellular
materials were still on the crest of the wave, scientist decided to go further
¢what happens if we reduce the cell size below the micron. And even more, what
properties can we expect if cell sizes in the order of 100 nanometers are
achieved? Such a reduction in cell size has not been easy to achieve but in the
last four years important progress has been done in the subject. Currently the
most relevant companies in cellular materials are putting big efforts on the
consecution of a way to produce nanocellular foams at industrial scale.
Improvements in mechanical properties and transparency are expected but the
more interesting possible applications deal with thermal insulation. From the
three thermal conductivity mechanisms present in a material, conduction
through the solid, radiation and conduction through the gas phase, this last one
is completely suppressed when the cell size is below 100 nm. This is translated
into important reductions in thermal conductivity not achievable with any other

material [16-20].

The main part of this thesis work can be included in the two first research lines
mentioned: microcellular foams and nanocomposite cellular materials. Another
research line followed develops a new production route for structural foams and
somehow is independent of the rest. Structural foams are cellular materials with a
skin-core morphology, that is, two outer solid skins and a foamed core. These light
weight materials present higher specific mechanical properties than conventional foams

and can be found in numerous applications like aircrafts, sporting goods or vehicles.

Part of the work has been developed in the Centre of Molecular and
Macromolecular Studies in Lodz, Poland and part in the Department of Mechanical
Engineering of the Univerisity of Washington in Seattle. The largest part of the research
was developed in CellMat Laboratoty of the University of Valladolid. The next section

briefly describes these laboratories.
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1.1.2.- Research Centers

Centre of Molecular and Macromolecular Studies (CMMS). Polish Academy of

Sciences.

The Centre of Molecular and Macromolecular Studies in L6dz, Poland, belongs to
the network of the Polish Academy of Sciences institutes created to conduct research in

selected areas of science.

The research carried out in the Centre covers the range of problems from the area
of organic chemistry, bioorganic chemistry and polymer chemistry and physics, with
special emphasis on developing methods of making advanced materials, both in the

field of low molecular weight and high molecular weight products.

All the polyethylene based nanocomposites included in this thesis were produced
and partially characterized in the Polymer Physics Department of the CMMS under the

supervision of Prof. Dr. A. Galeski.

Mechanical Engineering Department. University of Washington (UW).

The University of Washington is one of the oldest and largest public universities in
the United States of America. Founded in 1861 its main campus is settled in Seattle
but it has campus also in Tacoma or Bothell. More than 12000 bachelors, master,

doctoral and professional degrees are conferred in the UW every year.

All the research related to batch gas dissolution foaming was performed in the
Mechanical Engineering Department of the UW under the supervision of Dr. V. Kumar.
Dr. Kumar is one of the pioneers in the field of microcellular foams. His thesis , ended
in 1984, is one of the first ones on the subject. He is co-author of a large number of
papers in this field and of several patents, some of them currently used at an industrial

scale for the production of microcellular foams based on recycled PET.

CellMat Laboratory. University of Valladolid.

CellMat Laboratory belongs to the Condensed Matter Physics Department of the
University of Valladolid and was founded in 1999 by professors Dr. José Antonio de

Saja and Dr. Miguel Angel Rodriguez Pérez. The main objective of the laboratory can be
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summarized as “the production and characterization of cellular materials either based

in polymer or metal matrices”.

At the beginning, all the efforts were focused on the characterization of the
microstructure and physical properties of low density cellular materials based on
polyolefins. During this initial phase several papers were published in international
journals [28-73] and several theses were based on this work [7,21-27]. With time and
with all the knowledge gathered during the previous stage on characterization and
physical mechanisms, the laboratory broadened the research fields. Nowadays CellMat
not only characterizes the physical properties or microstructure of foams, but also

produces their own, in some cases completely novel, materials.

The current research lines followed in CellMat coincide with the areas mentioned
in paragraph 1.1.1. The society is demanding each time more and more improved light
weight materials with improved properties. CellMat tries to give an answer, both from a
technical and scientific point of view. In this sense, since the year 2006, numerous
works have been published, together with different theses and patents which give an

idea of the kind of work developed during the last years [74-100].

All the work included in this thesis that was performed in CellMat Laboratory has
been supervised by Prof. Dr. Miguel Angel Rodriguez Pérez and goes from the science to
possible industrial applications. As already mentioned the research can be framed in

the lines of Microcellular Foams and Cellular Nanocomposites.
1.1.3.- General Layout of the Thesis

In a very general way we can say that the thesis is focused on the development of
cellular polymers with improved physical properties based on polyolefins and the
corresponding study of these physical properties. The previous sentence encompasses
pretty well all the research that will be presented in the following chapters. To this end,
two different approaches can be followed. Let us take into account equation 1.1, that
models in a very simple but representative way any physical property (P) of a cellular

material [1].

Pcellular material)n Eq. 1.1

Peetuiar materiat = Psotia * (
Psolid
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This equation will be introduced in more detail in chapter 2. By now just consider
that this empirical approximation states that the value of a certain property (Pceiiular
material) can be modeled knowing the value of that same property for the fully solid
material (Psold), its relative density (preiative) (density of the cellular material devided by
the density of the solid)and a parameter n that varies between 1 and 2. At the sight of
this formula it is clear that there are two main ways of improving any physical property
of the cellular material (Peeiiuiar material) at a fixed density: the first one is modifying, by any
means, the physical properties of the solid matrix (Psotid) the second one is modifying
the structure of the cellular material in such a way that the exponent n is as near as 1

as possible. Both approximations have been used independently or even combined.

All the research work presented in this thesis can be structured bearing the
previous ideas in mind. The following schemas (figures 1.2 to 1.4) are divided into
Modifications in the Polymer Matrix, Modifications in the Cellular Structure and
Combination of Modifications of the Polymer Matrix and Cellular Structure. In each
case the foaming techniques used are included together with the physical properties
studied and the real possible applications that have motivated the research and

settlement of patents.
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Figure 1.2: Strategies of modification in the polymer matrix followed during the thesis.
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* Novel production route
Modifications in developed during the thesis
Cellular Structure “Stages Molding for Structural
Foams”
* Polyethylene
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Figure 1.3: Strategies of modification of the cellular structure used during the research
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Figure 1.4: Combination of modification in polymer matrix and foam structure.

11



Cellular Materials Laboratory 2015 J. Escudero Arconada

In the previous schemas, when we say “modification in the polymer matrix” or
“modification in the cellular structure” we are referring to modifications done purposely.
Of course modifications on the polymer matrix have an effect on the foam structure.
And the foaming procedures followed to modify the foam structure can induce

modifications in the polymer matrix.

The schemas included in figures 1.2, 1.3 and 1.4 give a general view of the
strategies, materials used, foaming routes followed, physical properties studied and
practical application of the results obtained during the research. These schemas can be
considered as a “global map” of the thesis work. In addition, Table 1.1 shows the main
projects carried in CellMat during the last years and that have an intimate connection
with the research topics of this thesis. All these projects have a marked industrial
applicability and have been funded either with private or public funds. Keeping this

global map in mind we can define the objectives of the thesis.

Table 1.1: Frame projects of this research work.

MAIN FRAME RESEARCH PROJECTS OF THE THESIS

Titulo: “Microcellular Nanocomposites for Substitution of Balsa Wood and PVC Core Material”

7th Framework Programme. European Union

From November 2008 to November 2012

Main Researcher: M.A. Rodriguez-Pérez.

Titulo: “Metals Foaming Under Mechanical Pressure”
Integral Action with the Technical University of Berlin.
From January 2009 to December 2010.

Main Researcher M.A. Rodriguez-Pérez.

Titulo: “New Developments in Polymer Microcellular Materials: Production, Structure,
Properties, Modelling and Applications”

In coordination with the Technical Center Lortek
Funded by the National Program for Materials
From December 2009 to December 2012

Main Researcher: M.A. Rodriguez-Pérez

Titulo: “New Production Processes of Plastic Parts Based on Microcellular Materials by Self-
Injection Molding”.

Funded by: FECYT and ABN Pipe Group. Project Innocash.

From January 2010 to December 2011.

Main Researcher: M.A. Rodriguez-Pérez

Titulo: “Advanced Foams Under Microgravity”

Funded by: European Spatial Agency

From June 2010 to May 2012.
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Chapter 1. Introduction.

1.2.- OBJECTIVES

The main objectives that best summarize the efforts done during the thesis can be

stated as

Improving the cellular morphology, density range achievable and

physical properties of polyolefin-based cellular materials.

For this purpose, the polymer matrix have been modified and the
processing parameters have been optimized. In this sense new production
routes have been developed and special attention has been paid to the

possible practical applications.

The characterization of the cellular morphology and physical properties

and the establishment of relationships between:

a) Properties of the solid precursor — foamability and properties of
the cellular polymer.
b) Processing route and production parameters — cellular structure.

c) Cellular structure - physical properties.

According to this, the thesis can be placed in the base of the materials
tetrahedral (Production, Structure, Properties) but it also touches and pays attention to

the upper vertex of Applications (figure 1.5).
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Figure 1.5 : Materials Tetrahedral

This general objective can be divided into some other more specific ones according

to schemas 1.2 to 1.4.

> Modifications in the Polymer Matrix

Producing Medium Density Cellular Materials based on Low Density Polyethylene
(LDPE)/ Clays Nanocomposites by Batch Gas Dissolution in Sub-critical Conditions.

Studying the gas barrier role played by the nanoclays in the solid samples.
Diffusion coefficient, solubility and permeability. This is done using the
same setup used for foaming by gravimetric methods.

Studying the effect of the different coupling agent additions, independently
of the nanoclays, on the gas barrier behavior.

Characterizing the foamability of LDPE/Clays nanocomposites by batch
gas dissolution in sub-critical conditions. Effect of the coupling agent
addition, excluding the nanoclays.

Studying the nucleating effect played by the nanoclays in these systems

under these experimental conditions.

14



Chapter 1. Introduction.

Producing Low Density Cellular Materials based on LDPE/ Clays Nanocomposites by

Batch Gas Dissolution in Sub-critical Conditions

» Studying the gas barrier behavior of the crosslinked nanocomposites and
compare it with the previous non-crosslinked case.

» Studying the foamability and cellular morphology of these nanocomposites
after been crosslinked. Producing foams with low densities.

» Correlating the rheological behavior of the nanocomposites with the

foaming behavior and cellular structures.

Characterizing in detail the foaming behavior of LDPE/Clays nanocomposites in

free-foaming and relating it with fundamental properties studied in the solid precursors.

Studying fundamental properties of the solid nanocomposite precursors,
focusing the attention to the most important properties for foaming.
Characterizing in detail, by optical expandometry, the foaming behavior of
these nanocomposites. Parameters as for example beginning of the
foaming, foaming rate, maximum expansion achievable, stability and
collapse rate are studied.

Studying the cellular structure and final density of the free-foamed

samples.

Studying in-situ the effect of foaming on the exfoliation degree of nanoclays in LDPE

based nanocomposites

Using a synchrotron radiation source to study the whole foaming process
and evolution of the interlamellar spacing of the nanoclays during
foaming.

Enlighting the physical mechanisms underlying behind this effect. Three
different blowing agent with very different nature were used for this

purpose.

Producing Low Density Cellular Materials based on LDPE/Clays Nanocomposites

with Improved Gas Barrier Properties

Producing LDPE/Clays nanocomposite low density foamed blocks (density

<30 kg/m?3) by the two steps compression molding.
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Studying the creep behavior of these nano-filled low density foams and
comparing it with the non-filled counterparts. Effect of the coupling agent
addition and of the nanoclays.

Studying the effective gas diffusion coefficient of these nanocomposite
foams (when subjected to an external long term load). Comparing it to the
effective diffusion coefficient of their non-filled counterparts. Again the
effect of the coupling agent addition, independently of the nanoclays, is
considered.

Studying the cellular structure of the so produced low density foams with
and without nanoclays. Establishing and explaining the observed
differences.

Characterizing the physical properties of the foams (filled and unfilled),
paying special attention to the mechanical properties. Comparing them

with the properties of the solid precursors.

> Modifications in the Cellular Structure.

Producing Medium Density Structural Cellular Materials with Improved Properties

by a Novel Route

Obtaining structural foams by a novel route (Stages Molding), completely
different to the current ones based on injection molding.

Studying the scientific basics underlying behind this route.

Characterizing the physical properties of the foams.

Protecting the technology expecting future practical applications

> Modifications in the Polymer Matrix and Cellular Structure

Producing Low Density Non-Crosslinked Closed/Open Cell Polypropylene Cellular
Materials with High Mechanical Properties

Developing and optimizing a strategy (formulation + production route) for
fabricating polypropylene foams with densities in the range 90-200 kg/m?3

with improved mechanical properties.
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Establishing relationships of the type rheology-open/closed cell content-
mechanical properties.

Studying the effect of different nanoparticles on the rheology of the
polymer matrix and therefore on the open cell content and mechanical
properties.

Characterizing the physical properties, specially mechanical properties of
these foams and comparing them with current commercial materials.

Protecting the technology expecting future practical applications.

1.3.- STRUCTURE OF THE THESIS

This thesis consists in a compendium of 10 scientific papers, some of them

already published and some other submitted, 2 scientific divulgation papers and 2

patents and is organized in 7 chapters plus 2 annexes. Each chapter contains the

following information:

Chapter 2: essential theoretical concepts and the state of the art
description not included in the scientific papers.

Chapter 3: detailed description of the production routes used in the thesis,
raw materials and experimental techniques.

Chapter 4: includes 6 works focused on the modification of the polymer
matrix. In the first two works the materials are produced by gas
dissolution, one including the addition of nanoclays and the other one
combining polymer crosslinking and nanoclays.. Free foaming is used in
the third work and the foamability of the nanocomposites is studied in
detail by optical expandometry. Free foaming is also used in the fourth
work combined with diffractometry using a synchrotron radiation source.
Creep is the main subject of the fifth and sixth works. The fifth introduces
the concepts and methodology used in the sixth work. And in the sixth
work two steps compression molding is used to produced low density
crosslinked LDPE/Clays nanocomposite foams that are characterized in
detail.

Chapter 5: includes 2 works related to the tailoring and development of a
new production route for the fabrication of structural foams. This chapter
covers the part of the thesis dedicated to the modifications of the foam
structure. The first work included in this chapter is focused on the

description and scientific explanation of the production route and physical
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mechanisms involved. The second work describes the structural and
mechanical properties shown by these foams.

« Chapter 6: includes 2 works that combine modifications in the polymer
matrix and in the foam structure. The foams are produced using improved
compression molding with a thorough tailoring of the production
conditions. The first work describes the production route and
characterizes the foams by tomography. The second one is more focused
on the rheological and mechanical properties, establishing relations
between them.

« Chapter 7: summarizes the main conclusions obtained during the whole
thesis.

« Annex I: comprises two works of scientific divulgation, both written in
Spanish.

« Annex II: comprises the two patents developed during the thesis.
The papers included in the thesis are summarized in table 1.2
Table 1.2: Publications included in the Thesis

Publications included in this Thesis

J. Escudero, V. Kumar, M. A. Rodriguez-Perez
Sorption Behaviour and Microcellular Foaming in LDPE/ Clay Nanocomposites by Batch
Gas Dissolution in Sub-Critical Conditions

Chapter 4

J. Escudero, E. Laguna, V. Kumar, M. A. Rodriguez-Perez
Microcellular Foaming in Sub-Critical CO2 of Non-Crosslinked and Crosslinked LDPE

and LDPE/ Clay Nanocomposites
Chapter 4

J. Escudero, B. Notario, J.A. de Saja, M.A. Rodriguez-Perez
Polyethylene Layered Nanocomposites for Foaming Purposes
Chapter 4

J. Escudero, B. Notario, C. Jimenez, M.A. Rodriguez-Perez.

In-situ Characterization of Nanoclays Exfoliation During Foaming by Energy Dispersive
XRD of Synchrotron Radiation.

Sent to the Journal of Synchrotron Radiation

Chapter 4

J. Escudero, J. Lazaro, E. Solorzano, M.A. Rodriguez-Pérez, J.A. de Saja.

Gas Diffusion and Re-Diffusion in Polyethylene Foams

Published. Defect and Diffusion Forum Vols. 283-286 (2009) pp 583-588
Chapter 4
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J. Escudero, A. Galeski, M.A. Rodriguez-Pérez, J.A. de Saja

Effective Diffusion Coefficient and Mechanical Properties of Low Density Foams Based
in Polyethylene/ Clays Nanocomposites

Chapter 4

J. Escudero, J. Pinto, M.A. Rodriguez-Perez.
A new technology for the production of polymer structural foams
Chapter 5

J. Escudero, E. Solorzano, M.A. Rodriguez-Pérez, F. Garcia-Moreno J.A. de Saja.

Structural Characterization and Mechanical Behaviour of LDPE Structural Foams. A
Comparison with Conventional Foams

Published. Cellular Polymers Vol.28 No 4. (2009) pp 289-302
Chapter 5

Y. Ma, R. Pyrz, M.A. Rodriguez-Perez , J. Escudero, J.Ch. Rauhe, X. Su.
X-ray Microtomographic Study of Nanoclays-Polypropylene Foams
Published. Cellular Polymers Vol. 30. No 3 (2011) pp 95-1089.
Chapter 6

J. Escudero, A. Lopez-Gil, E. Laguna, M.A. Rodriguez-Perez, J.A. de Saja.

Low Density Non-Crosslinked Closed/Open Cell Polypropylene Foams with High
Mechanical Properties: Rheology, Cellular Morphology and Mechanical Behavior

Accepted. Cellular Polymers
Chapter 6

The work conducted during the thesis was translated into contributions to

different international conferences. These contributions are presented in Table 1.3.

Table 1.3: Contributions to International Conferences and Publications in Non-

Indexed Journals

Contributions to Conferences and Publications in Non-Indexed Journals

E. Solorzano, J. Escudero, J. Lazaro, M. A. Rodriguez-Perez, J. A. de Saja.

Obtaining Critical Cooling Velocity Maps for Thermal Hardening Treatments in Aluminum
Foams: Density Characterization, Finite Elements Analysis, Experimental Validation and Final
Results.

Metfoam Conference 2007. Montreal, Canada. September 2007.

J. Escudero, J. Lazaro, E. Solorzano, M.A. Rodriguez-Pérez, J.A. de Saja.
Gas Diffusion and Re-Diffusion in Solid Polyethyelene Foams.

Diffusion in Solids and Liquids, Barcelona, Spain. July 2008.

J. Lazaro, J. Escudero, E. Solorzano, M.A. Rodriguez-Perez, J.A. de Saja.
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Heat Transport in Closed Cell Aluminum Foams: Application Notes.
Diffusion in Solids and Liquids, Barcelona, Spain. July 2008.
J. Escudero, M.A. Rodriguez-Pérez, J.A. de Saja.

Mechanical Properties of Structural LDPE Foams Compared with those Conventional Non-
Structural LDPE Foams..

Blowing Agents Conference 2009. Hamburg, Germany. May 2009
J. Escudero, J. Pinto, E. Solorzano, M.A. Rodriguez-Pérez, J.A. de Saja.

Structural Foams versus Conventional Foams: Structural Characterization and Mechanical
Behavior.

GEP 2009. Valladolid, Spain. September 2009.
E. Solorzano, J. Escudero, J. A. de Saja, M.A. Rodriguez-Pérez.

Pressure Vessels with Optical Windows: New Possibilities in Polymer Gas Dissolution
Techniques

Diffusion in Solids and Liquids 2010. Paris, France, July 2010.
E. Solorzano, J. Escudero, J. Pinto, J.A.de Saja, M.A. Rodriguez-Perez.

Gas Diffusion and Other Physical Mechanisms Involved in the Production of Structural
Foams..

Diffusion in Solids and Liquids 2010. Paris, France, July 2010

J. Escudero, C. Saiz-Arroyo, M.A. Rodriguez-Pérez, J.A. de Saja.

LDPE Silica Nanocomposites: A System in which Nanoparticles Play a Multifunctional Role.
FOAMS 2010. Seattle, USA. September 2010

E. Laguna, J. Escudero, A. Lopez-Gil, M.A. Rodriguez-Perez, J.A. de Saja.

Caracterizacion de Nanocompuestos Poliméricos Mediante Reologia Extensional.

XII Escuela Nacional de Materiales Moleculares. Castellon (Spain) February 2011.

E. Solorzano, J. Escudero, J. Pinto, M.A. Rodriguez-Perez, J.A. de Saja.

Evolution of Polymers During the Gas Dissolution Process

Diffusion in Solids and Liquids 2011. Algarve, Portugal. June 2011.

M.A. Rodriguez-Perez, J. Escudero, J. Pinto, E. Solorzano

Production of Structural Foams Using Free-Foaming. In-Situ Analysis of the Foaming Process.
FOAMS 2011. Iselin, NJ. USA September 2011.

J. Escudero, E. Laguna. V. Kumar, M.A. Rodriguez-Perez

Gas Diffusion and Foaming in Low Density Polyethylene/Clays Nanocomposites

FOAMS 2011. Iselin, NJ. USA September 2011.

J. Escudero, J. Tirado, M.A. Rodriguez-Perez, J.A. de Saja, D. Rosa, J.A. Vazquez.

Stages Molding: A New Technologie for the Productionf of Plastic Parts.

EUROTEC 2011. Barcelona, Spain. November 2011.

O. Shishkina, Y. Zhu, J. Escudero, A. Lopez-Gil, M.A. Rodriguez-Perez, L. Gorbatikh, S.
Lomonov, I. Verpoest.

Multi-level Characterization of the Compressive Behavior of Novel Cellular Nanocomposites
15th European Conference on Composite Materials. Venice, Italy. June 2012
C. Saiz-Arroyo, J. Escudero, A. Lopez-Gil, M.A. Rodriguez-Perez.

Production of Non-Crosslinked Polypropylene Foams with Controlled Density and Tailored
Cellular Structure and Physical Properties

FOAMS 2012. Barcelona (Spain) September 2012.

M.A. Rodriguez-Perez, J. Pinto, J. Escudero, A. Lopez-Gil, S. Estravis, C. Saiz-Arroyo, E.
Solorzano, S. Pardo.

Nano-Strategies Applied to the Production of Cellular Polymers with Improved Cellular
Structure and Properties.
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Cellular Materials Conference. Dresden, Germany. November 2012.

J. Escudero, C. Saiz-Arroyo, M.A. Rodriguez-Pérez, J.A. de Saja.

El Efecto Multifuncional de las Nanoparticulas en los Materiales Celulares.
Revista de Plasticos Modernos 101 (657) 326-339 (2011). (Appendix I)

J. Escudero, J. Tirado, M. A. Rodriguez-Perez, J.A. de Saja, D. Rosa, J.A. Vazquez.
Stages Molding: Una Nueva Tecnologia Para la Fabricacién de Piezas de Plastico.
Revista de Plasticos Modernos 102 (659) 32-39 (2011). (Appendix I)

Besides the papers included in the thesis, the autor contributed in other

publications in indexed journals that are presented in table 1.4.

Table 1.4: Publications in International Journals not included in this Thesis.

Other Publications in International Journals

J. Lazaro, J. Escudero, E. Solorzano, M.A. Rodriguez-Perez, J.A. de Saja
Heat Transport in Aluminum Foams: Application Notes

Advanced Engineering Materials.(11) 10. pp. 825-831 (2009)

C. Saiz-Arroyo, J. Escudero, M.A. Rodriguez-Pérez, J.A. de Saja.

Improving the Structure and Physical Properties of LDPE Foams Using Silica Nanoparticles
as an Additive.

Cellular Polymers (30) 2 pp. 45-60 (2011).
J. Lazaro, E. Solorzano, J. Escudero, M.A. Rodriguez-Perez, J.A. de Saja.
Applicability of Solid Solution Heat Treatments to Aluminum Foams.

Metals (4) 2 pp. 508-528, (2012).

The patents previosuly mentioned are included in Table 1.5 with their

corresponding reference.

Table 1.5: Patents published in the frame of the thesis.

J.A. Vazquez, J.A. de Saja, M.A. Rodriguez-Perez, J. Escudero

System and Method for Moulding Parts Using Free-Standing Moulds.
International Patent Reference:W0O/2012/117143. September 2012. (Appendix II)
M.A. Rodriguez-Perez, J.A. de Saja, J. Escudero, A. Lopez-Gil.

Fabricacién de Materiales Celulares de Matriz Termoplastica.

Spanish Patent 201231092. July 2012. (Appendix II)

21



Cellular Materials Laboratory 2015 J. Escudero Arconada

One of the research works developed during the thesis deserved the Foro Ibérico

del PVC Award in 2009. This is presented in Table 1.6.

Table 1.6: Research works awarded.

VI Edition Foro Ibérico del PVC Award.

Microcellular PVC, Fabrication, Mechanical Properties and Advantages Offered by this
Materials in Structural Applications.

Supervisors: M.A. Rodriguez-Perez and E. Solorzano.

Centro Catalan del Plastico. Terrasa, Barcelona (Spain). March 2009.
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Chapter 2. Background and Review of Concepts.

2.1.- CELLULAR MATERIALS

The present thesis work is completely focused on the production of polyolefin
based cellular materials so a first introduction of some related concepts is made in the
chapter. Nowadays cellular materials are broadly extended in very different applications
so the available information, both from a scientific and industrial point of view, about
these materials is very vast. In this chapter only some selected concepts will be
introduced, the more important ones to later properly understand the rest of the work.
It is also important to mention that detailed state of the art of the different topic

considered is included in the papers included in the chapters 4 to 6.

2.1.1.- Definition of cellular material and initial considerations.

Cellular materials can be found in nature in many different examples. Cork or
wood, to name some, have been extensively used during thousands of years. With time
the human kind began developing its own cellular materials. The more familiar ones are
based on polymers and they can be found in a broad range of applications but
nowadays there are production techniques able to produce cellular materials from

ceramics, glasses or metals.

A polymer cellular material can be defined as a two-phase structure in which a
gaseous phase has been dispersed in a solid polymer matrix. The gaseous phase can be
generated using either a chemical or a physical blowing agent and the polymer solid

matrix can vary between a huge range of options [1,2].

Several criteria can be used for classifying these materials but namely two main

parameters can be considered: open or closed cellular structure and density.

According to the openness of the cells two different classes can be remarked: Open
Cell, in which the gas can freely travel across the cells since they are interconnected,

and Closed Cell in which the gas is enclosed inside the cells (see Figure 2.1).
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Figure 2.1. Closed cell foam (left) and open cell foam (right).

Density is maybe the parameter that more deeply governs the physical properties
of a cellular material and its possible practical applications [1-3]. For the sake of
comparison between materials produced form different polymers the concept of relative
density is defined. Relative density stands for the quotient between the density of the
cellular material and the density of the solid material that forms the solid matrix.

Mathematically can be expressed as
Egqg. 2.1

_ Pcetiular material

Prelative =
Psolid

The concept of Expansion Ratio (ER) is also widely used all along the thesis. It can
be defined as the inverse of the relative density and quantifies the number of times that

the volume of the solid material has been increased to produce the cellular material.

ER = 1 Psolid Eq. 2.2

Prelative Pcellular material

For relative densities below 0.3 we are talking about Low Density. On the other
hand, relative densities higher than 0.6 correspond to High Density cellular materials.

Any value in between can be considered Medium Densities.

Combining the two classifications, openness of the cellular structure and density,
we can obtain an interesting map that can be easily related with the industrial

applications covered by cellular materials.
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Open Cell Closed Cell

Low Density

Figure 2.2: Map with a classification of cellular materials taking into account the

density and type of cells and its relationships with industrial applications.

The mathematical modeling of any property of these materials can be very
complex, considering a lot of influential parameters, but there are also simple formulas
that usually give accurate trends. One of this very simple but accurate approximations
are referred as Scale Relationships. This empirical approximations state that the value
of a certain property can be modeled knowing the value of that same property for the
fully solid material (Psolid), the relative density (prelative) Of the cellular material and two
experimental parameters (C and n) that are typically obtained from experimental data.

The relationship is as follows [1]:

n
_ Pcellular material
Peetiuiar material = C- Psotia ( Psolid ) Eq~ 2.3
L

C is a parameter with a value usually near 1 and n is an exponent that commonly
varies between 1 and 2. Therefore, values of n equal or near 1 mean that the loss of
properties compared to the solid is the less strong possible. On the contrary, values of n
near or higher than 2 are found in the worst of the cases, when the loss of properties is

strong compared to the solid.
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Defining a Relative Property as the quotient of a property measured on the cellular
polymer to the same property measured on the solid (Pcelular materiai / Psoidg) and

considering C=1, equation 1.2 can be expressed as:

Pretative = (prelative)n Eqg. 2.4

Usually the relative properties of cellular materials are plotted versus the relative
density and modeled according to equation 2.3 (figure 2.3). Doing this a value of n can
be calculated which gives an idea of the quality of a material in comparison to others or
in comparison to the expected results. So has been already mentioned commonly the
values of n are between 1 and 2. Values below 1 are not found in most of the cases but,
on the contrary, some properties (e.g. strain at break) in certain situations (e.g. heavily

filled polymers) present values higher than 2, even near 4.

Achieving values near 1 for the key mechanical properties (stiffness and strength)
is not an easy task, especially for medium or lower densities. Since the 1980’s several
works postulate that the consecution of cells with sizes below 10 pm gives as result
behaviors with n very near to 1 [12, 53]. An intense research has been carried out on
this hypothesis and controversial results have been obtained [16]. Apparently this fact
is true for relative densities higher than 0.6 or for properties as impact resistance or
fatigue. In lower ranges of relative densities or for other properties (stiffness and
strength) some works state that achieving an homogeneous and closed cell structure
are the key features to obtain behaviors with n=1 [57, 79]. The cell size in those cases

does not play the critical role.
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Figure 2.3: Relative properties-relative density relationship for a cellular material
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From equation 2.3 it can be easily inferred that the properties of the foam are the
result of two different influences: the properties of the solid polymer Psoia and the
exponent n that it is determined by the different features of the cellular structure. It is
the aim of this chapter defining and clarifying some concepts related to the cellular

structure and the polymer properties. The two following sections deal with these topics

2.1.2.- Cellular Structure

Special attention has been paid all along the thesis to the microstructure of the
different foamed materials in terms of their cellular structure morphology. This
attention is not gratuitous since several times the macrocopic behavior obtained would
not be explainable without first studying and considering the cellular morphology.
Moreover, in some occasions during the thesis the cells were externally “forced” to have
a certain morphology in order to get desired characteristics and performance. The
formulation, production route and production parameters determine the cellular
structure and later the cellular structure determines the performance of the foamed
materials so properly characterizing and linking these two dependencies is of major
importance. In the following paragraphs the typical characteristics of a cellular

structure are defined and introduced:

Mean cell size (¢)

Gives a numerical value of the mean diameter of the cells forming the celular
structure. The more extended method of determination for this parameter is the
“Method of intersections” presented in the standard ASTM D3576 [4]. During this thesis
work a “home-made” method, based on image processing software using ImagedJ, has
been used [5]. The wellness of this image processing software has been tested and

compared with other determinations finding a high accuracy [J].

Thermal properties of the foam are very influenced by the mean cell size when
dealing with low relative densities (lower than 0.15). In this situation the reduction in
cell sizes is translated into a reduction in the radiation term that contributes to a
decrease of the total thermal conductivity. For higher densities this dependency is not

so remarkable [6-9].

As already mentioned the influence of the cell size on the mechanical properties of
a foam has generated important controversy in the last decades. Up to date the

literature indicates that for relative densities higher than 0.6 or for properties as impact
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resistance or fatigue reducing the mean cell size is beneficial. But for densities below
0.6 parameters as cell openness, cell anisotropy and cellular homogeneity gain much
more importance than mean cell size in properties such as stiffness and strength [10-

12].

Cell size distribution

It measures the variations in cell size that can be found in a given material. Figure

2.4 shows the cell size distribution of two typical materials.

The influence of the cellular homogeneity on the physical properties of a cellular
material is an analyzed topic. In general, it has been found that non-uniform
distribution of the cell sizes has in general a detrimental effect on the properties of the
material [2,3,13,14]. In this case the solid mass is not homogenously distributed which

favors the appearance of cracks in the weaker areas [1].

Call Sirelym ol Sizwum

Figure 2.4: Homogeneous (left) and more inhomogeneous cellular structures

(right) with their corresponding cell size histograms

The standard deviation (SD) of the cell size distribution is the numerical
parameter that should be taken into account when comparing different structures

[15,16].
Eq. 2.5

where n is the total number of cells, ¢; is the diameter of each cell , and ¢ is mean cell

size. The smaller is the value of SD, the more homogeneous is the cellular structure.
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Open cell content

The open cell content of a foam is in several cases connected with how the mass is
distributed between cell walls and edges. When the majority of the mass is placed in
the edges, the open cell content is high and, on the contrary, when the mass is
preferentially placed on the cell walls the cellular structure tends to be closed cell (low
open cell content). Between the completely open and closed cell cellular structures
there is a continuous of open cell contents that must be considered. The exact amount

of open cell content can be determined using the formula [14]

Volume of interconnected cells
0CC =

Total Gas Volume

Experimentally, in the frame of the thesis, this parameter has been obtained

using a gas pycnometer according to ASTM D6226-10 standard [17].

Since the open cell content is directly connected with the way that mass is
distributed in the cells, mechanical properties for example show a strong dependency
with it [1,13,14]. The ability of a foam for withstanding a certain applied force is
different depending on this mass distribution. In addition the propagation of a sound
wave across a foam is completely different depending if the cellular structure is open or
closed cell. Open cell foams are optimal for applications in which a good acoustic
absorption is aimed. Outgasing or filtration purposes are also benefitted from high open
cell contents and the opposite happens for the thermal conductivity. All these aspects

gives an idea of the major importance of this feature.

Special attention has been paid to the open cell content in chapter 6 and
interesting relationships between rheology of the base polymer-open cell content

andmechanical properties have been established.

Anisotropy Ratio (R)

It is defined as the ratio between the diameter of the cell measured in its
maximum elongation direction and the diameter in a perpendicular plane to this
direction [1]. According to this definition isotropic cells have a anisotropy ratio equal to
1.Some of the foams produced in chapter 3 presented anisotropy ratio near 3 Figure 2.5

shows examples of an isotropic and an anisotropic cellular structure.

When anisotropy ratios larger than 1 are desired, they can be achieved during the
production process. For example constraining the growing of the foam in a preferential

direction yields cells oriented in that direction and therefore significant anisotropy
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ratios. If the polymer has some preferential molecular orientation (due to the extrusion

for example) it may induce also a preferential growing of the cells.

Anisotropy in the cellular structure gives as result anisotropy in the properties of
the foam [3]. Large differences can be found between properties measured in the
maximum elongation direction and in a perpendicular one. For example the Young
Modulus in compression shows a strong dependency wit R. Defining Ejas the Young
Modulus measured in the direction of higher cell size and E, as the modulus in the

perpendicular one, the relation between them is given by the equation [18]:

E __ 2R Eq. 2.6
B 1t ()

For an anisotropy ratio of 3, the parallel Young Modulus is almost 18 times higher than
the perpendicular one. On the other hand, thermal conductivity is also higher in the
direction in which the cells are elongated, reducing therefore the behavior of the

material as thermal insulator in this direction [19,20].

Figure 2.5: Examples of an isotropic cellular structure (R=1) and ananisotropic cellular

structure (R=3)

2.1.3.- Polymer Matrix

Acting over the solid polymer matrix is the other route for improving the foam
properties. This strategy includes also two non-exclusive procedures: modifying the
molecular architecture of the polymer matrix or adding fillers in a certain percentage to
modify the physical properties [2,3,13,14,21]. Both procedures have been used and

combined during the thesis.
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In the same way the modification of the polymer matrix and the modification of
the cellular structure are not independent. In fact, some modifications of the polymer

matrix are deliberately made to obtain certain changes on the cellular morphology.

Briefly, the modification of the polymer matrix can influence the foam properties

from the following points of view:

Improving the foamability of the polymer matrix allows achieving low
densities. Depending of the polymer, high expansion ratios require from
tuned molecular structures. Otherwise the polymer is not able to retain
the gas amount required and the foam collapses. A prior reological study
of the polymer matrix really helps to later understand the foamability of

the polymer and hence the properties of the foam.

Using a polymer with a different foamability allows reducing cell size,
increasing cell density and improving cellular homogeneity. The
modification of the polymer matrix can yield also anisotropy ratios higher

than 1.

Modifying the polymer permits changing the amount of gas that can be
dissolved in the polymer matrix and therefore the subsequent cellular
structure and expansion ratio expectable. Crystallinity plays a

fundamental role in this sense.

Tuning the physical properties of the foam. Mechanical, thermal, fire
resistance and barrier properties to name some are highly dependent on

the initial properties of the solid polymer matrix as stated in equation 2.4.

Several examples of all the previous points can be found in the following chapters.
The main strategies of modification of the polymer matrix used in this work are briefly
described in more detail in the following paragraphs. As already mentioned they can be

divided into modification of the molecular structure and use of fillers.

2.1.3.1.- Modification of the molecular structure

The molecular modifications that will be presented now are aimed at improving
the rheological behavior of the polymer for our foaming purposes. These changes in

rheology influence the foamability and cellular morphology. But the tailored molecular
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architecture not only influences rheology, it also has impact on the mechanical and
thermal properties of the polymer. Crystallinity for example is strongly dependent on
the molecular conformation of the polymer chains. And even the rate of crystallization

is modified (which also influences the foamability of a polymer melt).

The attention is focused on polyolefins, specifically on polyethylene and
polypropylene. Taking this into account, the two more extended strategies of molecular
modification for these polymers have been studied: polymer branching and polymer

crosslinking.

Polymer branching

During the foaming the polymer matrix is subjected to extensional forces similar
to the ones that appear during a blow molding or film blowing process. These
extensional forces are due to the gas pressure generated inside the polymer that acts as

driving force of the cell growing [13,23].

When high expansion ratios are sought or when the polymer specifically presents
a low melt strength the above mentioned extensional force can produce the breakage of
the cell walls promoting coalescence and as a consequence larger cell sizes with
inhomogeneous cellular structures. In some occasions the polymer is not even able to
withstand the gas pressure so the gas escapes and the foam cannot reach the intended

expansion ratios [13].

Polypropylene is a significant case of polymer with low melt strength what highly
hinders its foamability. Independently of the foaming route chosen (with the exception
of bead foaming technology), achieving expansion ratios higher than 2 (densities below
450 kg/m?3) is a difficult task with any common grade of PP. Branching is the common
approach when the polymer is intended for foaming purposes. Branched polymers show
an improved foaming behavior. In the case of polypropylene there is a need of inducing
this branched molecular structure using specific technical methods. For instance the
polymer undergoes electron irradiation in an atmosphere poor in oxygen [2,3]. Reactive
extrusion is another novel route that can be followed using organic peroxides
(peroxydicarbonates) that, after just one extrusion step, yields a highly branched
polypropylene without chain scission or degradation [2,3]. In this case, the extrusion
process must be done under nitrogen atmosphere. These branched PP’s are denoted as
“high melt strength” (HMS) indicating their suitability for production process that

require from this special rheological behavior.
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The rheological extensional behavior of branched polymers is very particular and
it is mainly characterized by the presence of “strain hardening”. Strain hardening can
be defined as a rapid increment in the extensional viscosity of the polymer at high
strains [13,14]. This fact is depicted in figure 2.6. The more disordered molecular
structure of a branched polymer requires from higher energies imparted to reach high
strains. This physical phenomenon is translated into the aforementioned increment in
extensional viscosity. In a linear polymer, on the contrary, the molecular chains can
slide between each other and therefore the extensional viscosity presents no increment

at high strains [24].
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Figure 2.6: Extensional viscosity of two different polypropylenes. The blue line
corresponds to a common linear PP, without any branching induced. The red one is for
a high melt strength PP, with an induced branched architecture. The appearance of the

strain hardening phenomenon is fundamental in the foamability of these polymers.

Low density polyethylene (LDPE) is a polymer that, without any modification,
presents a branched molecular structure and therefore strain hardening [21]. Its
counterpart, high density polyethylene (HDPE) shows a more ordered linear molecular

structure and therefore no strain hardening.

The use of high melt strength polypropylenes is highly extended nowadays and
several commercial grades of these materials can be found. Lyonellbasell
commercialized an electron beam irradiated polypropylene but this grade cannot be
found anymore. Borealis offers the Daploy family of HMS polypropylenes, branched

using organic peroxides and unsaturated monomers. AkzoNobel has patented a
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reactive extrusion additive based on peroxydicarbonates that can be used for producing
“home-made” branched grades under some restrictive conditions. These PP, by itself or
blended with certain amounts of linear grades, have been used for producing low
density foams with improved cellular structures, reducing the coalescence and the open
cell content. They are used both at a lab and industrial scale. The materials are
recyclable but their main disadvantage is the price that can double the price of a non-
branched counterpart due to the production process and the costs of the used additives
[25, 26-30].

Polymer Crosslinking

Crosslinking is a common procedure used when the raw polymer is not able to
withstand the biaxial extensional forces that take place during a foaming process [30].
Normally, in foaming processes in which the expansion of the polymer takes place at a
high temperature there is usually a need of crosslinking the polymer in order to
stabilize the cells during the growing of the foam, specially when low densities are

sought [2].

As already mentioned some polymers present a molecular structure with a high
ratio of branching. This is the case of low density polyethylene (LDPE). Even this highly
branched molecular structure is not enough when the aimed expansion ratio is high

and the foaming temperature is also high.

From a rheological point of view it is clarifying studying the effect of crosslinking

over the extensional properties of the polymer melt (Figure 2.7)
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Figure 2.7: Rheological behavior, in terms of extensional viscosity, of a low density
polyethylene (LDPE) grade with three different crosslinking degrees. For the sake of

comparison the behavior of the raw polymer is also induced.

This figure shows an example of the dependency of extensional viscosity with
three different crosslinking degrees in a LDPE matrix (own data). In the crosslinked
materials the extensional viscosity is increased with increasing strains (higher times). It
is the aforementioned strain hardening effect. This behavior, almost absent in the raw
polymer, shows a straight dependency with the crosslinking degree. The increment in
extensional viscosity is fundamental for achieving low densities since in these
situations the polymer melt suffers strong sagging forces and high strains. The
dimensional stability of the foamed part is also improved, benefitting any subsequent

thermoforming process [2,3,8,31].

At a molecular level crosslinking a polymer implies the formation of three-
dimensional networks (C-C- bond between molecular chains) which at the end are the
responsible of the change of properties of the polymer [22]. This three-dimensional

structure is graphically depicted in figure 2.8
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Figure 2.8: Schematic of the molecular architecture in a non-crosslinked polymer and a

crosslinked one.

The consecution of this three-dimensional network can be accomplished by two
different procedures, physical crosslinking and chemical crosslinking, both of them
based on the formation of free radicals in the polyolefin molecule that later on are

recombined giving place to covalent bonding between molecular chains [2,22].

1. Physical Crosslinking: the polymer is irradiated with a high
energy radiation (B-rays, y-rays, X-rays or neutrons) in order to produce free
radicals. This process involves a complex instrumentation for the irradiation
which complicates its applicability. On the other hand, out of the two, is the
“cleaner” one since no by-product is left after crosslinking [2,3].

2. Chemical Crosslinking: is the most common one due to its
technical simplicity. Two main choices are available in this context: the addition
of peroxides or the functionalization of the polyolefins using silanes. Peroxides
are chosen according to the melting temperature of the polymer and the
decomposition temperature of the blowing agent that will be used for foaming.
Dicumyl peroxide is the more extensively used for the crosslinking of LDPE or
PVC. Figure 2.9 shows the crosslinking process that typically follows a
polyolefin. On the contrary, dicumyl peroxide is not suitable for polypropylene..
In the case of silanes the polyolefin molecule is functionalized with a
polifunctional organosilane. The functionalized polymer can be processed like
any other thermoplastic and it is only crosslinked in a secondary process by
water addition. The process using silanes is suitable both for polyethylene and

polypropylene [2,3,22].
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Figure 2.9: How dicumyl peroxide (DCP) acts chemically producing the crosslinking of

the polymer matrix.

There is always an optimum crosslinking degree. A too high crosslinking degree
can prevent from achieving the expansion ratios needed. On the other hand, a too low
crosslinking degree cannot be enough to withstand the foaming process. In the physical
crosslinking route the crosslinking degree is controlled by the dose used and in the
chemical crosslinking it is controlled by means of the addition of the amount of

chemical compound used, temperature and time.

In the market we can find a large number of crosslinked foamed parts. In
comparison to branching, crosslinking broadens the window of densities achievable but
it stands also an important disadvantage: crosslinked polymers cannot be recycled by
conventional procedures (extrusion or injection). This makes these products

environmentally harmful.

2.1.3.2.- Use of fillers

The use of fillers as additives in polymers can have very different purposes. The
simplest one is reducing the price of the polymer part. Fillers as talc or calcium
carbonate are much cheaper than any polymer. But usually they have also a functional
purpose. When polymers are used in applications demanding high fire resistance
performance, high contents of inorganic fillers are used. Examples can be found in

LDPE or EVA filled with aluminum or mgensium hydroxide (40 wt.%, 50 wt.%, 60 wt.%
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or even more) to produce halogen-free compounds [34]. They are used as core in

sandwich panels in structural applications or as cable jackets.

Large additions of these fillers used together with their inorganic character
typically add severe difficulties to the foamability of the polymer blend. These
difficulties are sometimes arduous to be overcome and the production of halogen-free
flame retardant foamed materials is, even nowadays, one of the handicaps of this

research area.

Polymer mechanical properties is another typical field in which fillers play a
fundamental role. Traditionally glass or carbon fibers have been used yielding high
performance polymer matrices. These fibers show stiffness and strength that can be as
high as 20 to 150 times the ones of the raw polymer. When aligned in the desired

direction, they impart outstanding properties to the polymer matrix [22].

During the last three decades a new family of inorganic fillers has shown up. The
polymer industry has not been indifferent to the big expectations placed on
nanotechnology. According to this, big technical and economical efforts have been
devoted to what is named “Polymer Nanocomposites”. Inorganic fillers have passed from
the micro-scale to the nano-scale. Nanoclays, carbon nanotubes, carbon nanofibers,
graphene nanoparticles, nanosilicas particles to name some are examples of what could

be named as the “polymer fillers of the 21st century” [35,36].

An important part of this thesis deals with these nanofillers and due to this an

specific section is needed to introduce them in more detail.

2.2.-POLYMER NANOCOMPOSITES

Traditionally polymers have been filled with micron-sized fillers aimed at
improving mechanical behavior, gas barrier properties, flame retardant performance,
etc. Sometimes these fillers have been even used with cost reduction purposes

exclusively.

Polymer nanocomposites (PNCs) are emerging as a new class of industrially
important materials. At loading levels of 2-3 vol.% could offer similar performance to
conventional polymeric microcomposites with 30-50 wt% of reinforcing material. Note
that high filler loading in the latter materials causes an undesirable increase of density

and hence heavy parts, decreased melt flow index and productivity and increased
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brittleness. Furthermore, the classical composites are opaque with often a poor surface
finish. These problems are absent in PNCs [37-50]. They can be defined as materials
that comprise a dispersion of nanometer-size particles in a polymer matrix. These
particles have at least one of the dimensions in the nanoscale range. The matrix can be
single or multicomponent, containing additional materials that add other functionalities
to the system. The nanoparticles can be lamellar, fibrillar, tubular or spherical. The key
feature of these nanoparticles is related to the high specific surface characteristic of
these fillers. This high specific surface, together with the particle-matrix interactions,

deeply determine the final reinforcing effect of the nanoparticles [35,36,43,48].

Far from acting over an isolated property the addition of nanoparticles to a
polymer matrix plays a multifunctional role [38-41,44,48]. Figure 2.10 schematizes the

different effects that nanoparticles could have over the solid matrix.

EFFECTS OVER THE SOLID POLYMER
MATRIX

MODIFY THE IMPROVE IMPROVE IMPROVE GAS
POLYMER THERMAL MECHANICAL BARRIER
MORPHOLOGY STABILITY PERFORMANCE PROPERTIES

Figure 2.10: Main effects of nanoparticles in solid polymer.

Modification of the polymer morphology: the high specific surface
associated with the nanoparticles could enhance the heterogeneous nucleation
during the crystallization therefore the final crystallinity degree in the filled polymer
could be higher than in the unfilled one. This influences other properties, improving
for example the mechanical properties.

Improvements in thermal stability: several studies state that the
presence of nanoparticles improves the thermal properties of the polymer increasing
the thermal degradation temperature and therefore broadens the processing window
[35,36]. The loss of properties at high temperatures could be weaker when the
polymer matrix is filled with nanoparticles.

Improvements in mechanical properties: this is one of the most
extensively studied fields and also one of the most promising. The experimental

determination of mechanical properties of isolated nanoparticles gives incredibly
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high values. For example the compressive modulus in the axial direction of carbon
nanotubes has a value as high as 1000 GPa. Since the stress is transferred from the
polymer matrix to the filler, the high mechanical properties of the latter could be
directly translated into high improvements in the nanocomposites, although effects
in the interfaces also play key role and the results are not always positive
[35,36,41,42].

Improvements in gas barrier properties: the inclusion of nanoparticles in
the polymer matrix hinders the diffusion of gas molecules across the polymer
matrix. This strongly depends also on the geometry of the nanoparticles and the
interfaces. The lamellar geometry of nanoclays is the most adequate one for these

purposes. [35,36,38]

All these improvements are conditional upon a good dispersion and
compatibilization of the nanoparticles. A bad dispersion or compatibilization can even
deteriorate the properties of the unfilled matrix. The dispersion and compatibilization
degree also depend on the polymer matrix and the kind of nanoparticles selected and it

is a very complex topic [42,49].

In the frame of this thesis special attention has been paid to the modification of
the polymer morphology (chapter 4), improvements in the mechanical performance

(chapters 4 and 6) and improvements in the gas barrier properties (chapter 4).

2.2.1.- Polymer/layered silicate nanocomposites

An important part of the work presented in this thesis deals with polymer-layered
silicate nanocomposites, their foaming and the performance of the corresponding
foams. During the rest of the chapters (chapter 4,5 and 6) a detailed description of the
state of the art about the nanocomposites synthesis, properties, their used in cellular
materials and the yielded properties and experimental techniques is presented.
However there is a lack of general information in those chapters about the layered
silicate nanocomposites structure and the typical organic modifications used. The aim
of this section is covering that lack of general information that we consider important to

well understand the rest of the thesis.
Layered silicates structure

Layered silicates used in the synthesis of nanocomposites are natural or synthetic

minerals consisting of very thin layers that are usually bound together with counter-
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ions. Their basic building blocks are tetrahedral sheets in which silicon is surrounded
by four oxygen atoms and octahedral sheets in which a metal like aluminum is
surrounded by eight oxygen atoms. Therefore in 1:1 layered structures (e.g. kaolinite) a
tetrahedral sheet is fused with an octahedral sheet whereby the oxygen atoms are

shared [35].

On the other hand the crystal lattice of 2:1 layered silicates (or 2:1 phylosilicates)
consists of two-dimensional layers where a central octahedral sheet of alumina is fused
to two external silica tetrahedral by the tip, so that the oxygen ions of the octahedral
sheet also belong to the tetrahedral sheets (figure 2.10). The layer thickness is around 1
nm and the lateral dimensions may vary from 300 A to several microns and even larger
depending on the particulate silicate, the source of the clay and the method of
preparation. Therefore the aspect ratio of these layers (ratio length/thickness) is

particularly high with values greater than 1000 [35].

nHzO

Key:
() oxygen oH hydroxyl aluminum, iron, magnesium

O @ silicon, cccasionally aluminum

Figure 2.11: Schematic structure of montmorillonite. The functionalized polymer

chains bond to the OH groups and delaminate the layered structure of the nanoclay.

The basic 2:1 structure with silicon in the tetrahedral sheets and aluminum in

the octahedral sheet, without any substitution of atoms, is called pyrophyllite. Since
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the layers do not expand in water pyrophyllite has only an external surface area and
essentially no internal one. When silicon in the tetrahedral sheet is substituted by
aluminum, the resulting structure is called mica. Due to this substitution the mineral
is characterized by a negative surface charge, which is balanced by interlayer
potassium cations. However, because the size of the potassium ions matches the
hexagonal hole created by the Si/Al tetrahedral layer, it is able to fit very tightly
between the layers. Consequently the interlayers collapse and the layers are held
together by the electrostatics attraction between the negatively charged tetrahedral
layer and the potassium cations. Therefore, micas do not swell in water and, like
pyrophylite, have no internal surface area. On the other hand, if in the original
pyrophylite structure the trivalent Al-cation in the octahedral layer is partially
substituted by the divalent Mg-cation, the structure of montmorillonite is formed,
which is the best-known member of a group of clay minerals called smectites.
Montmorillonite, the most used nanoclay durint this thesis work, belongs to this group.
In this case the overall negative charge is balanced by sodium and calcium ions, which
exist hydrated in the interlayer. A particular feature of the resulting structure is that,
since these ions do not fit in the tetrahedral layer, as in mica, and the layers are held
together by relatively weak forces, water and other polar molecules enter between the
unit layers, causing the lattice to expand. This ease for the expansion is the reason why

this kind of silicates are the more extended ones in polymer nanocomposites [49].

Along with montmorillonite, hectorite and saponite are oher layered silicates used

in nanocomposite materials. Their chemical formula is given in table 2.1

Table 2.1: General formula of the most extended 2:1 phyllosilicates

2:1 Phyllosilicates General formula
Montmorillonite My (Als-xMgy)SigO20(OH)4
Hectorite Mx(Mge-xLix) SigO20(OH)4
Saponite MxMge(Sis-xAlx)O20(OH)4

The reason why these materials have received a great deal of attention recently as
reinforcing materials for polymers is their potentially high aspect ratio and unique
intercalation/exfoliation characteristics [35,36]. In general it is well established that
excellent mechanical properties are expected if the dimensions of the reinforcing
elements reach molecular levels. Individual clay platelets, being only 1 nm thick,

display a perfect crystalline structure. However, the smaller the reinforcing elements
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are, the larger is their internal surface and hence their tendency to agglomerate rather
than to disperse homogeneously in a matrix. In fact, the silicate layers have the
tendency to organize themselves to form stacks with a regular Van der Waals gap
between them, called interlayer. The interlayer dimension is determined by the crystal
structure of the silicate [41,42]. Micro-aggregates are formed by lateral joining of several
primary particles and aggregates are composed of several primary particles and micro-
aggregates. Several approaches have been developed to increase the interlayer spacing
rendering the nanoclays more adequate for their dispersion and exfoliation in a polymer
matrix [35,36, 49,50]. The next section describes the approach followed in the frame of

this thesis work that, on the other hand, is also the most extended one:
Organic modification of layered silicates

Since in their pristine state layered silicates are only miscible with hydrophilic
polymers, such as poly(ethylene oxide) and poly(vinyl alcohol), in order to render them
miscible with other polymers one must exchange the alkali counter- ions with a cationic
surfactant. Alkylammonium ions are mostly used, although other onium salts can be
used such as sulfonium or phosphonium. This can be readily achieved through ion-
exchange reactions that render the clay organophilic. In order to obtain the exchange of
the onium ions with the cations in the galleries, water swelling of the silicate is needed

[35].

The organic cations lower the surface energy of the silicate and improve wetting
with the polymer matrix. Moreover, the long organic chains of such surfactants, with
positively charged ends, are tethered to the surface of the negatively charged silicate
layers, resulting in an increase of the gallery spacing. It then becomes possible for
organic species to diffuse between the layers and eventually separate them.
Conclusively the surface modification increases the basal spacing of clays, reducing the
van der Waals attraction forces between platelets and allowing for the diffusion of

polymer chains which eventually would separate the platelets [35,41-42].

Figure 2.12 depicts the three common aggregation states: inmiscibility,
intercalation and exfoliation of nanoclays in a polymer matrix. In the inmiscible state
nanoclays appear as micro-sized aggregates of platelets. When intercalated still some of
this aggregates can be observed but an important number of individual platelets appear
in the micrograph. When completely exfoliated no more micron-size aggregates can be
observed, only individual clay nanoparticles. These three delamination states are
commonly characterized by x-ray diffraction and the typical diffraction patterns

corresponding to each state are also shown in figure 2.12 [48,49].
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Figure 2.12: Schematic of the three different aggregation states of nanoclays
observed by transmission electron microscopy (upper part of the figure) and x-rays
diffraction pattern obtained in each case (medium part of the figure) and a graphical

schema of the nanoclays platelets and polymer molecular chains (bottom part of the

figure).

2.3.- CELLULAR NANOCOMPOSITES

The foaming technologies and processes used with conventional composites have
been used in the last years for the production of foamed nanocomposites. The
motivation is clear; the excellent properties expected for the solid nanocomposites
should be directly transferred to their foamed versions [52,53]. But nanoparticles not
only modify the properties of the solid matrix conforming the foam, they have also
interesting effects during the foaming process and on the foam itself. Three of them has
been chosen as the most remarkable ones: nucleant role over the cellular structure of
the foam, modification of the extensional rheology which deeply influences the foaming

and finally improvements in the gas barrier properties of the foam (see figure 2.13).
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EFFECTS OVER THE POLYMER FOAMS AND
FOAMING PROCESS

NUCLEANT ROLE MODIFY
OVER CELLULAR EXTENSIONAL
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Figure 2.13: Effects of nanoparticles on the foaming process and foamed materials.

Nucleating role: typically the presence of inorganic particles reduces the
energy needed for the formation of a new cell. Therefore cells nucleate preferentially
in the interface polymer-filler, enhancing heterogeneous nucleation. The higher is
the dispersion and de-agglomeration of the particles and the smaller size, the higher
will be nucleation efficiency of the nanoparticles. This benefits the achievement of
smaller cell sizes and larger cell densities [52, 54].

Modification of the extensional rheology: this effect, related with the
foaming process, has a atrong influence on the cellular structure and morphology of

the foam. During the growing of the cells the polymer undergoes a biaxial extension. This
biaxial extension is directly connected with the extensional rheology of the polymer
[52,53,55,56]. This has been explained in section 2.1.3.1. Nanoparticles could increase the
extensional viscosity of the melt and modifies parameters as important as strain hardening
as will be shown in chapter 6.

Improvements in gas barrier properties: the addition of nanoparticles is
expected to reduce the effective gas diffusion coefficient of the gas outside the cells. On the
one hand, this gives a better gas efficiency during foaming, reaching low densities. On the
other hand foams with a slower ageing should be expected. For this reason nanocomposite

foams are attractive materials for packaging or thermal insulation [42,62,63].

From a theoretical point of view the nucleating role together with the
modifications in the extensional rheology couldgive as result reduced cell sizes,
increased cell densities and more homogeneous cellular structures. The open cell
content can be varied also by means of the nanoparticles addition. In any case, all
these effects are again influenced by the degree of dispersion and compatibilization of

the nanofillers. The better is the dispersion the more pronounced will be the effects over
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the cellular structure and gas barrier properties. On the other hand, the extent of
coupling polymer-nanoparticle also plays a crucial role. Stronger coupling means
smaller interfaces polymer-particle which finally turns into lower nucleation efficiency
[52]. But stronger interfaces are fundamental for achieving a good transfer of the stress
between the polymer and the filler and therefore for achieving improved mechanical
performance. Therefore, the balance between nucleation efficiency and good

compatibilization is a critical topic not completely understood.

2.4.- BLOWING AGENTS AND PRODUCTION ROUTES

With time, polymer cellular materials gained more and more importance in the
field of polymer materials. The number of practical applications rapidly grew up, more
and more industries were dedicated to its production [1-3,65]. Parallel to this the
scientific community focused the attention also on these materials, generating basic
knowledge for its improvement and modification. Taking all this into account, two
different approaches were followed, the study and development of different blowing

agents and the use and characterization of various production routes.

An important number of the production routes used are based on the previous
experience on production routes for solid polymer materials. This well-known
production routes were somehow extended to polymer cellular materials: foaming by
compression molding, foaming by injection molding foam, extrusion foaming, foaming
during rotational molding. With slight modifications in some cases or more important
ones in other,this classical routes were used to produce cellular materials. But the
intense research and development on cellular materials gave also rise to new
techniques exclusive for foams. A clear example is “reactive foaming”, used in the
production of polyurethane, the cellular material with the largest market nowadays.
And there are some other as batch foaming, pressure quench method, improved
compression molding or stages molding. Some of these techniques will be briefly

described in the following paragraphs.

Together with the production routes, blowing agents have been a great subject of
interest and research. Blowing agents have been developed parallel to production
routes, sometimes according to the demands of the later ones, sometimes
independently. Depending the way in which the gas is generated, they can be divided
into chemical of physical. As will be seen, the cellular structure and foam properties are

strongly dependent upon them so they are subject of major interest [1-3].
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The foaming routes used in the research works presented in this thesis (two steps
compression moulding, batch foaming, improved compression molding and stages
molding) will be introduced in detail in chapter 3. The rest of the foaming routes will be
briefly described in the following paragraphs of this chapter. A description of blowing
agents, divided into physical and chemical, together with their own characteristics and

differences is also presented in this chapter.

2.4.1.- Blowing Agents

A blowing agent can be defined as a substance with the ability of growing a
cellular structure in a material. They play a crucial role both in the production process
and in the final properties of the polymer foam since the cellular structure or the
density or some physical properties such as the thermal conductivity are parameters
strongly influenced by them. The selection of the most appropriate blowing agent and
the addition of the right amount has an important influence on the performance of the

foam and practical applications [2,3].

Blowing agents can be divided into two types, chemical and physical, depending

on the mechanism of gas release

2.4.1.1.- Chemical Blowing Agents (CBA)

As a distinctive feature, CBAs release gas as result of a chemical reaction. During
the decomposition they release several gases in different amounts. These gases act as
driving force for the growing of the foam. Together with the gases a certain amount of

solid residues remain after the decomposition [2,3].

Chemical blowing agents show two main advantages. On the one hand they are
easily added to the materials that will be later foamed and on the other hand they can

be easily processed using conventional equipments.

They can be divided according to the exothermic or endothermic character of the

chemical reaction that takes place:

Endothermic: these blowing agents act as heat sinks and
therefore they are used when there exists a need of releasing heat from the
polymer. The more common example is sodium bicarbonate that releases CO-
and water vapor when decomposed. The decomposition window of these

materials is very broad (100 °C to 140 °C for bicarbonate) and that makes
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difficult defining a processing temperature profile. Besides this, the amount of
gas released by endothermic blowing agents is much lower (approximately a
half) than the one released by exothermic blowing agents. To reach the same
expansion ratio higher amounts of endothermic blowing agents than exothermic
must be added [2,3,20]. Most of them release water as a byproduct during the
decomposition and this hinders their use in water-sensitive polymers as
polylactic acid (PLA) or polyethyleneterephtalate (PET). One of the main
advantages of typical endothermic CBAs is their health-friendly character, they
can be used in foamed parts intended for being in contact with food [13].
Exothermic: exothermic blowing agents release heat during their
decomposition. Besides, the reaction is autocatalytic so the decomposition
happens very quickly and in a very narrow temperature range. The more
extended exothermic CBA is azodicarbonamide (ADC) [2,6]. It decomposes
between 200 °C and 220 °C releasing between 240 and 270 cm?3/g of N2 (65%)
and lower quantities of CO, CO,; and NHs [2, 13, 32]. This material has been

used in several of the works presented in chapters 4,5 and 6.

2.4.1.2.- Physical Blowing Agents (PBA)

Physical blowing agents are first dissolved into the polymer. After that a
thermodynamic instability is induced in the system polymer+PBA. This thermodynamic
instability drastically reduces the solubility of the PBA in the polymer which is finally
translated into the nucleation and growing of a cellular structure. Commonly, these
PBAs are liquids with a low boiling point or gases. The more common ones are

hydrocarbons, halogenated hydrocarbons or inert gases as CO; or N» [3].

The solubility in the polymer is one of the major features that must be taken into
account when choosing a PBA. Other criteria are the environmental impact and the
processability. For example CFCs were extensively used for foaming polyurethane or
polystyrene due to their high solubility and low thermal conductivity but they were
banned due to their detrimental effect on the depletion of the ozone layer. Nowadays
butane, pentane or hexane are used in substitution in spite of their dangerous high

combustibility [3].

Inert gases as CO; or Ny show several advantages in comparison to the others.
They are cheap, abundant and environmentally friendly [2]. Their critical pressure and
temperature are also low which makes them very attractive for foaming. When above
the critical point the fluid is in the so-called supercritical state. In these conditions the
density of the fluid is similar to the fluid state but its ability to flow is much higher. In

these conditions the solubility in the polymer is strongly enhanced [66].
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CO: is the most extensively used PBA in polymer foams. The lower solubility of N»
makes it less common in the production of foams since higher work pressures should
be used in this case [2,66]. CO; has been used in some of the works presented in

chapter 4.

2.4.2.- Foaming Processes

The development and evolution of the production processes of cellular polymer
materials have run parallel to the processes traditionally used for solid polymers. The
introduction of a gaseous phase in the system adds complexity to the well developed

processes for solids.

The aim of any production process is the consecution of a polymer/gas
dissolution the more homogeneous as possible. In this sense three main parameters
appears as fundamental in any production route: pressure, temperature and time.
These parameters must be conveniently tailored in each process and together with the
characteristic of the polymer formulations used will finally determine the morphology

and properties of the foam [2,3].

In this chapter we will focus our attention on four of the most extensively used
routes for polyolefins: extrusion foaming, injection molding foaming, compression
molding foaming and pressure quench method. None of them have been used for the
production of the specimens in this thesis. Next chapter will pay attention to the
foaming procedures used in the frame of this work: two-steps compression molding,
improved compression moulding (variation of the compression moulding), stages

moulding (completely new method) and batch gas dissolution.

2.4.2.1.- Extrusion Foaming

The extruders and set-up commonly used for processing solid polymers can be
either directly used or modified for foaming. The introduction of a gaseous phase
requires a more precise control of parameters as temperature or melt pressure. The
blowing agent used can be either chemical or physical although the use of a physical

blowing agent requires of special equipment [13,21].
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Extrusion foaming comprises different steps:

1. Plasticization of the polymer: the polymer formulation is added to
the hopper and melted in the first stages of the extruder machine. The polymer
formulation can already contain additives or additives can be added
independently. If the foaming is going to be performed using a chemical blowing

agent, this material is added also in this step together with the polymer.

2. Dissolution and dispersion of the blowing agent: the shearing
forces developed inside the extruder produce the dissolution of the blowing
agent in the polymer. The more homogeneous is the dispersion and dissolution
of the blowing agent, the better will be the foaming behavior, therefore twin
screw extruder are preferred over single screw extruders. The pressure
developed by the shearing in this step must be high enough to assure the proper
dissolution of the gas in the polymer. In the case of using physical blowing

agents they must be added also in this step.

3. Mixing, transport: the polymer/gas system is shear mixed and
transported along the extruder during a certain time. As already mentioned this
time must be adequate to assure a good homogenization of the polymer/gas
system. Temperature profile is also an important parameter that must be
adjusted. Temperature must be, of course, high enough to melt and (in the case
of CBAs) decompose the blowing agent. But at the time of foaming if the
viscosity of the polymer melt is too high or too low (due to the melt temperature)
we can obtain an undesired foaming behavior. Besides this, it must be taken
into account that the presence of a gas dissolved in the polymer melt has a
plasticizing effect, decreasing the glass transition temperature and viscosity of
the system. In certain systems the solubility of the gas in the polymer decreases
as the temperature increases. Altogether, implies that sometimes the
temperature profile is decreased in the last stages of the extruder machine in
order to properly adequate the rheological properties of the polymer/gas system

for foaming.

4. Pressure drop in the die: when the polymer/gas system flows
through the die the pressure drop induces a thermodynamic instability which
nucleates and allows cells to nucleate and grow. The gas is no longer dissolved
into the polymer. In certain occasions the die has determinate geometries (for

the production of a foamed sheet for example). The higher is the pressure drop
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and pressure drop rate in this step, the higher will be the cell density obtained

and the smaller the cell in the foamed part.

S. Cooling and stabilization: the cellular structure obtained must be
cooled and stabilized. Low cooling rates enhance cells growing and in the worst
of the situations the appearance of cell coalescence or coarsening phenomenon.
The cooling can be performed by any means, either by immersing the foamed

part in water or blowing it with air.

By extrusion foaming either high or low density parts can be produced. For the
production of high density parts the selection of the polymer matrix is not so critical
and can be performed using linear polymers with adequate melt flow indexes (extrusion
grades). Chemical blowing agents are typically used in this case. On the other hand, the
production of low density foams by extrusion requires the use of branched polymers
and physical blowing agents. Physical blowing agents are used also for the production
of high density extruded parts achieving microcellular structures. The Mucell process,
patented by Trexel in the 90s is an example of this. Although Mucell is more broadly
used for injection foaming, the extrusion version is also found in high density
microcellular parts with acceptable surface qualities and with density reductions near
20% [2,33].

Figure 2.14: Examples of foamed parts produced by extrusion foaming

The achievement of microcellular structures in low density parts is more
challenging. Park and co-authors, using branched polymers and physical blowing
agents with low molecular sizes, have obtained microcellular foams in a wide density
range [55,67-72]. Together with the stringent conditions in terms of polymer matrix and

blowing agent, high pressure drop rates must be achieved also in the die. This need of
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high pressure drop rate strongly limits the diameter of the strand produced (<0.5 mm)

and therefore the consecution of parts with a bigger size.

The extrusion foaming procedure presents several advantages and disadvantages.

As main advantages we can mention:

60

Continuous process: the continuous intrinsic character of
extrusion foaming strongly enhances the productivity, rising it as specially
suitable for long series. Every kind of polyolefin can be processed following this
route.

Extrusion of solids: the expertise and state of the art gathered by
the solid polymers extrusion industry can be more or less directly applied to
extrusion foaming. Extruders used for solids can be many times used also for
extrusion foaming without changing the screws configuration, etc. and this
stands an important benefit for a lot of companies. This is true when foams with
high densities are produced. For low density foams special equipments are
required.

Broad density range: as already mentioned the density range
achievable is very broad. A prior proper tailoring of the formulation (in terms of
polymer and blowing agent), extruder configuration and production parameters

must be performed.

Together with these advantages some disadvantages are also present:

Parts geometry: only simple geometries can be produced. Sheets,
profiles, pipes and strands are the more common geometries produced by
extrusion. More complex geometries can be produced by thermoforming after
extrusion but this adds an additional steps that makes the final product more
expensive.

Extruder modification and set-up: this disadvantage rises when
using physical blowing agents to produce low density foams. The conventional
extruders must be deeply modified to accommodate a gas at high pressure that
will be pumped inside. Extruders already designed for this high pressure gas
pumping are expensive which is finally translated in higher market prices of
the end-product.

Extrusion foaming and microcellular structures: when looking for
cells in the microcellular range by extrusion several difficulties appear. Only
high densities can be reached, if stringent conditions are not used. When

looking for a combination of low densities and microcells, the pressure drops
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and pressure drop rates at the die must be so high that it limits the size of the

final parts produced.

2.4.2.2.- Foaming by injection molding

Injection molding, together with extrusion, is one of the most extended processing
techniques for polymers. Therefore, in a natural way, it has been used also for foaming.
The first injection system was invented in 1872 by John Hyatt but the really first
modern injection machine was patented in 1928 by the German company Cellon Werkw
[2]. All the mechanisms involved in these first machines were based on mechanical
principles, with manual extraction and without security systems. The first electrical

injection molding machines were patented in 1932 [2].

Minimum modifications must be done over a conventional injection molding
machine in order to adapt it for foaming using the low pressure injection molding
method (see below for a description of this method. Different variations of the
conventional injection molding have appeared with time, all of them to solve some of the
main disadvantages associated to this process. For example co-injection allows the use
of different polymeric materials, one surrounding the other, but moulds and machinery
are very expensive [2]. Another example, the Heat & Cool route, is aimed at the
improvement of surface quality undergoing different thermal cycles . In the case of the
GAIM (Gas Assisted Injection Molding) variant the molding is assisted by the pumping
of gas pressure inside the mould, this helps to reduce the amount of material but due
to the use of gas high precautions must be taken. MUCELL and Expandable Mould are
typical routes in the consecution of structural foamed samples by injection. The already
mentioned MUCELL process patented by Trexel in the 90s allows a good control of the
cellular structure and implies also a reduction in the initial investments but the size
and geometry of the parts are limited. With the use of expandable moulds good surface
qualities are achieved but the complexness of the mould and machinery make the

process more expensive than the low pressure method [72-74].

Four different steps are common in the low pressure injection molding method

that is used to produce foamed parts:

1. Melting and mixing: the polymer formulation is first melted in the
barrel of the injection unit. This barrel can usually incorporate a single screw
extruder that enhances the mixing of the polymer melt. The blowing agent can

be either included in the polymer formulation (CBAs) or pumped in the barrel
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(PBAs). The shearing forces developed by the screw allow for an homogeneous
dissolution and distribution of the blowing agent. The more homogeneous is the
distribution of the blowing agent in the melt, the better will be the foaming

behavior.

2. Mold injection: the mixture polymer/blowing agent is introduced
in the mold. Molds can have complex shapes and must be designed in such a
way that they can stand the high pressures used during injection. The
complexity of these molds is usually very high and they are very expensive. Due

to this, injection molding is especially suitable for long series.

3. Expansion: when the polymer/gas mixture is injected in the mold
it suffers a high pressure drop. This pressure drop saturates the polymer/gas
mixture and the gas is no longer dissolved in the polymer. Cells nucleate and
grow in the polymer melt and the growing of the cells also helps to completely
fill the mold cavity. In some variations of injection molding, as for example
when expandable molds are used, the polymer/gas mixture is subjected to
pressures high enough to keep the gas dissolved in the polymer even after
injection. Then the mold is expanded which generates the pressure drop needed

for the nucleation and growing of the cells.

4. Cooling and de-molding: the lower temperature of the mold cools
down the polymer melt injected. Once the foamed part is solidified inside the
mold cavity is ready for the de-molding. The mold is opened and usually the
injection machine comprises some system to enable the expulsion of the

foamed part. The mold is closed and the cycle begins.

Figure 2.15: Detail of a structural foams. Two outer solid skins can be observed

surrounding a foamed core.

Structural foams, characterized by two solid outer skins (figure 2.15), have been

traditionally produced by injection molding in any of its variations. Since the
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temperature of the inner walls of the mold cavity is below the melt temperature, the
polymer solidifies without foaming as soon as it enters in contact with them. These
structural foams present a higher bending stiffness to weight ratio than conventional
foams of the same density so they are a good alternative when light materials with
improved mechanical properties are sought (figure 2.16). As will be mentioned in the
next chapters, in the frame of this thesis a new production route that has nothing to do
with injection molding has been developed for the production of structural foams
(Stages Molding) (it is described in chapter 3). This new route solves some of the
problems associated to injection molding, needs a lower initial investment and it is

especially suitable for the production of short series [2,3,66,73-75].

Figure 2.16: Paddleboard and soles produced by injection molding foaming

As main advantages we can distinguish:

Parts geometry: the complexity of the parts produced can be very
high. Together with this, the dimensional accuracy that can be achieved is also
high so a wide range of the parts present in the market nowadays have been
obtained by injection molding.

Productivity: a large number of parts can be produced in a certain
time space. Parameters as injection pressure, injection speed, temperature or
cooling rate are adjusted in order to obtain acceptable surface and shape
qualities together with productivities as high as possible. The process is
especially suitable for long series.

Injection of solids: injection molding has been intensively used in
the production of solid plastics for years, therefore a large expertise has been
gathered in this field. This expertise is more or less directly transferred to

injection molding.

Some disadvantages must be also considered. Some of them have been solved in a

higher or lower extent in the different variations of the conventional injection molding:
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Density range: relative densities achievable by injection molding
are always higher than 0.6. This limits the applicability of the technique for the
production of parts when lower densities are required.

Surface quality and cellular structure: the cell size distribution of
this parts is very inhomogeneous, presenting also density gradients in the
interior. Besides this, the surface qualities achievable are not always as good as
desired. Many of the mentioned variations try to solve this drawback with higher
or lower success.

Set-up and investments: molds usually entail a high complexity
and must be able to withstand the high pressures developed during the
injection stage. This two facts increase the price of the molds needed. The initial
investments are therefore high and sometimes the production of short series is

not economically profitable.

2.4.2.3.- One-step Compression Molding

Compression molding, also used for processing solid plastics, has been extended
to the production of foamed parts. In this section we will focus our attention in the one-
step procedure. The two-steps counterpart will be described in the next chapter since it
has been used for producing some of the materials of this thesis. Compression molding
foaming, due to its intrinsic characteristics, only allows the use of chemical blowing

agents [2].
One-step compression molding comprises four steps:

0. Mixing and compounding: prior to the compression molding itself
the polymer, blowing agent and the rest of the additives are conveniently mixed
and compounded using an internal mixer or a twin screw extruder. The
compounding temperature must be lower than the decomposition temperature
of the CBA and lower also than the activation temperature of the crosslinking

additives in the case that these are present.

1. Temperature/pressure: the previous compound is placed inside a
mould and undergoes a certain temperature-pressure program. If a crosslinking
agent is present in the compound the temperature is selected above the
activation temperature of the crosslinking agent and below the decomposition

temperature of the chemical blowing agents. Once the polymer is conveniently
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crosslinked the temperature is raised above the decomposition temperature of
the blowing agent. The decomposition of the blowing agent is performed under
pressure that is applied externally to the compound. The decomposition of the
blowing agent generates a certain gas pressure in the polymer melt. The
external pressure applied must be always higher than the maximum gas
pressure developed in the polymer melt. This way the gas will be dissolved in
the polymer. Temperature, pressure and time are the major parameters of this
route and must be conveniently adjusted to assure a complete decomposition

and good dissolution and dispersion of the blowing agent.

2. Expansion: when the temperature/pressure stage has finished
the external pressure is released, the gas saturates within the polymer and the
cell nucleation and growing begins. The foam grows freely out of the mold and
reaches a certain density. Typically from blocks or slabs are produced. After the
sudden pressure release all the cells (theoretically) nucleate and begin growing
at the same time. This prevents cell coarsening and gives as result more
homogeneous cellular structures. Altogether enhances the achievement of lower

densities with improved cellular structure morphologies.

3. Cooling and de-molding: after foaming the part must be cooled
down to stabilize the cellular structure. This can be done by any mean,
immersing it in water, by air blowing, etc. Normally high cooling rates are
sought in order to obtain the best properties of the foam. This is specially
important if the polymer is not a crosslinked material. Releasing the foamed
part from the mold is not easy if the polymer has not been previously
crosslinked. That is one of the reasons why compression molding is usually

combined with polymer crosslinking.

The density range that can be covered by compression molding is very wide
although low densities usually require crosslinking the polymer matrix. The range of
applications of compression molded foams is also very wide and goes from thermal
insulators to cushioning and packaging purposes. Compression molded foams can be

found in toys or shoe soles too [2,3,32].

65



Cellular Materials Laboratory 2015 J. Escudero Arconada

= . A

Figure 2.17: Examples of parts produced by one-step compression molding.

As advantages of the process we can mention:

Simplicity of the process: both the process and the machinery
needed are simple. The investments are low compared to other foaming
techniques which makes it very attractive.

Wide density range covered: high, medium and low density foams
can be produced by compression molding. Low density foams require for
polymer crosslinking prior to foaming.

Compression molding of solids: machinery and set-up used for
the production of solid parts by compression molding can be directly used for

foaming without any modification. There is only a need for specific moulds.
Besides these advantages some disadvantages are also present:

Crosslinking: usually the production of foams by compression
molding requires for crosslinking of the polymer matrix. Crosslinking allows
reaching low densities and at the same time enables the releasing of the foamed
part from the mold. Crosslinked foams cannot be processed again which
prevents from any recycling of the foam by conventional means.

Density control: the density of the final foamed part can be varied
by varying the blowing agent addition but cannot be mechanically controlled.
The processing parameters (temperature, pressure and time) deeply influence
the amount of blowing agent decomposed so a precise adjustment of the density
of the foamed part is only possible after a fine tuning of the process.

Parts geometry: the process does not allow producing parts with
complex geometries. As well as in extrusion complex geometry parts can only be
produced adding a subsequent thermoforming stage which reduces the

productivity and increases the price of the final foam.
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2.4.2.4.- Pressure Quench Method

The pressure quench method can be considered as an alternative to the batch gas
dissolution method that will be described in the next chapter. On the contrary to the
batch gas dissolution method that is industrially used by Zotefoams or Microgreen, the
pressure quench method has not been industrialized due to some of the disadvantages
that will be mentioned later. In the case of polyolefins the process comprises the

following steps [2,3,77,78].

0. Compounding and molding: the polymer is compounded with the
rest of the additives using a twin screw extruder or an internal mixer. Only
physical blowing agents are used in the pressure quench method so no blowing
agent is added to the polymer during this step. The compound is later
compression molded or extruded into solid precursors with a certain geometry.
The thickness of these solid precursors should not be very high in order to

assure a later homogeneous gas dissolution within an acceptable time.

1. Gas dissolution: the solid precursor is placed inside a pressure
vessel and undergoes a temperature/pressure program. Temperature is arose
above the melting temperature of the polymer. This way the polymer is
completely in amorphous state which benefits the homogeneity of the gas
dissolution and increases the amount of gas that the polymer can dissolved.
CO; and N, can be used, although CO; is been more common due to its high
solubility in polymers. The gas pressure inside the vessel and the time that the
precursor is subjected to this pressure will determine the total amount of gas
dissolved. Normally the time is enough to assure the saturation of the polymer
and an homogeneous distribution of the gas. Commonly the gas is at a
temperature and pressure above its critical point. In this supercritical state the
solubility of the gas is higher which increases the amount of gas that can be

dissolved and the dissolution time can be also reduced.

2. Temperature reduction and pressure release: once the polymer is
fully saturated the temperature of the system is reduced. The new temperature
is near the melting temperature of the polymer. At this temperature the polymer
presents a higher extensional viscosity which helps to stabilize the cellular
structure. It must be considered also that the gas dissolved in the polymer melt
has a plasticizing effect reducing the melt viscosity. This reduction in

temperature will be translated also in a reduction in pressure. At this new
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temperature and pressure conditions the pressure is released (AP) but not
completely. Typically a certain pressure is retained inside the vessel. This
remaining pressure will help in the density control and will benefit the growing
of the foam. AP is a fundamental parameter in the control of the final density.

Higher expansion ratios require from higher AP and vice versa.

3. Cooling and opening: the system is cooled down in order to
stabilize the cellular structure and enable the releasing of the foamed part from

the interior of the pressure vessel.

All the previously mentioned processing conditions must be correctly adjusted

depending on the polymer matrix that is going to be foamed. Some works published

lately propose improvements in the pressure quench method procedure. Saiz-Arroyo et

al. placed the precursor material inside an aluminum mold [57,79]. The mold has

openings that allow the gas to enter inside and comprises also room enough for the

growing of the precursor during foaming. This way foamed parts with geometries

defined by the mould can be obtained. Mechanical characterization together with other

characterizations can be performed over these foams with a defined geometry. These

characterizations were unfeasible previously [77-79].
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The pressure quench method shows the following advantages:

Clean route: both CO; or N, are “green” gases so the production
route is not environmentally harmful. No residues remain in the part after
foaming (as in the case of many chemical blowing agents) reinforcing the “green”
character of the technology.

Microcellular foams: the pressure quench mthod is a well studied
route for the production of microcellular foams even with semi-crystalline
polymers. The cellular structures obtained are homogeneous and the cell sizes
and cell densities are usually in the microcellular range (<100 or 10 um)

Density range: a wide range of densities can be covered, from low
to high densities. The polymer matrix can be also crosslinked for reaching much

lower densities although this prevents the recyclability of the final foam.

The main disadvantages are as follows:

Shape: the shape of the parts produced by this method is highly
irregular since the geometry of the solid precursor is not kept during foaming.
This hinders a proper characterization of the physical properties of the foam.

Industrially this is one of the main disadvantages that has prevented the
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application of the method at a large scale. As already mentioned previously,
some solutions have been proposed to this problem [57,59].

Control of the final density: following the conventional procedure
the final density can be varied but not controlled. The final density can be varied
by controlling the saturation pressure, the saturation temperature, the pressure
drop and the remaining pressure. An accurate control of the density needs a
carefull fine tuning of all these parameters. This problem can be solved by
foaming inside a mold as presented by Saiz-Arroyo and co-workers.

Set-up and industrialization: the use of high rated pressure
vessels together with the high cycle times needed are also some of the reasons
why the pressure quench method has not been up-scaled. Even though the
batch gas dissolution method presents also these two disadvantages and is
currently industrially used by at least two companies (Zotefoams and

Microgreen).
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Chapter 3. Foaming Processes, Raw Materials and Experimental Techniques.

After the review of general concepts made in the second chapter, this third one
goes in detail into the production routes and raw materials specifically used in this
research work. Four main methods have been used for producing the studied foam:
Stages Molding, Improved Compression Molding, Batch Gas Dissolution and Two-Steps
Compression Molding. All of them will be described in detail in this chapter. As polymer
matrices all the study has been focused on two polyolefins: low density polyethylene
and a high melt strength polypropylene. These polymers have been filled with different
nanoparticles: nanoclays (natural and organomodified) and carbon nanotubes. To
improve the coupling between the polymer and the nanoclays, a polyethylene and a
polypropylene grafted with maleic anhydride have been also used. The aim of the
present chapter is presenting further details of all of them. Finally, the experimental

techniques are enumerated together with the standards used in each case.

3.1.- FOAMING PROCESSES

Four main foaming methods have been used in the frame of this work:

The first one is a completely new process for the production of
structural foams. This method has been patented and tries to overcome the
difficulties and disadvantages associated to the current industrial production
processes of structural foams. The process allows for a deep control of cellular
structure, solid skin thickness and final density. The simplicity of the process
together with the excellent surface skin and improved mechanical properties
make it very interesting both from a scientific and industrial point of view. The
patent for this process is enclosed as an appendix at the end of the manuscript.

The second method has as main objective the production of low
density (<200 kg/m?3) non-crosslinked polypropylene foams with improved
mechanical properties. For this purpose a high melt strength polypropylene
(described in section 3.2.1) was foamed using a variation of the common
compression moulding. This variation is named Improved Compression
Moulding and has been completely developed in CellMat Laboratory. A deep
optimization of the production conditions and chemical formulation was needed
to achieve such low densities with a polypropylene polymer matrix. The
combination of HMS polypropylene, nanoparticles and improved compression
moulding has been also explored. The whole production process has been also
patented and the patent is enclosed as an appendix at the end of the

manuscript.
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The third foaming processes is well studied in the literature but
not commonly used for foaming semicrystalline polymers. The work conducted
in this thesis uses the batch gas dissolution process for foaming a polyethylene
matrix with COy in sub-critical conditions. The method allows not only achieving
polyethylene or polyehytlene/nanoclays foams but also studying the gas
solubility and diffusivity in polyethylene composites and nanocomposites. In a
second step the polyethylene matrices were crosslinked and foamed also by
batch gas dissolution in subcritical conditions. This scarcely explored research
line allowed producing microcelullar foams with expansion ratios as high as 6
(densities around 150 kg/m3).

The fourth foaming process is aimed at achieving very high
expansion ratios (>30) with a crosslinked polymer. It can be considered as a
variation of the conventional compression molding in one stage and it is widely
industrially used. The foaming process has been used both with an LDPE

unfilled polymer matrix and the same matrix filled with nanoclays.

A detailed description of each process is included in this section. Further details
can be found in the corresponding scientific articles as well as in the corresponding

patent documents enclosed at the end of the manuscript.

3.1.1.- Stages Molding for the Production of Structural Foams

Sectors as important as aeronautics, automotive or sporting goods are demanding

each time more and more cellular materials with improved mechanical properties.

Mechanical properties for conventional foams (i.e. that ones with a constant
density across its volume) decrease strongly while reducing density. One way to
improve these properties maintaining constant the overall density consists on the
production of foams with a sandwich structure, that is to say, presenting two outer
solid skins and an inner foamed core. This, usually named skin-core morphology,
results in high specific mechanical properties (strength to weight ratio) compared to

non structural foams [5].

Commonly, the most usual method to produce structural foams is foaming
injection moulding (see section 2.4.2.2) [5]. Some other more sophisticated methods
have been developed but based upon this previous one. In all the cases the polymer,
blowing agent and other additives are injected inside a mould using high pressures. In

the case of the conventional process, the cold walls of the mould enable the polymer
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melt to solidify without forming a cellular structure, achieving in this simple way the
sandwich structure characteristic of an structural foam. Surface quality is not as good
as desired and the density reduction is not very high. In order to correct these
disadvantages moulds that can be expanded after the injection of the polymer melt
have been designed. These expandable moulds allow a better control of the final cellular
structure but in general surface quality is not as good as needed for several industrial
applications [1-4]. Other option consists in introducing a gas at elevated pressure
inside the mould before the polymer is injected. This gas is then evacuated as the
polymer is injected in a process that is commonly known as "gas counter pressure".
While doing this much better surface qualities are achieved but skin layers are in
general very thin {{1-4]. A relative new patented process known as Smartfoam, tries to
obtain a good surface quality with an adequate control of the cellular structure and
skin layers thicker than in the previous cases. In a first step solid polymer is injected
inside the cavity of the mould forming the solid outer skins. Then, gas is dissolved in
the polymer in the injection unit and then this second polymer, with the gas already
dissolved, is injected in the mould. This polymer-gas mixture allows forming the
cellular core of the foam. In a final step, solid polymer is again injected to end the solid

outer skins and as a consequence the structural foam [1].

Injection moulding of solids in all its forms is a quick process. From an industrial
point of view, large series of pieces can be produced in short time and the
characteristics of these pieces are good enough to fulfill the requirements. But it
presents also several disadvantages. Moulds used in any of the processes described
above are quite expensive since the pressures used are quite high. At the same time the
initial investments necessary are also high and maybe even too high if the production
consists in small series. Besides, densities reachable in this process are high, of the
order of 700 kg/m3 for polyolefin based foams with difficulties to obtain lower densities

having at the same time a good control of the cellular structure and other parameters.

The production of structural foams by Stages Moulding overcomes several of the
mentioned disadvantages. From an industrial point of view, much cheaper moulds and
lower initial investments are required to succeed using this new technology. This makes
our process very convenient for the production of small series. At the same time lower
densities are reachable without sacrificing surface quality. From a scientific point of
view we can produce both conventional and structural foams using practically the same
process, same composition and with the same density range. This allows us comparing
systematically the behavior of both kind of foams. At the same time we have a good

control over the cellular structure in terms of cell size and homogeneity. Skin
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thickness, density profile and global density are parameters that, together with cellular

structure, cannot independently controlled in the injection moulding technique [1-4].

80

The process comprises three different main steps (figure 3.1):

Filling of the mould cavity: the first step consists on the feeding
of the material inside the “self-bearing” mould. The feeding can be done following
different procedures as hoppers, using an extruder machine, or even using
injection units. The concept of “self-bearing” moulds is fundamental in this
technology and stands for a mould in which the closing system is part of the
mould and not an independent part. These “self-bearing” moulds are designed in
such a way that they can support the pressures developed during the molding of
the sample. In most of the cases the molding material contains a chemical

blowing agent that will release gas when heated.

Molding of the sample: once the mould is filled its temperature is
increased somehow in order to decompose the chemical blowing agent and
release the gas. The gas pressure produced will act as driving-force allowing the
polymer to fill completely the mould cavity. The gas pressures developed are
much lower than the pressures developed in any injection moulding process.
Therefore the molds are simpler and cheaper than the ones used in injection

molding.

Sample cooling and release: once the thermal cycle needed for the
complete filling of the cavity has been completed the mould is cooled and the

sample is released.
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MOULD
FEEDING

A

(4]

Figure 3.1: Simplified scheme of the Stages Molding process for the production of
structural foams. Either the route with the black-filled numbers or the route with the

white-filled numbers can be followed.

The key feature for obtaining structural foams using the previous process consists
on covering the internal walls of the mould with a material able to dissolve gas (figure
3.2). In the experiments carried out in the laboratory plane sheets of silicone rubber
were usually used. Solid skins appear in all the areas in close contact with the silicone
rubber sheets. In these areas the gas is dissolved from the polymer into the silicone
rubber reducing and even eliminating any porosity in the part skin. Besides this, it has
been experimentally proved that any area in close contact with a piece of silicone
rubber (even if the piece of silicon rubber is placed in the interior of the foam) develops
a solid skin surrounding it. Other materials with the ability to dissolve gas as PTFE has
been also tested for example, giving comparable results [4]. Further details can be

found in chapter 5.
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Mould Walls
‘_..--""""- Bilicone Rubber

— Solid skins

+——— Foamed core

#—— Bolid skins

h& Silicone Rubber

Mould Walls

Figure 3.2: Example of the disposition of the silicone rubber sheets in the
production of an structural foam by Stages Molding. The solid skins are formed in the
areas in close contact with the silicone rubber. The image of the foam has been

obtained by X-ray radioscopy.

By controlling the amount of blowing agent, foaming temperature, foaming time
and thickness of the silicone rubber a wide variety of parameters of the foam can be
controlled and varied: cell size, cell density, skin thickness, density profile. Foams with
densities below 450 kg/m?3 and excellent surface qualities have been produced following
this procedure [1-4]. Besides this, the bending properties have been significantly
improved (see chapter 5). One example of the foams produced by this method is showed

in figure 3.3.

Figure 3.3: Micrograph obtained by electron microscopy of an structural foam

obtained by Stages Molding. Two solid skins can be distinguished in the outer parts. A
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significant density profile appears in the interior of the foam. These density profiles are

typical in structural foams.

3.1.2.- Improved Compression Molding for the production of low density, non-

crosslinked PP foams

Compression Molding, in one or two steps, allows obtaining cellular materials
based on polyolefins in a simple and economic way and covering a wide range of
densities. However two main disadvantages show up: on the one hand it is necessary to
crosslink the polymer matrix in order to achieve low densities and on the other hand
compression molding in one step offers scarce control of the bulk final density [5].
These two disadvantages completely disagree with our aim of obtaining non-crosslinked

low density PP based foams non-crosslinked and with a controlled density.

Improved Compression Molding (ICM) has been entirely developed at CellMat
Laboratory and appears as an alternative to the conventional compression molding
process. It allows the production of molded parts, non-crosslinked, in a wide range of
densities. It is based on a strict control of the chemical composition (specially blowing

agent addition) pressure applied and temperature and in the use of specific moulds.

The ICM route comprises different steps. Prior to the ICM all the raw materials
(polymer matrix, blowing agent and additives) are mixed using a twin screw extruder or
an internal mixer. The different steps followed in the ICM route are schematized in

figure 3.4 and explained in the following paragraphs.

Step A: the mixed materials can be compression molded to form a
solid part usually known as “precursor material” (5). For this purpose a mold
with the same geometry as the final foamed part is used. The compression
molding of the precursor is done using a temperature above the melting
temperature (Tm) of the polymer matrix but below the decomposition
temperature of the blowing agent to avoid any premature undesired foaming.

The pressure applied is enough to properly compacting the precursor.

Step B: the precursor material (5) is placed inside the ICM mold
cavity (11) and the mold is closed. These “self-expandable” molds are comprised
by different parts: the body of the mould (1) that in its upper and lower surface
shows two slots (2). Two high-temperature rubber gaskets (usually viton) are

placed in these slots in order to hermetically close the mold cavity when the
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pressure is applied (9) by the T-piston (3). During all the process the T-piston (3)
is continuously applying pressure over the polymer melt (10). Part (4) is the
lower closure of the mold. The final expansion ratio (density) is controlled using
an expansion ring (6). This expansion ring is chosen depending on the final
density aimed. During the expansion the T-piston is halted and retained by the

retention ring (7).

Step C: the mold as a whole is placed inside a pre-heated hot-
plates press and wundergoes a defined temperature-pressure program.
Mechanical pressure is applied by means of an external cylindrical piston (8)
that serves also as heat conductor from the upper plate of the press to the mold.
The temperature is high enough to decompose the blowing agent.

The decomposition of this blowing agent creates a certain gas pressure
inside the mold. The external mechanical pressure applied must be always
higher than the internal gas pressure created by the blowing agent in such a
way that the gas stays dissolved in the polymer melt during the entire
temperature-pressure program (C1l). Once the blowing agent is decomposed and
the generated gas has been dissolved in the polymer the pressure is released at
a controlled release rate. The pressure releasing creates a thermodynamic
instability. One phase polymer/gas is no present anymore, the gas is no longer
dissolved in the polymer melt. This phase separation produces the nucleation
an growing of the cells as depicted in (C2). The gas pressure acts as driving force
for the cell growing promoting the movement of the piston which is finally halted

by the retention ring (C3).

Step D and E: since the growing of the foam is constrained in one
direction cells are preferentially elongated as depicted in (D). Now the mold with
the foam inside can be extracted from the hot-plates press and cooled down by
any means. Cooling rates as high as possible are beneficial therefore in this
thesis work the mold+foam was cooled down by water immersion. After cooling

the mold can be opened and the foam released (E).

One of the main differences with the conventional compression molding deals with

the fact that pressure is applied to the material during the expansion [6-13]. That

difference is later translated in several advantages in comparison with the conventional

process:
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Fine-tuned control of the final density.

Density is controlled by means of specially designed molds. These “self-
expandable” molds are able to apply and retain pressure during the whole
process, including the expansion and cellular structure stabilization step. In
addition, the design allows controlling the final expansion ratio of the material
in a very precise way. Works previous to this thesis have explored the relative
density range between 0.3 and 0.6. The work conducted in this thesis explores

the relative density range between 0.1 and 0.3.
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Figure 3.4: schematic of the whole ICM molding route
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Possibility of modifying the microstructure of the cellular

material.

ICM allows controlling the cellular structure of the foam independently of
the bulk density. This control can be performed by two different procedures:
varying the chemical composition (blowing agent addition, present of inorganic
fillers,...) or modifying the processing parameters (pressure, temperature,
pressure release rate).

Not only the cell size, cell density or homogeneity can be varied, but also
the anisotropy ratio of the cellular structure which is a parameter of major
importance in this research. Especially important is also the blowing agent
addition or the addition of nanoparticles to vary the open cell content of the
foam. Foams with improved mechanical properties and different open cell
contents can be obtained just by adding a certain amount or inorganic

nanofillers as nanoclays for example (see chapter 6).

Non-crosslinked molded parts.

Parts with diverse geometries can be obtained by ICM which turns the
process in very versatile. Although in the frame of this thesis work only
polypropylene has been used, in principle any thermoplastic polymer can be

foamed by ICM without crosslinking.

Literature contains different examples of previous works that use the ICM route
for foaming polymer matrices as diverse as EVA, EVA filled with aluminum or
magnesium hydroxide, LDPE, blends of EVA and starch or PP (with relative densities in
the range 0.3-0.6) [13-18]. In the frame of this thesis ICM has been used for foaming
non-crosslinked PP and PP nanocomposites reaching relative densities in the range
(0.1-0.3). Together with the low densities, two main other features of these foams must

be emphasized:

1) The high anisotropy ratios achieved, with values as high as 2.5.
These high anisotropy ratios are translated into improved compressive
properties (in the direction of maximum anisotropy).

2) The possibility of obtaining closed cell and open cell cellular
structures just by the addition of nanoparticles. Both versions (closed and open
cell) present the already mentioned improved mechanical properties. The

possibility of combining open cell structures with improved mechanical
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properties broadens the range of application of these foams (acoustic absorbers,

improved outgasing, filtration purposes,...)

The reproducibility of the process has been analyzed in previous works and is very
high [6-13]. Figure 3.5 shows two micrographs of non-crosslinked PP foams produced
by ICM. The foam on the left presents a closed cell cellular structure with an anisotropy
ratio of 2.2 whereas the one on the right present an open cell cellular structure with an

anisotropy ratio of 2.5. The bulk density of both of them is 150 kg/ms3.

Figure 3.5: Micrographs of non-crosslinked anisotropic foams produced by ICM. Left,
closed cell foam. Right, open cell foam. Both of them have a bulk density of 150 kg/m3

Further details of the process and experimental results obtained are shown in
chapter 6. Industrially these foams could have a wide range of application. Industrial
niches as important as automotive, railway, wind energy or aeronautic demand foamed
materials combining densities below 200 kg/m® and outstanding mechanical
properties. It has been experimentally demonstrated that the foams produced in the
frame of this thesis by ICM have performance comparable than other currently
industrially used materials based on PVC or SAN. All these facts will be shown in

chapter 6.

3.1.3.- Batch Gas Dissolution in crosslinked and non-crosslinked LDPE

nanocomposites

The research in microcellular foams goes back to the early eighties with the work

conducted at the MIT in response to a challenge by the packaging and photographic
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film companies to reduce the amount of polymer used in their products. Reducing the
cell size to the order of 10 um and increasing the cell density to 109 cells/cm?3 would
improve the strength to weight ratio of conventional foams giving reasonable values for
the intended applications [19,20]. The conducted research allowed the development of

the batch gas dissolution technique.

From the basic batch gas dissolution, other different, but more complex,
semicontinous [21,22] and continous [23-25] methods have been also developed for the
microcellular foaming of polymers. In any of these routes most of the efforts have been
focused on amorphous polymers such as polystyrene [19,26,27], polycarbonate [28,29],
acrylonitrile-butadiene-styrene (ABS) [30,31], poly(methyl methacrylate) [32] and poly
(vinyl-chloride) [33] . In comparison very little work has been conducted on the foaming
of semicrystalline polymers, and almost only in continous or with the polymer in the
melt state [35-38]. Although the applications of polymers as PE or PP are widely spread
their semicrystalline character makes difficult obtaining microcellular foams by the
batch gas dissolution technique [39, 44]. Gas is admitted to dissolve only in the
amorphous phase as the structure of the crystals hinders the diffusion. The foaming
must be conducted also at a temperature near the melting point [46]. In an effort to
overcome these difficulties supercritical gases have been used in almost all the studies
dealing with microcellular foams from semicrystalline polymers [34, 41-45]. This
supercritical state allows for higher solubilities and diffusivities but the more complex
set up needed rises as an important disadvantage both at laboratory and industrial
scale. When increasing pressure above the CO, supercritical range, the cost of the
foaming process greatly increases due to the need for gas pumps and high pressure

rated vessels.

In the work conducted in this thesis less favorable microcellular foaming
conditions have been explored: a semicrystalline polymer has been foamed by batch gas
dissolution in sub-critical conditions. Parallel to the foaming analysis the batch gas
dissolution method has allowed performing a diffusivity and solubility study in the
silicate nanocomposites by gravimetric procedures. Therefore an insight into the gas

barrier role played by the nanoclays in the solid matrix has been given.

The batch gas dissolution method followed in this work comprises different steps

(figure 3.6):

1. The composites (polymer+coupling agent) or nanocomposites
(polymer+coupling agent+nanoclays) are compression molded into solid slabs.
The thickness of these slabs is an important parameter that must be controlled,

not too thick in order to favor a quick and homogeneous gas dissolution and not
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too thin to a avoid a quicker than desired desorption. Due to this, 1.27 mm

thick samples were used in our research work.

2. Solid slabs of the different materials are wrapped with a porous
paper cloth and placed inside a pressure vessel. This paper cloth will ensure a
homogeneous dissolution of all the samples even if some of them are in closed

contact with each other or in contact with the bottom of the pressure vessel.

3. The pressure vessel is closed and gas (in this case COj) is
pumped inside to a pressure of 5 MPa at room temperature. In these
temperature-pressure conditions the gas is in sub-critical state. Pressure is kept
constant in a value of 5 MPa during the whole dissolution step by means of a

digital pressure controller with an error of + 0.1 MPa.

48 hours, Room
Temperature

—
Step 1 Step 2

Foamed Samples

Figure 3.6: Schematic of the batch gas dissolution process

4. Once the whole saturation of the sample is assured (48 hours at
room temperature were used), pressure is released, the pressure vessel is
opened and the specimen is removed. Since the gas desorption begins just after
the pressure release, the opening of the pressure vessel must be performed as
quick as possible trying to keep as much gas as possible dissolved in the sample
at the foaming time. The sorption behavior of the samples was also determined
by periodically opening the pressure vessel (before complete saturation),
removing the specimen, weighting it with a microbalance, placing it again inside
the vessel and closing it. All this process was done as quickly as possible.

Further details can be found in chapter 4.
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S. In a final step the specimen is immersed in a pre-heated silicone
oil bath. Silicone oil assures a very high and homogeneous thermal contact with
the whole sample. The immersion temperature is tailored to give the best
foaming behavior. For semicrystalline polymers must be slightly above the
melting temperature. Density and cellular structure is controlled by varying the
immersion time. In addition some specimens of each different material were
used for determining the desorption behavior. For this purpose the specimens
were placed in a microbalance after saturation instead of being foamed. Weight
was recorded periodically and diffusivity was determined from this weight vs.

time plots (see chapter 4).

Figure 3.7 shows two micrographs of crosslinked LDPE composites foamed by
batch gas dissolution in sub-critical conditions. Different immersion times were used
for these samples. In both cases the mean cell size is below 10 um. Further details for

these type of foams will be mentioned in chapter 4.

Figure 3.7: Two different micrographs of the same LDPE nanocomposite foamed using
different immersion times are produced by batch gas dissolution in sub-critical
conditions. The polymer matrix was crosslinked before foaming as will be explained in

detail in chapter 4.

3.1.4.- Two-steps Compression Molding for the production of low density

crosslinked nanocomposite foams

The so called two stages compression molding is always combined with
crosslinked polymers and chemical blowing agents. It is a very suitable process when

foamed parts with low densities and not very complex geometries are sought [46,47].
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Conventional hot plates presses do not need any modification in order to be used

for two-steps compression molding so the initial investments are low. Many aspects of

the two-steps compression molding are common with the one-stage counterpart (see

section 2.4.2.3). The process can be divided into different steps (figure 3.8):
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0. Mixing and compounding: prior to the compression molding itself
the polymer, blowing agent, crosslinking agent and the rest of the additives are
conveniently mixed and compounded using an internal mixer or a twin screw
extruder. The compounding temperature must be lower than the decomposition
temperature of the CBA and lower also than the activation temperature of the

crosslinking agent.

1. Crosslinking and first expansion: The compound
(polymer+additives) is placed inside a mold and undergoes a temperature and
pressure profile. The temperature is higher than the activation temperature of
the crosslinking agent and lower than the decomposition temperature of the
blowing agent. The compound is kept under pressure and temperature during a
certain time to assure the desired crosslinking degree. When the polymer is
conveniently crosslinked the pressure is released and the material suffers a

pre-expansion with expansion ratios between 2 and 8.

2. Second expansion: Just after this pre-expansion the material is
placed inside a second mold which has the final dimensions sought. This second
mold is heated up above the decomposition temperature of the blowing agent
allowing for the full expansion of the foam. This expansion occurs at
atmospheric pressure, no pressure is applied. Expansion ratios as high as 40

can be achieved following this procedure.

3. Cooling and de-molding: Once the material has completely filled
the mold it is cooled down by any means and de-molded. On the contrary to
other foaming processes, since in this case the material is crosslinked and the
foam is by far more stable, the cooling rate is not a parameter as critical as in

the other process described.
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_and Pre-Foam: |
temperature and pressure in a
hot press. Material is

1in1 d n

crosslinked and a pl‘c—fuam is
obtained. Terossiine: < T < Tq

azodicarb

cooled down by any means.
Foam is de-molded. Total
expansion ratio up to 40.

Figure 3.8: Schema of the two steps compression molding foaming route

Rectangular blocks with densities below 30 kg/m3 have been produced in this

thesis work (see chapter 4). Foams present anisotropic cellular structures with cells

preferentially elongated in the growing direction (figure 3.9).

Figure 3.9: cellular structures of samples produce by two-stages compression

molding foaming. The image on the left corresponds to a cut perpendicular to the
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growing direction and the image on the right corresponds to a cut parallel to the
growing direction. A preferential elongation of the cells in the growing direction

(thickness of the foam block) can be observed.

A parabolic profile is also found in density. The core of the foamed block has a
lower density than the outer solid skins. Several works have studied from a scientific
point of view the structure, density, cells geometry and very different issues related with
the two-steps compression molding foaming process [6-8]. Further details can be found

in chapter 4.

3.2.- RAW MATERIALS

A brief summary of the raw materials used and their main characteristics is presented

in this section.

3.2.1.- Polymer matrices

Two different polyolefins were selected as solid matrices for all the foams
produced in the frame of this thesis, a low density polyethylene (LDPE) and a high melt
strength polypropylene (HMS PP). The LDPE grade selected (table 3.1) has a good
extrusion and foaming behaviors and was chosen according to the previous experience
of the CellMat Lab. Since one of the aims with the PP was achieving foams with low
densities (<200 kg/m3) a special grade was needed in this case. A branched
polypropylene with a high melt strength was the most appropriate for our purposes.
These high melt strength polypropylenes are commercially specially designed for
foaming purposes. Table 3.1 contains the main features and commercial names of

these two polymers
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Table 3.1: Main features and commercial names of the two polymer matrices used. (MFI

= Melt Flow Index, Tm= melting temperature obtained by DSC, p=density).

LOW DENSITY POLYETHYLENE (LDPE)

Brand Name Characteristics
e MFI: 2.4 g/10 min (190 °C, 2.16
PEOO3 kg)
Repsol Alcudia e T, 110 °C
* p: 920 kg/ms3

HIGH MELT STRENGTH POLYPROPYLENE (HMS PP)

Brand Name Characteristics
e MFI: 2.4 g/10 min (230 °C, 2.16
k
Daploy WB 135 HMS ° Ti). 165 °C
Borealis «  p: 890 kg/m3
¢ Elastic Modulus: 2 GPa

3.2.2.- Nanoparticles

During the last decade the addition of nano-sized particles as fillers to polymer
matrices has stimulated much interest within the scientific and industrial
communities. As it has been explained in section 2.2 these nanoparticles present a high

multifunctionality.

Due to these promising properties, the use of polymer nanocomposites as
matrices for foams has focused the attention of researchers in the last years. Foams are
not only benefitted from the improvements of the solid matrix but also synergetic effects

appear when nanoparticles are present.

Three different types of nanoparticles have been used in the frame of the thesis. A
high percentage of the work has been done using organomodified nanoclays as fillers of
the polymer matrices. In chapter 6 the work was conducted using also natural
nanoclays and multiwall carbon nanotubes. The commercial names as well as the main

characteristics of these materials are presented in table 3.2
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Table 3.2: Main features and commercial names of the nanoparticles used

MONTMORILLONITE ORGANOMODIFIED NANOCLAYS

Brand Name Characteristics
* Nanoclay organomodified with 2M2HT
Cloisite 20A (Dimethyl dehydrogenated tallow ammonium

chloride.
* Density: 1.77 g/cm3
* Basal spacing (dooi1): 2.42 nm

Southern Clay Products

NATURAL NANOCLAYS
Brand Name Characteristics

¢ No organomodification.
* Density: 2.86 g/cm?
* Basal spacing (dooi): 1.17 nm

Cloisite Na*
Southern Clay Products

MULTIWALL CARBON NANOTUBES (MWCNT)

Brand Name Characteristics
Nanocyl NC7000 * Average diameter: 9.5 nm.
Nanocyl + Average length: 1.5 pym
* Carbon purity: 90%

For introducing the carbon nanotubes in the formulations a commercial
masterbatch was used based on polypropylene. The details concerning this

masterbatch are included in table 3.3.

Table 3.3: Commercial masterbatch containing carbon nanotubes used during the

research.

MULTIWALL CARBON NANOTUBES (PP MASTERBATCH )

Brand Name Characteristics
«  20% of MWCNT (Nanocyl NC7000).
Plasticyl PP2001 +  MFI: Not measurable.
Nanocyl « Tm: 165 °C
* Density: 872 kg/m?3

3.2.3.- Coupling agents

One of the key parameters that deeply determines the properties of a polymer
nanocomposite deals with the dispersion and exfoliation of nanoparticles within the
polymer matrix and the adhesion between polymer and fillers. Focusing on nanoclays
(the most used nanoparticle in the thesis) the delamination of the silicate agglomerates

(exfoliation) and the dispersion of the individual platelets is not an easy task. In order
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to overcome all the obstacles connected with the dispersion and exfoliation of

nanoclays, researchers have followed different approaches [48,49]:

1. Polymerisation in the presence of organoclay.
2. Melt compounding a polymer with a suitable organoclay complex.
3. Other methods as ultrasonic exfoliating of organoclays in a low

molecular weight polar liquid or co-precipitation.

Industrially melt compounding is the most attainable approach and it is also the
procedure followed in this thesis. Normally grafted polymers are used to improve the
coupling between the hydrophilic nanoparticles (nanoclays in our case) and the
hydrophobic polymer matrix. In our case the coupling polymers were grafted with
maleic anhydride. The main characteristics and commercial names of the selected

coupling agents are shown in table 3.4.

Table 3.4: Main features and commercial names of the coupling agents used, one based
on polyethylene and the other one based on polypropylene (MFI = Melt Flow Index, Tm=
melting temperature obtained by DSC, p=density).

COUPLING AGENT BASED ON LLDPE GRAFTED WITH MALEIC ANHYDRIDE

Brand Name Characteristics
e MFI: 1.5 g/10 min (190 °C, 2.16
Fusabond MB226DE kg)
DuPont e Tnp:l1ll15°C
* p: 930 kg/m3
* 0.5% wt. Maleic Anhydride

COUPLING AGENT BASED ON PP GRAFTED WITH MALEIC ANHYDRIDE

Brand Name Characteristics
e MFI: 1.15 g/10 min (190 °C, 2.16
Polybond 3200 kg)
Chemtura e Tn: 157 °C
e p:910 kg/m3
1% wt. Maleic Anhydride

3.2.4.- Blowing Agents

Both physical and chemical blowing agents have been used. An inert gas, COa,
was used as physical blowing agent. CO, was selected because of its higher solubility in
a semicrystalline polymer. On the other hand. three different chemical blowing agents
were selected for the foaming process: azodicarbonamide, a combination of bicarbonate,

citric acid and water and finally microspheres with a volatile hydrocarbon dissolved

97



Cellular Materials Laboratory 2015

J. Escudero Arconada

inside. The chemical blowing agents were selected according to their suitability for

polyolefin matrices. Table 3.5 summarizes the main characteristics of these materials.

Table 3.5: Blowing agents used with their commercial names and main features

PHYSICAL BLOWING AGENT CO:

Brand Name

Characteristics

CO2
Airgas Norpac

e Liquid CO;
* Bottle pressure 50-55 bar
e Purity: 99.9%

CHEMICAL BLOWING AGENT: AZODICARBONAMIDE

Brand Name

Characteristics

Porofor ADC M-C1
Lanxess

* Exothermic blowing agent

* Decomposition temperature: 210
°C

» Average particle size: 3.9 + 0.6 pm

CHEMICAL BLOWING AGENT: BICARBONATE+CITRIC ACID+H20

Brand Name

Characteristics

Hydrocerol BIH40
Clariant

¢ Endothermic blowing agent

¢ Decomposition temperature: 140
°C

¢ Masterbatch in LDPE, 40% active

CHEMICAL BLOWING AGENT: MICROSPHERES+VOLATILE HYDROCARBON

Brand Name

Characteristics

Expancel 950 DU 80
Akzo Nobel

* Endothermic blowing agent

* Expansion temperature: 145°C

* Particle size before expansion: 18-
24 pm

3.2.5.- Other additives

Other additives in lower additions have been used with different purposes: aiding
the extrusion process, improving the foaming, avoiding oxidations, crosslinking the
polymer, or lowering the decomposition temperature of the chemical blowing agents. A

detailed list of them is presented in table 3.6
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Table 3.6: Main features and commercial names of the additives used during the

research

OTHER ADDITIVES

Brand Name

Characteristics

Estearic Acid 301

Processing aid.

Renichem
Irganox 1010 Antioxidant. Used for the
Ciba formulations with LDPE and PP
Irgafos 168 Antioxidant. Used for the
Ciba formulations based on PP only

Zinc Oxide (ZnO)
Silox Active

Catalyst of the decomposition
reaction of the azodicarbonamide

Luperox DCP40
Arkema

Crosslinking agent.

40% of Dicumyl peroxide, 55% of
calcium carbonate and 5% of
silica gel.

Used for crosslinking LDPE.

3.3.- EXPERIMENTAL TECHNIQUES

Although in all the scientific articles included in this thesis a description of the

corresponding experimental techniques is done, table 3.7 includes also a brief

compendium of all of them together with the standards and the laboratory equipments

used.

Table 3.7: Summary of the experimental techniques used along the work

CHAPTERS

EXPERIMENTAL TECHNIQUE
Density characterization. Archimedes Method
Standard UNE-EN 1183/1 4,5 and 6
Mettler Toledo AT261 scales
Density characterization. Volumetric Method
ASTM Standard D1622-08 4,5 and 6
Mettler Toledo AT261 scales
Scanning Electron Microscopy, (SEM) 4,5 and 6
Electronic Microscope Jeol JSM-820
Transmission electron Microscopy (TEM) 4,5 and 6
Tesla BS 512 with a YAG camera incorporated
Differential Scanning Calorimetry, (DSC) 4,5 and 6
Mettler DSC 822¢
Thermogravimetric Analysis (TGA) 4,5 and 6
Mettler TGA/SDTA 851¢
Extensional Rheology 4 and 6
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TA Instruments

Wide Angle X-rays Scattering (WAXS) 4 and 6
Diffractometer Bruker D8

Gas Pycnometry
ASTM Standard D6226-10 4 and 6
Micromeritics Accupyc II 1340

Universal testing Machine, (compression, tensile, bending)
Standard ISO 527 /2 tensile (solids)

Standard ISO1926 tensile (foams) 4,5 and 6
Standard ISO 604-2002 compression
Standard ISO178 bending

Soxhlet Extraction 4
Standard ASTM D 2765

Home-designed compressive creep apparatus 4
Microtest

Energy dispersive X-rays diffraction (ED-XRD) 4
EDDi experimental station. BESSY II Synchrotron light source.

Optical Expandometer 4
Home-designed equipment

X-ray radioscopy 5

Home-designed equipment
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Chapter 4. Modifications in the Polymer Matrix.

4.1.- INTRODUCTION

The present chapter is focused on the production of polyolefin based cellular
materials with improved physical properties by the modification of the polymer matrix,
and at the study and characterization of these physical properties. As previously
mentioned in chapters 1 and 2, modifications in the polymer matrix can be divided into
two different types: modifications in the chemical composition of the polymer matrix

and modifications of its molecular architecture.

The chapter is divided according to the kind of blowing agent used: physical or
chemical. Only one foaming route has been used with physical blowing agents: solid
state batch gas dossilution. On the other hand, two different foaming routes have been
followed in the case of chemical blowing agents: free foaming and two-steps

compression molding

In the first part of the chapter, dealing with physical blowing agents, two research
works are included combining modifications in the chemical composition and
modifications in the molecular structure. The second part of the chapter includes four
works using chemical blowing agents and combining also modifications in the chemical
composition and molecular architecture. The base polymer matrix used in all of them is

a low density polyethylene (LDPE).

4.2.- POLYOLEFIN BASED CELLULAR MATERIALS FOAMED BY PHYSICAL
BLOWING AGENTS AND IMPROVED BY MODIFICATIONS IN THE POLYMER
MATRIX

In this first part of the chapter the modifications in the polymer matrix have been
combined with solid state batch gas dissolution (described in chapter 3) that uses CO,
as physical blowing agent. The modifications in the polymer matrix go in two different
ways: addition of nanoclays and coupling agents as modifiers of the chemical
composition of the polymer matrix and crosslinking as modification of the molecular

architecture.
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4.2.1.- Chemical Modifications of the Polymer Matrix

The combination of nanoparticles and physical blowing agents is an interesting
system from a scientific and practical point of view. Nanoparticles could act as
nucleation sites. The nanometer-size of these particles dramatically increases the
number of available nucleation sites together with a consequent decrease in cell size. In
the case of nanoclays there are some other interesting effects. The lamellar geometry of
this kind of nanoparticles is fundamental in the gas barrier role expected from the
addition of these nanoparticles. Nanoclays act as barriers to the gas, increasing the
mean free path that a gas molecule must go over in its way to the exterior. Besides this,
nanoparticles are known to affect the polymer physical properties. Altogether could
contribute to the global improvement of the physical properties of the cellular material:
reduced cell size, lower gas diffusion coefficients and improved polymer matrix in the

edges.

But obtaining the mentioned improvements is intimately linked to the consecution
of a high dispersion degree with high exfoliation of the nanoparticles. With this aim,

polymer coupling agents together with chemically modified nanoparticles are used.

The work included in this section is entitled “Sorption Behaviour and
Microcellular Foaming in LDPE/Clay Nanocomposites by Batch Gas Dissolution in
Sub-Critical Conditions”. The main objective of this work is studying the foaming
behavior of a semi-crystalline polymer matrix as LDPE filled with montmorillonite-type
nanoclays using CO, in sub-critical conditions. Prior to the foaming, the diffusivity and
solubility of the gas and the influence of nanoclays on these two parameters are studied
and correlated with the later foaming. The influence of the coupling agent (MAH-g-
LDPE) by itself is also elucidated.

Solubility is increased in samples containing nanoclays due to the existence of
interfaces polymer/clays that allow the adsorption and immobilization of gas molecules.
Besides, reductions in diffusivity up to 11% are found with additions of 3 wt.% of
nanoclays. Interestingly, the higher is the nanoclays content, the lower is the decreased
found in diffusivity. This fact is connected with the already mentioned presence of

interface polymer/clay that facilitates the diffusion of the gas across them.

When the polymer matrix is chemically modified only with the addition of a
coupling agent based on maleic anhydride grafted polyethylene (no nanoclays),

reductions in diffusivity up to 30% are found. The more linear character of this
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polyethylene together with the polar character of maleic anhydride and its higher
affinity with CO. justify this result.

The rheology of the polymer is deeply modified when nanoclays are present. In
fact this effect on the polymer rheology have a detrimental effect on the foamability of
the samples. In any case expansion ratios up to 2 with cell sizes below 80 um are
achieved. It must be taken into account that these expansion ratios and cell sizes are
obtained in a semi-crystalline polymer matrix filled with an inorganic filler and using
gas in sub-critical conditions. These conditions are not favorable for a foaming process

of this nature.

Finally a nucleating effect is observed understood as a reduction in the energy
needed for the nucleation and growth of cells. Therefore the foaming is accelerated in
the samples containing nanoclays with a cellular structure that that starts growing at

lower times.
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ABSTRACT

The batch gas dissolution foaming method has been intensively used for the foaming of
amorphous polymers but is not common in the case of semi-crystalline ones, moreover when a
nanometer-sized inorganic phase is present in the polymer as in this case. In one step prior to
the foaming the solubility and diffusivity of CO, have been studied in these samples. The
presence of nanoclays increases the gas solubility and slightly reduces the diffusivity. The
presence of interfaces polymer-nanoclays justifies these results. In these sub-critical foaming
conditions expansion ratios up to 2 with cell sizes of the order of 80 um were obtained. Finally
an interesting nucleation effect of the nanoclays was also observed.

Keywords: gas dissolution, nanoclays, diffusivity, nucleation polyethylene foams.

INTRODUCTION

During the last decade the excellent properties of polymer-clay nanocomposites have
stimulated much interest and research within the scientific and industrial communities. With
much less inorganic contents of clay than comparable glass- or mineral-reinforced polymers,
polymer-clay nanocomposites exhibit physical and mechanical properties significantly different
from their more conventional counterparts. They have good thermal stability, high heat
distortion temperature, superior barrier properties and high specific stiffness at low
concentrations of filler (<5 wt.%) [1-4]. However the highest enhancement in properties
improvement can only be realized when the nanoparticles are dispersed uniformly (exfoliated)
in the polymer matrix. In the natural state montmorillonite (the most used clays) platelets are
held together by van der Waals forces and electrostatic forces to form crystallites (tactoids).
Organic cationic surfactants e.g. alkyl ammonium salts are commonly used to modify the
negatively charged clay surface through ion exchange, in order to improve wetting and reduce
interfacial tension between the polymer and clay that in turn enhances dispersion. Favorable
interactions between the polymer matrix and clay surface and the resulting energy reduction
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are critical for the formation of exfoliated nanocomposites [1,2, 5-9] . The less desirable but
more attainable structure is an intercalated particle dispersion where polymer chains penetrate
into the interlayer region of clays to form nanocomposites without totally disrupting crystallites.
Particularly barrier properties depend strongly on the extents of intercalation (or exfoliation),
orientation and dispersion of nanometer-sized silicate platelets in a polymer matrix. The
improvements in barrier properties can be explained by the concept of tortuous paths, that is,
when impermeable nanoparticles are incorporated into a polymer the permeating molecules
are forced to wiggle around them in a random walk what finally turns to be a tortous pathway.
Several theoretical works try to model the expectable reductions in diffusivity from the
knowledge of intrinsic parameters of the layered silicates as for example the length, width and
the volume fraction of the sheets. The orientation of the sheets together with the state of
delamination also play a fundamental role, the permeability is extremely sensitive to the size of
the aggregates [3,12]. Experimentally the literature includes several experimental works dealing
with different polymer/layered silicate nanocomposite systems characterized by very strong
enhancements of their barrier properties. Tortora et al. measured the transport properties of
PU/MMT nanocomposites finding changes in the sorption behavior of different hydrophilic and
hydrophobic permeants [10]. Ke and Yongping tested the O, permeability of intercalated PET
nanocomposites. Small amounts of clays effectively reduced the permeability of the PET film
[11]. Ogasawara et al. reported also improvements on the helium gas barrier properties of
epoxy/MMT nanocomposites finding ten times reductions with the addition of 6 wt.% nanoclays
[12]. Even higher reductions are found by Ray et al. in PLA nanocomposites at comparable clay
loadings using O, as permeant [13]. Literature on the gas barrier properties of nanocomposites
based on polyolefins is not so extended. In these systems the highly desirable exfoliation and
intercalation are especially challenging and very difficult to obtain. The hydrophobic character
of these polymers prevents the development of strong interactions with the aluminosilicate
surfaces of the montmorillonites especially the galleries in which the polymer chains need to be
inserted for intercalated or exfoliated structures [14-17]. Not only the geometrical morphology
of the silicates must be considered but also the kind of organomodification of the particles, the
type of coupling agent used and the interfaces formed between the nanoparticle and the
polymer matrix are key parameters. These have been proved in polyethylene/nanoclays
systems by Picard et al.[18, 19] and Jacquelot et al. [15]. The reductions in diffusivity are much
lower than the values theoretically expected and the solubility presents a contradictory
behavior. The addition of an inorganic phase should reduce the solubility since gas cannot be
dissolved in it, but on the contrary higher values of solubility are found due to the mentioned
interfaces formed between the polymer and the nanoclays.

The use of these polymer clay nanocomposites as matrix for foams has been intensively studied
also in the last years. The efforts have been focused both in thermoplastic (amorphous and
semi-crystalline) and thermoset polymers. The infused nanoparticles have been also very
diverse, from carbon nanotubes or nanoclays (mainly montmorillonite) to carbon nanofibers or
silica particles [20-26]. Although both physical and chemical blowing agents have been used, the
vast majority of the published studies deal with the former ones. Special attention has been
paid to the microcellular foamability of these composites [27-30]. Microcellular foams provide
improved mechanical and thermal insulation properties over conventional foams but they
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require stringent processing conditions such as high pressures, pressure drop rate and a narrow
window of processing temperature. The production of microcellular foams is even more difficult
in semicrystalline polymers due to the low solubilities of gas in these polymer matrices [31-34].
In an effort to overcome these difficulties supercritical gases have been used in almost all the
studies dealing with microcellular foams from semicrystalline polymers [35-39]. This
supercritical state allows for higher solubilities and diffusivities but the more complex set up
needed rises as an important disadvantage both at laboratory and industrial scale. When
increasing pressure above the CO, supercritical range, the expense of the foaming process
greatly increases due to the need for gas pumps and high pressure rated vessels.

Information regarding foamed polyethylene/nanoparticles systems is scarce though some
examples can be found. The semi-crystalline character of polyethylene adds a severe difficulty
to the foaming using physical blowing agents. Lee et al. investigated the effect of clay particles
on the cell morphology of HDPE/clay nanocomposite foams produced using a batch foaming
process [40]. They proved that in comparison with neat HDPE, foamed nanocomposites
presented finer and more uniform cellular structures. The influence of clays dispersion on the
extrusion foaming by supercritical CO, of LDPE was also studied by Lee et al [41]. Few works can
also be found using thermally decomposed blowing agents. Riahinezhad studied the correlation
between rheology and morphology in blends of PE/EVA containing clays [42], reductions in the
cell sizes and increments in the cell density were found with the addition of the layered silicate
nanoparticles. Finally Saiz-Arroyo et al. studied the foaming behaviour of a more uncommon
system of polyethylene containing nanosilicas. Two foaming routes were used for this purpose,
one following the pressure quench method using CO, as blowing agent and another one by
improved compression moulding using azodicarbonamide [43].

The addition of particles in the nanometer size range has usually a nucleating effect during
foaming by microcellular procedures. The combination of nanoparticles with microcellular
foaming yields synergetic effects that cannot be understood considering them separately [44].
These synergetic effects turn these foamed nano-filled systems especially interesting both from
a scientific and industrial point of view.

In this work a batch gas dissolution foaming technique has been selected for the production of
microcellular foams. This technique allows both for the foaming and for a prior study of the
permeability of gas in the matrix by the gravimetric method. Not only the influence of the
nanoclays on the gas diffusivity has been studied but also the influence of the coupling agent.
The data has been correlated with the crystallinity and exfoliation/dispersion morphology of the
nanoclays in the composites and later on with the foaming. The foaming has been performed in
the less favorable and not intensively studied conditions: semi-crystalline polymer filled with
inorganic nanoparticles, gas in sub-critical conditions and by a batch gas dissolution route with
saturation at room temperature. An approximation from the rheological behavior of the solid
matrices has been followed for understanding the cellular structures. Special attention has been
paid to the occurrence of the strain hardening phenomenon This approximation, not commonly
followed, finally turns to be indispensable in understanding the obtained results.
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EXPERIMENTAL
Materials and Sample preparation

A low density polyethylene PEOO3 from Repsol Alcudia with 2 g/10min (2.16 kg and 190 °C) of
MFI, density of 920 kg/m® and 110 °C of melting point was used as polymer matrix. For the
nanocomposites this polymer matrix was melt blended with montmorillonite-type
organomodified nanoclays Cloisite C15A from Southern Clay Products and a coupling agent,
maleic anhydride grafted polyethylene Fusabond 226 DE from DuPont (1.5 g/10min of MFI, 120
oC of melting point). The blending was performed in a twin screw extruder Biihler BTSK 20/40D
at 250 rpm with a die temperature of 190 2C. The proportion of coupling agent to nanoclays was
maintained constant in 2:1. In order to clearly distinguish the role played by the nanoclays the
PEOO3 was also melt blended with the coupling agent only. The proportion PEO03/coupling
agent was maintained equal to the one used in the case of the filled composites. Two different
clay contents were used, 3 wt.% and 5 wt.%. The compositions and nomenclature used are
summarize in Table 1.

Table 1: Proportion of components for the different kind of samples

Sample | Matrix/parts | Coupling agent/parts | Nanoclays/parts
Unfilled-3% 91 6 0
3% Nanoclays 91 6 3
Unfilled 5% 85 10 0
5% Nanoclays 85 10 5

Solid precursors were produced by compression moulding the raw materials to discs with an
uniform thickness of 1.27 mm using two stainless steel plates in a hot press at 190 eC for 15
minutes and then cooling down with the pressure still applied at a constant cooling rate of
50°C/min. Then, these discs were cut in pieces of 15 mm x 15 mm for gas dissolution and
foaming process

Characterization of solid samples

A Mettler DSC822e differential scanning calorimeter was used for the thermal analysis of the
samples a. A heating rate of 10 °C under N, environment and a sample weight of 5+0.5 mg were
used in all the tests. Crystallinity degree was calculated from the area of the DSC peak, by
dividing the heat of fusion by the heat of fusion of a 100% crystalline material, (288 J/g for a
100% crystalline polyethylene [45]). The crystallinities were calculated taking into account the
real proportions of polymer deducting the amount of nanoclays.

Rheological behavior was studied by means of a AR2000EX TA Instruments rheometer with an
extensional fixture at a temperature of 130 2C (coinciding with the foaming temperature used
as explained later) and a strain rate of 0.5 s

The dispersion and exfoliation of nanoclays were studied by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD diffractograms were determined between 1° and
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50 by steps of 0.005° by means of a Philips PW 1050/71 using the Cu Ka line. The transmission
electron microscope used was a Tesla BS 512 with a YAG camera incorporated. Several images
from different areas were analyzed to have representative conclusions.

Foaming procedure

Both the samples with and without nanoclays were microcellular foamed. The batch
microcellular foaming procedure is well described in [33,47]. The samples were first saturated in
a pressure vessel with an industrial grade CO, at room temperature and 5 MPa. Pressure was
controlled within £0.03 MPa by a pressure controller. The saturation time was set to 48 hours,
well above the required time for full saturation.

When the pressure was relieved, the samples were immersed in a pre-heated hot glycerin bath
for a definite period of time at a certain temperature. They were then quenched in cold water.

Morphology and density of the foams

Density of the samples was measured by Archimedes principle using a Mettler AE240 balance
with accuracy of £10 pg.

The cellular morphology was characterized by scanning electron microscopy (SEM) with a JEOL
JSM-820 microscope. Samples were immersed in liquid nitrogen for 5 minutes, fractured and
mounted on stubs. The fracture surfaces were sputter coated with gold prior to the microscopy
work. The mean cell size and cell density were obtained using image processing software Image
J from at least 75 cells in different micrographs from the same specimen [46,47].

Diffusion studies

For characterizing the absorption of gas samples were taken out from the vessel at certain
periods of time, weighted using the aforementioned balance and immediately put back inside
the vessel at 5 MPa.

Diffusivities of different samples were determined from weight measurements made during the
desorption. For this purpose the “Initial Gradient Method” was employed. It states that, for the

early stages of desorption the solution of the diffusion equation for a polymer-gas system with a
constant diffusivity is given by

M _ 4 (2)1/2 (1)

Moo T1/2 \ 12
Where M; is the total amount of gas absorbed in the polymer sheet at time t, M.. is the

equilibrium gas concentration attained theoretically after infinite time, D is the diffusivity and |

1/2

is the thickness of the polymer sheet. A plot of M,/ M« as a function of t7“/| yields essentially a

Y2 which is readily solved for D.

straight line (for the initial period of test) with a slope of 4(D/m)
This value of diffusivity obtained during the desorption stage was afterwards used in the general

theoretical equation that models the absorption of gas in an infinite plain sheet [49,50].
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The sum was calculated using the first 40 terms and the theoretical results compared to the
experimental values measured during the absorption. The agreement between the theoretical
and experimental data will be discussed in the next sections.

RESULTS
Characterization of the solid Nanocomposites

All the composites have been produced by melt blending. As already mentioned in the
experimental part a coupling agent was first melt blended with the nanoclays in order to
promote the exfoliation of the latter ones. The interlamellar space of the nanocomposites was
characterize by XRD and compared with the interlamellar space of the nanoclays as received.
From figure 1 the Bragg’s Law yields a separation between platelets of 2.45 nm for the
organomodified nanoclays as received and this separation is increased to a value of 3.27 nm for
the nanocomposites always taking the maximum of the peaks for the calculations. This suggests
that the melt blending has promoted the exfoliation degree but there are still agglomerates
present in the polymer matrix. An exfoliated/intercalated structure is hypothesized for the

nanocomposites.

Pura Clays
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g p!.g_n*"t#_ | seeeens 5% Hanoclays

Intensitya.u.
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Figure 1: X-ray diffraction curves of the nanocomposites to evaluate the mean interlamellar
spacing between platelets.

This structure is confirmed by transmission electron microscopy. Figure 2 a) shows two
micrographs for the 5%-Nanoclays samples. On the left individual well exfoliated and dispersed
platelets can be distinguished all along the micrograph arranged with a some preferential
orientation but in some areas (figure 2 b) still some agglomerates of platelets that have not
completely exfoliated can be observed.
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Figure 2: Transmission electron microscopy images obtained

Crystallinity is a parameter of major importance in the study of the sorption behavior of a gas in
a polymer. Sometimes nanoparticles are found to play a nucleating role during the
crystallization from the melt of several polymers yielding higher degrees of crystallinity [1].
Differential scanning calorimetry provided the results of crystallinity and meting point shown in
table 2 for all the formulations

Table 2: Crystallinity and Melting Point for the samples with and without nanoclays

Sample | Melting Point/eC | Crystallinity/%
Unfilled-3% 112.07 44.0
3% Nanoclays 111.19 454
Unfilled-5% 111.49 453
5% Nanoclays 112.52 48.2

The differences in crystallinity between samples are not very large; however a slight nucleating
effect of the nanoclays during the crystallization can be inferred for the filled samples. The
effect on solubility and diffusivity of this difference in crystallinity will be discussed later.

The rheological behavior is a parameter of major importance that deeply determines the
foamability of a polymer matrix. Particularly uniaxial extensional rheology represents well the
biaxial flow suffered by the melted polymer during foaming [51,52]. The extensional viscosity of
all the samples have been measured at the temperature used later for foaming, this way we will
be able to use these data to explain the foaming behavior observed for each formulation. The
log-log plot shown in figure 3 depicts the extensional viscosity measurements performed on the
samples.
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Figure 3: Extensional rheological behavior observed for the unfilled and filled samples at 130 eC.

The different amounts of coupling agent present in the Unfilled-3% and the Unfilled-5% samples
do not influence the extensional viscosity and its behavior is represented by a common plot
denoted as “Without Clays”. While adding 3 wt.% of nanoclays the extensional viscosity is
slightly increased, this increment is much stronger in the case of 5 wt.% nanoclays. This effect of
the nanoclays on the viscosity of the polymers was expected. But the strain hardening, defined
as an increase of the extensional viscosity with increasing strain at a rate which is higher when
compared to the linear viscoleastic limit, is patently reduced for the samples with clays. Table 3
includes the values of the different strain hardening coefficients determined for the different
samples at a constant Hencky Strain of 2.5. The reduction in the 5%-Nanoclays samples is even
more important than for the 3%-Nanoclays ones. This parameter is directly related with the
foamability of any formulation since this enhanced viscosity can reduce the effects of sagging
and prevent cell coalescence leading to higher cell concentrations [52]. Lower strain hardenings
are commonly translated into poorer foamability. There are several works in the literature that
mention also this effect of decreasing in strain hardening with increasing particle
concentrations. Particles can partially convert the extensional flow in the surrounding polymer
into shear flow and this interferes with the occurrence of strain hardening [53, 54]

Table 3: Strain Hardening coefficients determined for the different sample

Sample Strain Hardening Coefficient
Without Clays 4.05
3% Nanoclays 3.74
5% Nanoclays 3.18

Sorption Behaviour

One of the beneficial effects expected from the addition of nanoclays to a polymer matrix is the
gas barrier role played by these inorganic fillers. Due to its lamellar geometry a good exfoliation
and dispersion of nanoclays would increase the mean free path followed by a gas molecule
across a polymer.
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The batch gas dissolution foaming technique turns to be useful not only for the foaming of the
composites but also for the study of the solubility and diffusivity of CO, in these
polymer/nanoclays composites.

During the gas dissolution at the conditions mentioned in the experimental part the samples
were periodically removed from the vessel, weighed and put again inside the vessel at the same
temperature and pressure. Samples spent a maximum time of two minutes outside the vessel in
each weighing. Table 4 presents the maximum weigh gained by the samples because of the gas
dissolved.

Table 4: Maximum gas uptaken at the end of the sorption stage. The values are corrected to the
real amount of polymer present in each formulation

Sample Maximum Gas Uptaken/(mg/g polymer)
Unfilled-3% 28.25
3% Nanoclays 28.55
Unfilled-5% 28.05
5% Nanoclays 30.65

The values for the filled samples have been corrected to the real amount of polymer assuming
that the inorganic fillers do not dissolve gas. These corrected values show that the samples with
clays absorb more gas than the unfilled counterparts. This difference is especially evident for
the 5%-Nanoclays samples with almost a 10% higher amount of gas absorbed. The hypothesis
that we set to explain this difference is that there exists an interface polymer-filler in the
samples containing clays as a consequence of a non perfect coupling. This interface can be
understood as microvoids with the ability of adsorbing gas thus incrementing the total amount
of gas dissolved in comparison to the unfilled samples.

The maximum gas uptaken was measured at three different pressures. The case of the Unfilled-
5% and 5%-Nanoclays samples represents the behavior found in general for all the samples..
The data obtained is shown in figure 4.
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Figure 4: Verification of the Henry’s Law for the a) Unfilled-5% and b) 5%-Nanoclays samples

At any pressure the total gas absorbed is higher for the filled composites than for the unfilled
but both kind of samples satisfy the Henry’s law(C=ky-P) in this range of low pressures,
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presenting a linear dependency between saturating pressure and total gas absorbed [53]. A
dependency according to the Dual Mode Sorption in the case of the 5%-Nanoclays samples
would have supported the hypothesis of microvoids in the interface polymer-clays, but is not
the case. Assuming a Fickian transport mechanism, the proportionality constant k, from Henry’s
law can be identified with the solubility (S) of the composite. Then the solubility for the Unfilled-
5% has a value of 5.53 mg/g-MPa in comparison to a value of 6.11 mg/g-MPa for the 5%-
Nanoclays. The organophilic clays can give rise to superficial adsorption and to specific
interactions with the solvent. It is interesting also that the higher solubilities appear for the
samples with slightly higher crystallinity degree. The higher crystallinity reduces the solubility so
some adsorption mechanism must be behind the higher solubility values found.

Once the samples were fully saturated were taken out form the vessel for desorption and their
weight registered with time. Using the “Initial Gradient Method” the diffusivities (D) were
determined from the first stages of the desorption.
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Figure 5: Initial Gradient Method plots. The slope of each plot yields essentially the diffusivities
of the samples.

Figure 5 shows the experimental data together with the linear regressions a) for the Unfilled-3%
and 3%-Nanoclays and b) for the Unfilled-5% and 5% Nanoclays. From the slope of the linear

regressions the diffusivities can be calculated. The values obtained are shown in table 5

Table 5: Diffusivities obtained with the Initial Gradient Method during the desorption.

Sample | D/ffusivity/(cmz/s)
Unfilled-3% 1.21-107
3%-Nanoclays 1.08-10”
Unfilled-5% 9.30-10°®
5%-Nanoclays 8.92-10°

The addition of 3 wt% nanoclays represent a reduction of 11% in diffusivity. This reduction is
lower, near 5% only, in the case of 5 wt.% clays. These moderate reductions in diffusivity can be
attributed to the interphase hypothesize between polymer and clays. These interphases would
have a detrimental effect on diffusivity allowing gas molecules to find faster ways across the
polymer diminishing the gas barrier role played by the platelets. This would justify also that the
reduction in diffusivity is lower for the samples with more clays. There are several studies
supporting this hypothesis. According to Vankelecom et al.[54] and Picard et al. [18] poor
polymer particle interactions lead to an increase of the permeability over the original polymer
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because of bypass of gas penetrants around the particles. The interlayer cations used in the
clays have also an important influence on the permeability properties of the composite. The
slightly higher crystallinity values found for the filled samples should have a negative effect on
the diffusivity, with the crystals acting as gas barriers, but the influence of the polymer-clay
interphase is higher. It is also interesting to remark that the diffusion coefficient is 30% higher in
the samples with lower amounts of coupling agent, hence, lower amounts of maleic anhydride.
The polar character of this additive and the high affinity between it and CO, can be behind this
remarkable difference. This reduction in diffusivity is much higher than the reductions achieved
with the addition of lamellar nanoparticles.

The diffusivities obtained from the desorption can be used for modeling the absorption
dependency with time. Since the thickness of the samples is much smaller than the other two
dimensions we can use equation 2 admitting infinite plain sheets. The agreement between
experimental and theoretical data is plotted in figure 6.
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Figure 6: Theoretical and experimental values of the gas uptaken during the sorption stage. The
diffusivities obtained previously are used in order to obtain the theoretical solid lines.

Some discrepancies appear at higher pressures between the theoretical (solid line) and
experimental (dots) data. The assumption of perfect Fickian transport mechanism with absolute
independency between diffusivity and pressure is not completely right but the found
discrepancies are low enough to justify this assumption [49]. At the same time the dissolved gas
has a plasticizing effect on the amorphous phase of the polymer and so the molecular
morphology, which influences the diffusion, is not the same during the sorption as that during
the desorption. The found discrepancies are not very big so the implicit assumption of
independency between diffusivity and saturating pressure is justified.

Foaming

For foaming, samples were held at a CO, pressure of 5 MPa during 48 hours at room
temperature. Then, pressure was released and 2 minutes later samples were immersed in a
silicon oil bath preheated at 130 2C. This temperature is around 20 2C above the melting
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temperature of the samples and was selected as the optimum from previous experiences. Upon
pressure release no nucleation was visually observed. Immediately after heating the samples
are quenched in cold water. These foaming conditions were the same for the samples with and

without nanoclays.
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Figure 7: Comparisson of densities for the a) Unfilled-3% and Unfilled-5%, for the b) Unfilled-5%
and 5%-Nanoclays and for the c) 3%-Nanoclays and 5%-Nanoclays

There are not large differences between samples of Unfilled-3% and Unfilled-5% in terms of
crystallinity, maximum gas uptaken, extensional viscosity or strain hardening but the densities
achieved for each of them at different foaming times are remarkably different as shown in
figure 7 a). The main difference between samples is the diffusivity, due to the lower diffusivity,
at the time of foaming the Unfilled-5% retain more gas than the Unfilled-3% so the ability of
withstanding the foaming for these samples is higher. The effect is even clearer for longer
foaming times as would be expected. The addition of a coupling agent containing polar
molecules of maleic anhydride has a beneficial effect reducing the density. With the gas in
subcritical conditions the highest expansion ratio achieved in this semi-crystalline polymer is

near 2 (relative density 0.5).

The micrograph on figure 8 shows a general view of the typical morphology common to all the
samples foamed following this procedure. Two solid skins appear in the outer parts of the
sample because not enough gas remains in these areas at the time of foaming for nucleation.
The gas profile across the sample gives also bigger cells in the areas nearer to the skins and the
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cell size becomes smaller in the core. The cellular structure homogeneity is much higher in the
unfilled samples as it is explained later.

Figure 8: General view of the morphology obtained in the samples by batch gas dissolution in
sub-critical conditions. P is the density and d is the average cell size. Unfilled-3% at early stages
of foaming.

Although expansion ratios near two with cell sizes below 100 um have been achieved for this
semicrystalline polymer in subcritical conditions the cellular structures are not very stable with
foaming time. The instability can be inferred from the density plot in figure 7 and also from the
micrographs. Figure 9 depicts an example of the cellular structure of samples foamed at 7
seconds, 10 seconds and 15 seconds of the Unfilled-5%. The not very high population of pores
with small cell sizes and high bulk densities shown in figure 9a) at 7 seconds quickly evolves to
the one shown in figure 9b) with cell sizes 4 times bigger than in the previous one and bulk
densities almost half. 10 seconds foaming time is indeed the one that yields higher reductions in
bulk density.

Figure 9: Evolution in the cellular structure for the Unfilled-5% at fixed foaming times of a) 7
seconds, b) 10 seconds and c) 15 seconds.

122



Chapter 4. Modifications in the Polymer Matrix.

Further from this point the cell coalescence begins and some big pores appear, mainly in the
outer parts of the samples (figure 9c). As a consequence the bulk density increases also. The
same trend is observed for the Unfilled-3%. The optimum foams are obtained controlling
carefully the foaming conditions used, paying special attention to the foaming time at a fixed
temperature.

The addition of nanoclays plays a detrimental role in the foamability of these composites. The
reductions in density achievable are lower when nanoclays are present in the formulations as
shown in figure 7 b) and 7c) specially in the 3%-Nanoclays case since the proportion coupling
agent to polymer is lower. This result is confirmed and supported by the micrographs obtained
for the filled foams. In the case of the 5%-nanoclays samples not even a proper cellular
structure can be observed. Some small cells seems to have nucleated in the 5 seconds foaming
time micrograph shown in figure 10 a). Five seconds later these nucleated cells are translated
into cracks and big bubbles in the surface of the foam as shown in figure 10 b). After that the
structure is completely collapsed presenting plenty of cracks all across the sample (figure 10 c).
The 3%-Nanoclays samples present an intermediate behavior between the Unfilled and the 5%-
Nanoclays in terms of cellular structure although the achievable densities are the highest. For
those samples, at the early stages of foaming a cellular structure can still be distinguished but it
deteriorates extremely quickly.

Figure 10: Cellular structure for the 5%-Nanoclays at any foaming time. a) 5 seconds b) 10
seconds and c) 20 seconds.

The reduction in strain hardening observed for the filled samples has a crucial effect on
foaming. With the increasing content of clays the polymer melt looses the ability of
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withstanding the pressures developed during the cell growth. This justifies the higher densities
obtained and the foam morphologies obtained in the case of 3wt.% and 5wt.% clays.

All these results are summarized in figure 11. For a fixed foaming time of 10 seconds
micrographs of the Unfilled-5%, 3%-Nanoclays and 5%-Nanoclays are shown. Well developed
cells are found for the Unfilled and for the 3 wt.%-Nanoclays but the structure completely
collapses when the amount of clays increases up to 5%.

Figure 11:Micrographs at a fixed foaming time of 10 seconds of the a) Unfilled-5% b)3%-

Nanoclays and c) 5%-Nanoclays.

It is also interesting the difference in cell density and mean cell size between samples a) and b)
in figure 11 taking into account that the foaming time is the same in both cases. The bulk
density is approximately the same in both cases but the mean cell size doubles, from a value of
80 um for the sample without nanoclays to a value of 157 um for the sample with 3 wt.% of
clays and the cell density is reduced in one order of magnitude from 1-10° cells/cm® to 1-10°
cells/cm®. In fact the three micrographs in figure 11 could be understood as three consecutive
foaming stages at three different foaming times, from the small cells nucleated in a), growing to
a complete and well developed cellular structure in b) and finally collapsing and disappearing in
c). These 3 stages are observed at a fixed 10 seconds foaming time simply varying the clay
content. This result is explained postulating a nucleating effect of the nanoclays in these
nanocomposites. The formation of a new gas phase from a metastable melt phase requires an
activation energy barrier to be surmounted to induce the phase separation. In the generally
admitted nucleation theory the equations are exponential with respect to this activation energy
barrier( AG*) so this parameter is of major importance. The presence of nanoclays lowers this
activation energy barrier so nucleation begins at earlier stages. Less energy in the form of
heating must be supplied to the sample for the beginning of the nucleation. This hypothesis is
supported also from the observation of the densities obtained in figure 7 b). The same relative
density is obtained 2 seconds before in the sample containing clays than in the unfilled one
(relative densities corresponding to the 5 and 7 seconds foaming time respectively). In fact, the
sample containing clays presents a relative density 1.5 times lower at 7 seconds foaming time.
This nucleating effect is also the reason for selecting an earlier foaming time of 5 seconds that
was not used for the unfilled samples.
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Conclusions

In this work the batch gas dissolution method has been used to study, on the one hand the gas
diffusivity and solubility and on the other hand the microcellular foamability in sub-critical
conditions of well dispersed intercalated/exfoliated LDPE/clays nanocomposites.

In samples containing clays solubility is a 10% higher than in the unfilled samples. These
differences in solubility might be due to the existence of interfaces polymer/clays that allow the
adsorption and immobilization of gas molecules or to the adsorption of gas on the surfaces of
the organophillic matrices and compounds used to modified the clays.

Concerning to diffusivity the addition of 3 wt.% of clays yields reductions up to 11% in this
parameter. This reduction in diffusivity is only 5% in the case of samples containing 5 wt.% of
nanoclays. The higher amount of interfaces in this later case can be creating more paths for the
gas and making easier its escape from the sample increasing therefore the diffusivity. The
different amounts of maleic anhydride in unfilled samples give also differences in diffusivity.
Samples containing more maleic anhydride present reductions in diffusivity up to 30% in
comparison to samples with lower amounts. The polar character of the maleic anhydride and its
high affinity with CO, justify this result.

The difference in diffusivity between unfilled samples influences their foaming behavior.
Samples with lower diffusivities reach also lower densities for any foaming time but this effect is
even stronger for long foaming times. Densities near 500 kg/m> with mean cell sizes below 80
pum have been obtained for this semicrystalline polymer in sub-critical conditions. The cellular
structures obtained are not very stable with time. On the other hand, the addition of nanoclays
has a detrimental effect on the foamability of these composites. Densities reachable are always
higher in the samples with clays. For 5 wt.% not even a proper cellular structure can be
distinguished. The reduction in strain hardening observed in the rheological behavior of the
nanocomposites deeply determines the suitability of these samples to be foamed.

Finally a nucleating effect appears with the addition of these nanofillers. This nucleating effect
must not be understood as a reduction in cell size for a fixed foaming time in the samples with
clays but as a reduction in the energy needed for the nucleation and growth of cells. Therefore
the foaming is accelerated in the samples containing nanoclays with cellular structure that begin
growing earlier. These means that less heat needs to be supplied to the solid matrix to begin
and develop the foaming process.
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4.2.2.- Modification of the Polymer Molecular Architecture

In the present section the same materials used in the previous work (filled and
unfilled) undergo a crosslinking process using dicumyl peroxide as chemical
crosslinking agent. Crosslinking is discussed in chapter 2. Therefore in the work
presented in this section the polymer matrix has suffered two different types of
changes: chemical modification by the addition of nanoparticles and coupling agents

and molecular architecture modification by crosslinking.

The work included in this section is entitled “Microcellular Foaming in Sub-
Critical COz of Non-Crosslinked and Crosslinked LDPE and LDPE/Clay
Nanocomposites”. In this work the effects of crosslinking on the gas diffusivity and

foamability of filled and unfilled polyethylene nanocomposites are studied.

Crosslinking reduces the crystallinity of the polymer matrix and therefore the gas
diffusivity is increased. In spite of this, the foamability of the composites is improved,

both in raw samples and in samples containing nanoclays.

Three different crosslinking degrees were induced in each kind of samples. There
is an optimum crosslinking degree directly connected with the rheological behavior
measured for these samples. Rheology turns to be a key parameter determining the

later foamability and properties of the foams.

Finally crosslinking helps to obtain densities below 150 kg/m?3 combined with cell
sizes of around 15 pm and cell densities of the order of 109 cells/cms3, all this in a

semicrystalline matrix and using gas in sub-critical conditions.
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ABSTRACT

The semicrystalline character of low density polyethylene and the inorganic character of
nanoclays add severe difficulties to the foamability of these composites by batch gas dissolution
in sub-critical conditions. Crosslinking is adopted as a solution that allows achieving high
expansion ratios (=7.5) combined with cell sizes below 10 um. The rheological properties of the
crosslinked composites are connected with their foaming behavior and the stability of the
cellular structure. An approach that only takes into account the diffusivities would have been
totally insufficient. The presence of nanoclays deteriorate the rheological behavior of the
nanocomposites and hence the later foaming behavior. Although this, crosslinking strongly
improves the cellular structures and expansion ratios obtained.

Keywords: rheology, crosslinking, nanoclays, gas dissolution, polyethylene foams.

INTRODUCTION

The research in microcellular foams goes back to the early eighties with the work conducted at
the MIT in response to a challenge by the packaging and photographic film companies to reduce
the amount of polymer used in their products. Reducing the cell size to the order of 10 um and
increasing the cell density to 10° cells/cm® would improve the strength to weight ratio of
conventional foams giving reasonable values for the intended applications [1,2]. This conducted
research allowed the development of the batch gas dissolution technique.

From the basic batch gas dissolution, other different, but more complex, semicontinous [3,4]
and continous [5-7] methods have been also developed for the microcellular foaming of
polymers. In any of these routes most of the efforts have been focused on amorphous polymers
such as polystyrene [1,8,9], polycarbonate [10,11], acrylonitrile-butadiene-styrene (ABS)
[12,13], poly(methyl methacrylate) [14] and poly (vinyl-chloride) [15] . In comparison very little
work has been conducted on the foaming of semicrystalline polymers, and almost only in
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continous or with the polymer in the melt state [17-20]. Although the applications of polymers
as polyethylene (PE) or polypropylene (PP) are widely spread their semicrystalline character
makes difficult obtaining microcellular foams by the batch gas dissolution technique [21, 26].
Gas is admitted to dissolve only in the amorphous phase and the structure of the crystals
hinders also its diffusion. The foaming must also be conducted at a temperature near the
melting point [28]. In an effort to overcome these difficulties supercritical gases have been used
in almost all the studies dealing with microcellular foams from semicrystalline polymers [16, 23-
27]. This supercritical state allows for higher solubilities and diffusivities but the more complex
setup required is an important disadvantage both at laboratory and industrial scale. When
increasing pressure above the CO, supercritical range, the expense of the foaming process
greatly increases due to the need for gas pumps and high pressure rated vessels.

With the advent of fillers in the nano-range and the incredible properties expected for these
innovative additives, the idea of combining nanoparticles and microcellular foaming grew
rapidly. Besides the improvements in the solid matrix these nanoparticles act as heterogeneous
nucleating sites, reducing the cell size and increasing the cell density [28-34]. The gas dissolution
technique would be the perfect candidate for demonstrating all these. Moreover, the
combination of microcellular foaming with nanocomposite polymer matrix yields synergetic
properties that cannot be inferred considering them separately [29].

Crosslinking is often applied to improve the thermal and mechanical properties of polyethylene
due to the formation of a three-dimensional network. It also increases the melt strength which
highly improves the foamability of the polymer allowing for important reductions in the
reachable density range. The two main methods used for crosslinking polyethylene are electron
beam irradiation and peroxide crosslinking. In the irradiation process the crosslinking degree is
limited by the depth reached by the electron beam, so the thickness of the materials is
restricted [30,31]. The final material has a crosslinking density gradient along its thickness. On
the contrary, the use of peroxides, since they are added in the polymer melt, promotes a more
uniform distribution of chain interconnections all over the bulk material. Both at an industrial
and lab scale the use of peroxide is more affordable with the only disadvantage being the
byproducts generated during decomposition [32,33]. The literature dealing with crosslinked
foams is very extensive in the case of chemical blowing agents [34,35] and not so broad for
physical ones although there are even industrial processes that combine electron irradiation
crosslinking with gas dissolution [36,37].

In this study a combination of a semicrystalline polymer with chemical crosslinking, filled with
nanoparticles and foamed with sub-critical CO, is proposed. Low density polyethylene unfilled
and filled with organomodified nanoclays have been microcellular foamed with CO, in
subcritical conditions and afterwards, both the unfilled and the nano-filled polymers have been
chemically crosslinked and microcellular foamed under the same conditions. The foaming of
samples with different crosslinking degrees has been studied and connected with their
rheological properties. The diffusivities and solubilities for the non-crosslinked unfilled
polyethylenes have also been compared with the crosslinked ones. Based on these rheological
and diffusive properties an optimum crosslinking degree for foaming has been found. This
global approach to understand the foamability of these systems from the rheology and
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diffusivity turns to be very useful. Considering only the crosslinking degree would be insufficient
to predict foamability. Crosslinking allows also for high density reductions and improvements in
the size and homogeneity of the microcellular structures. Expansion ratios up to 7.5 with cell
sizes below 10 um have been reached for this semicrystalline polymer. This combination of low
densities with cells in the microcellular range and foaming in sub-critical conditions in
semicrystalline polymer makes these materials interesting both from an industrial and scientific
point of view. Poorer results were found while foaming the samples containing clays but also in
this case crosslinking helps to obtain much more uniform cellular structures.

EXPERIMENTAL
Materials and Sample preparation

A low density polyethylene PEOO3 from Repsol Alcudia with 2 g/10min of MFI, density of 920
kg/m® and melting point of 110 °C was used as polymer matrix. For producing the
nanocomposites this polymer matrix was melt blended with montmorillonite-type
organomodified nanoclays Cloisite C15A from Southern Clay Products and a coupling agent,
maleic anhydride grafted polyethylene Fusabond 226 DE from DuPont. The proportion of
coupling agent to nanoclays was maintained constant at 2:1. In order to clearly distinguish the
role played by the nanoclays, the PEO03 was also melt blended with the coupling agent only.
The proportion PE003/coupling agent was maintained equal to the one used in the case of the
filled composites. Table 1 summarizes the compositions used for the two kinds of non-
crosslinked (NC) samples.

For chemically crosslinking, Luperox DCP40 dicumyl peroxide from Vigar was used in a
proportion of 1.8 phr. All the compositions of the crosslinked samples are also summarized in
table 1.

Table 1: Proportion of components for the different kind of samples

Sample Matrix/parts Coupling Nanoclays/parts Dicumyl
agent/parts Peroxide/phr

Unfilled-NC 85 10 0 0

Filled-NC 85 10 5 0
Unfilled-LC 85 10 0 1.8
Unfilled-MC 85 10 0 1.8
Unfilled-HC 85 10 0 1.8

Filled HC 85 10 5 1.8

The blank samples (no crosslinking agent) were made by compression moulding the raw
materials to a uniform thickness of 1.27 mm using two stainless steel plates in a hot press at 190
oC for 15 minutes and then cooling down with the pressure still applied at a constant cooling
rate of 50 °C/min. To achieve different crosslinking degrees the pellets containing the
crosslinking agent were compression moulded using three different moulding times of 15
minutes, 30 minutes and 60 minutes in the same conditions as before. These samples will be
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denoted as low crosslinking “LC”, medium crosslinking “MC” and high crosslinking “HC”
respectively. In the case of the samples with nanoclays, only the highest crosslinking degree was
studied. Table 2 summarizes the moulding conditions and nomenclature of all the samples.

Table 2: Production conditions for the non-crosslinked and crosslinked samples

Sample Moulding Moulding cooling Moulding time/min.
temperature/2C rate/(2C/min)
Unfilled-NC 190 50 15
Filled-NC 190 50 15
Unfilled-LC 190 50 15
Unfilled-MC 190 50 30
Unfilled-HC 190 50 60
Filled-HC 190 50 60

Some additional samples crosslinked using the three same moulding times of 15, 30 and 60
minutes but at a temperature of 147 °C instead of the previous 190 °C were produced to verify
some of the hypothesis postulated later.

Crystallinity, rheology and crosslinking degree characterization

A Mettler DSC822e differential scanning calorimeter was used for the thermal analysis of the
samples. A heating rate of 10 °C under N, environment and a sample weight of 5+0.5 mg were
used in all the tests. Crystallinity degree was calculated from the area of the DSC peak, by
dividing the heat of fusion by the heat of fusion of a 100% crystalline material, (288 J/g for a
100% crystalline polyethylene [45]). The crystallinities were calculated taking into account the
real proportions of polymer deducting the amount of nanoclays.

Rheological behavior was studied by means of a AR2000EX TA Instruments rheometer with an
extensional fixture at a temperature of 130 2C (coinciding with the foaming temperature used,
as explained later) and a strain rate of 0.5 s

The gel content was determined using a 24 h Soxhlet extraction cycle using xylene as the
solvent. Approximately 300 mg of crosslinked grinded polyethylene was placed in a paper bag
according to ASTM D 2765. In each experiment, three bags with a different material inside each
one were tested simultaneously. This way, absolutely comparable results are obtained in
between. After extraction, the solid residue was dried until the weight reached steady state.
The gel content can be obtained as the ratio of the final weight of the polymer to its initial
weight.

Foaming procedure

Both the non-crosslinked and crosslinked samples were microcellular foamed. The microcellular
foaming procedure is well described in [1,17]. The samples were first saturated in a pressure
vessel with an industrial grade CO, at room temperature and 5 MPa. Pressure was controlled
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within £0.03 MPa by a pressure controller. The saturation time was set to 48 hours, well above
the time required for full saturation (7 hours).

When the pressure was relieved, the samples were introduced in a pre-heated hot glycerin bath
for a given period of time at a certain temperature. They were then quenched in cold water.

Morphology and density of the foams

Density of the samples was measured by Archimedes principle using a Mettler AE240 balance
with accuracy of £10 pg.

The cellular morphology was characterized by scanning electron microscopy with a JEOL JSM-
820 microscope. Samples were immersed in liquid nitrogen for 5 minutes, fractured and
mounted on stubs. The fracture surfaces were sputter coated with gold prior to the microscopy
work. The mean cell size and cell density were obtained using image processing software Image
J from at least 75 cells in different micrographs from the same specimen.

Diffusion studies

For characterizing the absorption of gas, samples were taken out from the vessel at certain
periods of time, weighted using the aforementioned balance and replaced inside the vessel at 5
MPa.

To determine diffusivities of the different samples from weight measurements made during the
desorption, the “Initial Gradient Method” was employed. It states that, for the early stages of
desorption, the solution of the diffusion equation for a polymer-gas system with a constant
diffusivity is given by [46]

M _ 4 (2)1/2 (1)

Moo /2 \ 2

where M, is the total amount of gas absorbed in the polymer sheet at time t, M.. is the
equilibrium gas concentration attained theoretically after infinite time, D is the diffusivity and |

is the thickness of the polymer sheet. A plot of M/ M« as a function of t¥%/I yields essentially a

straight line (for the initial period of test) with a slope of 4(D/m)"?

which is readily solved for D.
RESULTS
Crosslinking degree and thermal properties

Figure 1 shows the crosslinking degree achieved versus the time that the samples where held
inside the hot press at 190 2C.
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Figure 1: Crosslinking degree as a function of the moulding time. Samples could be further
crosslinked since no constant crosslinking degree is reached.

The previous data indicate that the dicumyl peroxide has not been totally decomposed. Higher
crosslinking degrees could have been achieved increasing the moulding time above 60 minutes.
It is also remarkable that the crosslinking degree for the samples containing nanoclays is
considerably lower than for the unfilled one. This could be explained taking into account that
for those samples only 95% of the weight introduced inside the bags for extraction corresponds
to polymer matrix. Even taking into account this fact in the calculations the value is 3% below
the expected, so nanoparticles could be hindering the crosslinking at the interphase.

Differential scanning calorimetry provided the results of crystallinity and melting temperature
shown in table 3 for all the samples.

Table 3: Crystallinity and melting point for the unfilled and filled samples.

Sample Crystallinity/% Melting Point/eC
Unfilled-NC 45.3 112.09
Unfilled-LC 44.8 111.89
Unfilled-MC 44.1 112.23
Unfilled-HC 43.1 112.57

Filled-NC 48.2 112.52
Filled-HC 45.8 112.15

Reductions higher than 2% in crystallinity are observed with the increasing crosslinking degree.
The chemical crosslinking produces a molecular three-dimensional network with the polymer
chains, which reduces the crystalline order, therefore decreasing the crystallinity degree
observed in the samples. A similar trend is observed for the samples containing nanoclays. On
the contrary, there is no variation in the melting point between the different samples. This
suggests that the size of the crystals formed is independent of the crosslinking degree. This
interesting behavior of the crystallinity with the crosslinking degree will be used later to explain
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the sorption and desorption behavior of these materials. The presence of nanoclays seems to
have a nucleating effect for crystals formation increasing slightly the crystallinity degree in the

filled samples.
Solubility and Diffusivity

The solubility and diffusivity of CO, in the polymers have been evaluated through the sorption
experiments. These parameters were studied for non-crosslinked and crosslinked samples
choosing the two opposite cases: non-crosslinked and highly crosslinked. Figure 2 a) shows and
compares the absorption curves of CO, for the non-crosslinked and highly crosslinked samples.
The relationship between M, and t?/I is linear as described in equation 1. The mass uptake
eventually converged to a steady state value which represented the solubility of gas in the
polymer. This solubility is lower in the case of the crosslinked sample than in the raw one as can
be seen also in table 4. Solubility of CO, in a semicrystalline sample is a strong function of the
crystallinity so the differences observed in crystallinity (table 3) between these two samples can
explain the higher solubility value obtained for the highly crosslinked sample. In fact, the
solubility and crystallinity in both samples correlate perfectly assuming the model in which the

relation between these two parameters is expressed as [47]
K=K'(1-X.)

Where X, is crystallinity and K* is the solubility of gas in the completely amorphous matrix of the

polymer.
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Figure 2: a) Evolution with time of the gas uptaken by the crosslinked and non-crosslinked
samples. b) Linear regression at the early stages of desorption. The slope of the plots yields
essentially the diffusivity of the samples.

Figure 2 b shows the early stages of the desorption with the calculated linear regressions from
which the diffusivity coefficients have been obtained (table 4). Common diffusion models
postulate that small gas molecules can diffuse into and pass through the polymers [48]. In
amorphous polymers this occurs in the entire bulk of the polymer matrix but in semycristalline
ones the presence of crystalline regions complicates the process. This gives rise to a two phase
model [43, 44] in which impenetrable crystallites are dispersed in a rubbery amorphous matrix.
As a result, diffusivity is higher in the samples with lower crystallinity, the non-crosslinked ones
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in this case. The diffusivity for the crosslinked sample almost doubles the one yielded for non-

crosslinked one.

Table 4: Solubilities and diffusivities of the crosslinked and non-crosslinked samples

Sample Solubility/(mg CO,/g) | Diffusivity/(cm?*/s)
Unfilled-NC 27.94 9.3-10°®
Unfilled-HC 29.22 1.8-107

The influence of these solubility and diffusivity values on the foaming behavior will be discussed

later on.
Rheological behavior

The rheological behavior is a parameter of major importance that deeply determines the
foamability of a polymer matrix. Therefore studying the extensional viscosity of the polymer
melts will help to later explain the foaming results.
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Figure 3: Extensional viscosity measured for a) samples crosslinked at 190 2C and b) samples
crosslinked at 147 °C.

Figure 3 a) shows the extensional viscosity measured for all the three different crosslinking
degrees of unfilled material and compares them also with the non-crosslinked one. The Trouton
ratio is defined as the ratio of extensional viscosity to shear viscosity. When this Trouton ratio is
measured at high Hencky strains then it gives a direct measurement of the strain hardening. As
expected, the viscosity and Trouton ratio (measured at a Hencky strain of 1.4) is much higher for
the crosslinked samples than for the non-crosslinked one. But this dependence does not
correlate directly with the different gel contents. The highest values are reached for the
medium crosslinking instead of the highest one. For the high crosslinking the Trouton ratio is
even below the one corresponding to the low crosslinking (Table5).
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Table 5: Trouton ratio for the different kinds of specimens crosslinked at 190 2C. The Trouton
ratio was determined at a strain rate of 0.5 s™* and Hencky strain of 1.4.

Sample | Trouton Ratio
Unfilled-NC 4,05
Filled-NC 3,18
Unfilled-LC 8,36
Unfilled-MC 9,79
Unfilled-HC 6,60

The addition of nanoclays also reduces the Trouton ratio. This effect has been observed in
previous works. Particles can partially convert the extensional flow in the surrounding polymer
into shear flow and this interferes with the occurrence of strain hardening [49, 50]. The
experimentally determined Trouton ratios are directly connected with the foam stability as will
be seen later.

The samples used in figure 3 b are exactly the same as in figure 3 a but crosslinked at 147 ¢C
instead of 190 2C. A more intuitive behavior is found now. In this case the viscosity values are
not as high as in figure a) as corresponds to a lower crosslinking temperature, but extensional
viscosity and Trouton ratio (Table 6) correlate directly with the crosslinking degree. It is
postulated therefore that, although the Unfilled-HC has the highest gel content, its polymer
matrix suffers degradation while subjected to 190 °C during 60 minutes. This degradation
deteriorates the rheological properties of these samples which deeply influences the foaming
behavior as will be shown later. As mentioned in the experimental part, only the samples
crosslinked at 190 °C has been used in this study, the samples crosslinked at 147 2C have been
used only to sustain the hypothesis of a possible polymer degradation in the Unfilled-HC.

Table 6: Trouton ratio for the different kinds of specimens crosslinked at 147 2C. The Trouton
ratio was determined at a strain rate of 0.5 s™* and Hencky strain of 1.4.

Sample | Trouton Ratio
Unfilled-LC-147 2C 5,21
Unfilled-MC-147 °C 5,65
Unfilled-HC-147 eC 6,10

Foaming
Unfilled samples.

Both kinds of samples, non-crosslinked and crosslinked ones, have been foamed by a batch gas
dissolution process in sub-critical conditions. Samples were held at a CO, pressure of 5 MPa
during 48 hours at room temperature. Then, pressure was released and 2 minutes later samples
were immersed in a silicon oil bath preheated at 130 °C. This temperature is 20 °C above the
melting temperature of the samples. Upon pressure release no nucleation was visually
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observed. Figure 4 presents the different densities obtained for foaming times of 10s, 20s, 30s
and 60s.
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Figure 4: Densities of the crosslinked and non-crosslinked unfilled samples at different foaming
times. Expansion ratios as high as 7 with cells in the microcellular range can be reached by
crosslinking the polymer.

For the Unfilled-NC samples, the highest expansion ratio (lower than 2) is reached for the lowest
foaming time. For these non-crosslinked samples the stability of the cellular structure with
foaming time is poor since density presents a rapid increasing trend with time. For example, the
expansion ratio has diminish to 1.5 for 20 seconds and it is as low as 1.3 for the longest foaming
time of 60 seconds. This is correlated with the low extensional viscosity and Trouton ratio of this
system.

On the contrary, the crosslinked samples present a much different behavior. For times above 10
seconds, the densities of the Unfilled-NC, Unfilled-LC and Unfilled-HC are comparable. In spite
of this, even with comparable densities, cellular structures are completely different as it is
explained in the following paragraphs.

are comparable in both samples.
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Figure 5 shows two micrographs of the Unfilled-NC and the Unfilled-HC. In the first one the cell
density is of the order of 5-10° cells/cm® with a mean cell size of 80 um while in the crosslinked
sample the cell density is of the order of 1.5-10’ cells/cm® with a mean cell size of 36 um.
Crosslinking allows a great reduction in cell size and increase the cell density for the same bulk
density range even when the diffusivity of the Unfilled-HC doubles the one obtained for the
Unfilled-NC.

Densities around 120 kg/m’ have been reached for the crosslinked samples which means
expansion ratios around 7.5.These samples also have a good stability with foaming time
presenting a very smooth increment of density. The three dimensional molecular network
formed by crosslinking helps to suppress cell coalescence allowing the cells to grow without
rupturing. This suppression effect is stronger even from the early foaming stages for the
Unfilled-MC sample. This fact is directly related with the excellent Trouton ratio found for these
samples already mentioned and the cellular structure studied next.

Figures 6 to 8 show the mean cell size, bulk density and cellular structure for the low, medium
and high gel contents at different foaming times.
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Figure 6: Low crosslinking samples foamed at 10 s, 20s, 30s and 60s with the corresponding
mean cell size and sample density. Note that the scale is 200 um in all cases.
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Figure 7: Medium crosslinking samples foamed at 10 s, 20s, 30s and 60s with the corresponding
mean cell size and sample density. Note that the scale is 20 um in the first micrograph and 50
pum in the rest.

Figure 8: High crosslinking samples foamed at 10 s, 20s, 30s and 60s with the corresponding
mean cell size and sample density. Note that the scale is 400 um in all the micrographs.
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In the case of the lower gel content the mean cell size is near or below 100 um for all the
foaming times. Although having the highest gel content, the Unfilled-HC presents the highest
cell size values and lowest cell density as a consequence of the lower extensional viscosity and
Trouton ratio. An interesting foaming behavior is found for the Unfilled-MC. The combination of
a medium gel content with improved extensional viscosity and Trouton ratio yields mean cell
size values around 15 pm with cell densities near or above 1-10° cells/cm? and expansion ratios
as high as 7.5. Besides this, the stability of the cell structure is much better than any other case
with a mean cell size increasing and a cell density decreasing very smoothly with foaming time
as can be seen in figure 9 a) and b)
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Figure 9 Mean cell size a) and cell density b) dependence with foaming time for the three
different gel contents.

Thank to its rheological properties the Unfilled-MC exhibits an improved capacity to withstand
cell growth and cell rupture while foaming, yielding an interesting combination of cell density,
mean cell size and bulk density for a semycristalline polymer foamed by gas dissolution in sub-
critical conditions.
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Figure 10: Correlation between the stability parameter calculated and the Trouton ratio for the
crosslinked samples.
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An idea of the stability of each formulation can be obtained numerically differentiating with
time the data contained in the logarithmic plot of the cell density in figure 9. This calculation
yields a mean value of the variation with foaming time of the cell density for each sample.
Lower values of this calculated parameter mean higher foam stabilities. This stability value
correlates directly with the Trouton ratio as it is shown in figure 10. The highest Trouton ratios,
obtained for the Unfilled-MC samples, give the higher stabilities of the cellular structure
together with the smaller cell sizes and higher density reductions, independently of the
crosslinking degree. Rheology turns to be the main parameter governing the foaming behavior
in this systems.

As has been seen the fundamental parameter in all the previous discussion is the rheological
characteristics of the samples. The solubility and diffusivity do not play a significant role.
Although the solubility of the crosslinked samples is higher, indicating that more gas is available
for the foaming and lower densities could be reached, this fact is compensated somehow with
the higher diffusivity. In the two minutes time elapsed between the pressure release and the
foaming, the gas is allowed to diffuse quicker in the crosslinked samples than in the pristine

ones.
Stability with temperature

The stability of the cellular structure with the foaming temperature has been also studied for
the samples with the higher gel content (Unfilled-HC). This parameter has been found to have
less influence on the cellular structure than the foaming time. As can be seen in figure 11, the
bulk density of the foam is continuously reduced with increasing foaming temperature. For
temperatures of 115 2C, 1302C and 145 °C the cell density is maintained in a narrow range
indicating that the cells rupture ratio is low and density diminishes thank to the increment in
cell size. At 160 °C sharply decreases and cell size reaches values near 200 pm while the bulk
density remains low.
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Figure 11: Dependency of the bulk density of the foam, mean cell size and cell density with
foaming temperature for the Unfilled-HC samples.
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Filled samples

The addition of nanoclay and its influence on the foaming behavior have been also
characterized. The nanocomposite samples Filled-NC and Filled-HC mentioned in the
experimental part have been foamed following the same procedure as with the unfilled
samples. These nanocomposites present an intercalated-exfoliated structure. The compounding
procedure, WAXS, rheological and TEM characterization of these materials have been detailed

elsewhere [50].
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Figure 12 Comparative of densities for filled and unfilled samples and for crosslinked and non-
crosslinked filled samples

The addition of 5wt.% of nanoclays deteriorate the cellular structure of the samples foamed in
sub-critical conditions. The densities reachable with these samples are around 20% higher than
in the absence of nanofillers, and expansion ratios were always below 1.5.

Figure 13 Micrograph of a Filled-NC sample foamed at 10 seconds. A proper cellular structure
cannot be distinguished.
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A proper cellular structure does not appear, as shown in figure 13 for a sample foamed at 10
seconds. Instead, plenty of cracks and holes with big bubbles in the surfaces are found for these
samples. The melted nanocomposite is not able to withstand the cell growth and the gas
escapes forming cracks and bubbles. The addition of nanoclays reduces the Trouton ratio of the
formulation to values near 3 (table 5), making any strain hardening effect present in the raw
polymer disappear, hence the foamability of these composites in sub-critical conditions is
greatly hindered.

Crosslinking helps to mitigate this situation, strongly lowering the range of densities with values
near 200 kg/m” as in the 20 seconds foaming time case (figure 12).

Figure 14: Filled-HC samples at 10s, 20s, 30s and 60 s foaming time.

Developed cellular structures can be perfectly distinguished now although they are very in-
homogeneous (figure 14). They can no longer be classified as microcellular since the smallest
cell size is 200 um for the 10 seconds foaming time. The stability with the foaming time is also
very poor, cells rapidly collapse and density sharply increases (see figure 12). However
crosslinking allows obtaining nanocomposite foams with completely developed cellular
structures and moderately low densities using a sub-critical gas dissolution foaming route.

CONCLUSIONS

The sorption behavior and microcellular foaming of a semicrystalline polymer such as LDPE by
batch gas dissolution in sub-critical conditions has been studied both in non-crosslinked and
crosslinked samples. Crosslinking lowers the crystallinity of the raw LDPE matrix and this is
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finally translated in increased solubilities and diffusivities of the gas. The non-crosslinked
polymer presents the difficulties already known for this kind of polymers with expansion ratios
always lower than 2 and non-homogeneous unstable cellular structures with cell sizes near 100
pum. Crosslinking strongly helps to overcome these difficulties. For the crosslinked samples
expansion ratios as high as 7.5 have been reached and the cellular stability both with foaming
time and with foaming temperature has been greatly improved. There exists an optimum
combination of gel content and processing parameters which yields cell sizes of 15 um and cell
densities of 1-10° cells/cm? for a density of 140 kg/ma. The Trouton ratio of each formulation
has a much deeper influence on the foamability than the crosslinking degree and is directly
connected with the stability with time of the foams. The rheological characterization turns to be
fundamental for understanding the later foaming behaviours. An approach taking into account
only the gel content would have been unsuccessful.

The addition of nanoclays to the non-crosslinked samples has been shown to play a
deteriorating role on the rheological properties and hence on the cellular structures and
microcellular foaming in sub-critical CO, of LDPE. The lowest densities reachable are higher and
a proper cellular structure cannot be distinguished in this case. Crosslinking again helps to
mitigate these detrimental effects allowing for densities near 200 kg/m* with well developed
cellular structures.
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4.3.- POLYOLEFIN BASED CELLULAR MATERIALS FOAMED BY CHEMICAL
BLOWING AGENTS AND IMPROVED BY MODIFICATIONS IN THE POLYMER
MATRIX

The second part of the chapter deals with modifications in the polymer matrix
combined with chemical blowing agents (described in chapter 3) to produce cellular
materials with improved physical properties. The modifications in the polymer matrix,
in parallel to the first part of the chapter, go in two different ways: addition of
nanoclays and coupling agents as modifiers of the chemical composition of the polymer
matrix and crosslinking as modification of the molecular architecture. In this second
part two different foaming routes have been used: free foaming and two stages

compression molding. Both of them were described in chapter 3.

4.3.1.- Chemical Modifications of the Polymer Matrix and Free Foaming

In this section nanoclays together with a coupling agent have been added to the
polymer matrix. Nanoclays are montmorillonite type and their surface has been
modified using 2M2HT (Dimethyl dehydrogenated tallow ammonium chloride). The

coupling agent is a linear low density polyethylene grafted with maleic anhydride.

From a technical point of view free foaming is maybe the simplest foaming
method. But in spite of its simplicity valuable information that can be extended to other
foaming routes is obtained. An important part of the results observed by free foaming in
this section are later observed too in other more complex foaming routes used in the

following chapters.

Two works are included in this section. The first one is entitled “Polyethylene
Layered Nanocomposites for Foaming Purposes”. In this work the foaming of the
samples is studied by means of a not very extended technique named optical
expandometry. Special attention is paid also to the correlation between physical
properties of the solid matrix (before foaming), their foamability and the physical

properties of the foams obtained from these solid samples.

The addition of nanoparticles improves the mechanical properties of the solids,
increases the crystallinity of the polymer matrix and broadens the polymer degradation

window increasing the degradation temperature.
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Nanoclays have a catalytic effect over azodicarbonamide, which is observed by
optical expandometry, reducing the decomposition temperature and increasing the
amount of gas released by thin blowing agent at a fixed temperature. Therefore larger
maximum expansion ratios are achieved in the presence of nanoclays although the

foam stability is lower and the collapse rate is also higher.

A similar catalytic effect is achieved with the only addition of MAH-g-LDPE but in
a lower extent. The difference is that in this case the stability and the collapse rate are
not harmed since the addition of coupling agent has no substantial influence over the

rheology of the polymer.

By x-rays diffraction (XRD) it was observed that the degree of exfoliation of the
nanoclays is increased after foaming. The interlamellar spacing of the nanoclays is
larger in the foamed samples than in the solid samples prior to the foaming. The
foaming, by itself, tends to increase the separation between platelets in the polymer

matrix. This result motivates the second work included in this section.

The second work included in this section is entitled “In-situ Characterization of
Nanoclays Exfoliation During Foaming by Energy Dispersive XRD of Synchrotron
Radiation” and is aimed at the study in detail of the mechanisms involved in the
previously observed effect of increment in the interlamellar spacing of nanoclays by
foaming. Free foaming is the foaming route used but in this case three chemical
blowing agents of different nature have been used: azodicarbonamide, Hydrocerol® and

Expancel® all of them mentioned and described in chapter 3.

The study was held at the BESSY synchrotron facility of the Helmholtz Zentrum
Berlin in Berlin (Germany). The use of energy dispersive synchrotron radiation allows
obtaining in-situ diffractograms, that is, diffractograms obtained directly while foaming.
This way, the different stages of delamination of the clay particles that take place
during foaming can be studied. To elucidate some possible influence of the chemical
nature of the gas released, two blowing agents releasing different gases were used :
azodicarbonamide and Hydrocerol. To elucidate the influence of the foaming
mechanism, microspheres that expand with the gas entrapped inside were also used

(Expancel).

The increment in interlamellar spacing is mainly associated with the expansion
ratio achieved by the samples. Higher expansion ratios yield higher increments in
interlamellar spacing, independently of the nature of the gas released or foaming
mechanism. There is an initial increment in the separation between platelets, before
foaming, associated with the thermally activated movement of the polymer molecular

chains.
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The results suggest also a chemical interaction between the azodicarbonamide
and nanoclays that is not found with the rest of the blowing agents. This hypothesize
chemical interaction supports also the catalytic effects observed in the first work

included in this section.
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ABSTRACT

The more relevant properties for foaming are studied on polyethylene/layered silicate
nanocomposites. These polymer nanocomposites are later foamed and their foaming behavior
is studied by means of a novel but full of information technique: optical expandometry. The
properties and foaming behavior of the different nanocomposite foams are later compared and
connected to the properties of the initial solid precursors. Two different clay additions together
with two different coupling agent additions are used for these purposes. The nanosilicates
improve the mechanical and thermal properties of the polyethylene but are detrimental to the
rheological behavior. While foaming, the expansion kinetics are accelerated proportionally to
the content of nanoclays. Besides this, the amount of gas released is also higher yielding higher
expansion ratios. Interesting results are obtained also with the different additions of coupling
agent. The worst rheological behavior of the nanocomposites is later translated in poorer
cellular structures.

Keywords: foam, nanoclays, polyethylene.

INTRODUCTION

In the last years the emergence of nanocomposites has resulted in the development of a new
group of materials known as foamed nanocomposites. Polymeric nanocomposite foams are
currently a subject of attention in both the scientific and industrial communities. The
combination of functional nanoparticles and foaming technologies has a high potential to
generate a new class of materials that are light weight, high strength and multifunctional [1,2] .

Foams are two phase materials in which a gas has been dispersed in a solid matrix. These
lightweight materials are important because of technical, commercial, and environmental
issues, representing an important percentage of the nowadays market of plastics. However, the
applications of foams are limited by their inferior mechanical strength, poor surface quality and
low thermal and dimensional stability in comparison with solid materials [3]. To overcome
some of these drawbacks the polymer matrices conforming the solid phase of the foam has
been traditionally filled with micron-sized fillers [4-8]. Compared to conventional micro-sized
fillers, nanoparticles offer unique advantages for controlling both the foam structures and
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properties. Due to the extremely small particle size it is possible to generate a large number of
nucleants with a relatively low particle loading. Furthermore, the nanoscaled dimension, the
high aspect ratio and the large surface area make these particles desirable as reinforcing
elements for the cell walls [9].

As a consequence of these expected outstanding properties the number of works dealing with
the production and characterization of polymeric nanocomposite foams has rapidly increased in
the last few years. The efforts have been focused both in thermoplastic (amorphous and semi-
crystalline) and thermoset polymers. The infused nanoparticles has been also very diverse, from
carbon nanotubes or nanoclays (mainly montmorillonite) to carbon nanofibers or silica particles
[10-16]. Although both physical and chemical blowing agents have been used, the vast majority
of the published studies deal with the former ones. Commonly a gas in supercritical conditions
is combined with an amorphous nanofilled polymer for the production in continuous of
microcellular foams. The two steps batch foaming route has been also used for the production
of nanocomposite foams but not so extensively as the continuous one [17-25]. This foaming
route has several advantages, it is very appropriate for example for analyzing the
heterogeneous nucleating role played by the nanoinclusions as no other additive are present in
the matrix, however it presents also several drawbacks. The experimental set-ups needed are
complex and not easily industrially scalable. Together with this, it is not easy to obtain samples
with a defined shape or geometry and therefore the possibilities of measuring the macroscopic
properties of foamed materials are limited

The use of chemical blowing agents for the production of nanocomposite foams is not so
extended in the literature although some examples can be found using injection moulding,
extrusion foaming and compression moulding. Guo et al. demonstrated for example that an
accurate control of the parameters during injection can lead to the same degree of
improvement in several properties that the one obtained with the addition of nanoparticles to
the solid polymer [26]. The high pressure drops needed at the die during extrusion foaming to
obtain optimum cellular structures is an important limitation in the size and shape of the
samples produced. In spite of this, nanoparticles help to enhance the homogeneity of the
cellular structure and ultra-low density foams can be obtained by this procedure (20-30 kg/m3)
[27-30]. Compression moulding is an industrially extended technique extensively used for the
production of foams in big blocks [31-35],. In its two steps version, foams with densities of the
order of 30 kg/m3 can be produced from a previously crosslinked polymer matrix. Velasco et al.
studied the foaming by this route of polyethylene containing hectorite-type nanoclays. The
samples obtained exhibited improved thermal stability and mechanical properties [34]

Information regarding foamed polyethylene/nanoparticles systems is scarce though some
examples can be found. The semi-crystalline character of polyethylene adds a severe difficulty
to the foaming using physical blowing agents. Lee et al. investigated the effect of clay particles
on the cell morphology of HDPE/clay nanocomposite foams produced using a batch foaming
process [35]. They proved that in comparison with neat HDPE, foamed nanocomposites
presented finer and more uniform cellular structures. The influence of clays dispersion on the
extrusion foaming by supercritical CO, of LDPE was also studied by Lee et al [36]. Few works can
also be found using thermally decomposed blowing agents. Riahinezhad studied the correlation

153



Cellular Materials Laboratory 2015 J. Escudero Arconada

between rheology and morphology in blends of PE/EVA containing clays [33], reductions in the
cell sizes and increments in the cell density were found with the addition of the layered silicate
nanoparticles. Finally Saiz-Arroyo et al. studied the foaming behaviour of a more uncommon
system of polyethylene containing nanosilicas. Two foaming routes were used for this purpose,
one following the pressure quench method using CO, as blowing agent and another one using
the improved compression moulding route using azodicarbonamide [37].

The properties of the solid nanocomposite matrix deeply influence the foaming behaviour itself
and the final properties of the foam. An accurate characterization of the solid polymer
containing clays can be used as useful predicting tool of the foamability and performance of a
certain formulation in any foaming route. Some of these parameters have been individually
characterized by some authors and later related with the foam properties and foaming
behaviour but there is a lack of a general overview taking into account several of these
parameters all together at the same time and relating them with the foaming process.

In this work special attention has been paid to the relation between the properties of the solid
nanocomposite and its influence on the later foaming. Our first objective has been studying the
most influencing properties of the solid matrix on foaming in a low density
polyethylene/nanoclays system. The aim is establishing clear relationships between these
studied properties and the foaming behaviour observed later. The samples undergo a free
foaming process using a chemical blowing agent and are studied using a novel and simple but
rich in information technique known as optical expandometry. The correlations are established
from the numerical data obtained by this technique.

EXPERIMENTAL
Materials and Sample preparation

A low density polyethylene PE003 from Repsol Alcudia with 2 g/10min (2.16 kg and 190 °C) of
MFI, density of 920 kg/m* and 110 °C of melting point was used as polymer matrix. For the
nanocomposites production this polymer matrix was melt blended with montmorillonite-type
organomodified nanoclays Cloisite C15A from Southern Clay Products and a coupling agent,
maleic anhydride grafted polyethylene Fusabond 226 DE from DuPont (1.5 g/10min, 120 °C of
melting point). The blending was performed in a twin screw extruder at 250 rpm with a die
temperature of 190 °C. The proportion of coupling agent to nanoclays was maintained constant
in 2:1. In order to clearly distinguish the role played by the nanoclays the PEO03 was also melt
blended with the coupling agent only. The proportion PEO03/coupling agent was maintained
equal to the one used in the case of the filled composites. Two different clay contents were
used, 3 wt.% and 5 wt.%. The compositions and nomenclature used are summarized in Table 1.
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Table 1: Proportion of components for the different samples

Sample | Matrix/parts Coupling agent/parts | Nanoclays/parts
Raw material 100 0 0
Unfilled-3% 91 6 0
3% Nanoclays 91 6 3
Unfilled 5% 85 10 0
5% Nanoclays 85 10 5

In order to study the foaming behavior the previous formulations were blended with
azodicarbonamide (Lanxess Porofor M-C1) in a proportion of 7 wt.%, and antioxidants Irgafos
168 in a proportion of 0.08 wt.% and Irganox 1010 in a proportion of 0.02 wt.% both from CIBA
using a twin screw extruder (Collin mod ZK25T) with L/D of 24 at 25 rpm and a temperature
profile from 1052C in the hopper to 125 2C in the die

Prior to foaming the formulations containing the blowing agent were compression at 125 eC
and a under a pressure of 2.18 MPa into precursors of 10 mm x 10 mm and 4 mm thickness.
These molded precursors were used later for foaming.

Characterization of solid samples

A Mettler DSC822e differential scanning calorimeter was used for the thermal analysis of the
samples. A heating rate of 10 °C under N, environment and a sample weight of 5+0.5 mg were
used in all the tests. Crystallinity degree was calculated from the area of the DSC peak, by
dividing the heat of fusion by the heat of fusion of a 100% crystalline material, (288 J/g for a
100% crystalline polyethylene [38]). The crystallinities were calculated taking into account the
real proportions of polymer deducting the amount of nanoclays.

The TGA measurements were performed using a Mettler TGA/SDTA 851e with a temperature
program from 50 to 850 °C at 20 °C/min in a N, atmosphere. TGA was also used to measure the
amount of gas released by the decomposition of the azodicarbonamide during foaming in the
different samples. For this purpose the temperature profile used was: 50 °C-185 °C at 15 °C/min,
isotherm at 185 °C during 3 minutes, 185 °C-50 °C at -6 °C/min.

Rheological behavior was studied by means of a AR2000EX TA Instruments rheometer with an
extensional fixture at a temperature of 190 °C (coinciding with the foaming temperature used as
explained later) and a strain rate of 0.5 s,

The dispersion and exfoliation of nanoclays were studied by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD diffractograms were determined between 1° and
10° by steps of 0.005° by means of a Philips PW 1050/71 using the Cu Ka line. The transmission
electron microscope used was a Tesla BS 512 with a YAG camera incorporated. Several images
from different areas were analyzed to have representative conclusions.

Mechanical properties were determined using an universal testing machine Instron model
5500R6025. Three specimens were tested for each kind of sample, all of them at room
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temperature. An strain rate of 1 mm/min was used in the tensile tests according to ISO 527/2.
The flexural behaviour was determined using a three point bending configuration at a strain
rate of 2 mm/min according to ISO 178. All these mechanical tests were performed over the
solid materials, non-containing azodicarbonamide.

Optical Expandometry

The expansion of the foams was studied by means of a homemade optical expandometer set-
up. The system is based on a rectangular vermiculite furnace with three infrared ceramic
heaters placed one on the top and the other two at both lateral sides. To monitor the sample’s
expansion the furnace has two openings, one at the front and another one at the back, enabling
to acquire the shadow image of the free foaming sample by setting a camera and light source
one in front of each other at opposed sides. A schematic view of the optical expandometry
system is provided in figure 1.

Images | - E—
Logging —>#_$,.; T U
—a 3 ¢ ' Backlight
Recording Camera =n s PID Controller and
— Temperature Logging

Figure 1: Optical Expandometry set-up used for the foaming characterization

The camera used is a Logitech Mic V-UW 21 and the software used for the acquisition is named
SpervisionCam. The light source is a Schott KL-1500T with a diffuser to obtain a planar light field.
The temperature is controlled using a PID controller with the input temperature being obtained
from a thermocouple slightly introduced inside the sample. Temperature recording is
synchronized with image capture. Heating ramps can be adjusted.

After image acquisition an image analysis protocol based on the Imagel) software was carried
out to extract quantitative data from the image sequence. The protocol consisted in applying to
each image an edge-preserving filtering to homogenize the gray level, a subsequent binarization
of the region of interest and a dimensional analysis of the growing binarized foam, all by using
Imagel) conventional tools. In this work we measured the projected area (number of pixels).
Detailed information about this technique can be found in [39].

Characterization of the foams

The cellular morphology of the foams was characterized by scanning electron microscopy with a
JEOL JSM-820 microscope. Samples were immersed in liquid nitrogen for 5 minutes, cut and
mounted on stubs. The fracture surfaces were sputter coated with gold prior to the microscopy
work. The mean cell size was obtained using image processing software Image J from at least 75
cells in different micrographs from the same specimen [40].
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RESULTS AND DISCUSSION
Characterization of the solid nanocomposites
¢ Exfoliation and dispersion

All the composites have been produced by melt blending. As already mentioned in the
experimental part a coupling agent was first melt blended with the nanoclays in order to
promote the exfoliation of the latter ones. The interlamellar space of the nanocomposites was
characterize by XRD and compared with the interlamellar space of the nanoclays as received.
From figure 2 the Bragg’s Law yields a separation between platelets of 2.45 nm for the
organomodified nanoclays as received and this separation is increased to a value of 3.27 nm for
the nanocomposites always taking the maximum of the peaks for the calculations. This suggests
that the melt blending has promoted some intercalation degree but there are still agglomerates
present in the polymer matrix. An exfoliated/intercalated structure is hypothesized for the
nanocomposites.
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Figure 2: XRD pattern for the pure clays and for the melt blended nanocomposites.

This structure is confirmed by transmission electron microscopy. Figure 3 shows two
micrographs for the 5%-Nanoclays samples. On Figure 3 a) individual well exfoliated and
dispersed platelets can be distinguished all along the micrograph arranged with a more less
preferential orientation but in some areas (figure 3 b)) still some agglomerates of platelets that
have not suffered a complete exfoliation can be observed.
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Figure 3: TEM images denoting an intercalated structure for the nanoclays. Individual platelets
can be distinguished along the polymer (left) but some agglomerates are still present.

The exfoliation degree influences not only the properties of the solid matrix but it has also a
deep influence on the foams themselves. A high exfoliation degree and a good dispersion of the
platelets influences the cellular structure from several points of view. Single platelets can act as
nucleation sites for the cells formation, reducing the cell size and increasing the cell density.
Well exfoliated clays can play also an stabilizing role of the polymer melt while foaming
reducing cell coarsening and collapse and allowing therefore to higher expansion ratios. High
reductions in the gas diffusivity, which is a parameter of major importance for foams intended
for insulation, cushioning or packaging, are expected only in the case of exfoliated morphologies
[34-36]. As will be seen later the foaming by itself has also a beneficial effect on the nanoclays
exfoliation. Higher exfoliation degrees are found for the foams than for the solids.

¢ Thermal properties

Differential scanning calorimetry provided the results of crystallinity and meting point shown in
table 2 for all the formulations

Table 2: Thermal properties of the samples in terms of melting temperature and crystallinity

percentage
Sample | Melting Point/°C | Crystallinity/%
Raw Polymer 112.66 44.0
Unfilled-3% 112.07 44.0
3% Nanoclays 111.19 45.4
Unfilled-5% 111.49 45.3
5% Nanoclays 112.52 48.2

The differences in crystallinity between samples are not large, however an slight nucleating
effect of the nanoclays during the crystallization can be inferred for the filled samples. This
higher crystallinity by itself can have an improving effect on the mechanical properties of the
solid matrix which can be transferred later to the foams. Crystallinity would have a more patent
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effect on foaming routes using physical blowing agents, modifying the solubility and diffusivity
of gases and affecting therefore the final cellular structure [41], but its influence on foaming in
the case of using chemical blowing agents is not so remarkable. The addition of the coupling
agent increases also the crystallinity of the final formulation as can be observed in Unfilled-5%
samples. The linear character of the LLDPE in which the coupling agent is based, gives as a result
a higher crystalline order which is translated in higher crystallinities.

*  Polymer stability

The thermal stability of the samples and the influence of the nanoclays on this parameter were
studied performing thermogravimetric analysis. Although the experiments were performed in
the range of 50 °C to 850 °C, for the sake of simplicity figure 4 only contains the interval 350 °C-
600 °C. No additional weight loss was found before 350 °C or after 600 °C.
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Figure 4: polymer stability characterized by thermogravimetrical analysis (TGA). The nanoclays
delay the degradation temperature of the polymer.

The addition of nanoclays increases the onset of the degradation temperature in 9 °C for the 3
wt.% and in 10 °C for the 5 wt.% (Table 3). The presence of compatibilizer does not have a
significant influence in the thermal degradation of the polymer matrix. These results suggest
that clays act as a gas barrier during the polymer pyrolysis delaying the onset of decomposition
of the polymer.

Table 3: Onset temperature for the degradation of the polymer obtained from TGA.

Sample | Onset Temperature/ °C
Unfilled-3% 460.80

Filled-3% 468.54
Unfilled-5% 460.35

Filled-5% 470.76

* Rheology: extensional viscosity

The rheological behavior is a parameter of major importance that deeply determines the
foamability of a polymer matrix. Particularly the uniaxial extensional rheology represents well
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the biaxial flow suffered by the melted polymer during foaming. The extensional viscosity of all
the samples have been measured at the temperature used later for foaming, this way we will be
able to use these data to explain the foaming behavior observed for each formulation. The log-
log plot shown in figure 5 depicts the extensional viscosity measurements performed on the
samples.
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Figure 5: Extensional viscosity for the different samples. Special attention is paid to the
occurrence of strain hardening phenomenon.

The different amounts of coupling agent present in the Unfilled-3% and the Unfilled-5% samples
slightly influence the extensional viscosity as can be observed in figure 5. While adding 3 wt.% of
nanoclays the extensional viscosity is moderately increased, this increment is much stronger in
the case of 5 wt.% nanoclays. This effect of the nanoclays on the viscosity of the polymers was
expected from the beginning. But the strain hardening, defined as an increase of the
extensional viscosity with increasing strain at a rate which is higher when compared to the
linear viscoleastic limit, is patently reduced for the samples with clays. The reduction in the 5
wt.%-Nanoclays samples is even more important than for the 3 wt.%-Nanoclays ones. This
parameter is directly related with the stability of the foam of any formulation since this
enhanced viscosity can reduce the effects of sagging and prevent cell coalescence leading to
higher stabilities. Lower strain hardenings are commonly translated into poorer foamability and
stability. There are several works in the literature that mention also this effect of decrease in
strain hardening with increasing particle concentrations. Particles can partially convert the
extensional flow in the surrounding polymer into shear flow and this interferes with the
occurrence of strain hardening [42, 43].
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Table 4: Trouton ratio calculated from the extensional viscosity plots at a Hencky strain equal to
2.5. This parameter numerically quantifies the strain hardening present in the samples.

Sample Trouton Ratio
Raw Polymer 9.62
Unfilled-3% 9.54
Filled-3% 5.64
Unfilled-5% 9.21
Filled-5% 4.81

The Trouton ratio is defined as the ratio of extensional viscosity to shear viscosity. When this
Trouton ratio is measured at high Hencky strains then it gives a direct measurement of the
strain hardening. Table 4 contains the Trouton ratio for each formulation measured at a Hencky
strain of 3. A reduction of 41% in strain hardening is found with the addition of 3% of nanoclays
and this reduction goes up to 48% in the case of 5% nanoclays. This reductions in strain
hardening are directly related with the poorer stabilities found for these foams later.

¢ Mechanical Properties

The mechanical properties of a foam are the result of two main contributions. On the one hand
the morphology of the cellular structure in terms of cell size, cell density, homogeneity,
anisotropy ratio and fraction of mass in the struts can have a deep impact on the final
mechanical behavior of the foam. But on the other hand, an important contribution comes from
the performance of the solid matrix that forms the foam. From this point of view improving the
mechanical behavior of the solid matrix is a good starting point for improving the final
mechanical properties of the foam. Figure 6 contains the mechanical characterization data in
tensile and three point bending tests performed for the different kinds of samples.
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Figure 6: Mechanical properties in a) tension and b) bending. Both the elastic modulus and the
yield strength have been studied.
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Figure 6 a) depicts the improvements in tensile properties achieved with the addition of
nanoclays. The Young modulus is increased in a 51% with the addition of 3% of clays and this
increment reaches a value of 69% with 5% of clays going from a value of 138 MPa to a value of
233 MPa for the nano-reinforced sample. On the contrary the coupling agent does not influence
the elastic properties in tension as can be inferred by comparing the Young modulus of the
unfilled samples with the performance of the raw polymer. The yield strength is also improved
with the addition of nanoparticles but the coupling agent addition does not have any
remarkable effect.

Figure 6 b) depicts also the improvements in bending achieved with the nano-reinforcement.
Isolating the beneficial effects of the nanoclays (that is, comparing Filled samples to Unfilled
samples) the increments are up to 30% for the 3 wt.% clays and up to 44% for the 5 wt.% clays.
These increments are higher, 43% and 62% respectively, if we make the comparison with the
raw polymer. Interestingly in this case the only addition of coupling agent improves the bending
elastic properties in 10% and 12% respectively. The bending strength is also improved for the
filled samples. The addition of coupling agent slightly improves also this mechanical property.

Theoretically these improvements in properties should be directly translated in improvements

n
in the performance of the foams. The equation Py =P - (?) constitutes a very simple but
S

accurate modeling of the elastic properties of foams [44]. The properties of the foam (P;) are
directly proportional to the properties of the solid matrix (Ps). p; and p, stand for the density of
the foam and density of the polymer matrix respectively and n is an exponential parameter
varying usually between 1 and 2 that fundamentally depends on the morphology of the cellular
structure. This equation can be applied to both elastic modulus and strength.

Foaming of Nanocomposites

Optical Expandometry

Although the experimental technique is very simple, a lot of practical information about the
foaming behavior of the samples can be obtained. The conclusions, obtained for a free foaming
process, give a good guidance about the foaming behavior expectable following other foaming
routes as compression moulding, improved compression moulding, foaming by extrusion or by
injection, etc. The following are some of the parameters that can be studied:

e Expansion kinetics: related with the expansion rate, onset temperature and time to
maximum expansion. Since in our case all the systems contain a thermally activated
decomposing chemical blowing agent the expansion behavior can depend on the
heating rate, maximum temperature and blowing agent content. Any catalytic effect of
the fillers on the azodicarbonamide is affecting this expansion kinetics.

¢ Maximum expansion: the material will reach a maximum expansion that will depend on
the heating rate, blowing agent content and polymer rheology during foaming. A
preliminary study by optical expandometry helps to precisely adjust the processing
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parameters and formulation prior to the foaming of any polymer in order to achieve the

higher possible expansions.

e Stability time: after reaching the maximum expansion, if the sample is maintained at a
constant temperature it will eventually collapse. The collapse rate of the material will
be influenced by the rheology, presence of fillers, temperature, etc. The stability time is
defined as the time interval since the foam reaches 95% of its maximum expansion till

the foam crosses this value again during the collapse.

All these parameters are visually depicted in figure 7 on a typical plot obtained using this

technique. From these plots all the previous parameters can be numerically quantified.
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Figure 7: Schematic of the different parameters that can be quantified from a typical plot

obtained by optical expandometry.

Consecutive images of the expansion of the Unfilled-5% (up) and Filled-5% (down) are shown in
just from visual observation is the more

figure 8. A feature that can be inferred
inhomogeneous expansion found in general in the filled samples. This in-homogeneity in the
expansion is linked to the dispersion of the nanoclays. Homogenous expansions are found in

every case for the unfilled specimens
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Figure 8: Images obtained by optical expandometry a) Unfilled 5%. b) Filled-5%. After image

processing numerical data can be obtained,
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- Effects of the nanoclays content

Figure 9 shows the foaming behavior characterized by expandometry for the four different
kinds of samples at 185 °C and 190 °C respectively. The first effect observed is related with the
expansion kinetics. The foaming begins earlier in the samples containing clays independently of
the temperature (foaming onset, table 6) And it is also sensitive to the content of clays. This
behavior is due to a catalytic effect of the nanoclays over the azodicarbonamide, accelerating its
decomposition. Figure 10 shows the thermogravimetric experiments performed using
precursors of the different materials. An equivalent temperature profile to the one used for
foaming in the furnace was used. The catalytic effect of the nanoclays is also observed from the
thermogravimetry experiments. The decomposition of the azodicarbonamide starts before in
the filled samples and depends also on the amount of filler present.

At 190 °C, as a consequence of a higher foaming temperature and the catalytic effect of the
nanoclays, the lower melt strength of the polymer at this temperature is not able to withstand
completely the higher gas yield obtained. That is the reason why the expansion rate and
maximum expansion reached for the Filled-3% and Filled-5% is lower at this temperature than
at 185 °C. For the Unfilled samples the trends followed are more logical. The maximum
expansions and expansion rates are found at the higher foaming temperature (tables 5 and 6).
No catalytic effect is present in this case and at the same time the higher strain hardenings
found for the unfilled samples help to withstand better the gas pressure developed inside the
cells at 190 °C. As a conclusion valid for future foaming by any route of these samples, lower
foaming temperatures should be used for the filled samples than for the unfilled ones.

At both foaming temperatures the maximum expansions reached are significantly higher in the
filled samples, especially for the Filled-5%. From figure 10 it is clear that the amount of gas
released by the samples containing clays is higher than for the unfilled ones. The weight loss
associated with the decomposition of the azodicarbonamide has a direct dependency with the
addition of clays present in the precursor material. As a consequence of the catalytic effect of
the nanoclays over the azodicarbonamide the gas yield is also higher with nanoclays. Higher
amounts of gas released yield higher expansion ratios. Besides this, nanoclays could be also
playing a gas barrier role, hindering the gas escape from the cells allowing for more gas
available and benefiting also the consecution of higher expansions. The differences in maximum
expansion reached are up to 105%. If one is able to stop the foaming (by cooling by any means)
at the right time the use of nanoclays is strongly recommended in order to achieve significantly
higher maximum expansions.
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Figure 9: Area expansion measured while foaming for all the samples at a foaming temperature
of a) 185 °C and b) 190 °C.

The stability time is defined as the time period since the foam reaches 95% of its maximum
expansion while growing until it crosses again this 95% maximum expansion when collapsing. It
gives an idea of the time window available to stop the foaming process in order to have the best
foaming in terms of expansion ratio. The stability time is always decreased in the samples
containing clays. It goes from 176 seconds for the Unfilled-5% to only 80 seconds for the Filled-
5%. The strain hardening is playing a fundamental role in this property. The high strains reached
at the maximum expansion for the samples with clays together with the low ability at this high
strains to withstand the pressure reduces strongly the stability times in the filled samples in
comparison to the unfilled ones. Numerical data for all this discussion is provided in Table 5. The
stability times for the filled samples are higher at 190 °C. This could be expected taking into
account that the maximum expansion reached is lower at this temperature together with a
lower pressure remaining inside the cells. The collapse rate is directly dependent with the
maximum expansion reach. Higher maximum expansions are translated into higher collapse
rates. Samples containing nanoclays therefore present higher collapse rates than the
corresponding unfilled ones. Numerical data about collapse rates are provided in table 6.
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Figure 10: Decomposition behavior of the azodicarbonamide determined by thermogravimetry.

The temperature profile used is equivalent to the one used for foaming in the furnace.

Table 5: numerical data obtained at the two different temperatures for the main parameters

studied.
Sample | Temperatu Time to Stability | Maximu | Difference/ Final Difference/
re Maximum /s m % Expansio %
/°C Expansion Expansio n
/s n

Unfille 185 692 170 1.78 73 1.54 71
d-3%
Filled- 185 618 112 3.08 2.64

3%
Unfille 185 700 176 2.09 105 1.79 77
d-5%
Filled- 185 532 80 4.29 3.17

5%
Unfille 190 686 177 1.95 51 1.71 51
d-3%
Filled- 190 664 150 2.94 2.59

3%
Unfille 190 700 182 2.58 55 2.30 49
d-5%
Filled- 190 602 110 4.01 3.42

5%

The differences in maximum expansion, that were as high as 105% between filled and unfilled

samples are patently lower at the final time (77%). This is related with the collapse kinetics,
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samples containing nanoclays collapse much faster than the unfilled ones although the “final”
expansion is still higher for the samples with clays.

- Effects of the coupling agent content

The two different coupling agent contents allow studying the possible effect on foaming. It is
experimentally demonstrated that a slightly higher amount of gas is released for the samples
containing more coupling agent (Unfilled-5%) (figure 10) and this is finally translated in terms of
the maximum expansion reached. The difference in maximum expansion is 32% higher at 190 °C
for the Unfilled-5% than for the Unfilled-3%. The linear character of the polymer together with
the maleic anhydride helps to reach lower densities. It plays also a fundamental role in the
expansion rates. Samples containing more coupling agent also present higher expansion rates
(table 6). As a conclusion the addition of higher amounts of coupling agent help to reach lower
densities and higher expansion rates. The stability time is very similar independently of the
coupling agent content. The Trouton ratio for the Unfilled-3% and Unfilled-5% was very similar,
therefore no big differences could be expected in stability while foaming. Collapse rate and
foaming onset time are not influenced by the different additions of coupling agent. In addition,
no difference in foaming onset are found by thermogravimetry (figure 10). As a general
conclusion of this paragraph, that can be extended also to other foaming processes, the
addition of a small amount of a LLDPE grafted with maleic anhydride helps to improve the
foaming behavior in terms of maximum expansion and expansion rate without compromising
the stability of the foam.

Table 6: expansion rate, foaming onset and collapse rate calculated from the optical
expandometry for all the samples.

Sample Temperature Expansion Foaming Collapse
/°C rate/(exp. area/s) | onset/s | rate/|exp. area/s|

Unfilled-3% 185 3.61-10° 446 4.97-10"

Filled-3% 185 11.00-10° 340 7.79-10"
Unfilled-5% 185 6.15-107 452 4.95.10"

Filled-5% 185 28.10-10° 304 26.90-10™
Unfilled-3% 190 5.32-10° 448 4.78-10™

Filled-3% 190 11.90-10° 359 6.53-10"
Unfilled-5% 190 7.65-10° 423 4.60-10™

Filled-5% 190 16.60-10° 308 15.10-10™*

Exfoliation after Foaming

After foaming the samples containing clays were again tested by XRD in order to study any
possible effect of the foaming on the structure of the nanoclays. XRD of the solid precursor prior
to the foaming was also performed. The results are shown in figure 11. In the foamed samples
the peaks associated with the interlamellar spacing of the ordered nanoclays are strongly
shifted to lower angles, below 2°. In the range of angles studied only smooth shoulders can be
observed now, indicating that the foaming has increased the spacing between platelets. The

167



Cellular Materials Laboratory 2015 J. Escudero Arconada

exfoliation always desired has been strongly promoted just by foaming, so the exfoliation
degree is higher in the foamed samples than in the solids. The shoulder found is even smoother
in the Filled-5% sample which is the one that has reach a higher expansion suggesting that
higher expansion ratios promote better exfoliations, at least to some extent.

Indensibla.u.

Inbensifyia.u
M EESS AT

Figure 11: XRD patterns obtained for a) the solid precursors prior to the foaming and b) samples
after being foamed. An important improvement in exfoliation is found.

The polymer molecular chains chemically bonded to the edges of the nanoclays platelets suffer
a re-organization during foaming. This re-organization helps to increase the interlamellar
separation improving the nanoclays exfoliation. This improvement in the exfoliation degree
after foaming has been observed also by other authors using polyolefin nanocomposites [30]

Cellular structure

The foams in their final state, after optical expandometry tests, were analyzed in terms of their
cellular structure. Figure 12 shows the micrographs obtained for the Unfilled-5% and Filled-5%
at 185 2C and 190 9C respectively.
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Figure 12: Micrographs showing the cellular structure of the foamed samples in their final state.
“d” stands for mean diameter of the cells (cell size) and “c.d.” stands for cell density.

The free foaming process yield non-homogeneous cellular structures. The higher expansion
ratios, achieved with the filled samples, are translated into larger cell sizes in the foams.
Together with this, the lower cell densities found for the samples filled with nanoclays suggest
that a more intense cell rupture and coalescence have taken place in comparison to the unfilled
ones. The same behavior is observed for the samples containing 3% of nanoclays (Unfilled-3%
and Filled-3%). This is coherent with the lower strain hardening in these materials.

Conclusions

Solid polyethylene layered silicate nanocomposites have been characterized in terms of
exfoliation and dispersion of the clays, thermal properties, polymer degradation, rheology and
mechanical properties, all of them important features for the later production of foams having
as solid matrix these materials. An intercalated structure with a good dispersion of the clays has
been found in all the cases. This well dispersed intercalated/exfoliated morphology slightly
increases the crystallinity of the corresponding unfilled matrix. The nanoclays also broaden the
polymer degradation window moving the onset temperature 10 °C further. This result favors the
performance of the filled foams at high temperatures. The rheology has been studied in terms
of polymer extensional viscosity, paying special attention to the strain hardening phenomenon
occurrence. The presence of nanoclays strongly reduces the strain hardening. Strain hardening
is of major importance while foaming so a decrement of this parameter has a strong
detrimental effect on foam stability as it is confirmed later. On the contrary, the addition of
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nanoclays improves patently the mechanical properties in tension and bending for these
materials. As has been demonstrated theoretically, the mechanical properties of any foam
produced from these materials will benefit from this fact.

A study about the foaming behavior of these materials has been performed by optical
expandometry. An interesting catalytic effect of the nanoclays over the azodicarbonamide is
found, accelerating the foaming. The amount of gas released by the azodicarbonamide in the
filled samples is also higher, therefore higher expansion ratios (lower densities) are reached in
the filled specimens together with higher expansion rates. A gas barrier effect of the clays could
be playing also a role here, allowing for more gas available for foaming. On the other hand, the
stability of the nanocomposite foams is poorer as expected from the strong reductions in strain
hardening found previously. Lower processing temperatures are recommended for the filled
samples together with a more strict control of the foaming time in order to maximize the
expansion ratio. The collapse rates found are directly proportional to the maximum expansions
reached, therefore samples containing nanoclays collapse more quickly than the unfilled ones.
The addition of a linear low density polyethylene grafted with maleic anhydride helps to achieve
higher expansion ratios and also higher maximum expansion ratios (as a consequence of a
higher amount of gas released too) but has no influence on the onset temperature or collapse
rate. The stability time, since directly connected with the strain hardening appearance, is not
compromised in the unfilled samples by the addition of the LLDPE containing maleic anhydride .

Finally, an interesting effect of the foaming over the nanoclays morphology has been found.
Higher exfoliation degrees, always pursued by any means, have been accomplished just by
foaming the polymer. A remarkable improvement in exfoliation has been achieved, directly
connected with the expansion ratio of the samples. The beneficial effects expected from the
high exfoliation degrees would be more present in the foams than in the solids.
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ABSTRACT

Outstanding physical properties are expected from poymer nanocomposites based on nanoclays
but several theoretical and experimental studies have shown that these outstanding behavior is
only achieved when nanoclays are well dispersed and exfoliated. Foaming, by itself, increases
the dispersion and exfoliation of nanoclays in a polymer matrix. The present study uses energy
dispersive x-ray diffraction using synchrotron radiation for the in-situ study of the exfoliation of
nanoclays during the foaming process. This technique gives an insight into the physical
mechanisms underlying behind the exfoliation promoted by the foaming in an LDPE/CLays
system. Besides, a methodology has been established for studying in-situ, using synchrotron
radiation, the exfoliation during foaming of nanoclays added to a polymer matrix.

INTRODUCTION

During the last decade the excellent properties of clay-polymer nanocomposites (CPNC) have
stimulated much interest and research within the scientific and industrial communities. The
high surface to volume ratio of nanoclays leads to a high reinforcement efficiency. Thus, clay
polymer nanocomposites with well dispersed platelets at a low clay loading show highly
increased modulus, yield strength as well as reduced flame propagation and permeability. In
crystallizable polymer matrices the clay platelets can promote faster crystallization and higher
levels of crystallinity which improves solvent and moisture resistance but reduces impact
strength [1-4].

There are three basic structures for polymer/clay mixtures: conventional clay-filled composites
with micron-sized aggregates of clay particles, nanocomposites with intercalated clay with
locally ordered structure and exfoliated nanocomposites with disordered structure. Not all
performance characteristics depend to the same degree on exfoliation, however the benefits
increase with the degree of exfoliation and dispersion between platelets. Thus, the goal of
clay/polymer nanocomposite technology is to achieve the highest possible degree of clay
exfoliation, i. e., the best dispersion and distribution in a polymeric matrix. Currently three main
methods for achieving it can be distinguished [1,2], being the first and second the most
extended ones:
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1. Polymerisation in the presence of organoclay.
Melt compounding a polymer with a suitable organoclay complex.
Other methods as ultrasonic exfoliating of organoclays in a low molecular
weight polar liquid or co-precipitation [5-7].

Numerous examples of nanocomposites based on very different polymers and produced by any
of the three previously mentioned routes can be found in the literature. This work and the
corresponding revision of the state of the art will focus the attention on nanocomposites
produced from polyethylene (PE). The non-polar character of PE makes difficult the consecution

| of _an exfoliated structure. Polymerisation in the presence of organoclays consists on the
intercalation of the clay with a compound that subsequently enters the polymerisation reaction
(either polycondensation or radical polymerisation). Jin et al reported full exfoliation of
polyethylene/montmorillonite system prepared by Ziegler-Natta polymerisation of ethylene in
the presence of organoclay [8]. Although after the polymerisation the degree of exfoliation was
high a partial re-aggregation of montmorillonite (MMT) platelets resulted after processing by
compression moulding. Alexandre et al. polymerized polyethylene in the presence of either
montmorillonite or hectorite [9]. Clay exfoliation in the reaction products was confirmed by XRD
and TEM but the tensile properties of the resulting nanocomposites were poor and essentially
independent of the nature and content of the silicate. Moreover, during melt processing of the
CPNC the interlayer spacing partially collapsed. This suggests that the previous systems are
thermodynamically unstable and the strong-solid interaction between clay platelets drives the
phase separation. Melt blending overcomes these difficulties and is the industrially preferred
method for preparing clay/polymer nanocomposites with thermoplastic polymer matrices.
Typically, the polymer is melted and combined with the desired amount of the intercalated clay
in an extruder, internal mixer or continuous mixer. The process is more economic, closer to the
ultimate product manufacturer and more versatile. Literature on this topic is really broad. Wang
et al. produced polyethylene/clay nanocomposites by melt blending and determined their
flammable properties [10]. The heat release rate is reduced by 32% for the nanocomposites in
comparison to the raw polyethylene. Microstructure and mechanical properties of PE/clay melt
blended nanocomposites were determined by Liang and co-workers [11]. In order to improve
the nanoclays exfoliation a coupling agent based on maleic anhydride grafted polyethylene was
used. Important improvements were found in tensile and impact strength at low clay loadings (6
wt.%). Thermodynamically the melt blended nanocomposites are stable but the achievement of
fully exfoliated morphologies is not easy. Commonly these nanocomposites exhibit the more
attainable intercalated/exfoliated structures, with higher or lower degrees of exfoliation in each
case.

Cellular nanocomposites are currently subject of attention in both scientific and industrial
communities. The combination of functional nanoparticles and foaming technologies has a high
potential to generate a new class of materials that are light weight, high strength and
multifunctional [12]. As a consequence of these expected outstanding properties the number of
works dealing with the production and characterization of polymeric nanocomposite foams has
rapidly increased in the last few years. The efforts have been focused both in thermoplastic
(amorphous and semi-crystalline) and thermoset polymers. The infused nanoparticles has been
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also very diverse, from carbon nanotubes to carbon nanofibers or silica particles, to nanoclays
which represent a very important number of the works published [13-22]. Most of the works
relate the observed properties of the foam (thermal, mechanical, fire resistant, barrier to gases)
to the state of aggregation and dispersion of the nanoparticles in the solid matrix prior to
foaming. But the foaming process itself influences the dispersion and aggregation of the
particles in the final foam.

An interesting result was found by Velasco et al. a few years ago. This paper shows that the
degree of exfoliation was enhanced after foaming [23,24]. The foams were produced from a
melt blended nanocomposite based on polyethylene and hectorite. The solid matrix prior to
foaming presented an intercalated/exfoliated structure. Improvements in thermal or
mechanical properties appear only when the exfoliation is complete (after foaming). The same
result has been observed by the authors of this work several times in the lab. The state of
delamination of the nanoclays was characterized by determining the XRD pattern before and
after foaming and comparing them. This conventional technique will be referred as ex-situ XRD
from now on. Although very useful, it does not give insight into the mechanisms involved in the
exfoliation during foaming.

In this work an energy dispersive x-ray diffraction (ED-XRD) technique using synchrotron
radiation has been used to follow in-situ the evolution of the interlamellar spacing during
foaming in LDPE/MMT systems. The in-situ technique has been combined with blowing agents
of different nature, different additions of a same blowing agent and different additions of
nanoclays to gain knowledge on the mechanisms underlying behind the exfoliation during
foaming. The whole behavior has been characterized, from the diffraction pattern of the solid
precursor passing through all the intermediate states to the final solidified foam.

MOTIVATION

From our previous experience the interlamellar spacing of the MMT nanoclays present in
polymer nanocomposites is increased after foaming. Figure 1 shows the ex-situ diffractograms
of the precursor (solid composite (a LDPE containing MMT) + azodicarbonamide as blowing
agent) and of the foam produced from that precursor. In this first case the expansion ratio
achieved is equal to four (density of the foam 250 kg/m®). The peak corresponding to the
nanoclays is clearly distinguished for the solid precursors with a value around 2.32 both for
samples filled with 3 wt.% and 5 wt.% of nanoclays. This peak is shifted to angles below 22 after
foaming. In the range of angles studied only smooth shoulders can be observed now, indicating
that the foaming has increased the spacing between platelets. The beneficial exfoliation always
desired has been strongly promoted just by foaming, so the exfoliation degree is higher in the
foamed samples than in the solid precursors.

177



Cellular Materials Laboratory 2015 J. Escudero Arconada

BEREE
7
|
|
if
Fd
55

3
% Clays peak
£ 10
z i
A
%
o l\"
e _hrr‘-\"'"'"-l'---—'h-,._._hlz_-
2 x 4 B a ‘;' ] ;

Figure 1: ex-situ XRD before and after foaming. The foaming shifts the main peak of the
nanoclays to lower angles denoting an increment in the exfoliation degree.

Figure 2 shows this same effect but for foams with an expansion ratio equal to 30
(approximately densities of 30 kg/m?). Now the effect is even more patent, the peak is strongly
shifted to lower angles and the intensity is decreased. Only very smooth shoulders can be found
for the foamed samples in the studied 2-theta range.
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Figure 2: ex-situ XRD before and after foaming. The expansion ratio achieved is 30, much higher
than in figure 1. The increment in exfoliation degree is proportional to the expansion ratio
reached.

These results suggest not only an increment of the exfoliation degree after foaming in these
polymer nanocomposites but also a dependency with the expansion ratio achieved. The higher
is the expansion ratio the higher is also the increment in the interlamellar spacing and rupture
of the ordered structure of the organomodified nanoclays.

This ex-situ study of the samples before and after foaming shows interesting results about
exfoliation, a parameter of major importance in silicate layered nanocomposites but gives no
insight into the mechanisms involved. From the previous presented data several questions rise
up:
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e Up to date all the previous observed effects have been obtained using
azodicarbonamide as blowing agent but we do not know if there exists any influence of
the blowing agent nature on the increment of exfoliation during foaming or it only
depends on the foaming process

e We do not know if foaming is the only factor that produces the increment of
interlamellar spacing or the polymer melting has also an effect.

* |tis not clear if the exfoliation degree observed after foaming and solidification of the
foam is the maximum reached or there is a higher value during some intermediate
state.

¢ We do not know if the foam collapse and solidification have an effect on the exfoliation
degree.

e There is a lack of knowledge about the influence of the blowing agent amount and
hence of the expansion ratio achieved on the interlamellar spacing.

e The amount of nanoclays could be playing also some role.

In order to answer all these questions and gain knowledge on the mechanisms underlying
behind this interesting effect an in-situ study using synchrotron radiation has been performed.

MATERIALS

A low density polyethylene PEOO3 from Repsol Alcudia with a melt flow index of 2 g/10min
(measured at 1902C and 2.16Kg), density 920 kg/m> and a melting temperature of 110 °C was
used as polymer matrix. For the nanocomposites this polymer matrix was melt blended with
montmorillonite-type organomodified nanoclays Cloisite C15A from Southern Clay Products and
a coupling agent, maleic anhydride grafted polyethylene Fusabond 226 DE from DuPont (melt
flow index of 1.5 g/10min at 1902C and a melting temperature of 120 °C). The blending was
performed in a twin screw extruder Buhler BTSK 20/40D at 250 rpm with a die temperature of
190 °C. The proportion of coupling agent to nanoclays was maintained constant in 2:1.

In order to study the foaming behavior the previous nanocomposites were blended with three
different blowing agents (4, 7 and 10 wt.% of Azodicarbonamide, 3 wt% of Hydrocerol and 4
wt% of Expancel) and antioxidants Irgafos 168 (from Ciba) in a proportion of 0.08 wt.% and
Irganox 1010 (from Ciba) in a proportion of 0.02 wt.% to prevent thermal oxidation of the
polymer. The amounts of the different blowing agents were selected according to previous
experiences. The blending was performed in a twin screw extruder (Collin mod ZK25T) L/D. To
avoid any difference in the exfoliation of the platelets during the blending, a constant shear
mixing energy was imparted to all the samples. A screw speed of 50 rpm was used in all the
formulations with a constant feeding speed and a temperature profile identical for all the
compositions. This was varied from 1052C in the hopper to 125°C in the die, in steps of 59C.
Such profile was chosen in order to avoid premature decomposition of the blowing agents
during the compounding steps. The material was water cooled and pelletized.

The three blowing agents that were used are:

- Azodicarbonamide (Porofor ADC/M-C1 from Lanxess). An exothermic chemical foaming
agent presented as a yellow powder which has an average particle size of 3.9 £ 0.6 pm
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and an onset of decomposition around 2102C. The main released gases are N, (62%), CO
(35%) and NHjs (less than 3%) [25, 26]. In the following it will be denoted as AZO.

Hydrocerol (BIH 40 E from Clariant). An endothermic chemical foaming agent
masterbatch in form of white pellets with a 60% of active compound which has an onset
of decomposition of 1402C. These blowing agents are mainly compounds of alkali
carbonate, citric acid and citric acid esters in a carrier based on LDPE. The carrier in this
case was LPDE. The main products released in the decomposition are CO, and H,0 [27-
29]. In the following it will be denoted as HY.

Expancel (950 DU 80 from AkzoNobel). Microspheres with a particle size comprised
between 18 and 24 pum, a density < 12 kg/m> (once expanded) that are characterized by
having a dissolved gas, typically a hydrocarbon, inside of them. The onset of activation is
around 140 oC. Unlike the others two blowing agents mentioned above where once the
temperature of decomposition is reached the gas is released, in this case when the
activation temperature is reached the microspheres start to expand maintaining most
of the gas confined within [30-32]. In the following it will be denoted as EXP.

Prior to foaming, the formulations containing the different blowing agents were compression

molded into precursors disks of 100 mm diameter by 4 mm thickness using a two-hot plates

press. In all the formulations the temperature of the press was fixed at 1252C (below the

decomposition point of all blowing agents). The material is first molten without pressure for

15minutes, then pressed under a constant pressure of 2.18 MPa for another 15 minutes and

finally cooled down under the same pressure. These molded precursors were cut into samples
of 10 X 10 X 4 mm® for foaming.

Two different clay contents were used, 3 wt.% and 5 wt.%. For the samples containing

azodicarbonamide three different additions of the blowing agent were studied, 4 wt%, 7 wt.%

and 10 wt.%. Two different foaming temperatures were also used for all the samples, 185 2C

and 190 2C. Compositions and nomenclature are summarized in Table 1.

Table 1: Proportion of components for the different kind of samples and foaming temperature

Nanoclays_AZO4 185

Sample Matrix/parts Coupling Nanoclays wt.% Temperature
agent/parts /parts Blowing /ec
Agent
5% 85 10 5 4 185

Nanoclays_AZO4 190

5% 85 10 5 4 190

Nanoclays_AZO7_185

3% 91 6 3 7 185

Nanoclays AZO7 190

3% 91 6 3 7 190

Nanoclays AZO7 185

5% 85 10 5 7 185
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5% 85 10 5 7 190
Nanoclays_AZO7_190
5% 85 10 5 10 185
Nanoclays AZO10 185
5% 85 10 5 10 190
Nanoclays AZO10_ 190
5% Nanoclays_HY_185 85 10 5 3 185
5% Nanoclays_HY_190 85 10 5 3 190
5% 85 10 5 4 185
Nanoclays_EXP_185
5% 85 10 5 4 190
Nanoclays EXP_190

EXPERIMENTAL

An ex-situ study of the solid precursors (already containing the different blowing agents) was
performed using a conventional XRD equipment (Philips PW 1050/71 using the Cu Ka line
between 12 and 102 by steps of 0.0052) prior to the in-situ foaming in the synchrotron
beamline.

The exfoliation of nanoclays during foaming was followed in-situ by ED-XRD at the EDDi
experimental station hosted at the BESSY Il synchrotron light source of the Helmholtz Centre
Berlin (figure 3). Samples were illuminated by a white X-ray beam of 2 x 1 mm? (height x width)
cross-section. Peaks of intensity were detected at particular energies, Eng, in transmission
geometry at the angle 26 = 1.7° by a Ge multichannel analysing detector, since the diffracted
photon energies obey Bragg’s law, which reads in its energy-dispersive form as:

E. =hc/2d,, siné

where h is Planck’s constant and c the speed of light (see reference [1, 33] for a detail
description of EDDi).

A self-designed X-ray transparent furnace equipped with infrared lamps and Kapton windows
was mounted on a positioning table attached to the goniometer. The sample size was 20x10x4
mm?. The 10 mm side was placed parallel to the beam direction and the 4 mm side indicates the
compaction direction during the production of the precursor material. A thermocouple was
inserted into the sample parallel to the 20 mm side and beside the beam path for recording and
controlling the temperature program using a CAL3300 controller and a self-develop program
that runs under LabView. The temperature was increased from 3092C up to the foaming
temperatures 185 or 190 °C at about 10 K(thin™ and held there for an isothermal step. After 600
s, the IR- lamps were turned off and cooling took place. ED-XRD data acquisition and
positioning table was computer controlled by the software package Spec. Acquisition started
when the sample temperature was 100 °C on heating. The counting time per spectrum was 30s,
after which a lateral sample displacement of 1 mm was programed in order to detect each time
diffracted photon-energies from a volume which was previously not irradiated by the X-rays.
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Complementary spectra were also acquired for 30 s at ambient temperature, before heating
and after cooling.
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Figure 3: EDDi experimental station hosted at the BESSY Il synchrotron light source. The beam
crosses a system of slits, filters and attenuators before hitting the sample [33].

For each spectrum the energy corresponding to the maximum of the nanoclays peak was
calculated and converted into interlamellar spacing according to the formula

d,, =hc/2E,, Sind. The obtained interlamellar spacing was plotted as a function of the

foaming time. Since the acquisition of each spectrum lasts 30 seconds the midpoint was
selected as representative. The correlation between interlamellar spacing and time allows for
analyzing also the correlation with sample temperature.

Density of the foamed samples was measured using the Archimedes’ principle.

The TGA measurements were performed using a Mettler TGA/SDTA 851e used to measure the
amount of gas released by the decomposition of the azodicarbonamide during foaming in the
different samples. For this purpose the temperature profile used was: 50 °C-185 °C at 15 °C/min,
isotherm at 185 °C during 3 minutes, 185 °C-50 °C at -6 °C/min.

RESULTS AND DISCUSSION
Ex-situ study

This prior ex-situ study is aimed at characterizing the initial exfoliated/intercalated state of the
nanoclays before foaming and comparing the results with the corresponding ones obtained
later in the synchrotron. Figure 4 shows the diffraction patterns obtained for nanocomposites
containing 5 wt.% nanoclays, different blowing agents and without blowing agent. Since the
processing conditions of all the composites have been the same the differences found in the
aggregation state of the clays can be only attributed to the different nature of the blowing
agents employed.
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Figure 4: Ex-situ XRD in the solid precursors already containing a given blowing agent. The
diffraction patterns are compared with the solid matrix without blowing agent. Blending with
azodicarbonamide promotes the separation between platelets, on the contrary to the two other
blowing agents.

In the samples that combine azodicarbonamide with nanoclays the main diffraction peak is
more shifted to lower angles than the rest of the samples. Indeed, in the samples blended with
Hydrocerol or Expancel, the peak coincides with the one of the samples without blowing agent.
This suggests that there exists some kind of chemical interaction between the
azodicarbonamide and the nanoclays that promotes some degree of exfoliation during blending.
On the contrary, the state of aggregation of the nanocomposite remains unaltered after

blending with Hydrocerol or Expancel.
In-situ study

¢ Effects related to the nature of the blowing agent

Table 2: Final densities achieved with the different blowing agents at 185 2C and 190 2C. The
maximum expansion ratios achievable with Expancel or Hydrocerol are lower than with
azodicarbonamide. This is later translated in lower increments in the separation between

platelets.
Sample | Density/(kg/m’)
5% Nanoclays_AzO7_185 250.3
5% Nanoclays_HY_185 648.0
5% Nanoclays_EXP_185 609.5
5% Nanoclays_AZO7_190 237.8
5% Nanoclays_HY_190 639.8
5% Nanoclays_EXP_190 616.8
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The evolution of interlamellar spacing obtained from the in-situ diffractograms during foaming
is presented in figure 5 as a function of the foaming time and sample temperature. The point
corresponding to time 0 seconds corresponds to the in-situ diffractogram of the solid precursor
material before foaming. The point corresponding to time 4500 seconds corresponds to the in-
situ diffractogram of the solidified foam.
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Figure 5: evolution during foaming of the interlamellar spacing as a function of time and sample
temperature. The increment in exfoliation degree occurs, in a higher or lower extent,
independently of the nature of the blowing agent used. a) Foaming temperature 1859C, b)
Foaming temperature 1902C.

Initially, at t=0 seconds, the separation between platelets in the samples blended with
azodicarbonamide is 10% larger than the one in samples blended with Hydrocerol or Expancel.
This behavior follows the same trend found ex-situ (see Figure 4). Azodicarbonamide helps to
increase the interlamellar spacing during blending.

The thermally activated higher mobility of the polymer molecular chains helps to separate the
nanoclays platelets. This can be stated from the interlamellar spacing value found at t=200
seconds which corresponds to a temperature of 110 2C and is 5% larger than at t=0 seconds.
This increment is the same for all blowing agents.

In the samples containing azodicarbonamide, from 540-560 seconds the rate of increment in
the interlamellar spacing is higher than for Expancell and Hydrocerol. At that time the sample
temperature coincides with the decomposition temperature of the azodicarbonamide. The
foaming begins and hence the interlamellar spacing is increased stronger than previously. This
effect is not observed with Hydrocerol or Expancel since the decomposition temperature
window is broader. In any case the foaming using these last two blowing agents also helps to
increase the exfoliation of the clays independently of the different foaming mechanisms
involved. In the case of the Expancel the gas is confined inside the microspheres in every
moment, therefore the increment in exfoliation is attributed to a separation due to the
stretching of the polymer chains chemically bonded to the nanoclay platelets. The nature of the
gas released or the releasing of gas itself do not influence the exfoliation during foaming for this
particular case.
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The expansion ratios achievable with the azodicarbonamide are higher than the ones achievable
with Hydrocerol or Expancel. Final expansion ratios reached in each sample are shown in table
2. This is the reason behind the lower increments in interlamellar spacing found for the samples
containing Hydrocerol and Expancel in comparison to samples foamed with azodicarbonamide.
Thus, there is a direct relationship between expansion ratio and degree of exfoliation.
Moreover, for the HY and EXP, the interlamellar spacing reaches a maximum and then decays to
a lower value as the foam collapses and solidifies. On the contrary, with azodicarbonamide, the
collapse and solidification of the foam do not change the interlamellar spacing reached. Our
hypothesis is that the proposed chemical interaction between nanoclays and azodicarbonamide
also helps to retain the maximum separation achieved between platelets. The platelets are
hooked to their new positions. Since Hydrocerol and Expancel do not show any interaction with
the layered silicates, the foam collapse and solidification produce also some collapse on the
lamellar structure.

¢ Effects related to the blowing agent content

Three different amounts of the blowing agent that presents the most interesting results
(azodicarbonamide) were used for this study. Two different temperatures were used, 1852 C
and 1902 C.

Table 3: final densities in samples with different azodicarbonamide additions.

Sample | Density/(kg/m’)
5% Nanoclays_Az0O4_185 293.7
5% Nanoclays_AzO7_185 250.3
5% Nanoclays_AZ010_185 287.7
5% Nanoclays_AZO4_190 294.9
5% Nanoclays_AZO7_190 237.8
5% Nanoclays_AZ010_190 261.3

The results are shown in figure 6. The first remarkable result is that at t=0 seconds, the
interlamellar spacing becomes larger with increasing azodicarbonamide content, but not
proportionally. The difference between 7 and 10 wt.% is small. This result supports the
hypothesized chemical interaction azodicarbonamide-nanoclays. At high blowing agent
additions (above 7 wt.%) all the clay nanoparticles are interacting with the azodicarbonamide as
if a saturation in the interaction nanoclays-azodicarbonamide is reached.

The effect of the melting of the polymer on accelerating the growth of the interlamellar spacing
is observed again for these samples. The sample containing 4 wt.% azodicarbonamide reaches
the maximum expansion before the other two samples (all the available gas has been already
released) and so does the interlamellar spacing.

At both foaming temperatures the highest expansion ratios (lowest densities) are achieved with
the samples containing 7 wt.% of azodicarbonamide as can be seen in table 3. This is translated
again in the highest increments in interlamellar spacing. The amount of gas that can be released
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in the 5% Nanoclays_AZO4 samples is lower and hence the foaming ends earlier. Therefore the
maximum value of interlamellar spacing is reached before than in the samples containing 7
wt.% and 10 wt.% of azodicarbonamide. The maximum degree of exfoliation reached is
maintained after solidification of the foam. The hypothesis again is that the presence of
azodicarbonamide helps to keep the nanoclay platelets in their new positions after foaming.

e 1T D - O IS RS O Sy m L] e e LM
i & :.':__:_'_ '_'\_\‘r_!_ ¥ i e B o o o e el B B Jia
LA Lo I oy L S O B e, LI L 1 a8 ERE F 100 el | "
Eoasall ! "r ! _'u"rl‘:'l'-h___ - . M ,l'r i l!;'."u:“"m__ B
E 0 g '_|'I: ) o T :._:.hﬂ' g : i ?- et |08 0 L _II' { .I‘.” [i gl 1 b -4 g8
i 2aea ST ERASYL M Ll el R I FET Tl Latgatm |
2 F -t 1 "'r‘ﬂf:'. i1 1= : iF-} ln”'"-- b -'_r"h!'::r-" o H 128
w ereaql |11 fc“."'-. PrIdtE AR IEEL o B % e i anah™
E g A gr ! ! g E T AR T L E
511“:_-...:.-_-2:..'.'. L LB Ldg L] “'fllh-l- |.,J'r.":i. | a4
T LA™ 11 (] | L | | Sl 1] | -
El.ll-'l:-.H..-r.-lf.................-.:... 44 8 ilh'l"ﬂ"_.-l‘-""" FSHRER I S T I
e e e e = e L | Ihl::"_i. | | i
raed : T a— T = Nded |I||_| 8
. i . L - Laaal 1 e e w0 ™ ]
Timais Timp'y
o i-l:li..lm-ru-- B Wi sdoertraind da
O 7 wi% Aacdcsrboranise O 7 wi'% Apodoarbonemide
& e L Randhla i ks & 1 w1 % Aesdowbonarids
Sacyre Tewrgsarnary —— Hargds Terwperatnin

Figure 6: evolution during foaming of the separation between platelets characterized in-situ
using different additions of azodicarbonamide. a) Foaming temperature 1852C, b) Foaming
Temperature 1902C.

e Effects related to the nanoclay addition

As already mentioned two different additions of nanoclays were studied, fixing the kind and
amount of blowing agent. Table 4 shows the final densities achieved for the different samples.
The bigger addition of nanoclays yields also higher expansion ratios. Several reasons lie behind
this. One first reason deals with the catalytic effect of the nanoclays over the azodicarbonamide
which finally yields a higher amount of gas released. This catalytic effect is demonstrated by
thermogravimetry shown in figure 6. The weight loss measured by thermogravimetry is due to
the decomposition of the azodicarbonamide, therefore to the gas released. “Blank for 3%” and
“Blank for 5%” are samples without nanoclays but maintaining the same ratio coupling
agent/polymer matrix as in the samples with clays. As can be inferred from figure 7 the higher is
the addition of clays, the higher is the amount of gas released at a given temperature and
therefore higher expansion ratios can be achieved. Not only the amount of gas released is
higher in the samples with clays but also the decomposition begins earlier in these samples. The
nanoclays could be also helping to increase the stability of the polymer melt during the foaming.
This allows retaining more gas which is finally translated into lower densities. The presence of
nanoclays can also play a role as gas barrier limiting the gas escape and increasing the amount
of gas available during the foam expansion.
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Table 4: final densities achieved in samples with different additions of nanoclays. Higher

amounts of nanoclays are beneficial for reaching lower densities.

Sample | Density/(kg/m’)
3% Nanoclays_AzO7_185 324.2
5% Nanoclays_AzO7_185 250.3
3% Nanoclays_AZO7_190 313.1
5% Nanoclays_AZO7_190 237.8

In any case the samples containing 5 wt.% of nanoparticles reach larger expansions. And, as it is

shown in figure 8, the direct correlation between increment in interlamellar spacing and

expansion ratio appears again in this case. The final exfoliation degree is always higher for the

5% Nanoclays_AZO samples.
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Figure 7: Weight loss measured by thermogravimetry due to the decomposition and gas release

of the azodicarbonamide in samples containing different amounts of nanoclays and its
corresponding blank samples. The experiments were performed using a similar temperature

program to the one used in the diffraction tests.

The increment in interlamellar spacing attributed to the thermally activated mobility of the

molecular chains is observed again independently of the nanoclays addition for temperatures

below the decomposition of the blowing agent. For higher temperatures, the material

containing more clays produces a larger interlamellar spacing.

187



Cellular Materials Laboratory 2015

J. Escudero Arconada

1 i
SN S S SR |

1T gt Tt I
BaElEN- BN |
METTTITRT AT T I IT AT
| | | 11nd | THE
Fya 9 L] L] L] L]
T
[innlﬂ-n.i-rnlm
O Pa Aesaden ABD
| Fasgde Tl e i

Figure 8: evolution of the interlamellar spacing during foaming in samples containing different

additions of nanoparticles. The differences found in expansion ratio are correlated with the
differences found in interlamellar spacing.

Summary: Correlation Expansion Ratio-Increment in Interlamellar Spacing

Almost all the samples studied fit well to a linear regression between expansion ratio and
increment in the interlamellar spacing (see figure 9). Independently of the kind of blowing agent
used or gas released during the foaming, an increment in the interlamellar spacing associated

with foaming occurs. The higher is the expansion ratio reached, the higher the exfoliation
degree of the nanoclays is. This increment in the interlamellar spacing can be as high as 24% for
samples expanding more than 3.5 times.
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Figure 9: Correlation between expansion ratio and increment in interlamellar spacing for the

Samples containing Hydrocerol (triangles in figure 9) lie below the linear regression. As was
studied previously, in these samples the lamellar structure of the nanoclays presents the
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stronger collapse coinciding with the collapse of the foam. Although the samples containing
Expancel also present some collapse after reaching the maximum separation between platelets,
this collapse is not so strong. On the other hand, samples containing azodicarbonamide
maintain the maximum separation between platelets even though the collapse of the foam.
That is the reason why almost all samples containing azodicarbonamide lie near or above the
linear regression. The fundamental reason explaining these differences are still unknown and
further research of this topic is needed.

6.Conclusions

Energy dispersive diffraction of synchrotron radiation is a useful technique to take an insight
into the mechanisms involved in the increment of the exfoliation degree of LDPE/clay
nanocomposites during foaming using chemical blowing agents. The whole evolution of the
process has been characterized in-situ for the first time and all questions that motivated the
study have been answered.

Three blowing agents of very different nature were selected. The increment of interlamellar
spacing while foaming occurs, in a higher or lower extent, independently of the blowing agent
used. Therefore the phenomenon is mainly associated with the foaming itself and not with the
kind of gas or foaming procedure used.

The mixture of nanoclays with azodicarbonamide yields higher exfoliation degrees during
blending. than Hydrocerol or Expancel, does not have any effect on the exfoliation. Therefore a
chemical interaction between azodicarbonamide and organomodified nanoclays is postulated.
This chemical interaction helps to the clays delamination during blending and it seems to be
connected with the catalytic effect of the used nanoclays in the decomposition temperature of
azodicarbonamide.

The increment in the exfoliation degree is not only promoted by the foaming but also by the
thermal mobility of the polymer molecular chains. When the samples temperature increases, an
increment in the interlamellar spacing is also observed. This effect is observed independently of
the blowing agent nature, blowing agent addition or nanoclays content.

There exists a direct correlation between expansion ratio and increment in interlamellar
spacing. The higher increments in exfoliation degree are found in the samples with lower
densities. In the case of the azodicarbonamide samples the maximum interlamellar spacing is
conserved after foam collapse and solidification. On the contrary, in the samples containing
Expancel and Hydrocerol the exfoliation degree found after collapse and solidification is lower
than the maximum observed. The postulated interaction azodicarbonamide-nanoclays may help
to keep the nanoclays platelets hooked to their new positions reached during the foaming.

This scientific work has shown a new experimental methodology that allows following in-situ
the exfoliation process of nanoclays. Foaming, by itself, promotes the separation degree
between platelets in a nanoclay-filled composite. In any application involving nanoclays the
highest as possible exfoliation degree is sought. From this point of view cellular materials are
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benefitted, presenting a higher exfoliation degree than their initial solid matrices. This can be

considered as an interesting synergetic effect between the use of nanoclays and foaming.
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4.3.2.- Modification of the Molecular Architecture and Two-Stages

Compression Molding

The materials containing nanoclays and a coupling agent studied in the previous
section are now crosslinked (using dicumyl peroxide) and foamed by two-stages
compression molding to obtain low density cellular materials. Crosslinking, as a
modification of the molecular architecture of the polymer, is essential in order to

achieve such low densities.

Low density cellular materials based on polyolefins show several advantages since
they can be used as impact absorbers or thermal insulators. Nevertheless they show
also drawbacks: the mechanical behavior of the materials is poor and present also a
poor creep behavior due to the gas diffusion taking place during these creep tests. The
addition of nanoparticles try to solve these drawbacks acting as nanometric
reinforcements in the micrometric cell walls of the foam to improve the mechanical

behavious and reduce the gas diffusion coefficient.

The present section presents two works. The first one is entitled “Gas Diffusion
and Re-Diffusion in Polyethylene Foams”. This works uses a semi-empirical method
to determine experiemtnally the effective diffusion coefficient (under load) of the gas
entrapped in the interior of the cells of low density polyethylene foams. A direct
correlation is established between this coefficient and the bulk density of the foam.
When the load is released and takes place the recovery of the foam sample, the re-
diffusion of the gas is also studied. This first study serves as an introduction for the
second work presented in the thesis that uses the aforementioned semi-empirical
method to determine the effective diffusion coefficient in low density foams filled with

nanoclays.

The second work presented is entitled “Effective Diffusion Coefficient and
Mechanical Properties of Low Density Foams Based in Polyethylene/Clays
Nanocomposites”. Apart from determining the effective diffusion coefficient in low
density nanocomposite foams and comparing it with unfilled foams this work pays
special attention to the mechanical properties of these low density samples and to the

production process itself.

The production method used allows obtaining low density foams (densities below
30 kg/mb?) filled with nanoclays (in additions up to 5 wt.%). Foamed blocks up to 8000

cm3 have been produced.
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A microstructural characterization of the cellular structure is also carried out. The
cells morphology is later correlated with the diffusive and mechanical properties of the
samples. Nanoclays improve the mechanical properties in tension, compression and

improve also the energy absorption capability of these low density samples.

The effective diffusion coefficient has been experimentally measured elucidating
the gas barrier role played by the nanoclays in these materials and the effect of the

coupling agent over this coefficient.

Finally, the delamination state of the nanoclays before and after foaming is
characterized. The results obtained are in good agreement with the conclusions

obtained by synchrotron radiation in section 4.3.1.

193



Y
(]

%5

Cellular Materials Laboratory 2015 J. Escudero Arconada

o

Tl et oomed Doy Frocwn Py S 20 00 e 38 3x
Claians vt shwe 2T AR 00 o i ee ookt e e
) T oy PabPoodvns, St iog

wfond ;L v s e, et LR P8R 2 SR
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Abstraet, In this work, the sffective diffusion coslficient of the pes contnimed m closed ezl
podyethivbene feams under ststic lasling is messursd. To do this, comgiressive croep experimenls
wene performed on low density palvethiylene fisms produced ander & pas difTusion process, Densily
dependence of this cosflicient has been anabyied as weell as the vanaton of pressure with dme
inside the cells, Finally, immedizely after compressive creep, the recovery behoviour of the foams
was also chameterised. Different abilities for recovering wers sheerved depending on the density of
the foam and the: shaolue recovery resuled independent of the initial stress applied

Tt el wetinn

Closad cell polymeric foams bave a wide rangs of applications due 1o its unigue combanation of
properties. Ooe of the most extended applicatons of thise fmms 15 m peckagmg and cushioning
[1,2]. In thess applications, fiems are subjecbed e stabic loxls which can prslwce a significant
fram deformation. These deformations invelve a decrease of the mechanical performance of the
fowm due 1o both the plastic deformation of the polymeric matrix and gas diffusion from the cells
Thersfore, understanding and modslling the cresp response and the closely related degassing
bchaviour under static loads is an importa iz from a practical point of view and an intenesting
vipie fromm @ Tundansental pomt of siew dus 1o 1be complicabed structure ol palymes Toams.

Thee have been some atlempts to relate the creep behaveowr of the cellular solid to its cellular
sineciure and the hase material properties. Some authors, assuming that the mam mechanisms
invalving creep are relased to the deformation of the solid matrix, have predicied o creep mie
prapartione] in [;}_, 1 17" where nis an empirical constant [3] However, in these flexible closed-
cell palvmeric fonmes the comnbution of the gas escape is non-negligible so more replistic models
should imclude the gas diffusion.

Some studies bave boen made en this sense considering tbe cellulor 36lid bolk as a discrete and
combinenn media Briscoe (4] suded experimentally and theareically the depnssing bebayvwour ol
LDPE foams dursng storage, been able 1o obtain sumenenl gas diffusion coefticenis. bl [1]
ohigined also on analvitcal equobion for thes diffusion cosficient wsing o dscrele model, This
equation is s fnllows

<SP

D, 7R i
where I 5 the polymer permeabalsiy, p the instml pressure inthe cells, f the Fracton of polymer in
the foam cell foces omd R othe foam redotive density [54] Mevestheless, sevemd ndditionnl
characeenigtics thit shoubd hove an inflesnce, such s foam size, were ot considensd m this study

Rutz-Herreso [7,8] present=d a simple metbod based on both creep experimental datd ond an ke
assumplion o an sollsmal compression protess odetermdne e difTosen coolliciet of bow
density puiyethydene fooms  prodeced by o compression. mouldmy echnogqee. Gas ddfosisn
coefficierds ohtaned this way were in concordance with the anes fourd in litemature and the maded
also aflows analysing the effect of sample size on the gas diffeson. This mode], developed in part
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[T

by Buiz-Hemrero [T 8], 15 the ane esed in chis stady nnd 0 will be furmther explmned in the following
BEciions.

Lo ewpenimental resalts wers abso obdained from the analysis of the recovery belsviour. Plsts
ol defonratson o hme from he recovery alter cnmep could be abtained using nmape processing
techmigues [5]

In aur work, the diffusion coefficient for foams produced by o gns disselution process s
chtsined, Thes: foams are excellent from a scientific poing of view becauss of ils hompgeneity, The
diffision cpefficient for these fosms hes Been newer studicd before. The wse of & eylindrical
gontnelsy & a vay of optimismg e process 15 something new &so m the charncbersatoon ol the
diffusion coefficiems tor pedvethylene fosms.

O the ether hand, an atlempd &0 obtain re-diffusson coefficients dunng the recovery hos heen
nkso made, In this cass, the deformabion of the samples has been directly manitons] instend of using
IMEkpe PrOCEsing techmigues

B12eGpay ew o

Nlnberinls

Sy foams with different densities and based on a crosslinked polvetbylens matns sene analvsed
duning this work, Zotefoams Ple. kindly provided these sheets produced using their sutoclave
process. Firs step of this process consigls m mixing and extruding the base polymer {polyethylens
in this case) with the croslinking agent amd other additives. Afler that, the sheets ohtxined in the
first step nre chemically crosslinked in on oven ot tempemnture of shout 135 °C, Slobs cuf from the
extrisded sheet are introduced in an avtoclave in order to dissolve nitrogen gas. Baoth semperniare
are pressure ane comfrolled inside this autoclave. Pressure values range between 200 and 1000 bars
ol nitrogen and temperatune 15 pear o the meliing podnt of the pelymer [ 10]. Wik the pas alresdy
dissolved, a second hw pressure autoclave = used o produce the expansion of the material.
Pressume now is bwer than m the previous step o high enough to retain the mtermal pressure of the
rnterial while heating. The solid shests ore beated over the melting point of the palymer and when
the wemperaiure profile is homagensows, pressure i rekessed obdaining the final expansion of the
feaarn. Fivsally foams are cooled st room emperaiuans [10]. The whole process is owtlined in Fig. 1
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The density values cover n mnge wide enough, betwesn approximasely 15 and 70 kg'm3. The
enean ool siee s betvween 300 and T00 pm while the mean wall thickiess is in the range of | 2ad 10
pien. The crissaliniy and pel content are corstant for all the samples

Dhringz the procluction prosess, fnal densigy 5 confrafled by the amaount of gas disselvied during
the high presiure step. Tempernture and time are the fundamental pammeters 10 acheve this, On
the other hand, the ceflular structure (mean cell st and mean cell wall thickness) is controlbad by
eneans of the pressars drop rate at the end of the second step, Cine of the most important parmmeiers
in the gas diflusson & ke foams gel content [9], In this case the gol comemt was approximatety the
s Far all the samples with differmices nit hapher then a 2%,

Fonms obtaited m this producton process have all o very homogeneous cellular strociune and
simmilar chemical composaians for different dersities whal makes fhem optimal to be studned from a
seientific point of view [9]

Experimentul

A Inb-designed compressive freep appamitus was wsed to mepsane the resporse of the foams 1o an
applied constmmt stress over 3 T doys peniod. Twoe eresp rips are shown in Figuee 2, In each of them,
the thickness of the feam = monitened with a Hoear sarisble displacenent transducer (L VI
which is conmected W0 & compuier. lmmedabely afber creep, the recovery behaviour of these Foams
was also measgred. Te this end, the increasing thickness of the samples is menitored also using
npather VDT, The recovery of the fanms ocgurs between o plates of o very low weipht (<10 g)

Fig I Scheme al the homne-made ereep appeaius

Thez recowery is faster m 1he outer pasts of 1he foems sincs gas diffasson i impraved there, This
fiwi makes the recovery an inhoemogensous process. Samples were pul of 7 with o eylindrical
geomelry 10 favour a morg homopessoss behaviour ol along dhe asmple The diameter of b
cylimders was 30 mam s all cased For each foam, expenments at fve diffenent sresses were carmied
ol ab & fsie bemperale of 23 °C, These fve stresses ore all hagher than the collapse stres of the
foam in percemtuges of 1%%, 24%, 33%, 44% and 55% (see Figure X). Both creep amd recovery
were mensured duning seven davs acguaring & sample each ten seconds

Aciiabysis andd resulis
aj Creep
Assuming ssethermnl conditions dunag the compressson of the gas and a nall Poiseon e (v,
the uriaxial compresaive strees for these Toams leaded i the post-collapss region an be obiained
asing il Eg {2}, & present Chibsan and Ashby [2]

F

il ; {2)

T=E—g; ',
where ¢ is the deformation, My & the initisl pressund inside the cells amd B, is the relative
density of the foam,
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Iz
According 1o B, (20, if the pompressive siress 15 plotted ps o function of fhe gas volumeing ;E
sirain &1 1- -1 for & fixed creep fime, the shope of the curve would represen the pressure of the gas
contadied in the cells, Figure 4. Preceeding like this for different creep tines, it is possible wobdain | E.
the evoluton af presufe inside the cells lor asch dersiy. As it can be chierved In Figure 5, 05
prossune decays with teme as an expanential fimectien for each fonm Svanstrimm o af [11] proposed ﬁ
a sodution of the diffusion equation for peylindrical geometry as 18 is 10 oor case, According i this =
arslytical solution, the diffusion coefficiznt can be obiined from the pressang decay ¢urve using a)
the fulbowing squation
T P A
= 1 3
T 2a04e -u'rl "[ B4 o

where IY#] 45 the pressure inside the cells at o time &, % is the pressune i the oells for the unlonded
foam, & is the madius of the cylinder and @, is the first order root of the Hessel’s fimction of 0

ardir. The fenm In{%@“:—f] 15 well fiived 1o & Hisss fancbion wadh Eime 30 10 was possible o
b & numerical pom s depending diffusion cocfficient in all cases.
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Aceording to Eq. {3}, diffuseon coefficeents were obinemed far all the densities. In Table 2 thene 15
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Conclusions

Creep tests have allowed us to determine the gas diffusion coefficient for foams produced using a
gas dissolution process, The dependency of this property with density is clear. As it was expected,
a reduction in the gas loss is obtamned increasing the density. The final deformations are the same
when high stresses are considered but differ when lower stresses are applied during creep.

Recovery presents a non homogeneous behaviour so the cylindrical geometry chosen results more
adequate to study it [10]. It is also a process much stower than creep. Data obtained suggests that de
re-diffusion coefficient 1s a time dependent function. This topic should be studied with more detail.
We can estimate that the re-diffusion coefficient would be an order of magnitude slower than the
diffusion one. A better ability for recovering has been found for foams with a higher density, This
can be explained taking into account the lower final gas loss for these foams.
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ABSTRACT

In this paper the effective diffusion coefficient, under static creep loading, of low density foams
filled with nanoclays is compared with the same coefficient of non-filled samples. This way, the
gas barrier role played by the nanoclays present in the cell walls and struts is elucidated.
Together with this, thermal and mechanical properties besides cellular structure are studied for
these nano-filled low density foams. Thermal and mechanical properties are largely improved
by the addition of clays. On the contrary the reductions in effective diffusivity are not
significant. These diffusivities are correlated with the ones found for the filled polymer matrix,
prior to foaming. Finally an interesting increment in the interlamellar space of the nanoclays
after foaming is observed. Foaming by itself induces exfoliation.

INTRODUCTION

Polymeric foams are widely spread nowadays in several daily applications from sporting goods
to leisure toys. In other fields as cushioning or packaging, polymeric foams are currently
indispensable materials. When used for these cushioning or packaging purposes, as well as
when considering structural applications, foams are subjected to long-term static loadings that
could affect their mechanical properties due to, on the one hand, the plastic deformation of the
matrix and on the other hand, the gas diffusion from the cells [1]. Together with this, the gas
escape, often called ageing, deeply influences the thermal insulation capability of these
materials [2-4]. Therefore the reduction and minimization of the degassing behavior of
polymeric foams is a subject of major importance.

During the last decade the excellent properties of polymer-clay nanocomposites have
stimulated much interest and research within the scientific and industrial communities. With
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much less inorganic contents of clay than comparable glass- or mineral-reinforced polymers,
polymer-clay nanocomposites exhibit physical and mechanical properties significantly different
from their more conventional counterparts. They could have good thermal stability, high heat
distortion temperature and high specific stiffness at low concentrations of filler (<5 wt.%) [5-8].
Nevertheless some of the most promising possible applications of these silicate-layered
nanocomposites come from the superior barrier properties expected for these novel materials.
The improvements in barrier properties can be explained by the concept of tortuous paths, that
is, when impermeable nanoparticles are incorporated into a polymer, the permeating molecules
are forced to wiggle around them in a random walk what finally turns to be a tortuous pathway.
Several theoretical works try to model the expectable reductions in diffusivity from the
knowledge of intrinsic parameters of the layered silicates as for example the length, width and
the volume fraction of the sheets. The orientation of the sheets together with the state of
delaminating also play a fundamental role, the permeability for example is extremely sensitive
to the size of the aggregates [7,9]. Therefore the higher improvements in barrier properties are
mainly expected in the case that the nanoclays are highly exfoliated and well dispersed within
the polymer matrix.

The diffussion coefficient in solid polymer/clay nanocomposites has been widely studied. A lot
of works claim important reductions in diffusivity when nanoclays are well exfoliated in the
polymer matrix [10-14]. When this reduction in diffusion is not so remarkable it is attributed to
the type of coupling agent and to the interfaces formed between nanoparticle and polymer
matrix. All these factors are studied in the works of Jacquelot et al. [15] and Picard et al. [43,44].
The determination of the effective diffusion coefficient in polymer foamed nanocomposites
when the foam is subjected to a creep loading is not straightforward. Ippalapalli et al. [16] have
presented recently a theoretical study modeling the diffusion in polymer nanocomposites and
correlating the theoretical data with thermal conductivity measurements.

Due to all these promising properties the use of these polymer clay nanocomposites as matrix
for foams has been intensively studied also in the last years. The efforts have been focused both
in thermoplastic (amorphous and semi-crystalline) and thermoset polymers. In principle several
different properties of the foam would benefit from the addition of nano-scaled particles [17-
23]. Particularly, the addition of nanosilicates, because of their lamellar geometry, would reduce
the effective diffusion coefficient of gas from the cells, reducing and minimizing the degassing.
The mechanical properties are also improved. This way foams produced from polymer matrices
reinforced with nanoclays could be excellent materials for cushioning and packaging purposes
or structural applications [24-27]. Although the number of papers dealing with foamed
nanocomposites is high, most of them are focused in mechanical properties such as stiffness,
strength, toughness, etc. with no papers dealing with the diffusion of gas for a foam produced
under creep loading.

There have been several studies and attempts to model the effective diffusion coefficient in
polymeric foams. Pilon et al. reviewed the diffusion models in closed-cell polymeric foams [28]
and Briscoe studied experimentally and theoretically the degassing behavior of LDPE high
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density foams during storage, obtaining effective diffusion coefficients varying between 10™

and 10 m?/s [29]. Mills, using a discrete model, predicted a diffusion coefficient for the
6Pp,
frR
pressure in the cells, f; the fraction of polymer in the foam cell faces and R the foam relative

undeformed foam given by D.sr = where P is the polymer permeability, p, the initial

density. The values for the effective diffusion coefficients of gas contained in the cells for LDPE
(densities 66 and 22 kg/m?) and EVA (density 34 kg/m?) foams have been predicted theoretically
by Mills and Gilchrist [30]. All the previous literature review follows a theoretical approach
modeling the foam behavior. Ruiz-Herrero et al. developed an empirical procedure based both
in creep experimental data and a mathematical solution of the diffusion equation to evaluate
the effective diffusion coefficient of polymeric foam. The authors found experimentally the
linear dependency with density predicted theoretically in other works and the gas diffusion
coefficients obtained are in concordance with the ones found in the literature. The simplicity of
the method together with the possibility of obtaining numerical values measured
experimentally makes it very interesting from a scientific point of view [31-34]. It turns to be
very convenient for experimentally determining the effective diffusion coefficients of polymeric
foams filled with nanosized layered silicates and comparing the obtained values with the ones
of unfilled foams [31,32].

The present work sheds light on the effective diffusion coefficient of the gas outside the cells
under creep loading in crosslinked low density LDPE foams filled with montmorillonite-type
nanoclays from an empirical point of view. To cover this main objective several steps have been
followed. A first step consisted in obtaining large blocks of low density foams (=30 kg/m?>) from
a solid polyethylene matrix reinforced with nanoclays. The effect of these high expansion ratios
on the exfoliation of the nanoclays is studied and related with the rest of the measured
properties. A second step was characterizing the cellular structure and mechanical properties.
Finally the effective diffusion coefficients are correlated with the diffusivities measured
experimentally for their correspondent solid matrices.

EXPERIMENTAL
Materials and Sample preparation

A low density polyethylene PE003 from Repsol Alcudia with 2 g/10min (2.16 kg and 190 °C) of
MFI, density of 920 kg/m® and 110 °C of melting point was used as polymer matrix. For the
nanocomposites this polymer matrix was melt blended with montmorillonite-type
organomodified nanoclays Cloisite C15A from Southern Clay Products and a coupling agent,
maleic anhydride grafted polyethylene Fusabond 226 DE from DuPont (1.5 g/10min, 120 °C of
melting point). The blending was performed in a twin screw extruder Bihler BTSK 20/40D at 250
rom with a die temperature of 190 °C. The proportion of coupling agent to nanoclays was
maintained constant in 2:1. In order to clearly distinguish the role played by the nanoclays the
PEOO3 was also melt blended with the coupling agent only. The proportion PEO03/coupling
agent was maintained equal to the one used in the case of the filled composites. Two different
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clay contents were used, 3 wt.% and 5 wt.%. The compositions and nomenclature used are
summarized in Table 1.

Table 1: Proportion of components for the different kind of samples

Sample | Matrix/parts | Coupling agent/parts | Nanoclays/parts
Unfilled-3% 91 6 0
3% Nanoclays 91 6 3
Unfilled 5% 85 10 0
5% Nanoclays 85 10 5

The previous formulations (100 phr) were initially melt blended in another twin screw extruder
(Collin mod ZK25T) with L/D of 24 at 25 rpm and 125 2C in the die incorporating the following
materials:

e Azodicarbonamide Lanxess Porofor M-C1 (19.3 phr) with particle size of 3.9 um, used as
chemical blowing agent.

e Stearic acid 301 Renichen (0.1 phr) used as lubricant.

e Zinc oxide Silox Active, Safic Alcan, (0.06 phr) used as azodicarbonamide activator

¢ Dicumyl peroxide DCP40 Luperox (1.8 phr) used as crosslinking agent.

The previous formulation gives good foaming results for the samples containing clays but not
for the unfilled samples. This is due to the differences in the decomposition kinetics of the
azodicarbonamide in the presence of nanoclays and due also to the differences in the rheology
with the addition of nanoclays. Therefore a different formulation was used for the unfilled
samples as follows:

¢ Azodicarbonamide Lanxess Porofor M-C1 (18.85 phr) used as chemical blowing agent.
e Stearic acid 301 Renichen (0.1 phr) used as lubricant.

e Zinc oxide Silox Active, Safic Alcan, (0.03 phr) used as azodicarbonamide activator

¢ Dicumyl peroxide DCP40 Luperox (1.8 phr) used as crosslinking agent.

The lower melt viscosity observed in the unfilled samples in comparison to the filled ones allows
reducing the blowing agent and blowing agent activator amounts. The gas pressures developed
when trying to foam the unfilled polymer matrices with the first formulation were so high that
the polymer melt was unable to withstand them. Both formulations were adjusted to give the
best foaming behavior in each case. As will be shown later, the differences in the formulations
do not produce differences in gel content, cellular structure or open cell content.

Foaming Procedure

The pellets already containing all the previous materials were placed inside a steel mould of
dimensions 153 mm long, 71 mm width and 4 mm thick and compression molded at 120 2C and
9 MPa during 15 minutes. The resulting solid non-crosslinked precursors are cooled under
pressure using re-circulating water.
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A two step compression moulding foaming process was used for the foams production all the
specimens [36]. In the first step (pre-foaming) seven solid precursors are placed inside a
rectangular mould and subjected to a temperature of 147 2C at a constant pressure of 18 MPa
during 55 minutes. During this step the dicumyl peroxide is decomposed and the crosslinking
reaction takes place, a partial decomposition of the blowing agent is also produced. When the
pressure is released the material partially expands reaching expansion ratios of around 2. In a
second step, the already crosslinked pre-expanded foam is placed inside a rectangular pre-
heated mould at 190 2C and maintained at this temperature for 60 minutes inside a pre-heated
furnace. The pre-foam is free to expand inside the mould and finally reaches an expansion ratio
of around 30. The dimensions of the final foamed block are 400 mm long, 200 mm width and
100 mm height.

These blocks were machined into five sheets of different thicknesses as it is depicted in figure 1.

Block Thickness.
Growing direction

mmmt

15 ]
oo

lsmmI

Prmd s

Figure 1: Slicing scheme of the foamed blocks.

As will be seen later all the specimens for the different characterizations were obtained from
sheet 3 except specimens for tensile measurements which were obtained from sheets 2 and 4,
this samples were obtained in the direction of the dotted arrows. Due to the foaming process
these two sheets can be considered equal in terms of density, cell size, cell shape, homogeneity,
etc. In order to avoid any effect related to the higher density of the outer skins( typical for this
type of processing method), sheets 1 and 5 were not used in any characterization.

Table 2 shows the average density of the different materials measured in sheet 3. As it can be
observed the foams density was almost the same for the analyzed materials
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Table 2: Densities measured for the different blocks

Sample Density/(kg/m?>)
Unfilled-3% 25.48
3% Nanoclays 25.55
Unfilled 5% 25.88
5% Nanoclays 26.00

Characterization of solid and foamed samples

A Mettler DSC822e differential scanning calorimeter was used for the thermal analysis of the
samples. A heating rate of 10 °C under N, environment and a sample weight of 5+0.5 mg were
used in all the tests. Crystallinity degree was calculated from the area of the DSC peak, by
dividing the heat of fusion by the heat of fusion of a 100% crystalline material, (288 J/g for a
100% crystalline polyethylene [35]). The crystallinities were calculated taking into account the
real proportions of polymer deducting the amount of nanoclays.

The TGA measurements were performed using a Mettler TGA/SDTA 851e with a temperature
program from 50 to 850 °C at 20 °C/min in a N, atmosphere.

Density measurements were performed by Archimedes principle using the density
determination kit for the AT261 Mettler balance. The results were compared with the
determination of density by geometrical means.

The dispersion and exfoliation of nanoclays were studied by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD diffractograms were determined between 1° and
10° by steps of 0.005° by means of a Philips PW 1050/71 using the Cu Ka line. The transmission
electron microscope used was a Tesla BS 512 with a YAG camera incorporated.

The gel content was determined using a 24 h Soxhlet extraction cycle using xylene as the
solvent. Approximately 300 mg of crosslinked grinded polyethylene foam was placed in a paper
bag according to ASTM D 2765. In each experiment, four bags with a different material inside
each one were tested simultaneously. This way, absolutely comparable results are obtained.
After extraction, the solid residue was dried until a constant weight was obtained. The gel
content obtained as the percentage ratio of the final weight (solid residue) to the initial weight
for each sample.

Open cell content of foamed materials was determined according with ASTM Standard D6226-
10 using a gas pycnometer Accupyc Il 1340 from Micromeritics.

The cellular morphology was characterized by scanning electron microscopy with a JEOL JSM-
820 microscope. Samples were immersed in liquid nitrogen for 5 minutes, fractured and
mounted on stubs. The fracture surfaces were sputter coated with gold prior to the microscopy
work. The mean cell size, cell wall thickness, anisotropy and cell density were obtained using
image processing software Image J from at least 75 cells in different micrographs from the same
specimen [37].
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Mechanical properties were determined using an universal testing machine Instron model
5500R6025. Three specimens were tested for each kind of sample, all of them at room
temperature. Solid materials were characterized in tension at a strain rate of 1 mm/min
according to ISO 527/2. For the foams the tensile tests were performed with a strain rate of 5
mm/min according to ISO 1926. The compressive behaviour in the foams was determined using
a strain rate of 180 mm/min till the 75% of deformation was reached. Five continuous cycles
without recovery between cycles were tested in each sample.

A lab-designed compressive creep apparatus was used to measure the response of the foams to
an applied constant stress over a 7 days period. Two creep rigs are shown in figure 2. In each of
them, the thickness of the foam is monitored with a linear variable displacement transducer
(LVDT) which is connected to a computer. The diameter of the cylinders was 30 mm and 50 mm
thichness in all cases. Experiments at five different stresses were carried out at a mean
temperature of 23 2C. These five stresses are all higher than the collapse stress of the foam.
Further details of this set-up can be found in [31-34]

Figure 2: Scheme of the lab-designed creep apparatus.
RESULTS
X-rays diffraction, calorimetric parameters and thermogravimetric behaviour.

The exfoliation degree deeply determines the properties both of the solids and of the foams so
the first step consisted in determining the separation between platelets of the nanoclays by x-
ray diffraction. The continuous line in figure 3 represents the diffraction pattern obtained for
the solid precursors before foaming. The (100) peak of the nanoclays can be clearly
distinguished. Bragg’s law for this peak yields a separation between platelet of 3.8 nm, what is
higher than the 2.45 nm separation found for the as-received organomodified clays. This
suggests that the melt blending has promoted some exfoliation degree but there are still
agglomerates present in the polymer matrix. The same conclusion can be obtained from the
observation of the TEM images. Figure 4 shows two micrographs for the 5%-Nanoclays samples.
On the left, individual well exfoliated and dispersed platelets can be distinguished all along the
micrograph arranged with a some preferential orientation but in some areas (figure 4 right)) still
some agglomerates of platelets that have not suffered a complete exfoliation can be observed.
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Therefore the solid nanocomposites present an intercalated/exfoliated structure with ordered
agglomerates still present.

After foaming with an expansion ratio of 30 times the diffraction pattern is patently changed. In
the solids the main peak associated with the nanoclays corresponds to a separation between
platelets of 3.8 nm. After foaming the peak is changed into a smooth and less intense shoulder
indicating a much higher degree of exfoliation. The still ordered structure of the nanoclays
present in the solid precursors is almost completely destroyed by the foaming process. The
always desired high exfoliation degree is achieved by foaming.

Figure 3: X-ray diffraction patterns for the solids and for the foams. The foaming strongly
increases the interlamellar separation and destroys the lamellar ordered structure of the
nanoparticles.

Figure 4: Transmission electron microscopy images obtained in the solid material containing 5
wt.% of nanoclays.

Table 2 shows characteristic parameters obtained from the differential scanning calorimetry.
The crystallinity of the polymer matrix is reduced in the foams compared to the solid. On the
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contrary to the solids in the foams the polymer matrix is already crosslinked. The chemical
crosslinking produces a molecular three-dimensional molecular network, which reduces the
crystalline order decreasing therefore the crystallinity degree observed in the samples. There is
also a reduction of the melting point between the solids and the foamed samples. This suggests
that the size of the crystals formed is different in the foams than in the solids, due again to the
chemical crosslinking of the polymer [38]. In any case, the addition of nanoclays has a
nucleating effect increasing the crystallinity degree both in the solids and in the foams. This
enhancement in crystallinity produced by the addition of clays is slightly higher in the foams
which, could be related with the higher exfoliation achieved in the foams.

Table 2: Calorimetric characterization of the samples before been foamed (solids) and after
been foamed (foamed).

Sample Melting Point Crystallinity Melting Point Crystallinity
(solids)/°C (solids)/% (foamed)/°C (foamed)/%
Unfilled-3% 112.07 44.0 109.28 41,6
3% Nanoclays 111.19 45.4 109.78 43.0
Unfilled-5% 111.49 45.3 109.97 42.1
5% Nanoclays 112.52 48.2 109.46 45.4

The higher exfoliation of the silicates in the foams helps in the nucleating role played by the
nanoparticles during the crystallization in comparison to the unfilled samples.

The thermal stability and degradation of the polymer and the influence of the nanoclays on this
parameter was studied and compared between solids and foams. Figure 5 shows the weight
loss obtained by thermogravimetric analysis in the range of temperatures between 350 2C and
600 °C. No changes were observed outside this range. The addition of nanoclays increases the
onset of the degradation temperature in 9 °C for the 3 wt.% and in 10 °C for the 5 wt.% (Table
3). The presence of compatibilizer does not have a significant influence in the thermal
degradation of the polymer matrix. These results suggest that the addition of clays has an
stabilizing effect on the molecular structure of the polymer when subjected to high
temperatures.
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Figure 5: Weight Loss versus temperature determined by thermogravimetry. a) and b)
correspond to the materials before been foamed and c) and d) correspond to the materials after
been foamed. The addition of nanoclays delays the polymer degradation to higher
temperatures and this effect is more pronounced in the foamed materials.

This increment on the onset of the degradation temperature is higher for the foams. The
differences are up to 15 2C for the foamed Filled-5% samples (table 3). Nanoclays have a barrier
effect during the pyrolysis of the material and as a consequence the degradation occurs at
higher temperatures. Higher exfoliation degrees and better dispersion of the nanoclays
aggregates favours the occurrence of this shift in the degradation and that explains the
improved results found in the foams compared to the solids. Besides this, the onset
temperature values are always higher for the foams than for the solids. Since the polymer in the
foams is already crosslinked, the molecular three-dimensional network formed helps to increase
the degradation temperature.
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Table 3: Onset degradation temperature determined experimentally by thermogravimetry for
the material before been foamed and after been foamed.

Sample Onset Temperature/ °C Onset Temperature (After
Foaming)/°C
Unfilled-3% 460.80 461.32
3% Nanoclays 468.54 471.57
Unfilled-5% 460.35 461.23
5% Nanoclays 470.76 475.87

Gel content and cellular morphology

The low densities reached require high crosslinking degrees. Table 4 summarizes the gel
contents of the different samples. The differences between the samples are within the error of
the measurement technique. The addition of nanoclays does not have an influence on this
parameter, at least at this high crosslinking values. These comparable values of crosslinking
between samples make easier the later study of cellular structure, mechanical properties and
diffusion behaviour. No influence of the crosslinking degree can be expected between different
samples in the rest of the properties.

Table 4: Crosslinking degree achieved in the different samples. The differences are within the
error of the determination technique.

Sample | Gel Content/%
Unfilled-3% 56.39+ 1%
3% Nanoclays 58.19+ 1%
Unfilled-5% 58.68+ 1%
5% Nanoclays 60.88 £ 1%

The cellular structure of the foams has been studied in terms of cell size, cell density, cell wall
thickness and anisotropy ratio. Samples from sheet 3 were obtained for this purpose (see figure
1). In this case it is interesting not only comparing samples with and without nanoclays but also
samples with different amounts of compatibilizer, i.e. different amounts of linear low density
polyethylene grafted with maleic anhydride. Figure 6 depicts the cellular structure of the four
different kinds of samples in two complimentary views, one in a plain perpendicular to the
growing direction (thickness of the block, figure 1) and the other one in a plain parallel to the
growing direction. Cell sizes are between 200 um and 300 um. No nucleating effect of the
nanoclays is observed comparing unfilled and filled samples at a fixed filler percentage, cell sizes
are even slightly higher in the filled samples. Instead of this, a more than 10% reduction in cell
size is found for the samples containing higher percentages of coupling agent. This linear low
density polyethylene grafted with maleic anhydride is helping to reduce the cell size together
with an increase in the cell density up to a 53%. Again, no difference in cell density is found
between samples with or without nanoclays, no nucleating effect has been observed in the
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frame of this work. This result could be expected because it is known that the main nucleating
agents for the cells in this type of processing route are the residues of the blowing agent

Figure 6: SEM micrographs for the a)Unfilled-3%, b) Filled-3% c) Unfilled-5% d) Filled-5%. In
every case the micrograph on the left corresponds to a plain perpendicular to the growing
direction and the one on the right corresponds to a plain parallel to the growing direction. The
samples were taken from sheet 3.
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Cell walls are slightly thicker in the samples containing clays. This higher thickness should be
beneficial for the effective diffusivity of the foam, reducing the effective diffusion coefficient.
The addition of the coupling agent has no effect on the cell wall thickness.

The anisotropy ratio of a foam can be defined as the ratio between the diameter of the cells in
the direction of higher elongation and the diameter in the perpendicular direction. For isotropic
cells the anisotropy ratio is equal to 1 and higher than one for anisotropic foams. The two steps
production process employed, with the growing of the foam preferentially constrained in one
direction, yields oriented cells when studied in a plain parallel to this growing direction. This
anisotropy is clear when observing the micrographs on the right for each sample obtained from
specimens from sheet 3. The anisotropy ratio has been quantified and included in table 5. This
value is almost constant, with no trend with the nanoclays content or the coupling agent
content. Anisotropy has a fundamental role when studying the mechanical behaviour of the
foam. When the sample is subjected to a compressive stress in a direction coinciding with the
growing direction of the foam, the elastic modulus is significantly higher than if it was
compressed in a perpendicular direction [39]. As it is observed in figure 6 cells are completely
isotropic in a plain perpendicular to the growing direction.

Table 5: morphological parameter characterizing each kind of sample

Sample Cell Size/pum | Cell Density/(cells/cm®) | Cell Wall Thickness/ | Anisotropy
um
Unfilled-3% 296 3.4-10* 12.8 1.55
3% Nanoclays 302 3.3-10* 133 1.55
Unfilled-5% 260 5.2-10* 12.7 1.43
5% Nanoclays 267 4.9-10" 13.6 1.48

The open cell content is of major importance when studying the mechanical and diffusive
properties of these low density foams. Mechanical properties for example are directly
dependent with the proportion of mass in the cell walls, parameter which is finally connected
with the open cell content [40]. On the other hand it makes no sense studying the diffusivity of
the gas outside the cells in open cell foams. A right characterization of the interconnectivity of
the cells is mandatory prior to the study of the effective gas diffusion coefficient or the study of
the mechanical properties. Table 6 contains the open cell contents obtained for the different
foams.

Table 6: Open cell content of the different foams. Since the values are very low all the samples
can be considered as closed cell.

Sample | Open Cell Content/%
Unfilled-3% foam 6.02
3% Nanoclays foam 6.25
Unfilled-5% foam 6.53
5% Nanoclays foam 5.64
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From these low values can be concluded that the interconnectivity of the cells in the foams is
almost negligible, therefore all the samples can be considered as closed cell. No remarkable
differences can be observed between samples with different clay contents or coupling agent
contents. The closed cell morphology of the foams justifies the later study of the effective
diffusion coefficient. On the other hand a closed cell structure means a more homogeneous
mass distribution along the cell walls which at the end benefits the mechanical properties. The
production route followed turns to be adequate for the fabrication of large blocks of closed cell
low density foams nanoreinforced with clays. Once we have studied the morphology of the
foams and their solid matrices the next steps consist in the determination of the mechanical
properties and the effective diffusion coefficient.

Mechanical Properties

The mechanical properties in tension were characterized and compared with those of the solid
matrix. The tensile properties of the foams were measured in a direction perpendicular to the
anisotropy direction of the cells (figure 1).

In the solids (figure 7 left) the addition of 3 wt.% of nanoclays improves the elastic modulus in
51%. This improvement goes up to 69% when 5% wt.% nanoclays are added to the composites.
As can be inferred also from figure 7 the different amounts of coupling agent do not influence
the elastic modulus. A similar trend is followed by the tensile strength, no influence of the
coupling agent content and improvements up to 11% for the 3% Nanoclays and 24% for the 5%
Nanoclays.

Considering the foams, the addition of nanoclays also helps to improve the elastic modulus in
tension but to a lower extent than in the case of the solids. With 3 wt.% nanoclays the foams
have a modulus 8% higher than the solid. The foams filled with 5 wt.% show an improvement of
40 %. Improvements are found also for the tensile strength. For this mechanical property the
improvement goes up to 9% for the 3% Nanoclays and up to 14% for the 5% Nanoclays. These
improvements are also lower than in the case of the solids.
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Figure 7: Mechanical properties in tension for the solids (left) and for the foams (right). Both the
tensile modulus and the tensile strength are included.

At the sight of the previous values the properties of the foams will be related to the properties
n
of the solids. The equation Ef = E; - (?) constitutes a very simple but accurate modeling of
S

the elastic properties in tension of foams [40]. The elastic modulus of the foam (E;) is directly
proportional to the same property of the solid matrix (E;). p; and p, stand for the density of the
foam and density of the polymer matrix respectively and n is an exponential parameter varying
usually between 1 and 2 and fundamentally dependent on the morphology of the cellular
structure. Fitting the previous experimental data measured for the four kinds of foams yields a
constant exponential parameter “n” of 1.55, equal in all the cases. This exponent, significantly
lower than 2, denotes a good mechanical performance in tension for these foams. The fact that
the value of the exponent is the same in all the cases was expectable taking into account that
the anisotropy of the cells and open cell content is the same in all the foams. The slight
differences found in cell size varying the coupling agent content do not seem to have an
influence on the tensile behavior. The improvements in tension properties found with the
addition of nanoclays are only due to the reinforcement that the nanoparticles produce on the
solids. No synergetic effect of the nanoclays is found in the foams, as in other works because in
this case the cellular structure is not improved by the incorporation of clay particles[41].

Focusing now the attention in the compressive behavior and according to the experimental and
theoretical model used later to obtain the effective diffusion coefficient the foams must be
loaded in the post-collapse region. So, prior to the experimental determination of the effective
diffusivity it is necessary to correctly determine the collapse strength in compression for the
foamed materials. Together with the collapse strength, the elastic modulus in compression was
also studied. Numerical data for these two properties are plotted in figure 8.
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Figure 8: Collapse strength and elastic modulus in compression for the four kinds of samples.

Unlike tension, higher amounts of maleic anhydride grafted linear low density polyethylene
increase both the compressive modulus and the collapse strength of the foams. The increments
in modulus ascribable exclusively to the nanoclays are of 12% for the foamed Filled-3% and up
to 27% for the foamed Filled-5%. In compression the modulus are patently higher than in
tension since the anisotropy of the cells coinciding with the compressive direction helps to
withstand the stresses applied conferring excellent compressive properties to the foam. Since
anisotropy and open cell content are comparable in all the samples, the differences observed in
the mechanical performance are mainly attributable to the different coupling agent contents or
different nanoclays percentages in each case.

As previously described in the experimental section the foams were subjected to five
continuous different cycles in compression. This way we can determine and compare the energy
absorbed in each cycle. This property is fundamental when thinking in possible cushioning or
packaging applications for these materials. Figure 9 shows the dependency with the cycle
number of the energy absorbed for the different kinds of samples. The data are numerically
fitted to exponential decay mathematical functions.
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Figure 9: Variation in the energy absorbed with the number of cycles. The presence of nanoclays
increases the energy that the foam is able to absorbe in the different compressive cycles.

The shape of the plots is parallel in all the samples, only shifted in energy, which indicates that
the loss of properties is not affected by the different compositions. The differences appear
when considering the energy that is capable to absorb each sample. The addition of nanoclays
allows absorbing more energy and this behaviour is maintained during all the cycles, this
happens both for the foamed Filled-3% and foamed Filled-5%, especially for this last one. Once
again the presence of a higher amount of coupling agent benefits the behaviour of the foam. A
similar effect is obtained adding 3% of nanoclays or increasing the coupling agent proportion
from 6 wt.% to 10 wt.%. Thinking in a possible cushioning or packaging application of these
materials the samples containing clays would have superior properties in this sense.

The significant improvement in the mechanical properties of the foams containing clays should
be due first to the reinforcement of the cell walls and second to the higher crystallinity of the
polymer matrix induced by the clays presence.

Diffusion

A lab-designed compressive apparatus was used to measure the response of the foams to an
applied constant stress over a 7 days period [31-34]. From the characterization of the creep
behaviour of a foam over a long time period we can also determine the effective diffusion
coefficient (D.y) of the gas outside the cells. Assuming isothermal conditions during the
compression of the gas and a null Poisson coefficient (v=0), the uniaxial compressive stress for
these foams loaded in the post-collapse region can be obtained using the formula (1)

Pog
0=0y+—>—
O " 1-e—ps/ps

(1)

where o is the collapse strength, € is the deformation, Py is the initial pressure inside the cells
and R=p;/p; is the relative density of the foam. According to formula 1 plotting the compressive
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stress as a function of the gas volumetric strain €/(1- €-R) for a fixed creep time “t” yields a slope
of the curve that represents the pressure of the gas contained in the cells at time “t” (figure 10,
right).
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Figure 10: Left, strain evolution with time at five constant stresses higher than the collapse
strength of the foam. Right, isochronous stress-strain curves at nine different times. The data
corresponds to the 5% Nanoclays sample

Using this method for different creep times we can obtain the evolution of the pressure inside
the cells for each sample. From the evolution of pressure with time and using the diffusion
equation of the gas inside the cells we can obtain the diffusion coefficient. Svanstréom et al.
proposed a solution of the diffusion equation for a cylindrical geometry as it is in our case [42].
According to this analytical solution, the effective diffusion coefficient can be obtained using the
equation (2):

Dery =~ gz U [ 5™ ) 2

Where P(t) is the pressure inside the cells at a time t, P, is the pressure in the cells for the
unloaded foam, a is the radius of the cylinder and By, is the first order root of the Bessel’s
function of 0" order.
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Figurell: Left, pressure evolution with time obtained using equation 1. The neper logarithm of
the pressure is plotted on the right. The slope of the plot yields the effective diffusion
coefficient. The data corresponds to the 5% Nanoclays sample.
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P(t) (Bo1@)?

The term ln[ ] is well fitted to a linear function with time so it is possible to obtain a

0
numerical non-time depending diffusion coefficient in all cases. For the sake of simplicity only

the figures corresponding to the 5%-Nanoclays sample are included. The diffusion coefficients
obtained using this method for the different samples are shown in table 7.

Table 7: Effective diffusion coefficients obtained for the different kinds of samples using
equation 2 and the experimental data measured.

Sample Desi/ (m?/s)
Unfilled-3% 10.98-10”
3% Nanoclays 10.88-10”
Uniflled-5% 9.92:107
5% Nanoclays 9.34.10”

Parameters as gel content or open cell content have comparable values for all the samples so no
influence can be expected from them on diffusivity. Gas solubility and diffusivity are strongly
dependent upon the crystallinity of the polymer matrix. Higher crystallinities reduce the gas
solubility and hinder the diffusion through the polymer matrix [40]. As previously studied the
samples containing clays exhibit higher crystallinity values and therefore lower effective gas
diffusivity values should be expected for these samples. Besides this, thicker cell wall
thicknesses are found also for the filled samples which should also make more difficult the gas
escape from the interior of the cells. The nanoclay platelets, by themselves, should play a gas
barrier role increasing the mean free pathway that a gas molecule must follow in its way to the
exterior across the polymer matrix. Altogether, an strong reduction in the effective gas
diffusivity is expected for he nanoclay-filled low density foams in comparison to the unfilled
ones but the experimental results do not confirm these expectations. The addition of 3 wt.%
gives as result a negligible 1% reduction in the effective diffusion coefficient even when the
nanoclays in the cell walls are presumed to be quite well exfoliated. Comparing the values of the
Unfilled-5% and Filled-5% the reduction is more appreciable, up to a value of 6%. Theoretically
with the addition of 3wt.% and 5 wt.% well dispersed and exfoliated nanoclays, increments in
the crystallinity and thickening of the cell walls the effective diffusion coefficients should have
been more patently reduced. On the contrary, experimentally, the highest reduction is found
varying the coupling agent content with an improvement in the gas barrier properties up to
10%. The linear character of the coupling polymer together with the grafted maleic anhydride
helps to reduce the effective diffusivity of the foam.

A prior study using CO, and a gravimetric method for the determination of the diffusivities was
performed over solid specimens of the four mentioned samples. The obtained values are
included in table 8.
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Table 8: Diffusivities for the solid materials obtained in a previous work and using CO, as
permeant. Although the gas is different the trends are the same as in the foams.

Sample | Diffusivity/(m’/s)
Unfilled-3% (solids) 12.1-10™
3%-Nanoclays (solids) 10.8:10™"
Unfilled-5% (solids) 9.30-10™"
5%-Nanoclays (solids) 8.92:10™

According to Alsoy theoretically the effective diffusion coefficient of a closed cell foam is
directly proportional to the diffusivity corresponding to the solid matrix [4]. The reductions in
diffusivity found for CO, in the solid samples are in general higher than the ones found for the
effective diffusion coefficient of the foams, but the general trends are maintained. It is
especially remarkable that the highest reductions are found not with the addition of sheet-like
nanoparticles but adding a certain amount of linear polyethylene grafted with maleic anhydride
and this fact is found both in the diffusivities of the solids as well as in the effective diffusion
coefficients of the foams.

In the case of the solids the lower than expected reductions in diffusivity found were attributed
to some extent to the not perfect exfoliation achieved. But in the foams this exfoliation degree
is much improved but still the reductions in the effective diffusion coefficient are low. The
hypothesis of a bad coupling between the nanoclays and the polymer rises as a possible
explanation to the observed results. The presence of interfaces between the exfoliated platelets
and the polymer matrix is increasing the possible paths that the gas can follow in its way to the
exterior [44, 45]. On the contrary the linearity of the coupling agent polymer and the high
affinity of the maleic anhydride to the gas act as barriers to the gas escape patently reducing the
diffusion.

Conclusions

A method for the production of big blocks of low density closed cell polyethylene foams filled
with montmorillonite-type nanoclays is presented. The thirty expansions reached improve the
exfoliation of the nanoclays. The XRD demonstrates that the lamellar order has been ruptured
to a high extent just by foaming, so we can consider that the foams present a highly exfoliated
nanoscaled morphology. This highly exfoliated morphology broadens the polymer degradation
window and helps to the nucleation during the crystallization from the melt but does not have
any influence on the gel content, open cell content, cell size, cell density or anisotropy ratio. On
the other hand the addition of higher amounts of linear low density polyethylene grafted with
maleic anhydride helps to reduce the cell size and increase the cell density maintaining constant
the other parameters.

Tension mechanical properties, both the elastic modulus and tensile strength, are highly
improved with the addition of nanoclays in the solids as well as in the foams. Percentage-wise in
comparison to the unfilled materials, the improvements in the solids are higher than in the
foams. Using the potential law yields an exponent n equal to 1.55 what denotes an outstanding
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behavior for the foams with this characteristic cellular structure. This exponent is the same both
for the filled and for the unfilled materials so no synergetic effect of the nanoparticles with the
foaming has been found.

The compressive properties are higher than the properties measured in tension. The
preferential orientation of the cells coinciding with the compressive direction helps to this fact.
Again in this case, the addition of nanoclays improves both the elastic modulus and the
compressive strength. What it is interesting now is that the mere addition of a higher amount of
coupling agent patently improves both mechanical properties in compression. Nanoclays and
higher amounts of coupling agent increase also the energy absorbed, the improvement is
maintained along different compressive cycles. This property is of particular importance when
considering cushioning or packaging applications, benefiting the damping behavior of the foam.

The effective diffusion coefficients of the gas outside the cells have been experimentally
determined allowing elucidating empirically the barrier role effect of the nanoclays. Even with
the high degrees of exfoliation observed, the reductions in diffusion are lower than expected.
Higher amounts of clays mean higher reduction in the diffusion coefficient but, what is
surprising, is that the highest reductions are found when passing from 6 wt.% to 10 wt.% of
coupling agent. This same trend was observed when studying the diffusivities of the solid
matrices with CO, by gravimetric methods. The linear character of the coupling polymer and the
high affinity of the maleic anhydride could be behind these results. The low reductions in
diffusion found in the foams with the addition of clays are explained bearing in mind the
interfaces formed between the clays and the polymer matrices. These interfaces can act as
rapid pathways to the exterior for the gas in detriment of the diffusion coefficients.

Acknowledgements

Financial support from the Spanish Ministry of Science and Innovation and FEDER (MAT2009-
14001-C02-01 and MAT 2012-34901), the Junta of Castile and Leon(Project VA 174A12-2)
together with an FPU grant AP2007-03319 are gratefully acknowledge.

Bibliography

[1] Mills NJ, Rodriguez-Perez MA. Cell Polym 20 (2) 79-100 (2011)

[2] Hoogendorn. Thermal ageing. In: Hilyard NC, Cunninham A, editors. Low density cellular
plastics; physical basis of behaviour. New York: Chapman & Hall; (1994)

[3] Bart GCJ, Du Cauze de Nazelle GMR. J Cell Plast 29, 29-42 (1993).

(4] Alsoy S. J Cell Plast 35, 247-271 (1999)

220



Chapter 4. Modifications in the Polymer Matrix.

[5] L.A. Utracki in Clay-containing polymeric nanocomposites. Rapra Technology Limited.
United Kingdom (2004).

[6] J. H. Koo in Polymer Nanocomposites. McGraw-Hill. USA (2006).

[7] S. Pavlidou, C.D. Papaspyrides. Prog. Polym. Sci., 33 1119-1198. (2008)

[8] J. Golebiewski, A. Rozanski, J. Dzwonkowski, A Galeski. Europ. Polym, J. 44 270-286
(2008).

[9] T. Ogasawara Y. Ishida, T. Ishikawa, T. Aoki, T. Ogura. Compos Part A Appl S 37. 2236-
2240. (2006)

[10] M. Tortora, G. Gorrasi, V. Vittoria, G. Galli, S. Ritrovati, E. Chiellini. Polym. 43. 6147-6157
(2008)

[11]  Z.Ke, B. Yongping. Matter Lett, 59. 3348-3351 (2005)

[12] T.Ogasawara,Y. Ishida, T. Ishikawa, T. Aoki, T. Ogura. Compos Part A Appl S 37. 2236-
2240. (2006)

[13] S.S. Ray, K. Yamada, M. Okamoto, K. Ueda. Polymer 44. 857-866 (2003).
[14]  C.Lu, Y. W. Mai. Phys. Rev. Lett. 95, 088303 (2005).

[15] E. Jacquelot, E. Espuche, J. F. Gerard, J. Duchet, P. Mazabraud. J. Polym Sci. 44 431-440
(2006).

[16]  S.Ippalapalli, A. D. Ranaprathapan, S. N. Singh, G. Harikrishnan. ChemPhysChem

doi: 10.1002/cphc.201200977(2013)

[17]  W. Zhai, C. B. Park, M. Kontopoulou. Ind Eng Chem Res 50, 7282-7289 (2011)

[18] C. Zeng, X. Han, L. J. Lee, K. W. Koelling, D. L. Tomasko. Adv Mater 15, 1743-1747 (2003).

[19] Y. H. Lee, K. H. Wang, C. B. Park, M. Sain. J App Polym Sci 103, 2129-2134 (2007).

[20] S. M. Seraji, M. K. R. Aghjeh, M. Davari, M. S. Hosseini, S. Khelgati. Polym Compos 32,
1095-1105 (2011).

[21] M. C. Saha, M. E. Kabir, S. Jeelani. Mat Sci Eng A-Struct 479, 213-222 (2008).

221



Cellular Materials Laboratory 2015 J. Escudero Arconada

[22] K. Gorem, L. Chen, L. S. Schadler, R. Ozisik. J Supercrit Fluid 51, 420-427 (2010).

[23] R. Verdejo, C. Saiz-Arroyo, J. Carretero-Gonzalez, F. Barroso-Bujans, M. A. Rodriguez-
Perez, M. A. Lopez-Manchado. Europ. Polym. J.44, 2790-2797 (2008).

[24] M. Tortora, G. Gorrasi, V. Vittoria, G. Galli, S. Ritrovati, E. Chiellini. Polym. 43. 6147-6157
(2008)

[25]  Z.Ke, B. Yongping. Matter Lett, 59. 3348-3351 (2005)

[26] T. Ogasawara Y. Ishida, T. Ishikawa, T. Aoki, T. Ogura. Compos Part A Appl S 37. 2236-
2240. (2006)

[27] S.S. Ray, K. Yamada, M. Okamoto, K. Ueda. Polymer 44. 857-866 (2003).

[28] Pilon L, Fedorov AG, Viskanta R. J Cell Plast 36, 451—-74 (2000).

[29] Briscoe BJ, Savvas T. Adv Polym Technol 17 (2), 87-106 (1998)

[30] Mills NJ, Gilchrist A. J Cell Plast 33 (3), 264-92 (1997).

[31] J.L. Ruiz-Herreo, M.A. Rodriguez-Perez and J.A. de Saja: Polymer 46, 3105-3110 (2005)

[32] J.L. Ruiz-Herrero, M.A. Rodriguez-Perez and J.A. de Saja: J. Appl. Polym. Sci. 99, 2204-
2210 (2005)

[33] M. A. Rodriguez-Perez, J.L. Ruiz-Herrero, E. Solorzano, J. A. de Saja. Cell Polym 25 (4)
221-236 (2006)

[34] J. Escudero, J. Lazaro, E. Solorzano, M. A. Rodriguez-Perez, J. A. de Saja. Def. and Diff.
Forum 283-286, 583-588 (2009)

[35] B. Wunderlich. Macromolecular Physics, 2. Academic Press, New York. 1973-1976.

[36] D. Klempner, V. Sendijarevic. Handbook of Polymeric Foams and Foam Technology. 2nd

Edition. Hanser Publishers, Munich, (2004)

222



Chapter 4. Modifications in the Polymer Matrix.

[37] J. Pinto, E. Solérzano, M. A. Rodriguez-Perez, J. A. de Saja, Characterization of cellular
structure based on user-interactive image analysis procedures; Journal of Cellular
Plastics, submitted, 2013

[38] Kang TK, Chang-Sik H. Polymer Testing 19, 773-783 (2000)

[39] A.T.Huber, L.J. Gibson. J. Mat. Sci 23. 3031-3040 (1988)

[40] L. J. Gibson, m. F. Ashby. Cellular Solids. Cambridge University Press. United Kingdom
(1999).

[41] C. Saiz-Arroyo, J. Escudero, M.A. Rodriguez-Perez, J. A. de Saja. Cell. Polym. 30, 2, 63-78
(2011).

[42] M. Svanstrom, O. Ramnas, M. Olsson and U. Jarfelt: J. Cell. Polym. 16, 182-193 (1997)

[43] Doroudiani S, Park CB, Kortschot MT. Polym. Eng. Sci. 36, 21, 2645-2661 (1996)

[44] E. Picard, H. Gauthier, J. F. Gerard, E. Espuche. Colloid and Interface Sci. 307. 364-376
(2007)

[45] E. Picard, A. Vermogen, J. F. Gerard, E. Espuche. J. Poly,. Sci. 46. 2593-2604.

223






Chapter 5

Modifications in the Cellular Structure






Chapter 5. Modifications in the Cellular Structure.

5.1.- INTRODUCTION

The other strategy exposed in chapter 2 to improve the physical properties of a
cellular material consists in modifying the cellular structure. The approach followed for
this purpose has been elaborating novel production routes that yield modified cellular

structures in order to improve physical properties.

This chapter is focused on the production of structural foams by a novel
production route entirely developed during the thesis. This production route is named
Stages Molding and it has been patented. The patent document can be found in Annex

II, at the end of the manuscript.

All the work presented in this thesis dealing with Stages Molding has been
developed based on low density polyethylene (LDPE) although the production route can
be extended to other polymer matrices. Besides, only chemical blowing agents

(azodicarbonamide) have been used.

5.2.- MODIFICATIONS OF THE CELLULAR STRUCTURE: STAGES MOLDING

5.2.1- Description of the Production Route

In this first part of the chapter structural foams production route is described.

Structural foams are commonly produced by injection molding, in any of its
several variants. But this production route present several undesirable drawbacks. The
initial investments are high, the surface quality of the parts produced is not always as
good as desired, parts have always high densities and in general the control over the

final cellular structure is poor (see chapter 2, section 2.4.2.1).

The work presented in this section is entitled “A new technology for the
production of polymer structural foams”. The work presents the fundamentals, from
a scientific and technical point of view, of a new technology developed for the
production of structural foams. This technology covers some of the drawbacks

previously mentioned:
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e The initial investments are low. The molds are cheaper than in injection
molding and the technology used is simple.

¢ The surface quality is good, comparable to the one obtained in solid parts.

« A higher control is achieved in morphological parameters as cell size,
thickness of the outer solid skins or bulk density.

* A lower range of densities is achievable compared to injection molding.

These mentioned characteristics together with the main features of this novel

route make it specially suitable for the production of small series.

The paper is focused on experimenting the physical mechanisms that allow

producing structural foams using a free foaming approach.
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INTRODUCTION

Industrial sectors as important as aeronautics, sporting goods, or the automotive
sector are demanding each time more and more foams with improved mechanical

properties.

It is well known that conventional foams (foams with constant relative density
along the volume) have relative low stiffness and strength when the density is reduced.
One way to improve these properties maintaining constant the bulk density consists in
producing foams with a sandwich structure, that is to say, presenting two outer solid
skins and an inner foamed core. This, usually named skin-core morphology, results in
high specific mechanical properties (strength to weight ratio) compared to non-

structural foams [1].

Commonly, the most usual method to produce structural foams is conventional
injection moulding. Some other more sophisticated methods have been developed but
based upon this previous one [2]. In all the cases the polymer, blowing agent and other
additives are injected inside a mould using high pressures. In the case of the
conventional process, the cold walls of the mould enable the polymer melt to solidify
without forming a cellular structure, achieving in this simple way the sandwich
structure characteristic of structural foams. Surface quality is not as good as desired
and the density reduction is not very high. In order to overcome these disadvantages
moulds that can be expanded after the injection of the polymer melt have been
designed. These expandable moulds allow a better control of the final cellular structure
but in general surface quality is not as good as needed for several industrial
applications. Other option consists in introducing a gas at elevated pressure inside the
mould before the polymer is injected. The gas is then evacuated as the polymer is
injected in a process that is commonly known as "gas counter pressure'. While doing
this, much better surface qualities are achieved but skin layers are in general very thin
[3,4]. Even a commercial route has been patented to achieve structural foams.

Smartfoam®, as it is commercially named, try to obtain a good surface quality with an
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adequate control of the cellular structure and skin layers thicker than in the previous
cases. In a first step solid polymer is injected inside the cavity of the mould forming the
solid outer skins. Then, gas is dissolved in the polymer in the injection unit and then
this polymer, with the gas already dissolved, is injected in the mould. This polymer-gas
mixture allows forming the cellular core of the foam. In a final step, solid polymer is
again injected to end the solid outer skins and as a consequence the structural foam
[5].

Injection moulding in all its forms is a quick process. From an industrial point of
view, large series of pieces can be produced in short time gaps and the characteristics
of these pieces are good enough to fulfill the requirements. But it presents also several
disadvantages. Moulds used in any of the processes described above are quite
expensive since the pressures used are quite high. At the same time the initial
investments necessary are also high and maybe even too high if the production consists
in small series. Besides, densities reachable in this process are high, in the order of 700
kg/m3, with difficulties to obtain lower densities combined with a good control of the

cellular structure and other parameters [6-10].

In this work we want to present an alternative route to the production of
structural foams that has nothing to do with injection moulding. From an industrial
point of view, much cheaper moulds and lower initial investments are required. This
makes the process very convenient specially for the production of small series. At the
same time, lower densities are reachable without sacrifying surface quality. From a
scientific point of view it is possible to produce both conventional and structural foams
using practically the same process, same composition and in the same density range
which allow us to compare systematically the behavior of both kind of foams. Good
control over the cellular structure from the point of view of cell size and homogeneity is
achieved. Skin thickness, density profile and global density can be controlled
independently following the procedure presented in this work. The structural
characterization of the foams produced under this new route has been also made
showing at the end the improvement in mechanical properties that these new structural

foams present.

EXPERIMENTAL
Materials

Polyethylene-based structural foams have been produced in this work. The

polymer selected is a low density polyethylene (LDPE) PEOO3 from Repsol Alcudia with
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a density of 920 kg/m3 and a melt flow index of 4.2 g/10 min (190 °C and 2.16 kg).
The chemical blowing agent used is commercial azodicarbonamide Lanxess Porofor with
a particle size of 20 um. The percentage of azodicarbonamide used in all the cases was
7 wt.%. This percentage was found to be optimum for the purpose of this work in a
preliminary study. In order to promote the activation of azodicarbonamide a 0.06% of
ZnO was added as kicker. To prevent oxidation, Irganox 1010 was mixed in a

percentage of 0.1% together with a 1% of stearic acid as processing aid.

Samples Production

Foam discs of 150 mm in diameter were produced following a process of free-
foaming inside a mould at a temperature of 180 °C. To do this, solid sheets of precursor
material, which already contain the blowing agent and the rest of the additives, were
introduced inside a steel mould. After that, the mould is closed and put inside a pre-

heated furnace to undergo the free expansion process previously mentioned.

The aforementioned procedure is the one used in the production of conventional
foams, that is, those with a constant density along its profile. In the case of structural
foams, the only difference is that the inner surfaces of the steel mould walls were
covered with 1.5 mm sheet of silicone rubber AVSM141 from Avon Group
Manufacturing. This silicone rubber has a hardness of 60 and its operating
temperature conditions are between -40 °C and 200 °C. Solid skins are developed
everywhere where exists contact between the polymer and the silicone rubber during
foaming. The key parameter in the selection of silicone rubber as covering material is
its amorphous character and therefore its high capacity of dissolving gas as will be

shown later on.

The foaming process is the same for both kinds of structures (conventional and
structural foams), the only difference is the presence of silicone rubber covering the
walls of the mould in the case of structural materials. Chemical compositions and bulk
densities are the same what, from a scientific point of view is ideal to compare between

both kinds of materials.

Structural foams have a thickness of 12 mm and cover a range of densities
between 500 kg/m3 and 800 kg/m3. Density is controlled by the amount of precursor
material introduced in the mould and measured by geometrical procedures. To study
the dependency of skin thickness with time a unique density was chosen and samples
were produced with different foaming times at the same temperature of 180 °C.
Foaming time is an important parameter for these structural foams as will be seen

later.
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Morphology Analysis

Foam morphology characterization was made via scanning electron microscopy
with a microscope model JEOL JSM-S20. Micrographs were analyzed by means of the
image processing software ImageJ. Skin thickness was calculated as the average

distance between the sample surface and the closest cells to the skin.

RESULTS AND DISCUSSION

Structural Foams Production

As can be inferred from the experimental part, the only difference between the
production of conventional foams and structural foams in our case is the addition of a
silicone rubber sheet covering the internal walls of the mould. It has been
experimentally proved that all the parts of the sample that are in close contact with the
silicone rubber during foaming develop solid skins. These solid skins have a density
very near the one of LDPE as will be shown later. An example of the experimental set-

up used and the materials obtained is shown in figure 1.

Mould stesl
walls

Solid skins

a—  Foamed core

= Rnlin cking

‘\\\‘“- Silicone Rubber

Mould stes|
walls

Figure 1: Scheme of the disposition of the silicone rubber according to the sample.

Solid skins appear where the sample is in close contact with the rubber.

The formation of solid skins in the areas in close contact with this silicone rubber

is due to a process of gas diffusion from the polymer to the rubber [12,13,14,15]. The
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main gas released during the decomposition process of the azodicarbonamide is
nitrogen. At the foaming temperature and pressure developed inside the mould for a 7
% of blowing agent, nitrogen is in supercritical conditions. This, together with the
amorphous character of the silicone rubber, would improve the dissolution of gas in

this material.

To confirm this hypothesis a very simple experiment was carried out. Silicone
rubber was covered with conventional 50 ym aluminum foil in such a way that this
aluminum foil was in between the foam and the silicone. The idea is to avoid the
diffusion of gas from the polymer to the silicone maintaining intact the elastic and other
properties of the rubber. Foams produce following this procedure present no solid skin

as we expected. An example of this experiment is presented in figure 2.

Mould steal

Aluwmimium fail

s Foamed core

—— Aluminium fall

\H“'“‘“--.._,_

Silicone Rubbser

Mould steal
walls

Figure 2: Scheme of the disposition of the silicone rubber and aluminum foil according to the
sample. In this case no solid skins appear in the material.

Once the foaming has ended and the silicone covering is extracted outside the
mould, it would lose weight slowly as a consequence of re-diffusion of the gas to the
atmosphere. In the case that no gas would have dissolved, no weight loss would be
expected. Taking this into account the weight of the silicone covering was registered
continuously during the first 12 hours after the extraction from the mould. The silicone
piece was put inside the scales just after extracting it from the mould and weight was
registered recording 1 sample per second for about 12 hours. The results are presented

in figure 3.
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Figure 3: Weight loss of naked silicone rubber. This weight loss is due to the re-diffusion of gas
to the atmosphere

There is a clear weight loss reaching a total value of 0.07 % after 12 hours.
Previously a piece of silicone of the same dimensions and characteristics was
undergone the same temperature profile inside the furnace and weighted during the
same number of hours to exclude possible effects of contractions or heating of the air

inside the scales. No weight variation was found in this case.

In a second experiment the same procedure was followed with the piece of silicone
rubber covered with the aluminum foil. Since in this case the gas dissolution has been
almost completely avoided, a minimum weight loss is expected. A comparison between
the naked silicone rubber and the one covered with aluminum is presented in figure
number 4. According to our hypothesis the loss in this case is minimum and much

smaller than the one of the naked silicone with a total value of 0.018 % after 12 hours.
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Figure 4: Comparison with the silicone covered with aluminum foil. The weight loss is much
smaller in this case.

Altogether supports the idea that the gas from the outer parts of the foam
dissolves in the silicone rubber that is in contact with them and form the solid skins

typical of an structural foam.
Foam Morphology

In figure number 5 a micrograph of a foam produced under this new process is

presented

Figure 5: Micrograph of a structural foam produce under this new process.
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Two solid skins can be observed, each of them with a thickness that represents
approximately 10 % of the total thickness of the foam. In the central part the structure
of a conventional foam is observed, with cell sizes typical of a free foaming process. And
in between the solid skins and the central part, there exist two transition areas with
smaller cell sizes: this transition areas play a crucial role while determining the
mechanical properties of each sample. The structure is not essentially different from

the one of structural foams fabricated under an injection molding process.

Cell size and the vertical density profiles have been studied in a parallel work [11].
Since the formation of the solid skins is due to the dissolution of gas in the silicone
rubber, the final morphology is very dependent with processing parameters such as
temperature or pressure developed inside the mould. Pressure depends mainly on the
amount of blowing agent decompose, that is to say, on foaming time to a limit. At a
constant temperature and fixed density, different samples were produced at different

foaming times (30 min., 60 min., 90 min., 120 min. and 150 min.) to study the

variation of skin thickness. The corresponding micrographs are shown in figure 6.

Figure 6: Structural foams produced at five different foaming times of 30 min., 60 min., 90 min.,
120 min. And 150 min. Solid skin thickness is presented in each case.
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The skin thickness that can be achieved for a constat bulk density increases with
the foaming time. The dependency solid skin thickness versus foaming time is

presented in figure 7.
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Figure 7: Dependency of skin thickness with foaming time for a constant bulk density.

The decomposition with time of the azodicarbonamide is not a linear process [16]
and this fact would explain the non-linearity observed in figure 7. At higher pressures
inside the mould, the skin thickness that we can achieve is higher also, in concordance
with the hypothesis of gas dissolution presented. More foaming time means also longer
time to promote the gas dissolution from inner parts of the foam, therefore thicker solid

skins.

Both from a scientific and technical point of view, the availability of achieving
thicker solid skins for a fixed bulk density just varying the foaming time opens a broad

range of possibilities.

CONCLUSIONS

A new method is presented to produce structural foams in a very simple way.
Moulds are much cheaper and initial investments are much lower than in the case of
injection moulding which makes this new route very suitable, specially for small series.

Final foam structure and morphology is analogous to structural foams produced by
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injection moulding. Besides, the new route presented in this work yield samples with

improved surface quality.

The physical mechanism behind consists in a process of gas dissolution in an
amorphous material such as silicone rubber. The gas yielded by the decomposition of
azodicarbonamide from the outer parts of the foam migrates from the polymer to the
rubber, resulting in solid skins in all the areas in close contact with the amorphous

material.

Parameters such as skin thickness can be controlled independently of the bulk

density of the foam just varying the foaming time.

Since both conventional and structural foams are produced with the same
chemical composition, density and experimental conditions, we can make a proper

comparison of properties between materials produce under the same process.
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5.3.- Physical Properties of the Developed Structural Foams

The production of structural foams is highly motivated by the need in the market
of cellular materials with high specific mechanical properties. Several application
demand a combination of low densities with high mechanical properties that

conventional foams cannot cover.

This section presents a work entitled “Structural Characterization and
Mechanical Behaviour of LDPE Structural Foams. A Comparison with
Conventional Foams”. This work characterizes the main mechanical properties in
terms of tension, bending and compression of structural foams produced by Stages
Molding in a varied range of densities and compares them with their conventional
counterparts. Due to the nature of the production process, both structural and
conventional foams are produced in a very similar manner with slight differences in

between. This fact makes the properties comparison more accurate and reliable.

The density profiles of the foams have been characterized by x-rays radioscopy.
The structure found is similar to the ones obtained in structural foams produced by

injection molding.

The results have shown that bending properties are the ones more benefitted by

the skin-core morphology of the samples produced.
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compressed al rale of | momdmie, Reclauglar samples w0t dimensions of
15 e aricith, 100 mm length and hetghis of 9 and 12 puen ®ers et fram the
crizinal discs o carry ot threo-point bending tesls ol a rate of 10 wweefoin
wilh o span of 100 mm fallering the standerd UNES2202- 1, Tensile fests
were carried oul &l a speed of 30 rmmsmia at reom tempaerature using standiod
tost specimens pocording o TRNES3S10.

Adetailad description of those characterigition keboioues has been presionsly
publishie] ==,

e Carlar Mobappens, Fai, 28, Moo o
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Coamennona Foams

RESULTS AND DISCUSSION

Cell size

"The average coll size of the inner part of the structural foam was measured for all
the densiticsmder study. The results are showed in Figoree 1; 0 can be observed
that there exist o Livear felafionship between density end cell size. Cell sizoy
¢in vary in e wide range thel goss trom 600 pm to approximatehy 1400 pm.
Cell sizes for the fourned core of the stractural fosm are in the typical range
abtained for foams produced wnder & conventional fres eXpansion process,

Foam Maorphology

The morphology of these foams is not very different o the one of sbucmral
fizarms produced under an injecrion rnaoldog process™, InFigure 2 aierograph
af a foam produced under this new prucess is presented. Al the top and at
the bollom of the monage two =olid skins are observed. Two transition arcas
are detected immedistely after these solid skins. In these arcas the cellular
size is smaller than in the foamed core. These transition arcas play a crucial
role while studying the mechanical behaviour of a structural foam™™. AL the
centre of the image we find the typical foatned core with cell sues in the ranee
studiad abave,

1600
1400
12000 |
=
=
H J
H L L
T
R
| B Expuremzntl pacns
| = Linzr njmzain |
- - ' ]
A0k .
S5l & 550 00 TS0 L a5k

Drenziny, kgint®

Figure 1. Cell glze versus density for the loamed core of the strocinral foams

-
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1, Erendam, £ Seideans, WAL fodriguemiferer, B GorleMorms, and T4 e Sojfe

Figure 2. Micrograph of an structural foam produced under this new process

F 3
. Heighe: Smm

Figure 3. X-ray image of one typical structoral foam. In grey is represented the
analysed area for vertleal density profiles caleulation

Figure 3 shows an example of the images obtained using x-rays. The density
gradient trongh the sample thickness in clearly observed. In addition, 1t seems
clear the high homogeneity of the foamed materials.

Analysing thess images, numerical vertical density profiles were obtained for
all the structral samples. Average densitics caleulated by integration were in
goad accordance with the average densities measured geometrically from the
samples with an ecror not larger than a 3%,

Figure 4 corrcsponds with the numerical vertical density profiles for the
structural foams with densities of 630 kg/m® and 731 kg/m®. Again we can
observe the solid skins and transition areas considered before, The foamed

s — == —— — —_—

M Coitwdar Polymers, ¥l 24, Mo £ 5K
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Fipnre 4, XNumerical verfical profiles o two different structoral feames with
densitics of 630 kp'm’ and 731 koim*

core s o density well 2elow e averars density of the structural foam. There
1z sl u remaming imtuenee of the solid sheets of the procarsne introduced
ingida the mould a3 can be dedoced thom the peaks observed o the zooe of
the foamed corc.

Fruvm these dengily prodiles, we con muake o cheracterization of the dopendoness
of the skin thickness with the densicy of the sample. For a fived amount of
Dlowing egent and for samples foamed at te zame fempeatire aod foaoing
timz, & lincar dependeney s found berween density and skin thickness as it
cal be zeen in Figure 5,

MECITANICAL FROPERTIES

Clompression

Figure & shows the Young moduluz inoeampression measaned Tofly for
comrentinnal and stmectszl foams,

The saperimental dots wers litked oo analytical funedon of the fonm®®;

Celiuiar Falprars Wl 25, Mo a, 3008 Pl
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wlers O 15 2 constant aod (p/ps) s the relative denzite of the foam, The valoe
for (he expooent o in this case Is approsimately LE3 and C takes & value of
250 MPu. The cylindrcal samples wsed in thiz mechanical characlarization
had anlid lateral auter sking as well s solid skins in the superior and imienor
taps.

Agitean be obseryed 1 Fiewre 6, bere vre ool iopertanl iilersnces Do looms
wilh solid skins and fostns withoul selid skins. Yaluss of Younge muodules are
practically thz same for all densities. The seme lzol happens for the yiesld
sreangth (Fignre 73 and the cnergy ahsorhed. Young mncilus, vield seength
o eierey seorbed depend culy oo denshiy aod ool co e sacple stoocioe
to s case,

Solid sking represent an impertant amaunt. oF the tozal densityr of the foam, As
& consequence, the foamed core haz a much lower density than the average
o as b bheen observed above Wit the mimerical depsity peofiles, This
cembinatien of zold skine with o core of o densily well below e averamse
yields responss similar L s conventional foam.
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Tersion

Lis thiis case the fores was asphed parallel o the dizection of the solid outer
lawvers of e suvctnrsl foems. A graphical skelch of i disposal iz shown in
Fipure 8.

Yoang modulus was messured alio o ension, Again, no ditferenee boteeen
ginetural and comsentinral foumns 15 foend o can be observed in Figure 8.k
behaviour is the same for bach kinds of stuclures having a de pendsney only
with densly, Selid ovter skins do nar scem o play sany mole. The explanation
foor this fact 1% the swmne as in the case of compressinm.

Thez sttain arhresk for hoth kinds of Garns was alwo considersd, its dependercy
willi density 32 plorred Tn Figoee Y. In this cose, high difercoces sere foand.
Fr stouclural [oams (s =alne iz af Teast a 20%5% lower than 1o the case of
comventional foamns. The lower density core in the case of the struciural fodms
acts as an arca thal enables the fuiluge of the sample &t levrer strans Lhan in
e caze of the cnnventionul omes.

Hendding

It does cotexist a complete dependency Between sieass and strain in the curve
ot the bending bebavionr, ga in ardey o have comparable valoes for Ges Besirs]

1300

120 4 —a=Nr el fa _
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Figurc 8 Young's modulos in tenzion. Comparison for both kinds of sbractores
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Fipure . Strain at hreak for the different densities stodied

el alns, & cosstanl delommilien of 19 ws chosen, o caleulute o thicknesss-
incependent celormation the following formuly was wead,

GO0-5-H
de . b
iz

where 5 iz the pzrpandicular distance ta the nentral axis, s e hickoess of
he Leane and L iz the Jistapcs belvessy rods durine the (el (spain).

At this constant deformation, the flexural modulas was calewlated wsing the

forrnla;
S; : ""l'lﬂ.r.'lﬂ ."'E:'r\"i _-"l,]:'
L= p[LH285] ) - D84 ]
ABW Y L8| Ay

where AP iz the Ioad applicd, Ay 1 the distance to the neatral axis and 5, B
and W zre goometrical parameters of the baam as depictad in Figure 1),

In this case, the lorcs s apphied perpendicular to the selid skins. The fexural
modulos culenlated this way s plottsd in Figure 11, As was expoceed, the tap
and bottom solid skins play a very Important role inercasing the mechanical

Celular Fofpmery, Tod. 28 No, 4, 200% 194
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Figure 11, Flexoral modolus for stroctural and conventional foams

properties in hending for structural foams, In Figure 11, it can be seen that
flexural modulos values are more than a 50% higher than in the case of
conventional foams, Solid skins are supporiing most of the applied load. This
resuli is supported by the work of Harisock that assumes that the suffness of a
sandwich stmeture is only related to the contribution of the skin layers™,

— S ——

| Cefltar Pajpmars, Tol. 28, Ma. 4 2009
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Steustanoai Claorecfenianttan and ochaniag)! Pofigwayr af LDEF P foere! Fovwmmr A Covmpoveniene will
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CONCLUSIONS

From a scienlific peist of view, we can produce stmzhoeal and comventiomul
fowrns inoa very sidlor process. Theiefare wie car make a eomparison of
propemics Detween materiols produce umler the same process.

Murnerical vertical dansity profiles have heen caleulated using x-ray images
for al! the towme. The Lvpacal stiactoes of solid skins followed 1w & ensition
arca gnd 2 fozmed core with v densily well below the #verage of the sample
iz found, This soructere is not difterent to e one Toum] o stieocinal Toam
produced undeor an injection moulding process.

In ordes o compare e mechanical propertics, conventional end strictural
foams have been prodoced by s nesy methes] with similar densitics, For the
Woung moxduhis in comprassion drene mre no differences belween conventional
and stmetirgl foams as tor the yizld strength and enerry absorbed, depending:
thesses vilues only of he averass denaity of the sample. The same resultis found
while mmepsuddng the ¥omng, medlug in fension. On the comirary the sindn al
brewb in Lsnsion i al least o 205 lower in the case of stnichira! fozms,

Flexural modnlns prosents impartant differencss in e caes of the structural
[oams. Slrucioral Toams incrament their hending propertics in al lewst o 3%
in compurisen with cenventionsl foams with the same avarags density.
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Chapter 6. Combination of Modifications in the Polymer Matrix and in the Cellular
Structure.

6.1.- INTRODUCTION

The present chapter combines both types of strategies to improve the physical
properties of cellular materials: modifications in the polymer matrix and modifications

in the cellular structure.

On the contrary to the previous chapters, the polymer matrix selected in this

section is polypropylene.

The modifications in the polymer matrix follow the same approaches used in
chapter 4: addition of montmorillonite-type nanoclays together with a coupling agent,
in this case based on maleic anhydride grafted polypropylene (MAH-g-PP). Together
with this, branched polypropylenes with high melt strength (HMS) are used.

The modifications in the cellular structure are obtained using Improved
Compression Molding (see chapter 3) as foaming method. A tailored control of the
foaming parameters yields cellular morphologies with high specific mechanical

properties as will be seen.

Altogether it allows obtaining two different versions of low density polypropylene
foams, open cell and closed cell, with high specific mechanical properties in both cases.
Since the polymer matrix has suffered no crosslinking, the cellular materials produced
are recyclable. The physical properties of these materials have been compared with

those of commercial materials of the same densities.

The foaming technology presented in this chapter has been named AniCell and it
has been patented. The patent document can be found in Annex I at the end of the

manuscript.

All the research that is encompassed in this chapter was developed in the frame of
the European Project Nancore: Microcellular Nanocomposites for Substitution of
Balsa Wood and PVC Core Material. The objective of this project was the substitution
of balsa wood and PVC foams as core materials for lightweight composite sandwich
structures. The material is intended to be applicable for widespread industrial use, as

for example in the windpower industry, rail, ship building or the automotive sector.
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6.2.- MODIFICATIONS OF THE CHEMISTRY OF THE POLYMER MATRIX
COMBINED WITH MODIFICATIONS OF THE CELLULAR STRUCTURE: ANICELL

6.2.1- Description of the Production Route

In this section a brief description of the production route and foaming parameters
are presented. Further details about the production route can be found in the
corresponding patent document and the second scientific work enclosed. The

morphology of the cellular structure is also studied using x-ray microtomography.

The work presented in this section is entitled “X-ray Microtomographic Study
of Nanoclays-Polypropylene Foams” and is published in the Journal of Cellular
Polymers Vol. 30, n°® 3 pp. 95-109 (2011). As already mentioned, mechanical properties
have a strong dependency with the global cellular morphology of the foam: cell size,
homogeneity, cell density and specially with the anisotropy ratio of the cells. This work
characterizes, by x-ray microtomography, the cellular structure of polypropylene foams

produced by improved compression molding using different foaming parameters.

Microtomography is a non-destructive technique so it allows making mechanical
tests on the same specimens that have been characterize by microtomography,

establishing a direct correlation.

The work establishes a relationship between cell volume distribution, sphericity of
the cells (anisotropy ratio) and processing parameters. This relationship helps to later

tailor the foaming parameters to obtain the best mechanical behavior (section 6.4.2).
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X-ray Microtomographic Study of
Nanoclay-Polypropylene Foams

Y. M2?, R. Pyrz*!, M.A. Rodriguez-Perez®, J. Escudero®,
J.Ch. Rauhe' and X. Su?

'Departmant of Mechanical and Manufacturing Enginearing, Aaiborg Univaraity, 8220
Aatbong East, Danmark

ELTCS and Daparirmaent of Mechanics & Aaraspace Engineanng, College of
Enginesring, Paking Unlvarslly, Baiing 100877, PR. Ching

Caldar Materals Laboratory (CelMat), Condensed Matter Physics Dapartrmant,
Lirfversity of Valadald, 47077 Valadohd, Spain

Receivad: 10 March 2011, Accepted: 7 April 2011

SUMMARY

In the presant paper X-ray microfomography lechnigue has bean apoied
to imestigale infenal, thvee dimensional structure of claypolpropiens
nanocomposite foams. Several sels of foam samples wene prapared using the
improved comaression mowlbing teciimgue that alows conlraling indapendarntly
the cels’ size, cels” shape and density of foams. Than the X-ray magss wers
acquired folowed by an application of image processing staps and final
reconshuction of foams microsiructure, Volume distribution of colls has bean
extractad from thres dimensianal images and related o processing parameters.
Since not only the slxa but also the shape of cels influences a load bearng
capaciy of foams, the sphenclly paramnelor has baen selecled as 8 relative
quantier of cells shaps. The sphancily parameter has besen also relaled fo
different processing parsmelars,

INTRODUCTION

Mechanical performance of cellular foams depends on properties of a
buliding material and gaometrical morphology of cells i.e. their density, size
and orlentation distribution, their shape and wall thickness distribution.
Mechanical modeliing of celiular foams usually idealizes the foam structure
as being described by a polygonal network In two dimensions [1, 2] or three

"comasponding author, amail: rp@metech.am.dk
“Smithers Rapra Technology, 2011

Caltlar Pohyrams, Wol 30, No. 3, 2017 25

261



Cellular Materials Laboratory 2015 J. Escudero Arconada

¥ Mo, B Puz, M.A. RodriguezPeraz, |, Evcudivo, J.Ch, Raube | and X, Su

e —

dimensional polyhedral structure [3-5]. Thesa kinds of analyses provided
many useful iInformation relating geometrical features of the microstructure
to the overall properties. The geometrical descriptors of idealized cells
such as cell edge length, number of junctions per wall, wall thickness and
shape, and anisotropy and randomness issues can be easily identified in
these models and subject to alteration for parametric studies. Furthermore,
different morpheological descriptors can be derived based upon well defined
geomeatrical features of cells. However, in many practical instances morphology
of cells does not reveal any geometrical regularity [6-10] and addressing
quantification of size and shape of cells needs other approaches. This is also
true for the present work. Furthermore, a common problem in morpholegical
analysis of non-homogeneous materials is that three-dimensional information
of microstructure is required but its images are two-dimensional. Monitoring
materials’ microstructure using X-ray microtomography allows us to begin
to bridge this gap since a three-dimensional Image of the specimen can be
reconstructed from non-destructive, serial sections and can be processad
to show and measure three-dimensional features.

Most X-ray microtomography developments have so far bean made using
large synchrotron sources. This has limited X-ray microtomography to a
research tool available only at the major synchrotron facilities. The use of
X-ray tubes with a very small focus togsther with a very sensitive recording
devices enable the design of a bench-top X-ray microtomography with a
spatial resolution less than 3 micrometers. This technigue has been subject
to significant improvements during recent years and is used in the present
work to reconstruct and analyse foam microstructure of clay/polypropylens
nanocompaosite materials.

The material samples were prepared using improved compression moulding
technique [11] and several sets of foam specimens have been processed
altering processing parameters. Three dimensional reconstructed images
of foams have been created from X-ray scans after an appropriate image
processing procedure was developed and implemented to X-ray scans. The
volume distribution of cells has been extracted from reconstructed images
and related to some processing parametars and mechanical properties. As the
shape of cells does not appear to exhibit geometrical regularity, the sphericity
parameter has been used to characterize the shape of cells.

MATERIALS PREPARATION

Foams were produced using the improved comprassion moulding technology.
Pallets containing the formuiation based on a high melt strength pelypropylene,
nanociays (5wt%) and a chemical blowing agent were inserted into a cylindrical

i Cafitlar Pobermars, Vil 30, Mo 3, 20717
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mould. The pellets were heated up to the decomposition temperature of the
blowing agent and during this stage the pellets were constrained to expand by
the application of external pressura axaerted through a piston placed inside the
mould. After the whole blowing agent had decomposed the piston was moved
in a controlled manner to release the pressure. The foaming tock place during
maovement of the piston. This procedure allows controlling independently the
density and cell sizes of foams and the details of the technique are described
elsewhera [11, 12].

Two sets of samples have been prepared with processing parameters and
rasulting mechanical properties listed in Table 1. The first series of samples
with four spacimen families wera manufactured with variable foaming pressure
keeping other parameters constant. These specimens were used for a basic
morphological analysis. In the second series of samples threa specimens’
families were prepared with single changes of temperature and pressure
keaping the blowing agent content at half amount as applied in the first sat
of samples. The purpose of the second set of samples has been to give only
indicative information how the microstructure will change under alteration of
a singled out processing parameter.

Table 1. Processing parameters and mechanical properties of
samplos

Somple | Blowing Foaming | Foaming ﬂan:-il; Young's | Compressive
ogent temperature | pressure | [kg/m’] | modulus strangth
content (%] | ['C] | [MPa] [MPa] |  [MPa]
Series 1
1.1 & 180 833 afr o g 421 .54
1.2 5 180 3.80 174.5 46.6 0.61
1.3 8 180 1.67 183.6 58.0 020
I.d4 ] 120 .87 184.3 7B.6 .88
Series 2
2.1 2.5 180 1.67 1825 115.0 2.0
2.2 2.5 180 0.67 1737 48.8 1.1
243 2.5 180 0.67 158.2 r.a 1.14
X-RAY MICROTOMOGRAPHY

In X-ray microtomography, the object is rotated to obtain radiographic
projections from different viewing angles. The projections are the measured
values of the overall attenuation that X-rays undergo when they travel through
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the object, Figure 1. The object can be moved up and down depending on the
axlal pesition of the volume element to be irradiated. An image magnification
is achieved by moving the object horizontally between the source-detector
set. The attenuation of each ray in a beam results from interactions between
the radiation used for imaging and the substance of which the object is
composed, X-rays passing through material are absorbed according to a
linear attenuation coefficient that has some spatial variation depending on
the local composition and density. These differances in the linear attenuation
coefficient provide the contrast necessary to form an image. In an idealized
case of parallel X-ray fllumination a profile of the attenuation through the
sample iz obtained. Practically, the attenuation measurement is averaged
over a finite-sized volume alement in the sampie since the detector has finite
spatial resolution to discriminate between closely spaced ray paths. By rotating
the sample in discrete angular increments through 180° and collecting every
time projection images, sufficient data are obtained to reconstruct slices of
the three-dimensional object. A reconstruction procedure is usually based
on the back-projection principle. The attenuation recorded In each projection
is due to the microstructure of the object along the individual lines. It is not
possible to know from one projection where along the line the attenuation
occurs. However, it is possible to distribute the measured attenuation evenly
along the line. If this is done along projections from several angular views,
the superposition of the attenuation values should correspond to the features
prasent in the microstructure, Figure 2.

Recorded signal

a5 Cakulsr Polymers, Vil 30, Mo, 4, 2077
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Figure 2. Reconsiruction procaduve for plane cross sections

All these projections are used in a reconstruction algorithm, which calculates a
sot of serial non-destructive sectinona whera thae interpretation of the image, Le.

cross section, can be done in terms of attenuation of the X-rays in the object.
Then, a three-dimensional image of the specimen can be reconstructed from
serial sections and can be processed to show and measure three-dimensional
features. A presence of noise in reconstructed images is inherent to the X-ray
technique and therefora It Is Important to select an analysis method that would
solve a problem of image deblurring in an efficient way.

Inthe present work the Skyscan 1072 X-ray scannerwas used with the resolution
3 pm. The three dimensional reconstructed images have been subjected to
image processing procedurs using Aphelion image processing package. For
llustrative purposes, the major steps in the procedure are shown in Figure 3
for reconstructed plane cross sections. The three dimensional image analysis
follows the same steps. Figure 3a shows a gray image of the reconstructed
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Figure 3. Original grey scale image from the X-ray scanner (a; image after median
fiter appiication (b); binary image affer threshalding (o), binary image affar the
unconstrained watarshad segmentation (d); binary image after the constrained
segmantation &)

cross section obtained from the scanner followed by the application of a
meadian filter in Figure 3b. The median filtering does not introduce new gray
values to the feature and preserves the edges, Then a binary thresholding is
applied to the image (Figure 3c) converting the image into the set of black and
white pixals. This step removes the noise however thin walls, that only weakly
attenuate X-rays and have a light grey appearance, may be also removed
from the image. Rebuilding thin walls can be done using so called watershad
segmentation procedure which in many Instances leads to oversegmentation
i.e. creation of new artificial walls not present in the structure (Figure 3d). This
can be avoided by the application of constrained watershed segmentation
which Iz more comprehensive and removes deficlencies of the standard

100
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watershed segmentation [13]. The final image, Figure 3e, is used for creation
of three-dimensional structure and for measuramaents.,

The left column in Figure 4 shows the plane sectlon arbitrarily selectad
from the stack of reconstructed cross sections for each sample belonging

Figure 4. Raconstructed cross sections flefl column) and cormesponding three-
dimansional images {rght column) of samplas from the first senes of expanmental
specimans 1.1-1.4 {from top to boftomn)
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to the first series of axperimental specimens whereas the right column
illustratas comasponding thres dimensional structures. In the similar way
Figure 5 illustrates internal structure of samples from the second series of
experimental specimens. For comparative purposes a SEM image of sample
2.1 is shown in Figure 6. An appearance of small cell clusters surrounded
by larger cells is clearly seen on SEM and reconstructed cross section from

Figure 5. Recanstrucied cross sections fleff column) and corrasponding three-
dimensional images {right column) of samples from the first sanbs of expenmental
spacimens 2,1-2.3 ffrom top to bottom)

102 Celulr Pobmars, Vol 30, Mo, 3, 2077
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WO 250 mm

Figure 6. SEM image of foam siruciure for 2.7 specimen

Figure 5a. Apart from being visually very informative the reconstructed three
dimensional images provide quantitative data regarding the microstructure
build up. Each voxel i.e. three dimensional pixel of the image, belongs either
to the substance or to the pore and Cartesian coordinates are assigned to all
voxels in the reconstructed image allowing to perform spacial measurements
of volume, surface and line geometrical antities. It should be pointed out that
for a better clarity of three dimensional images the assignment of voxels has

been inverted in Figures 4 and 5 l.e. the pores are seen as solid features
whereas the cell walls are indicated as porous skelaton.

ANALYSIS AND DISCUSSION

The total porosity of the foams has been calculated as a volume fraction of
voxels belonging to the pore. In the similar manner, the distribution of cells
volume has been calculated as an overall volume of voxels contained within
single cells. The frequency distribution of cell velumes for all samples Is shown
in Figure 7. The logarithmic horizontal axis indicates that all samples contain
a broad range of cell volumes. The variation of the mean cell volume and
the specific Young's modulus with the applied foaming pressure is shown in
Figure 8 for the first series of samples. It is clear that decreasing the foaming
pressura results in larger mean cell volumes and improved stiffness. However
this conclusion should be supplemented with further observation extracted

from X-ray iImages. For each experimental sample an x quantile of ¥ quantity
has bean calculated. If the selected quantity cormasponds to cell volume than

Celular Polymers, W, 30, Nao, 3, 20117 103
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Table 2. Morphological parameters of samples

Somple Porosity Cal voluma [mm?] E-03 Mean
[%] mean 0.25 0.5 .75 | Spherclty
guartile | quantile | guantile P masn
Serles 1
1.1 ag8 B.OB 1.01 276 9.06 0.7oa
1.2 84 10,30 (.64 1.88 T.18 0704
1.3 BS 15.40 0.7 2.53 14.80 0.688
1.4 B 20,30 .32 2.08 6.57 0,649
Saries 2
241 (5 8] 862 D.av 2.01 4.15 0. 781
22 83 10.60 1.41 2.88 5.88 0. 742
2.3 a5 14.30 0.58 1.76 5.47 0637

0.25 quantile of cell volume population ¥ means that 25% of cells in the
population have volume less than Y. The data is presented in Table 2. Now
looking at the 0.75 quantile from samples 1.4 of the first series it follows that
75% of cell valumes is less than 5.57 mm® E-03. Thus a majority of cells have
relatively small volumes and the large value for the mean cell volume comes
from less populated by large celis.

In the second series of samples the content of the blowing agent has been
reduced to 2.5 wt% and only single changes in temperature (specimens 2.2)
and foaming pressure (specimens 2.1 and 2.3) have been made. The material
data from Table 1 indicate that specimens 2.1 exhibit significantly improved
mechanical properties. Furthermore, the mean volume of cells is small and
quantile values indicate that 75% of cells have mean volume smaller than
4.15 mm? E-03 which is well below the value for the best 1.4 sample from the
first series. It also appears that lowering the foaming temperature detariorates
mechanical properties of foams.

it is apparent from X-ray and SEM images that cell shapes cannot be
approximated by polyhedral network and characterized in topological tarms,
and therefore other shape descriptors would be useful. A sphericity parameter,
@, is a compactness measure of a shape. It is defined [14] as the ratio of the
surface area of a sphere (with the same volume as the given particle) to the
surface area of the particle. In the present setting a particle represents the
cell. The exprassion for the sphericity reads:

i- %IEE:'LUE
A, B
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Figure 7. Frequency distnbution of cell volurmas for sampies from the first seres (a)
and far samples from the secand saenes (b

where V', is volume of the cell and A, is the surface area of the cell. The surface
area can be also calculated from iImage voxels. The sphericity parameters for all
samples are included in Table 2. The frequency distribution of the sphericity for
the sample 2.1 having the best mechanical characteristics is shown in Figure
9. The solid line represents the p distribution function which approximates the
discrete frequency distribution of the sphericity. Increasing sphericity of cells
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Figure 8. Frequancy disirbution of sphericily for the spaciman 2.1

from the first serles of expariments follows with the increasing foaming pressure,
Figure 10. However, the changes in some of the processing parameters (samplas
2.1 and 2.3) result in shifting sphericity values to other intervals as indicated in
Figure 10 by two outllers. It is however expected that the monotonic relation
between foaming pressure and sphericity will be maintained.
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Figure 10. \aration of the sphancily parameter with foaming prazsure

The present analysis indicates that a monotonic relation between processing
parameters and/ or mechanical characteristics of foams and representative
morphological descriptors of foams may exist. The challenge i= to select
adequate parameters that can be assessed and measured on real three-
dimensional microstructure and are related to processing conditions and
mechanical properties. For instance, from parametric studies of Voronoi
polyhedral foams [3] it follows that nodal connectivity of cells significantly
influences mechanical response of foams and the connectivity increase
enhances the mechanical properties through the shift from the bending
deformation modes toward stretching deformation modes. However, by no
means it is the only parameter that is related to mechanical properties and
more importantly, for most traditional foaming technologles nodal connectivity
cannot ba controlled and usually appears to have a low averaged value around
3. The degres of irregularity of celis, cell wall shapes, spacial distribution of
cell volumes and clustering tendency are other factors that are related to
processing parameters and deformation mechanisms that determine the
mechanical response,

CONCLUSION

The most important aspect of X-ray microtomography Is that the method is
non-destructive and provides the microstructure of foams as it Is not as it

Callular Polymars, Vid, 30, Mo, 3, 2011 To¥
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is described by some mathematical model. As a consequence, geometrical
features of the microstructure that characterize its morpholegy can ba assessed
and measured. This has been done In the present work for the cell volume
distribution and sphericity parameter. Both entities appear to be related to
processing parameters and mechanical properties of foams processed using
theimproved compression moulding technique. In order to pradict the relations
that might exist between morphological descriptors and mechanical and
processing parameters it s necessary to determine deformation mechanisms
operative in the microstructure under loading. This can be done by performing
in situ loading experiments on foam samples mounted in the loading device
that is placed inside the X-ray scanner chamber. The investigation is actually
In the progress.
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6.3.- Physical Properties of the Developed Structural Foams

Polypropylene has a low cost, high stiffness for static load bearing purposes and
higher service temperature than other polymer matrices, which make it a very
interesting material for several different applications. But, in spite of all the previous
advantages, the foamability of polypropylene is not good. It presents a low melt
strength, so achieving high expansion ratios (higher than 2) is not easy. Due to this,
achieving low densities with closed cell structures showing high mechanical properties

with a non-crosslinked polypropylene matrix is the aim of this research.

This section presents a work entitled “Low Density Non-Crosslinked
Closed/Open Cell Polypropylene Foams with High Mechanical Properties:
Rheology, Cellular Morphology and Mechanical Behavior”.

Rheology plays a fundamental role in the consecution of closed or open cell
polypropylene foams. The work establishes a relation between rheological behavior,
open cell content and mechanical performance, so an initial characterization of the
rheological properties of the polypropylene matrix is fundamental for the prediction of
the later properties that can be expected in the foams. In the same line of previous
chapters, nanoclays have a detrimental effect on the rheological properties of the
polymer matrix and therefore the cellular structures obtained have a higher open cell

content.

On the one hand close cell foams with densities in the range 90-200 kg/m3 are
obtained. These samples present high specific mechanical properties, comparable or
even better than commercial PVC or SAN foams. On the other hand the addition of
nanoclays prevents from achieving closed cell foams but in spite of this, the reinforcing
role played by the nanoclays help to obtain open cell foams with high specific
mechanical properties too. This combination open cell/high mechanical properties

covers a range of properties not typically reached by other materials.

Therefore, two different versions of foams are presented in this work, closed and
open cell, with physical properties comparable or better to other commercial materials,
recyclable and in an interesting density range (90-200 kg/m3). These materials has
been named Anicell and in principle they could be good substitutes of current materials

in several applications as it is summarized in figure 6.1.

276



Chapter 6. Combination of Modifications in the Polymer Matrix and in the Cellular

Structure.
Mairices
AniCell

Merowl Crawm gl Tryrierad Parnh

Figure 6.1: Schematic summary of the potential applications and principal

advantages offered by AniCell.
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ABSTRACT

Low density polypropylene based foams with different cellular structures have been produced
by the improved compression molding route using a high melt strength polypropylene as matrix
polymer. In addition, different type of nanoparticles has been introduced in the formulation
(multi-wall carbon nanotubes, organomodifed nanoclays and natural nanoclays) to modify the
structure and properties. The results have showed a clear correlation between the open cell
content of the foams and the mechanical properties in compression. In the unfilled
polypropylene high specific mechanical properties are only achievable with low values of open
cell content. In comparison, for an equal value of the interconnectivity between cells, the
samples containing nanoclays present much higher specific properties. This result is attributed
to the reinforcement of these nanoparticles in the solid matrix, due to an improved exfoliation
during the foaming process and the presence of a bimodal cellular structure. The produced
foams have interesting properties with stiffness similar to those of commercial polymer foams
used for the core of sandwich panels.

Key-words: PP foams, nanocomposites, nanoclays, carbon nanotubes, open cell content
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INTRODUCTION

Polymeric foams can be defined as two-phase materials in which a gas is dispersed in a
continuous macromolecular phase [1,2]. These materials have wide applications in insulation
and packaging as well as in the automotive and construction industries because of their
excellent properties: they are light-weight and exhibit a high stiffness and strength to weight
ratio, superior insulating qualities and excellent energy absorption. PE and PS are two of the
most commonly used materials for thermoplastic foam production [3] but, due to its
outstanding functional characteristics, PP has been considered industrially as substitute for
these materials. PP has a low material cost like PE but on the contrary it presents a much better
stiffness for static load bearing purposes. Since at room temperature PP is in rubbery state its
impact resistance is higher than the one of PS. PE and PS foams are not suitable in applications
that require high service temperatures, the heat deflection temperature of PP in comparison is
higher. Finally PP foams have a comparable chemical resistance to PE but better than PS [1-4].

It is well known that for foams the loss of mechanical properties at low relative densities is very
strong, with normally a square dependency with density [1,2,6]. The most common approaches
followed to solve this problem consist on the one hand on reinforcing the polymer matrix trying
to increase its stiffness and on the other hand on modifying the cellular structure of the foam
somehow to improve the mechanical behavior [5,6].

Dealing with the first approach, in the last years a lot of efforts have been focused in the
production of polymer composite foams reinforced with particles in the nano-scale dimension.
Several nanoparticles have been used for this purpose, namely carbon nanotubes, carbon
nanofibers or silica particles but one of the most extended and promising ones is the
reinforcement using nanoclays. The addition of these silicate layered nanoparticles imparts to
the polymer good thermal stability, high heat distortion temperature and high specific stiffness
at low concentrations of filler. Several works in the literature have studied nanoclays-filled
polypropylene foams using different foaming methods and diverse blowing agents. Chaudary et
al. found that the addition of nanoclays to a linear PP promotes the strain hardening
phenomenon. The foams were produced by extrusion foaming using a chemical blowing agent
[7]. Due to the appearance of the strain hardening they obtained much better foams with the
nanofilled samples than with the raw linear PP. A similar discussion is done by Zhai et al. in
terms of cell nucleation and cell coalescence. The addition of nanoclays (5 wt.%) dramatically
improves the cell morphology of extruded foams using CO, as physical blowing agent
[8].Antunes et al. compared the effect of different fillers in polypropylene based foams.
Together with nanoclays the study includes the effect of other fillers such as cellulose fibers or
carbon nanofibers [9]. Although the semicrystalline character of polypropylene makes difficult
its foaming using a batch gas dissolution foaming technique Velasco et al. accomplished an
study using this procedure. The study compares the microcellular foamability of raw
polypropylene with two filled polypropylenes, one reinforced with cellulosic fibers and the
other one using organomodifiednanoclays. The cellular structure found was finer in the case of
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the nanoclays-filled formulations. This fact together with the inherent reinforcement over the
solid matrix yielded foams with improved stiffness [10].

Concerning the second approach the influence of the cellular structure and morphology on the
mechanical properties of a foam is a broadly studied topic in the literature. Several parameters
can be distinguished as the most influencing ones, namely cell size, cellular homogeneity,
anisotropy ratio and open cell content.

The influence of the cell size on the mechanical performance is not a well-established subject
with different controversial studies. Gong et al. found an enhancement in mechanical properties
of chemically foamed PP microcellular samples with the reduction of the cell size [11]. Similar
results were found by Rachtanapunp and co-workers in PP/PE blends. Smaller and more
uniform cells resulted in improvements of the compressive properties [12,13]. The beneficial
effects of cell uniformity were studied also by Saiz-Arroyo et al. using either physical or chemical
blowing agents in PP based foams. Each type of blowing agent produces better foams in a
certain density range and it is found that the measured mechanical properties are deeply
influenced by the cell size homogeneity achieved in each case [14]. Miller and co-workers found
important improvements in the tensile and impact properties of PEl foams when passing from
the microcellular to the nanocellular range but no improvement was observed when passing
from the conventional to the microcellular range [15,16]. No improvement was neither found
with the reduction of cell size in the tensile properties of polycarbonate foams produced using
sub-critical CO, by Weller et al [17,18].

The effect of anisotropy ratio of the cells has been deeply studied both from a theoretical [6,19]
and experimental [20-23] point of view in diverse polymer systems. Compression properties are
the most benefitted ones from the anisotropy when measured in a direction coinciding with the
direction of higher elongation of the cells. Theoretically, the quotient between the elastic

modulus measured in the anisotropy direction and the same property measured in a
E 2R?
- = ——— where E; and E; are the
El 1+(R—3)

elastic modulus in the anisotropy direction and in a perpendicular one respectively and R

perpendicular direction can be modeled by the formula

represents the anisotropy ratio of the foam [19]. As can be observed, the dependency with R is
very strong for the compressive properties. There are several industrial foam production
processes that try to take advantage of this fact too [24-26]. The present work pays special
attention to the open cell content of the produced foams. They are classified as open cell foams
when OC is higher than 80% while on the contrary, they are classified as closed cell foams when
OC is lower than 20%. This parameter is related with how the mass is distributed in the foam
structure. The preferential distribution of mass in the cell walls yields closed cell morphologies
and on the contrary, when the mass is preferentially distributed in the struts open cell
structures are obtained. This mass distribution is directly connected with the observed
mechanical properties of the foam [6].

In the particular case of PP obtaining closed cell structures is not a simple task and this fact has
limited the applicability of PP foams. The low melt strength exhibited by the linear
polypropyelenes leads to rupture of the cell walls under the elongational forces occurring
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during cell growth; as a result final foam has a high amount of coalesced and open cells which
harms mechanical properties. This low melt strength hinders also the production of low density
PP based foams [14, 27]. Literature contains numerous and very different attempts to surmount
these problems. Ahmadi and Hornsby tried to improve the foamability of PP just by modifying
the foaming conditions during injection molding [28]. As it was mentioned in previous
paragraphs, the addition of certain types of particles to linear polypropylenes increases the melt
strength and imparts typical features of branched polymers [7,8]. A less desirable solution goes
through the crosslinking of the PP matrix. It turns the polymer non-recyclable and at the same
time the crosslinking process can involve a certain degree of dangerousness [29-31]. A simple
and extended solution consist in using special grades of PP known as high melt strength on
which, by promoting a high degree of branching, the melt strength is significantly increased.
Although the price of these branched grades can double the price of the normal ones the
simplicity of the processing techniques makes the global production economically affordable
[32-34].

The aim of this work is to present a procedure for the production of low density non-crosslinked
closed/open cell polypropylene foams with high specific mechanical properties. These novel
materials are based on a branched polymer and produced using the improved compression
molding technique [35-38]. The variation of the processing conditions and polymer formulation
yields a broad range of different cell openness which therefore permits an experimental study
of the dependency between mechanical properties and open cell content. The almost
unexplored possibility of combining high open cell contents with high specific mechanical
properties is also studied and achieved by the reinforcement of the polymer matrix with
organomodified and natural nanoclays together with carbon nanotubes.

EXPERIMENTAL
e Materials

A branched high melt strength homopolymer polypropylene (Daploy WB 130 HMS from
Borealis) was used as main polymer matrix in all the cases. The density of this polymer is 910
kg/cm?. The melt flow index for this polymer is 2.4 g/10 min (230 2C/2.16 kg) and the melting
temperature is 163 2C. Several different kinds of nanoparticles were used as additives:
montmorillonite-type nanoclays organomodified with quaternary ammonium salts Cloisite 20 A
from Southern Clay Products, multiwall carbon nanotubes (MWCNT) in masterbatch form
(Plasticyl PP2001 with 20 wt.% of carbon nanotubes Nanocyl NC7000 from Nanocyl, MFI=0.3
g/10 min) and natural nanoclays Cloisite Na* from Southern Clay Products. In order to improve
the dispersion and exfoliation of the organomodified nanoclays a coupling agent was also used.
This coupling agent is a 1 wt.% maleic grafted polypropylene Polybond 3200 from Chemtura.
The proportion between coupling agent and nanoclays was maintained constant based on
previous experience in a value of 2:1 respectively.

281



Cellular Materials Laboratory 2015 J. Escudero Arconada

The foaming was performed using a chemical blowing agent, azodicarbonamide Lanxess Porofor
M-C1 with an average particle size of 3.9 + 0.6 um. The proportion of blowing agent was kept
constant in a value of 2 wt.% both in the unfilled samples and in the samples filled with
different kinds of nanoparticles. Antioxidants Irgafos 168 (from Ciba) in a proportion of 0.08
wt.% and Irganox 1010 in a proportion of 0.02 wt.% (from Ciba) were also used to avoid thermal
degradation of the polymer.

The mixing was always done using a twin screw extruder Collin ZK 25T with and L/D of 24. In the
case of the organomodified nanoclays the as received clays were first melt blended with the
coupling agent in the mentioned proportion (2 parts coupling agent per 1 part nanoclays) at an
average speed of 50 rpm and a die temperature of 195 2C. Afterwards the masterbatch coupling
agent-nanoclays was diluted with the high melt strength polypropylene using the same
extrusion conditions in order to finally get 5 wt.% of nanoclays. The MWCNT masterbatch was
melt blended also in the same extrusion conditions with the branched polypropylene seeking a
final proportion of 1 wt.% of carbon nanotubes. 5 wt.% of the natural nanoclays were directly
blended with the branched polymer using the same temperature profile in the extruder and
same processing speed. Table 1 summarizes the different samples studied.

Table 1: Different nanocomposites produced with the different proportions of each

component
Sample Branched Coupling Masterbatch Organomodified Natural
PP/wt.% | Agent/wt.% | MWCNT/wt.% | Nanoclays/wt.% | Nanoclays/wt.%
Pure PP 100 0 0 0 0
PP+MWCNT 95 0 5 0 0
PP+NC 85 10 0 5 0
PP+NNC 95 0 0 0 5

The previously mentioned composites together with the unfilled polypropylene are afterwards
blended with the azodicarbonamide (2 wt.%) and the antioxidants (0.08 wt.% Irgafos 168 and
0.02 wt.% Irganox 1010). The same extruder is used for this purpose at an speed of 120 rpm and
a die temperature of 155 2C to avoid the premature decomposition of the blowing agent.

* Samples Foaming

These foams are intended for lightweight industrial applications so the densities of these
materials should be lower than 200 kg/m?®. Achieving such low density foams with a non-
crosslinked polypropylene matrix is not a simple task. For this reason, a branched high melt
strength polypropylene was selected as base material. In addition the foaming method selected,
improved compression molding (ICM), plays also a fundamental role in the achievement of such
low densities. The ICM foaming route comprises three different steps:

1. Mold filling: pellets of the previous formulations already containing the blowing agent
and the rest of the additives are introduced inside a disc-shape stainless steel mold.
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Once the mold is correctly filled it is closed using a piston and placed inside a pre-
heated hot plates press.

Temperature and pressure: the temperature of the press plates is always higher than
the decomposition temperature of the chemical blowing agent used. In our case a
temperature of 200 2C was used for the pure PP and for the formulation containing
nanotubes. In the case of the formulations containing clays a temperature of 190 eC
was used instead. The decomposition of the blowing agent generates a certain gas
pressure (Papc) inside the mold. The mechanical pressure (Po) applied externally is
always higher than the gas pressure inside the mold. In the working conditions used the
gas generated is dissolved into the polymer and no foaming occurs while this external
pressure is applied. In our case pressures of 35 bar for the pure and MWCNT
formulations and of 7 bar for the clay-containing formulations were applied during 15
minutes. These processing parameters were optimized through experimental testing
and we selected the ones giving better properties for each material.

Pressure release and cooling: once the blowing agent is totally decomposed and
completely dissolved in the polymer the pressure is released at a controlled rate. The
whole foaming occurs inside the mold and the foam growing is constrained in the
direction coinciding with the pressure release one. The density is controlled by retaining
the piston displacement (d) at a certain point (ER Control Part in figure 1) and
afterwards the mold with the foam inside can be freely extracted from the hot press
and cooled, in our case immersing it in cool water.

M =is % ER. = ha+ &

Figure 1: Schematic in the expansion plane (D,/D,) showing the different steps followed in the

Improve Compression Molding Route

The ICM foaming route has several advantages in comparison to other conventional routes. On

one hand the possibility of achieving an accurate control of foam density and on the other hand

the possibility of modifying the microstructure of the foamed part, (in terms of cell size, cell

type and cell shape) by acting on both foaming parameters and chemical composition. Further

details of the ICM foaming route can be found elsewhere [35-39].

The foams produced in this paper had densities of 150 kg/m?® and 180 kg/m>.The samples were

disks with 150 mm in diameter and 12 mm and 10 mm thickness (h;) respectively.
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e Samples Characterization

The density of the samples was measured by the geometric method, that is, dividing the mass
of the samples between their corresponding volume (ASTM Standard D1622-08).

Cellular structure of the whole collection of foams was analyzed using scanning electron
microscopy, (SEM). In order not to distort their microstructure, samples were frozen in liquid
nitrogen and afterwards fractured. Surface fracture was made conductive by sputtering
deposition of a thin layer of gold and observed using a Jeol JSM-820 scanning electron
microscope.

Cell size as well as anisotropy ratio, were measured using an image processing tool based on the
software Imagel [39]. At least 75 cells per image and at least three different images were
analyzed.

Open cell content of foamed materials was determined according with ASTM Standard D6226-
10 using a gas pycnometer Accupyc Il 1340 from Micromeritics.

Compression tests were carried out in a universal testing machine, (Instron model 5500R6025).
Samples of 20x20 mmZcut from the 150 mm diameter discs were tested at an strain rate of
1.67x10° s where h is the height of the specimen. The maximum static strain was 75% for all
the experiments. The maximum standard deviation (in percentage) obtained for the foams
measured in compression was * 5%. Tensile tests for the solids were performed according to
ASTM D638 using an strain rate of 6.67x10-4 s-1. The solids were produced by compression
molding. In this particular case, the maximum standard deviation obtained for the solid samples
was * 2%.

RESULTS
e Cellular Structure of the foams

Micrographs taken along the plane parallel to the expansion direction (D,/D,) corresponding to
the different foams are presented in figure 2. Morphological parameters in terms of cell size and
anisotropy ratio are collected in table 2
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Figure 2: Micrographs corresponding to a) pure PP b) PP+5 wt.%Nanoclays c) PP+1 wt.%
MWCNT and d) PP+5 wt.% Natural Nanoclays.

The mean cell size presents comparable values between samples with no large differences. The
solid residues left after the decomposition of the azodicarbonamide is a competing nucleation
mechanism that is present both in the samples with and without nanoclays. The presence of a
bi-modal cell distribution is characteristic of the foams containing clays. This bi-modal
distribution, that can be visually observed in micrographs of figure 2, doubles the standard
deviation value calculated for the different samples. On the contrary the samples containing
multi wall carbon nanotubes present the more homogeneous cellular structure with the lowest
standard deviation. Due to the bi-modal distribution, the cell density is also strongly increased
in the samples containing clays, with values almost eight times higher than in the rest of the
samples (table 2). The appearance of two different populations of cells is the only fact that can
be attributed to a nucleation role played by the nanoclays. Although the mean cell size is bigger
for the samples containing clays and the open cell content is also remarkably higher, denoting
coalescence and cell coarsening phenomenon, the presence of a significant population of cells,
placed preferentially on the cell walls of the bigger cells and with cell sizes below 100 pum can be
connected to the nucleation of the exfoliated/intercalated nanoclays.

The preferential growth of the cells in the pressure release direction gives as result anisotropy
values higher than 1. All the samples have anisotropy ratios near 2.5 except the one containing
carbon nanotubes. Although the production conditions are the same in all cases, this last
sample has an anisotropy patently lower, with a value of 1.6
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Table 2: Quantification of morphological parameters corresponding to the cellular structure of
the different samples

Sample Density Mean Cell Standard Cell Density | Anisotropy | OC (%)
/(kg/m°) Size/um Deviation/ | /(cells/cm?) Ratio
um
Pure PP 179 300 105 1.4-10" 2.2 18
PP+MWCNT 181 315 96 1.1-10* 1.6 52
PP+NC 180 321 262 8.3-10" 2.6 94
PP+NNC 182 343 203 8.6-10" 2.5 78

These high anisotropy values could benefit several properties of the foams. For example,
theoretically, for an anisotropy of 2.5, the elastic modulus in compression measured in the
direction of maximum elongation of the cells would be 11.75 times higher than the one
measured in a perpendicular direction [19].

¢ Mechanical properties of unfilled polypropylene foams

One key morphological parameter of major importance influencing the mechanical properties of
foams is the open cell content. The open cell content is mainly connected with how the mass is
distributed in the foam. When the mass is mainly placed in the cell walls we are dealing with
closed cell foams. And, on the contrary, open cell foams are obtained when the mass is mainly
placed in the edges. This mass distribution is strongly connected with how the foam withstands
the external stresses applied, therefore strongly influences the mechanical properties.
Homogenous mass distributions (mass placed in the cell walls) yield stiffer foams so in general,
for structural applications, closed cell foams are required [6, 19]. A study of the dependency of
the elastic modulus in compression with the open cell content has been also performed. The
study was carried out using exclusively the pure HMS PP. Varying the azodicarbonamide content
between 2 wt.% and 5 wt.% and fixing the rest of the foaming conditions, different open cell
contents were achieved maintaining constant the anisotropy ratio, cell size and homogeneity
[14]. Seven different specimens were produced with seven different open cell contents. The
specific elastic modulus and collapse strength (property divided by the foam density) in
compression was measured for all of them and correlated with the corresponding open cell
contents in figure 3.
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Figure 3: Correlation between open cell content, compressive modulus and collapse strength for
the pure PP foams.

The mechanical properties are drastically reduced when the cells in the foam are
interconnected. At high open cell contents slight variations in the interconnectivity produce
important differences in the mechanical performance. Both the elastic modulus in compression
and the collapse strength follow the same tendency. With this unreinforced polymer matrix,
good specific mechanical properties are only reached with closed cell cellular structures.

¢ Mechanical properties of filled polypropylene foams

The tensile modulus of the solid specimens was also measured in order to quantify the
improvements produced by the addition of the nanofillers. The pure HMS PP presents a
1.98GPa modulus that is increased to a value of 2.20GPa for the samples containing nanoclays.
Surprisingly the addition of 1 wt.% of carbon nanotubes negligibly improves the elastic modulus
(Table 3). A poor coupling between the polymer matrix and the carbon nanotubes and/or the
presence of bundles of nanotubes could justify the negligible reinforcement found.

Table 3: Elastic Modulus of the solid samples filled with different kinds of nanoparticles

Solid Sample | Elastic Modulus/GPa
Pure PP HMS 1.98
PP + MWCNT 2.02

PP + NC 2.21

PP + NNC 2.18
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At equal open cell contents, the elastic modulus of the foams produced from the
nanocomposites containing clays are remarkably higher than the unfilled ones. The same
behavior is found for the collapse strength. These interesting results are depicted in figure 4
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Figure 4: Comparison between the elastic modulus and collapse strength of filled and unfilled
polypropylene at certain open cell contents.

At equal open cell contents the specific elastic modulus of the samples containing natural
nanoclays almost doubles the value of the unfilled one and the addition of organomodified
nanoclays multiplies by 2.5 the specific elastic modulus in compression of the unfilled samples
at a open cell content higher than 90%. The anisotropy ratio of unfilled and of nanoclays-filled
samples is practically the same so the improvements found in elastic properties at fixed open
cell values could be attributed, partly, to the reinforcement of the nanoparticles over the solid
matrix. When the interconnectivity of the cells is high, the solid matrix acquires a more relevant
role withstanding the external applied stresses. But this is not the only reason behind. The
reinforcements over the solid matrix showed in table 3 do not justify the improvements found
on the foams. Two other reasons are proposed to support these results. In the case of the
nanoclays it has been demonstrated in previous works that the foaming by itself promotes the
exfoliation of the nanoparticles yielding higher mechanical properties [40]. Besides this, the
presence of nanoclays gives rise to a bimodal cell size distribution, with two main different
populations of cells, some bigger ones and some smaller ones. The smaller cells, only present in
the samples with clays, can be acting as reinforcement points conferring the foams an improved
compressive behavior. In the case of the MWCNT the specific mechanical properties are slightly
lower. As previously mentioned the reinforcement over the solid matrix does not exists. This
fact, together with the lower anisotropy values achieved in these foams, diminish the
mechanical performance of these samples.

Collapse strength of the foams depends more strongly on the properties of the solid matrix than
on other structural parameters as the anisotropy ratio. This result can be inferred from figure
4b).
strength in all the cases (18% improvement for MWCNT, 58% improvement for Natural

At comparable open cell contents the filled samples present improvements in collapse

Nanoclays and 130% improvement for Organomodified Nanoclays). Even for the samples
containing carbon nanotubes, that present a smaller anisotropy ratio, the collapse strength is
increased. The case of the organomodified clays is interesting. At a higher open cell content

288



Chapter 6. Combination of Modifications in the Polymer Matrix and in the Cellular
Structure.

than the natural nanoclays (94% to 78%) they present a similar collapse strength due to the
higher reinforcement of the organomodified nanoclays on the solid matrix.

GENERAL OVERVIEW AND COMPARISSON WITH OTHER STIFF FOAMS USED IN STRUCTURAL
APPLICATIONS

For the sake of comparison the elastic modulus in compression was measured also in two
commercial materials, one based in a PVC solid matrix and the other one based on a SAN solid
matrix. The PVC based foams are cross-linked, losing any recyclability. Both the PVC and the SAN
based materials are used as cores and structural panels for applications such as yachts, wind
power blades, automotive sector or aircraft construction. All these applications seek a high
stiffness-to-weight ratio in their core materials. The PVC foams (produced by DIAB) are closed
cell with an homogeneous and isotropic cellular structure. The SAN foams, commercially named
Corecell, are produced by Gurit and share properties with their counterparts: closed cell
structure, homogeneity in the cell size distribution and isotropy.

Although the solid PVC or SAN are stiffer matrices than the polypropylene (typical elastic
modulus are 3 GPa for PVC, 3.75GPa for SAN and 2 GPa for PP) the compressive modulus of the
PP-based foams are comparable or higher in the two studied densities of 150 kg/m> and 180
kg/m3. The high anisotropy ratios achieved compensate for the lower stiffness of the
polypropylene matrix, yielding high specific mechanical properties for the developed foams.
Even the >90% open cell organomodified nanoclays filled foams have acceptable properties
compared to the commercial materials. The theoretical estimation with n=1.5 included in figure
5 is made using an elastic modulus of 2 GPa for the solid according to the formula Ef =

n
Es (%) where E; and E; represent the elastic modulus of the foam and of the solid

respectively, p; and ps represent the density of the foam and of the solid and n is a variable
exponent between 1 and 2 [6]. Conventional foams have a value of n near 2 so the value of
n=1.5 found in our samples gives an idea of the improved mechanical behavior achieved in our
samples.

A different trend is found for the collapse strength. This property is more influenced by the
modulus of the solid matrix than the compressive modulus and this fact is reflected in figure 5
right. The commercial foams based in PVC or in SAN present, at any density, much higher
collapse strength values since they are based in stiffer matrices. The reinforcement produced by
the nanoclays over the solid matrix yield comparable or higher collapse strength values even
when these foams have open cells. The lower values are found for the MWCNT according to
their non-reinforcement and lower anisotropy ratios.

As a final conclusion low density foams have been produced based on a non cross-linked
polypropylene matrix with high specific compressive properties in two different versions: open
and closed cell. It is not so common finding open cell foams with good mechanical behavior so
these are novel materials. The openness of the cells confers these foams improved properties as
sound absorbers and filtration capabilities.
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Figure 5: General map of compressive modulus (left) and collapse strength (right) for the
different nanocomposites. Two commercial materials have been included for comparison.

CONCLUSIONS

A direct correlation has been established between the cellular morphologies obtained in terms
of open cell content and the mechanical properties in compression for several pure and
nanoreinforced PP based foams. Slight variations in the interconnectivity (at high
interconnectivities) of the cells have a high impact on the measured mechanical properties. In
the unfilled polypropylene high specific mechanical properties are only achievable with low
values of open cell content. In comparison, for an equal value of interconnection between cells,
the samples containing nanoclays present much higher specific properties. This result is
attributed to the reinforcement of these nanoparticles on the solid matrix, due to an improved
exfoliation during the foaming process and the presence of a bimodal cellular structure.

The combination of a branched high melt strength polypropylene with the improved
compression molding foaming route allows obtaining non-cross-linked polypropylene foams
with densities as low as 150 kg/m?® and below. Because of the inherent anisotropy ratio
obtained due to the foaming route these foams present also high specific mechanical
properties, comparable to commercial foams produced from cross-linked stiffer solid matrices.
Two different types of materials can be distinguished, both with high specific properties. The
first one based on unfilled polypropylene can be considered as closed cell (values <20%). The
second one corresponds to foams that combine good mechanical performance with high open
cell contents (>80%). These later foams are obtained with the addition of nanoparticles, mainly
nanoclays, to the branched polypropylene.
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Chapter 7. Conclusions and Future Lines.

This chapter summarizes the main conclusions yielded from the different research lines
followed along the work. In second place future research lines connected with the thesis

are suggested.

7.1.- CONCLUSIONS

Modifications in the Polymer Matrix

The chemical composition of polyolefin-based cellular materials (low density
polyethylene LDPE) has been modified by the addition of an inorganic
nanometer-sized phase (organomodified montmorillonite nanoclays) and a
maleic grafted polyethylene (LLDPE-g-MA) acting as coupling agent. The
nanocomposites have been produced by melt blending and foamed using two
different routes: batch gas dissolution and free foaming. It allows to make
comparisons between the structures and properties of the foams obtained in
each different route.

The dispersion and delamination of the nanoclays in the polymer matrix have
been analyzed. The use of a coupling agent and the shear forces developed
during the melt blending promote the intercalation and dispersion of the
nanoparticles but the exfoliation is not complete. All the nanocomposites
present an intercalated/exfoliated morphology. Despite this uncompleted
exfoliation the effect of the nanoclays over the solid composites is clear. The
thermal stability is increased proportionally to the clays addition. The tensile,
compressive and bending properties are also improved. The nanoparticles also
have a nucleating effect increasing the crystallinity of the polymer matrix.
Especially remarkable is the influence of the nanofillers over the rheological
behavior. The Trouton ratio of the polymer matrix is patently lowered in the
presence of nanoclays. All these properties are later connected with the
properties and structure of the foams.

As a prior step to the foaming by batch gas dissolution, the solubility and
diffusivity of the composites is studied by gravimetric techniques. Nanoclays
reduce diffusivity in percentages below 11%. This small reductions in diffusivity
can be attributed to the interface polymer-clays which also justifies the higher
solubilities found in the samples containing clays. The presence of a coupling
agent by itself (excluding the effect of the nanoclays) yields reductions in
diffusivity up to 30%. The polar character of the maleic anhydride and its high
affinity with COs justify this result.
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The addition of a maleic anhydride grafted polyethylene (excluding nanoclays)
helps to improve the cellular structures (smaller cell size, higher homogeneity,
lower bulk density) when the composites are foamed by batch gas dissolution.
This same conclusion is obtained using other foaming routes. Expansion ratios
up to 2 and cell sizes below 80 um have been obtained dissolving CO; in sub-
critical conditions in a semi-crystalline polymer matrix. The addition of
nanoclays strongly deteriorates the cellular morphologies and prevent from
reaching densities below 600 kg/ms3. This is connected with reductions in
Trouton ratio already mentioned, which turns to be a fundamental parameter
influencing foamability. Although this detrimental role played during foaming,
nanoclays have an interesting nucleating effect, not in the sense of reducing cell
size but lowering the amount of energy needed for the nucleation and growth of
cells. Foaming is accelerated in samples containing nanoclays, with cellular

structures that begin growing earlier.

The chemical composition of the previously mentioned nanocomposites has
been modified with a crosslinking agent, dicumyl peroxide (DCP), that, when
thermally decomposed, modifies the molecular architecture of the polymer
matrix generating a three-dimensional network. These crosslinked composites

have been foamed by batch gas dissolution using CO; in sub-critical conditions.

Crosslinking reduces the crystallinity and hence increases the gas solubility and
diffusivity of the polymer matrix. This has been measured using gravimetric

techniques prior to the foaming step.

Crosslinking greatly improves the foamability of the nano-filled samples,
allowing obtaining a proper cellular structure which was not possible in the

non-crosslinked samples as has been already mentioned.

There is an optimum degree of crosslinking that yields cell sizes below 15 pm,
cell densities of 1-10° cells/cm? and bulk densities around 140 kg/m?3 using a
semi-crystalline polymer and CO: in sub-critical conditions. This optimum
crosslinking degree is connected with the optimum rheological behavior in terms
of extensional viscosity and Trouton ratio. Rheological behavior is a key
parameter, even more important than crosslinking degree, for the foamability of

the samples.
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Optical expandometry has turned to be a very appropriate method for studying
the free foaming behavior of these nanocomposites. It gives a lot of valuable

information in an easy way.

Nanoclays have a catalytic effect over azodicarbonamide, accelerating its
decomposition and increasing the amount of gas released in their presence.
Therefore higher maximum expansion ratios are reached in the filled samples
together with higher expansion rates. On the other hand the stability of the
nanocomposites is poorer, once again connected with the lower Trouton ratio

value measured for them.

Again, the addition of a coupling agent (without nanoclays) helps to reach higher
expansion ratio but has no influence on the foaming onset temperature or

collapse rate. The stability time remains the same too.

The degree of exfoliation of the nanoclays, measured by x-rays diffraction, is
higher after foaming. This is a first indication that the foaming, by itself,
promotes an increase in interlamellar spacing between clay platelets. This result
motivates the study of this phenomenon by energy dispersive synchrotron

radiation.

Synchrotron radiation allows us to obtain continuous diffraction patterns
during the whole foaming time of the samples. This way we can characterize and
relate the evolution of the exfoliation of the clays with the evolution of the foam.
Three different blowing agents (azodicarbonamide, Hydrocerol and Expancel
(expandable microspheres)) of different nature and with the different foaming
mechanisms has been used to discard any effect of the foaming gas used or

foaming mechanism.

The increment of interlamellar spacing while foaming occurs, in a higher or
lower extent, independently of the blowing agent used. Therefore the
phenomenon is mainly associated with the foaming itself and not with the kind

of gas or foaming procedure used.

Melt blending azodicarbonamide with the nanocomposites containing clays gives
as result an initial increase in the interlamellar spacing of these nanoparticles.
This does not happens with the other two blowing agents. A chemical
interaction between azodicarbonamide and organomodified nanoclays is

postulated. This chemical interaction helps to the clays delamination during
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blending and it seems to be connected with the catalytic effect of the used

nanoclays in the decomposition temperature of azodicarbonamide.

The thermally activated higher mobility of the polymer molecular chains is also

connected with increments in the interlamellar spacing of the nanoclays.

The maximum increments in interlamellar spacing are found for the samples
with higher expansion ratios. More indeed, the increase in interlamellar spacing
is proportional to the expansion ratio achieved, independently of the blowing

agent used.

A methodology for following in-situ the exfoliation of nanoclays during foaming
has been established. Since the beneficial effects of nanoclays can only be
expected when high exfoliation degrees are achieved, foaming is demonstrated to

help in this purpose.

Once again the chemical composition of the previously mentioned
nanocomposites has been modified with a crosslinking agent, dicumyl peroxide
(DCP), that, when thermally decomposed, modifies the molecular architecture of
the polymer matrix generating a three-dimensional network. These crosslinked
composites have been foamed by compression molding using a chemical blowing

agent (azodicarbonamide)

A method to produce big blocks of low density (more than 30 expansions) closed
cell polyethylene foams filled with montmorillonite-type nanoclays is presented.
This high expansion ratio is demonstrated to patently improve the exfoliation
degree of the nanocomposites, supporting the conclusions obtained in previous

works.

The addition of a linear low density polyethylene grafted with maleic anhydride
(coupling agent), in composites without nanoclays, reduces the mean cell size
and increase the cell density at the same bulk density. This result is in the same

line as the ones obtained by batch gas dissolution and free foaming.

The presence of nanoclays in these foams helps to improve mechanical
properties in tension and compression but in a lower extent than the
improvement obtained in the solids. There is no synergetic effect between the
nanoparticles and the foaming procedure. Mechanical properties in compression

are higher than in tension. This is due to the preferential orientation of the cells
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coinciding with the compression direction, induced by the expansion during

foaming.

Nanoclays and maleic grafted polyethylene increase the energy absorbed in
compression and this improvement is maintained along consecutive

compressive cycles.

The effective diffusion coefficient (under static loading) has been experimentally
determined for the filled and unfilled composites allowing elucidating the gas
barrier role played by the nanoclays. In spite of the high exfoliation degree
measured by x-rays diffraction, the reductions in diffusivity are not very
remarkable when nanoclays are present. On the contrary, in the samples
containing coupling agent (without clays) the reductions in diffusivity are more
significant thanks to the linear character of the coupling agent and the high
affinity of CO; with maleic anhydride. These results coincide with the results
obtained previously by batch gas dissolution using gravimetric methods and the

same hypothesis (presence of interfaces polymer-nanoclays) is postulated.

Modifications in the cellular structure

A new foaming route is presented for the production of structural foams, that is,
foams with skin-core morphology as described in chapter 5. This new foaming
route has nothing to do with injection molding, showing several advantages in
comparison to this latter one. The pressures developed during the production
are much lower than by injection, so cheaper molds can be used. The initial
investments required are also lower and the surface quality of the parts is good.

The physical mechanism behind the consecution of these structural foams
consists in a process of gas dissolution in an amorphous material. The mold
inner walls are covered with an amorphous material. During foaming, the gas
from the outer parts of the foam migrates to the amorphous material covering
the mold walls. This results in solid skins in all the areas in close contact with
the amorphous material.

The final morphology of the structural foam is influenced by the foaming
parameters and the amount of blowing agent. Foaming time affects the outer
solid skins so the skin thickness can be independently controlled from the bulk

density of the foam just varying the foaming time.
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The skin-core morphology of structural foams produced following this new
technology is equivalent to the one of foams produced by injection molding. Two
solid outer skins are found with a cell size profile incrementing from the outer
parts to the center.

Chemical composition, proportions and foaming procedure for structural foams
is the same as for conventional foams (excluding the coverage of the mold walls
with a amorphous material). Therefore, the properties of structural and
conventional foams can be scientifically compared using this foaming technique
independently of other variables.

Specific mechanical properties of these structural foams are higher than
conventional foams. Especially in bending properties, with increments above
50%.

This novel technology for the production of structural foams is enclosed in a
more general one named Stages Molding and is currenty patented. The
corresponding patent can be found at the end of the manuscript. This fact

withstands the industrial applicability of the technology developed.

Combination of modifications in the polymer matrix and in the cellular structure
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Low density polypropylene foams produced by improved compression molding
from high melt strength polypropylene matrices were characterized by x-rays
microtomography. This technique is very useful in the characterization of
relevant parameters as three-dimensional anisotropy, sphericity, cell volume
distribution or connectivity of the cells.

In a first step relationships between the processing parameters and the
geometrical features of the foams are established. The influence of foaming time
and amount of blowing agent over structural characteristics as connectivity of
the cells or homogeneity of the cellular structure is evaluated.

The previous process-structure relations are very useful for, later on,
establishing relationships structure-mechanical-properties.

The rheology of the selected polymer matrix is fundamental for the foamability
and foam quality. The strain hardening coefficient of the formulation directly
determines the amount of interconnected cells in the foam.

The addition of nanoparticles such as organomodified nanoclays, natural
nanoclays or carbon nanotubes prevent the occurrence of strain hardening.

Therefore the cellular structures of foams containing nanoparticles are
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characterized by high open cell contents. Different open cell contents can be
achieved also in the non-filled foams varying the blowing agent content and
selecting the right processing parameters.

The open cell contents affects remarkably to the elastic modulus of the foams,
measured in compression. The elastic modulus decreases strongly when the
open cell content of the foam increases. The highest mechanical properties are
found when the foams are completely closed cell.

Nano-filled foams always present high open cell contents. In comparison to non-
filled foams, in spite of having high open cell contents nano-filled foams present
higher mechanical properties. This comes as a result of the reinforcement role
played by nanoparticles and thanks also to the double population of cells found
in the filled foams.

The combination of a branched high melt strength polypropylene with the
improved compression moulding foaming route allows obtaining non-
crosslinked polypropylene foams with densities as low as 150 kg/m3 and below.
Because of the inherent anisotropy ratio obtained due to the foaming route
these foams present also high specific mechanical properties both with open
and close cell morphologies. These mechanical properties are comparable or
higher than those of commercial foams based on stiffer matrices as PVC or SAN.
Nevertheless other mechanical properties as collapse strength depend more on
the properties of the solid matrix than in the cellular structure of the foam.
These foams based on non-crosslinked polypropylene with low densities and
high specific mechanical properties can cover a wide range of industrial
applications such as cores for wind power blades or panels for the yachts
industry, the automotive sector or the aeronautical industry. The technology is

currently patented and the patent can be found in Annex I of this manuscript.

7.2.- FUTURE LINES

Modifications in the Polymer Matrix

Produce foams with different kinds of nanoclays as for example sepiolites. Use
different coupling methods and study their nucleating effect in terms of coupling

degree and geometry.
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Crosslinking the LDPE with electrons irradiation. Achieve the same crosslinking
degrees with this procedure and compare the foaming behavior with the samples
chemically crosslinked.

Add lower contents of azodicarbonamide and repeat the optical expandometry
study. Study the influence of the azodicarbonamide content over all the
parameters studied by optical expandometry.

Combine the synchrotron radiation study with optical expandometry or
radioscopy to correlate in the same experiment the exfoliation degree with the
expansion ratio.

Study the interaction between modified nanoclays-coupling agent-
azodicarbonamide from a chemical point of view, Explain chemically the
catalytic effect of the nanoclays over the azodicarbonamide and the other effects
exposed in this work.

Improve the dispersion, exfoliation and coupling of nanoclays added to LDPE.
Use the same semi-empirical method to study the gas diffusion on this LDPE
matrices with improved dispersion, exfoliation and coupling of nanoclays.
Reduce the nanoclays content to values of 1 wt.% or lower and repeat the
diffusion study with the semi-empirical method.

Open cell content is a parameter useful to be considered to correlate with or
explain the diffusion coefficients obtained. This parameter can be measured

with air pycnometry and added to the rest of the study.

Modifications in the cellular structure
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Extend the same structural foams production route to other polymers such as
polypropylene. Use, as well, other foaming agents that generate comparable gas
pressures.

Study by x-rays radioscopy the evolution of the solid skins and skin thickness
and correlate with the expansion kinetics.

Obtain different skin thicknesses for the same bulk density. Model the
mechanical properties theoretically an compare with the data obtained

experimentally.
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Combination of modifications in the polymer matrix and in the cellular structure

Study other properties as acoustic behavior, filtration of thermal properties in
the low density non-crosslinked high mechanical properties polypropylene
foams.

Extend the production route to stiffer polymer matrices.
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Annex I. Patents.

I.1.- INTRODUCTION

As already mentioned in previous chapters part of the work conducted during this
doctoral thesis gave rise to two different novel technologies for the production of cellular
materials. These two technologies were officially patented and registered and the two

corresponding patents are presented in this chapter.

I.2.- PATENT 1. SYSTEM AND METHOD FOR MOULDING PARTS USING
FREESTANDING MOULDS

The first patent has the international publication number WO/2012/117143 and
corresponds to the technology mentioned as “Stages Molding” during the rest of the
thesis. The title of the patent is “System and method for moulding parts using
freestanding moulds”. This patent encloses, as a particular case, the production of
structural foams using the procedures described in Chapter 5. It is presented as an
alternative to the conventional injection moulding based routes for the production of
cellular materials in a wide range of relative densities that go from 0.5 to 1. Cheaper
moulds are employed and the machinery used shows a higher simplicity than injection
moulding. Altogether, Stages Moulding allows for the production of complex shaped
parts from a wide variety of polymers with excellent surface quality and reduced

thermal and mechanical stresses.

309



310

Cellular Materials Laboratory 2015

10

15

20

25

30

35

SISTEMA'Y PROCEDIMIENTO DE MOLDEO DE PIEZAS CON MOLDES
AUTOPORTANTES

Campo de la invencién

La invencién se engloba dentro del campo de los sistemas de fabricaciéon de
piezas de diversos materiales poliméricos y ofros aditivos con diferentes
caracteristicas como piezas compactas, piezas estructurales de densidad reducida o
piezas de densidad reducida.

Antecedentes de la invencién

La mayor parte de los precedentes de esta invencién estan relacionados con el
moldeo por inyeccién, que es la tecnologia mas extendida para la fabricaciéon de
piezas de productos plasticos.

John Hyatt patentdé en 1872 el primer sistema de inyeccién, compuesto por un
pistdn que contenia derivados de la celulosa fundidos en una camara. Sin embargo, no
es hasta 1928 cuando se atribuye a la compafia alemana Cellon-Werkw, la primera
patente de una maquina de inyeccién moderna. Paralelamente, Beard y Delafield
desarrollaron la técnica en Inglaterra, con los derechos de la patente inglesa para la
compafiia F.A. Hughes Ltd. Los sistemas anteriores funcionaban con aire comprimido,
la extraccién y parte de los controles eran manuales y carecian de sistemas de
seguridad.

En 1932 se patenté la primera maquina de inyeccién operada por sistemas
eléctricos (Eckert & Ziegler). Es en esta década cuando el polietileno (PE) y el
policloruro de vinilo (PVC), materiales de alta produccién y bajo coste, provocaron una
revoluciéon en el desarrollo de la maquinaria. Ya en 1956 se patenté el primer sistema
de inyeccién mediante husillo en EEUU, esta aportacién supone el cambio de mayor
relevancia en el desarrollo de los sistemas inyectores. A partir de la década de los 80,
las mejoras se enfocan a la automatizacién de los disefios, la eficacia y el control de
los procesos.

Un sistema de moldeo por inyeccién tradicional esta formado por tres médulos
principales: la unidad de inyeccién o plastificacién del polimero fundido, la unidad de
cierre, que soporta el molde y el sistema de apertura, cierre y expulsién de la pieza; y
por ultimo, la unidad de control de todos los parametros involucrados en el proceso. Es
importante resaltar que en esta tecnologia se usan moldes que no son autoportantes y
que las temperaturas del molde son en general claramente inferiores a la temperatura

de reblandecimiento de las materias primas utilizadas.

J. Escudero Arconada
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El proceso de obtencién de una pieza de pléastico inyectada sigue un orden de
operaciones que se repite en cada una de las piezas. Este proceso recibe el nhombre
de ciclo de inyeccion, y esta formado por las siguientes etapas: cierre del molde, fase
de plastificacién o dosificacién, inyeccion del plastico (llenado y mantenimiento),
enfriamiento, y por Ultimo apertura del molde y expulsién de la pieza. De todas las
etapas anteriores es la etapa de enfriamiento la que ocupa el mayor tiempo dentro del
ciclo.

Los disefios actuales de un sistema de moldeo por inyeccién estan
condicionados por las necesidades geométricas de las piezas y los diferentes
polimeros involucrados. Generalmente se trata de disponer de sistemas rapidos de
inyeccién, bajas temperaturas y un ciclo de moldeo corto que asegure menores costos
de produccién.

En resumen, el moldeo por inyeccibn es una técnica completamente
desarrollada de ventajas suficientemente conocidas, si bien presenta algunos
inconvenientes desde el punto de vista del proceso v la realizacién de ciertos tipos de
piezas. Se discuten a continuacién dichas desventajas.

Para comenzar la fabricacién de un tipo de pieza es necesario realizar un
complicado montaje del molde en el equipo de inyeccién. Posteriormente, es
necesario, preparar el sistema y calibrarlo, para comenzar la tirada de una sola serie
de piezas. Dicha tirada debe ser lo suficientemente numerosa para que todo el
proceso sea rentable. Adicionalmente, debido a las altas presiones de trabajo, los
moldes utilizados son muy costosos, por lo que la inversién, en maquina y moldes, es
muy elevada.

En segundo lugar, las piezas obtenidas mediante moldeo por inyeccién suelen
presentar baja calidad supefficial, presentan lineas de soldadura, rechupes y estan
sometidas a elevadas contracciones térmicas, lo que se debe a que la pieza ha sido
sometida a estrés térmico y mecéanico. Ademas el volumen méximo de las piezas
fabricables mediante esta tecnhologia estad limitado a unos 10 litros por las elevadas
presiones necesarias para llenar los moldes. Por ultimo, existen ciertas limitaciones en
las materias primas que se usan. Por ejemplo, es necesario usar polimeros de baja
viscosidad (elevado indice de fluidez) y no es posible emplear formulaciones con
elevados cantidades de refuerzos o cargas (en la practica no se suelen usar
cantidades de refuerzo superiores al 30% en peso) por el incremento de viscosidad
que producen estos materiales y que dificulta el llenado del molde.

Podemos por tanto concluir que mediante el moldeo por inyeccién, es posible
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obtener piezas compactas de vollimenes inferiores a 10 litros asumiendo una elevada
inversién inicial y un acabado superficial mejorable. El proceso sélo resulta rentable
cuando el numero de piezas fabricadas es muy elevado.

Durante las Ultimas décadas han surgido algunas tecnologias que introducen
variantes importantes en el proceso tradicional de moldeo por inyeccién, con el
objetivo de mejorar algunos de los inconvenientes de esta técnica. A continuacién se

revisan los avances mas destacados:

= Coinyeccion: El sistema de coinyeccion ( US2009152768(A1),
US200301283(A1) ) posee sistemas de inyeccién independientes, permitiendo
el uso simultdneo de materiales poliméricos estéticos y reciclados. Se disefid
como alternativa al proceso estructural de espumado. A diferencia de otros
procesos multicomponente, en la coinyeccidn uno de los materiales puede
encapsular al otro. Este proceso proporciona buenos acabados superficiales,
reduccién de coste y en algunos casos piezas estructurales celulares. La
viscosidad y temperatura de fusién de ambos componentes es el parametro de
control fundamental para que el proceso sea eficaz. Como inconvenientes,
referentes al equipamiento, supone una gran inversién y amortizacién de
moldes, y esta restringido a tiradas masivas.

= Heat & Cool: El sistema Heat and Cool ( JP 60 111335 A, US4963312,
US6451403) se basa en un control exhaustivo de la temperatura del molde,
realizando un ciclado térmico del molde que se calienta y enfria en cada ciclo
para proporcionar un mejor acabado superficial, Las piezas obtenidas
presentan elevado brillo y resistencia, menores tensiones internas, y reducidas
lineas de unién y de flujo. Nuevamente, este sistema requiere de una gran
inversién en moldes por las altas prestaciones mecanicas requeridas, ademas
de la incorporacién de un sistema de calentamiento y enfriamiento al molde y
de un incremento de los tiempos de ciclo respecto al proceso convencional. En
la actualidad este proceso suele estar restringido a la fabricacion de piezas
para los sectores de automocién y electrénico.

= GAIM: La Inyeccién asistida por Gas (ES 2253281T3, WO03091007A1,
DE4435012 (C1)) moldea piezas plasticas con secciones huecas en su interior,
consiguiendo asi reduccién en la cantidad de materia prima, ciclos mas cortos
y reduccién del estrés térmico, mejorando el acabado superficial y reduciendo

las fuerzas de cierre del sistema. Este sistema no es valido para la fabricacion
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de todo tipo de piezas inyectadas y supone una gran inversién inicial,
precauciones por el trabajo con gas inerte a presiéon, mayor especializacién y
mayor numero de variables en el proceso de dificil control. Ademas, el espesor
de la pieza con seccién hueca no es predecible ni uniforme, aunque si es
reproducible.

WIT o WAIM: Una variante del sistema anterior es la Inyeccién asistida por
Agua (WIT) (DE 19518963 A, US 6896844, WO2007036037), en la que se
sutituye las funciones realizadas por el gas en el sistema previo por agua a
presién con el objetivo de reducir el tiempo de enfriamiento. Este sistema
mejora las propiedades de la pieza obtenida, el tiempo de ciclo y el control del
espesor, comparando con el sistema GAIM, si bien no da solucién al elevado
coste del sistema y los moldes, su posible corrosién por la introduccién en el
sistema de agua y el dificil control de los parametros del proceso.

MUCELL: Por dultimo, la tecnologia Mucell (US6169122, US6231942,
US6235380, etc) implementa un sistema propio de control de la estructura
celular de la pieza con ventajas en el proceso de fabricacién y en el coste del
equipamiento, pero sélo esta disponible para la fabricacion de piezas celulares
de diferentes materiales pléasticos y de dimensiones limitadas, con reducciones
de peso bajas (ho suelen superar el 25% de reducciéon de peso) y pobres

acabados superficiales.

En cuanto a ofras tecnologias de fabricaciéon independientes del moldeo por

inyeccién, como pueden ser el moldeo por soplado, el termoconformado, etc, no

proporcionan la versatilidad suficiente para fabricar cualquier tipo de pieza, siendo sélo

25  aplicables a algunas geometrias, tamafios y materiales.

Descripcién de la invencién

La invencién se refiere a un sistema de moldeo con moldes autoportantes que

comprende:

30

35

- un equipo alimentador de material de moldeo en un molde autoportante, que
comprende una pluralidad de medios de alimentacién de diferentes
compuestos para su introduccién en los moldes autoportantes como tolvas,
unidades de extrusién o unidades de inyeccién.

- un equipo accionador de un elemento calefactor del molde autoportante,

situado junto al propio accionador o en el propio molde autoportante,

313



Cellular Materials Laboratory 2015 J. Escudero Arconada

5

configurado para el atemperado inicial de un molde autoportante, y para
alcanzar el ciclo térmico necesario para conseguir el llenado del molde
autoportante. El elemento calefactor puede ser un sistema de hornos fijo a
diferentes temperaturas situado en el propio médulo de calentamiento, que

5 proporcione las condiciones de fabricacién apropiadas para cualquier pieza del
sistema, y se accione por el equipo accionador del elemento calefactor, o
puede ser un elemento calefactor mévil situado en el propio molde autoportante
que es accionado por el equipo accionador situado en el médulo de
calentamiento.

10 - un equipo enfriador del molde autoportante lleno de material configurado para
enfriar el molde autoportante, mediante aire, agua u otros medios, hasta
disminuir la temperatura del molde autoportante a valores que permitan la
apertura del molde sin deterioro de la forma y calidad supeftficial de la pieza, y
- un equipo de desmoldeo de la pieza moldeada en el molde autoportante,

15 siendo todos ellos equipos independientes instalados en médulos de trabajo
por los que transita el molde autoportante por medios de desplazamiento
seleccionados entre manuales y automaticos, entendiéndose por médulo de trabajo al
equipo o conjunto de equipos agrupados en un mismo lugar para la realizacién de un
trabajo especifico sobre el molde portante, como calentamiento (mddulo de

20  calentamiento), alimentacién {(médulo de alimentacién), calentamiento y alimentacion
(médulo de calentamiento y alimentacién) , enfriamiento (médulos de enfriamiento),
(modulo de desmoldeo) desmoldeo....

Ciertos materiales pueden requerir de un mezclado y procesado previo que
podria realizarse en una linea de compounding, eh un mezclador interno, en equipos

25 para mezclado en frio (dry blending), etc. La alimentacién de los moldes puede
realizarse con la materia prima a temperaturas por encima de la de reblandecimiento o
con las materias primas en estado sélido.

Se entiende por densidad relativa, la densidad de la pieza final obtenida
dividida por la densidad del material de partida en el proceso. Es una medida de la

30 porosidad de la pieza fabricada y por tanto es también una medida de la reduccién de
peso lograda frente a una pieza compacta.

Se entiende por molde autoportante al sistema acoplado de molde y sistema de
cierre del mismo. El molde y su sistema de cierre se disefian de forma que son
capaces de soportar las presiones internas y las temperaturas a la que les somete

35 durante todo el proceso de fabricacién. Los moldes autoportantes usados en esta
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invencion pueden transitar por los distintos médulos del proceso, en los que tiene lugar
las distintas etapas de fabricacién, siendo estos moldes estancos al polimero fundido.
El molde de esta invencién tiene una cavidad interna en la cual se va a fabricar la
pieza.

En algunas de las variantes de esta invencién el molde autoportante tiene una
cavidad previa a la cavidad interna del molde que denominaremos colector. Ambos,
molde autoportante y colector, mediante un sistema de cierre adecuado forman una
unidad autoportante que pueden transitar por las distintas etapas del proceso de
fabricacién siendo estancos al polimero fundido. La finalidad del colector es facilitar el
llenado del molde.

Todas las piezas obtenidas de manera simultdnea se han de clasificar por
tipos, siendo posible una vez realizado este proceso su adecuado embalado y
almacenamiento.

Opcionalmente el sistema puede comprender:

- un médulo de almacenamiento de moldes,

como punto de partida del proceso, en el que los moldes se encuentran
almacenados en esta estacién ya cerrados y listos para comenzar el
proceso,

- un médulo de acondicionado del molde o vacio:

En algunas variantes de la invenciéon puede ser necesario hacer vacio
en el molde, antes de la fase de alimentacién, durante dicha fase o tras
la misma,

- un médulo para el recubrimiento interno del molde.

En algunas variantes de esta invencién puede ser necesatio el
recubrimiento interno del molde con materiales con capacidad para
absorber gases (compuestos siliconados, polisulfonas,
politetrafluoroetileno (PTFE), entre otros), este proceso podria llevarse a
cabo en una fase anterior a la de alimentacién del molde o bien el molde
podria haber sido fabricado incorporando dichos recubrimientos.

El procedimiento moldeo de piezas con moldes autoportantes que utiliza el
sistema anteriormente descrito comprende:

- una etapa de llenado de un molde autoportante que comprende
alimentacién del molde con material de moldeo de la pieza y calentamiento
del molde autoportante, pudiéndose realizar primero el calentamiento del

molde y luego la alimentacién o primero la alimentacién y luego el
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calentamiento del molde,
- una etapa de enfriamiento del molde autoportante lleno y
- una etapa de desmoldeo de la pieza moldeada en el molde autoportante,
una vez alcanzada la temperatura de desmoldeo,
realizindose cada etapa en médulos independientes por los que transita el molde
autoportante.

El llenado del interior del molde autoportante se puede realizar mediante la
alimentacién en el molde de un material polimérico mezclado con un agente
espumante quimico capaz de generar una fase gaseosa, y el calentamiento se realiza
por elevacién de la temperatura por encima de la temperatura de descomposicién de
dicho agente espumante, que expande el material que rellena el molde.

Opcionalmente se puede utilizar un molde autoportante con colector, de
manera que en la etapa de llenado la alimentacién puede realizarse por introduccién
de material polimérico en el molde autoportante y posterior aplicacién de presién en el
interior del molde autoportante a través del colector mediante un agente espumante
que expande al elevar su temperatura, o mediante otros medios como con pistones
hidraulicos o introduciendo vapor, aceite u agua.

Las familias de piezas obtenidas mediante la presente invencién pueden
clasificarse en tres categorias principales en funcién de su densidad (p) y estructura
interna:

Piezas compactas (p pieza= p material de partida) con densidad relativa 1.

Piezas estructurales de densidad reducida (p pieza < p material de partida) con
densidades relativas entre 0.02 y 0.99 y en las que el material es compacto (denso) en
las supetficies y poroso en las zonas internas formando lo que se suele denominar una
estructura piel sélida - nticleo espumado.

Piezas de densidad reducida (p pieza << p material de partida) con densidades
relativas entre 0.02 y 0.99

Con este novedoso sistema se consiguen solucionar los problemas
anteriormente expuestos, permitiendo asi:

- Fabricar piezas de cualquier forma, tamafo y composicién, con la posibilidad
de lograr piezas de densidad reducida.

- Lograr piezas con excelentes calidades superficiales y con tensiones internas
reducidas.

- Reducir los costes en moldes y maquinaria

- Hacer la rentabilidad del proceso menos dependiente del tiempo de ciclo.

J. Escudero Arconada
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- Lograr un proceso de fabricaciéon mas versatil y que permita la fabricacién de
varios tipos de piezas de forma simultanea.

El sistema fabricacion de piezas por etapas mediante moldes autoportantes,
supone un proceso versatil para la fabricacion de piezas de muy diferentes tamafos,
formas, y composiciones quimicas con excelente calidad superficial, bajas tensiones
internas, con la posibilidad de fabricar piezas de densidad reducida usando moldes y
magquinaria de bajo coste. La tecnologia permite fabricar varios tipos de piezas de
forma simultanea y elimina la necesidad de montaje de molde y calibracién del mismo
inherente a los procesos de moldeo por inyeccion tradicionales.

Una descripcién mas detallada de los aspectos mas destacados de esta
tecnologia es la siguiente:

» Desde el punto de vista de la maquinaria utilizada:

El sistema objeto de la invencién es sostenible, no es predecible el fin de su
vida Util pues los elementos formadores son independientes y reemplazables.

Permite una elevada reduccion de costes, comparado con cualquier sistema de
inyeccién, tanto en magquinaria como en los moldes utilizados.

El proceso es automatizado, estando los moldes codificados de forma que la
lectura del cédigo de cada uno permita la aplicacién directa de los parametros de
proceso vy la fabricacién auténoma de cada una de las piezas.

Los moldes son auténomos, sencillos y autoportantes, suponiendo una menor
inversién en el proceso y un acceso a mayor numero de piezas a fabricar.

La produccion de diferentes piezas en distintos moldes es simultanea, de modo
que el proceso global pueda ser considerado continuo, para unas mismas o diferentes
piezas. Esta caracteristica proporciona versatilidad a todo el sistema, pudiendo
coincidir varios moldes a lo largo de todo el proceso en las distintas estaciones.

El sistema requiere de presiones de trabajo muy inferiores a las de la inyeccién
convencional. Las presiones de llenado de los moldes autoportantes estan siempre por
debajo de los 160 bares siendo tipicamente inferiores a los 50 bares.

Es posible trabajar con varios materiales plasticos simultaneamente
= Desde el punto de vista de las caracteristicas de la pieza:

La pieza obtenida presenta ausencia de rechupes y de lineas de soldadura

Tiene un acabado superficial mejorado

El material que compone la pieza sufre menor estrés térmico, las presiones de
trabajo son menores que las del proceso tradicional y las contracciones térmicas estan

mejor controladas.
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Se reduce la densidad de la pieza fabricada hasta el 98% en peso.

No existen limitaciones en cuanto a la composicion quimica de las piezas, es
decir se pueden usar todo tipo de polimeros (de alta y baja viscosidad) y todo tipo de
aditivos incluidos, cargas, nanocargas, refuerzos, ayudantes de proceso, ignifugantes,
etc. Estos aditivos se pueden incorporar en las formulaciones en proporciones muy
elevadas (hasta un 80% en peso) y supetriores a las que se pueden usar en el moldeo
por inyeccién.

Las piezas pueden tener regiones macroscépicas (de varias decenas de cm®
en volumen) con diferentes composiciones quimicas y densidades. Es decir, por
ejemplo, una misma pieza podria estar constituida por dos o mas zonas fabricadas en
distintos polimeros o distintas formulaciones y ademas con densidades claramente
diferentes en dos o mas zonas de la pieza.

Se pueden fabricar piezas con estructura piel sélida-ntcleo espumado.
= Desde el punto de vista del sistema global:

El sistema global se encuentra dividido en diferentes estaciones para realizar
cada una de las etapas, el transito entre ellas se puede realizar por medio de un
autdomata.

Permite la fabricacion de tiradas de piezas sin importar la cantidad a fabricar
para amortizar la puesta a punto del molde y maquina. El sistema es muy versatil y el
parametro amortizacién del molde no es restrictivo.

Las condiciones de fabricacién son reproducibles.

Permite fabricar en funcién de las necesidades diarias generadas (metodologia
Just in time), sin necesidad de previsién y es adaptable a la produccién.

Es posible fabricar piezas de gran tamafio.

Breve descripcidon de los dibujos

A continuacién se pasa a describir de manera muy breve una serie de dibujos
que ayudan a comprender mejor la invencién y que se relacionan expresamente con

una realizacion de dicha invencidén que se presenta como un ejemplo no limitativo de

ésta.

La Figura 1 muestra esquema del sistema de la invencién.

La Figura 2 muestra una vista en perspectiva de un molde autoportante con
colector.

La figura 3 muestra un esquema de una opcién del sistema en la que el
procedimiento es ciclico.

En las figuras anteriormente citadas se identifican una serie de referencias que

J. Escudero Arconada
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1.- Equipo de alimentacién

2.- Equipo accionador del elemento calentador
3.- Equipo de enfriamiento

4.- Equipo de desmoldeo

5.- Molde autoportante

6.- Cavidad interior del molde autoportante
7.- Colector del molde autoportante

8.- Entrada de alimentacién

9.- Sistema de cierre

10.- médulo de alimentacién

11.-Médulo de calentamiento

12.- Médulo de enfriamiento

13.- Médulo de desmoldeo

14.- Elemento calefactor

Descripcién detallada de un modo de realizacién

El sistema de la invencién de una realizacién preferida, tal y como se muestra

en la figura 1 comprende:

20

25

30

- un médulo de alimentacion (10) que comprende un equipo de alimentacion
(1) de material de moldeo en un molde autoportante, que comprende al menos
una estacion de alimentacion con medios de alimentacion de diferentes
compuestos para su introduccién en los moldes autoportantes,

- un mddulo de calentamiento (11) que comprende un equipo calentador (14) y
un equipo accionador (2) de un elemento calefactor (14) del molde
autoportante,

- un médulo de enfriamiento (12) que comprende un equipo de enfriamiento (3)
del molde autoportante lleno de material, y

- un médulo de desmoldeo (13) que comprende un equipo de desmoldeo (4)

de la pieza moldeada en ¢l molde autoportante,

por los que transita el molde autoportante (5).

La fase de llenado del molde autoportante del procedimiento de moldeo de la

invencién y el tipo de molde autoportante a utilizar varia segun el tipo de pieza a

fabricar. Determinadas piezas, como las piezas compactas y las piezas estructurales

35 de densidad reducida, se fabrican utilizando moldes autoportantes que comprenden
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varias piezas que dan lugar a una cavidad en su interior (6), un colector (7) y un
sistema de cierre (9) que asegura la estanqueidad al polimero durante el proceso de
llenado del molde. En la fabricacién de las piezas de densidad reducida el colector (7)
no es necesario estando el molde formado por un conjunto de piezas que dan lugar a

5 una cavidad interior (6) y un sistema de cierre (9) que asegura que el molde es
estando al polimero durante todo el proceso.

La figura 3 muestra una alternativa a la Figura 1, que muestra dos posibles
caminos para el molde en la que el circuito completo del procedimiento se cierra
permitiendo que sea un proceso ciclico.

10 A continuacién se describe en detalle la forma de fabricar piezas compactas,
piezas estructurales de densidad reducida y piezas de densidad reducida utilizando ¢l
sistema y procedimiento de la invencién:

Como nota aclaratoria al término “agente espumante” utilizado a continuacién,
indicar que se entiende por material espumante aquel material que cuando alcanza

15 una temperatura critica, que denominaremos temperatura de descomposicién, genera
una fase gaseosa. Dicha fase gaseosa puede permitir la expansién de un segundo
material en el que se haya introducido previamente el agente espumante.

1) Piezas Compactas
El proceso de fabricacion de piezas compactas mediante el sistema de fabricacién

20  de la invencién utiliza un molde autoportante (5) con sistema colector que es sometido
al siguiente proceso:

- Una primera etapa de llenado de un molde autoportante (5), que
comprende un sistema colector (7), que comprende el calentamiento del
molde autoportante, y la alimentacién, pudiéndose realizar a la inversa,

25 primero alimentar el molde y luego calentarlo,

El llenado del molde se realiza por introduccién en el molde autoportante de
un material polimérico a temperaturas por encima de la de reblandecimiento

del material o en estado sélido y la aplicacién de presiéon en el interior del
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para rellenar el molde. La cantidad (volumen) de material que
contiehe agente espumante y la cantidad (volumen) de
espumante se seleccionan de forma que el material celular
queda en el interior del colector.

Mediante pistones hidraulicos o mecanicos con accionamiento
mecanico. Los pistones son externos al colector y se introducen
en este para hacer la presiéon. Preferentemente habiéndose
calentado el molde previamente aunque se puede calentar con
posterioridad a la aplicacion de la presion.

Mediante vapor, aire comprimido, agua, aceite o cualquier otro
fluido que pueda utilizarse a tal fin, calentdndose el molde

previamente o posteriormente.

- Una segunda etapa de enfriamiento
- Una tercera etapa de desmoldeo de la pieza interior al molde

De forma adicional puede ser necesaria la extraccién de gases internos al

molde mediante un proceso de vacio utilizando un equipo generador de vacio. Dicho

proceso se realizaria previo a la fase de alimentaciéon del molde, durante dicha fase o

una vez que el molde haya sido alimentado.

Las piezas obtenidas mediante este proceso son compactas y por tanto no

20  presentan porosidad. Su densidad relativa es igual a 1.

2) Piezas estructurales de densidad reducida.

El proceso de fabricacién de piezas estructurales de densidad reducida

mediante el sistema de fabricacién de la invencién, utiliza un molde autoportante con

sistema colector que es sometido al siguiente proceso:

25

30

35

- Una primera etapa de llenado de un molde autoportante que comprende
un colector, que comprende el calentamiento del molde autoportante y
la alimentacién del mismo, pudiéndose realizar primero la alimentacién
del molde y luego el calentamiento o a la inversa,

El llenado se consigue por alimentacién en el molde de un material
polimérico a temperaturas por encima de la de reblandecimiento del
material o en estado sélido y mediante la alimentacién a través del
colector de un material mezclado con un agente espumante o de un
agente espumante.

El agente espumante permite que, una vez es calentado por encima de

su temperatura de descomposicién, genere la presién necesaria para
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rellenar el molde.
La aplicacién de presién en el interior del molde autoportante a través
del colector permite que el material polimérico introducido en el molde
sea capaz de rellenar el volumen interno del mismo.. La cantidad de
material que contiene agente espumante y la cantidad de espumante se
seleccionan de forma que el material celular generado en el colector sea
capaz de introducirse en la pieza dando lugar a una pieza con
estructura celular interna y por tanto con una porosidad controlable.
Estas piezas presentan densidades relativas en el rango 0.02 a 0.99.
- una segunda etapa de enfriamiento
- Una tercera etapa de desmoldeo de la pieza interior al molde
De forma adicional puede ser necesaria la extraccién de gases internos al
molde mediante un proceso de vacio. Dicho proceso se realizatia previo a
la fase de alimentacién del molde con un generador de vacio, durante dicha
fase o una vez que el molde haya sido alimentado
3) Piezas de densidad reducida
El proceso de fabricacién de piezas de densidad reducida mediante el sistema
de fabricacién de la invencién, utiliza un molde autoportante sin sistema colector que
es sometido al siguiente proceso:
- Una primera etapa de llenado del molde por calentamiento del molde y
alimentacién pudiéndose realizar a la inversa, primero alimentar el
moelde y luego calentarlo.
El llenado del molde se realiza por introduccién de un material
polimérico a temperaturas por encima de la de reblandecimiento del
material o en estado sélido en el molde y de un agente espumante
quimico que es capaz de generar una fase gaseosa cuando la
temperatura se eleva por encima de la temperatura de descomposicién
de dicho agente. Dicho gas expande el material que rellena el molde.
Las piezas obtenidas mediante este proceso son celulares y por tanto
presentan porosidad. El rango de densidad relativa alcanzable mediante
este proceso esta entre 0.02 y 0.99.
- Una segunda etapa de enfriamiento, y
- Una etapa final de desmoldeo de la pieza interior al molde
De forma adicional puede ser necesaria la extraccién de gases internos al molde

mediante un proceso de vacio. Dicho proceso se realizaria previo a la fase de
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alimentacién del molde, durante dicha fase o una vez que el molde haya sido
alimentado.

Dentro del campo de la fabricacion de piezas de densidad reducida existen
aspectos que permitan lograr estructuras especificas en las piezas como por ejemplo
calidades supefficiales mejoradas o pieles internas. Asi por ejemplo si se desea
obtener una estructura piel-nucleo se pueden recubrir la zonas internas de la cavidad
del molde en las que se desea obtener dicha estructura con un material capaz de
disolver gas y estable térmicamente a temperaturas superiores a la de espumacién.
Algunos ejemplos de estos materiales son siliconas, polisulfonas o poitetrafluoroetileno
(PTFE). Mediante este procedimiento se fabrican piezas celulares con estructura piel-
nlcleo y densidades relativas en el rango 0.02-0.99.

Si ademas se desean lograr zonas sélidas no espumadas en el interior del nicleo
interno espumado, esto se puede lograr introduciendo particulas sélidas de un
material capaz de disolver gas y estables a temperaturas superiores a la de
descomposicién del agente espumante en la mezcla de materias primas usadas para
alimentar el molde.

Para los tres tipos de piezas mencionadas previamente (compactas, estructurales
de densidad reducida y de densidad reducida) existe la posibilidad de fabricar piezas
con composiciones quimicas y/o densidades variables a lo largo de la pieza. Para ello
en la fase de alimentacién el molde se alimentaria con diversos materiales cada uno
de ellos con distintas composiciones quimicas y/ o cantidades o tipo de agentes
espumantes. Durante la fase de llenado la pieza quedaria constituida por regiones
macroscépicas de composiciones quimicas diversas y/o densidades que podrian variar
de forma significativa de unas zonas a otras.

Una aplicacién practica de la invencién seria la fabricacién de piezas estructurales
con pieles densas y cores celulares para lo que en la etapa de llenado del molde se
realiza una alimentacién del molde autoportante en el médulo de alimentacién, en tres
subetapas:

- inicialmente se introduce material que no incorpora agente espumante que se
sitlia en la patrte inferior del molde,

- a continuacién se introduce material que incorpora un agente espumante o
que se mezcla con un agente espumante, de manera que este material se situa
en la zona intermedia del molde.

- finalmente se vuelve a incorporar un material que no incorpore agente

espumante y que se situa en la parte superior del molde.
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Una vez que el molde ha pasado por los médulos de alimentacion,
calentamiento y enfriamiento, para lograr el llenado del mismo y la conformacién de la
pieza, se obtiene una pieza con pieles densas y cores celulares dado que la estructura
celular se genera fundamentalmente en las zonas en las que se incorporé un agente

5 espumante.
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REIVINDICACIONES

1.- Sistema de moldeo de piezas con moldes autoportantes (5) caracterizado por que
comprende:

- un equipo alimentador (1) de material de moldeo en un molde autoportante,

que comprende una pluralidad de medios de alimentacién de diferentes

compuestos,

- un equipo accionador (2) de un elemento calefactor (14) del molde

autoportante,

- un equipo enfriador (3) del molde autoportante lleno de material, y

- un equipo desmoldeador (4) de la pieza moldeada en el molde autoportante,
siendo todos ellos equipos independientes instalados en médulos de trabajo por los
que transita el molde autoportante (5).
2.- Sistema de moldeo segln reivindicaciéon 1 caracterizado por gue comprende un
equipo generador de vacio en el molde.
3.- Sistema de moldeo seglin reivindicaciones 1-2 caracterizado por que comprende
un equipo generador de presién seleccionado entre pistones hidraulicos o mecanicos.
4.- Sistema de moldeo de piezas con moldes autoportantes segun reivindicacion 1
caracterizado por que comprende:

- un médulo de alimentacién (10) que comprende el equipo alimentador (1),

- un médulo de calentamiento (11) que comprende el equipo accionador (2) de

un elemento calefactor (14),

- un médulo de enfriamiento (12) que comprende un equipo de enfriamiento (3)

Y

- un médulo de desmoldeo (13) que comprende un equipo de desmoldeo (4).
5.- Sistema de moldeo de piezas con moldes autoportantes segtin reivindicacién 1
caracterizado por que comprende:

- un mddulo de calentamiento y alimentacién que comprende el equipo

alimentador (1) y el equipo accionador (2) de un elemento calefactor (14),

- un médulo de enfriamiento (12) que comprende un equipo de enfriamiento (3)

Y

- un médulo de desmoldeo (13) que comprende un equipo de desmoldeo (4).
6.- Sistema de moldeo segun reivindicaciones 4y 5 caracterizado por que comprende
un médulo de acondicionamiento del molde autoportante que comprende un equipo
generador de vacio que se utiliza para hacer vacio en el interior del molde.

7.- Sistema de moldeo segun reivindicaciones anteriores caracterizado por que
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comprende medios de desplazamiento automaticos que conectan los médulos (10, 11,
12, 13) por los que transita el molde autoportante (5).

8.- Sistema de moldeo de piezas con moldes autoportantes segun reivindicaciones 1-
7 caracterizado por que el elemento calefactor (14) es al menos un horno fijo

5  accionable por el equipo accionador (2) junto al que se sitla.

9.- Sistema de moldeo de piezas con moldes autoportantes segun reivindicaciones 1-
7 caracterizado por que el elemento calefactor (14) accionable por el equipo
accionador (2) esta situado en el propio molde autoportante (5).

10.- Sistema de moldeo de piezas con moldes autoportantes segun reivindicacién 1

10 caracterizado por que el molde autoportante (5) comprende un conjunto de piezas con
una cavidad en su cara interior (6), un sistema de cierre (9) y un colector (7)

11.- Sistema de moldeo de piezas con moldes autoportantes seglin reivindicacién 2
caracterizado por que el médulo de calentamiento (11) comprende al menos un pistén
seleccionado entre hidraulico o mecanico de aplicacion de presién en el interior del

15 molde autoportante (5)

12.- Procedimiento de moldeo de piezas con moldes autoportantes (5) caracterizado
por comprender:
- una etapa de llenado de un molde autoportante que comprende
alimentacién del molde y calentamiento del molde autoportante (5),
20 - una etapa de enfriamiento del molde autoportante (5) lleno y
- una etapa de desmoldeo de la pieza moldeada en el molde autoportante (5),
una vez alcanzada la temperatura de desmoldeo,
realizandose cada etapa en médulos independientes (10, 11, 12, 13) por los que
transita el molde autoportante (5).

25 13.- Procedimiento de moldeo de piezas segun reivindicacién 12 caracterizado por que
el llenado del molde autoportante se realiza por alimentacién del molde y posterior
calentamiento del molde autoportante.

14.- Procedimiento de moldeo de piezas segln reivindicacién 12 caracterizado por que
el llenado del molde autoportante se realiza por calentamiento previo del molde

30 autoportante y posterior alimentacién del molde.

15.- Procedimiento de moldeo de piezas segln reivindicacién 12-14 caracterizado por
que el llenado del interior del molde autoportante se realiza mediante la introduccién
en el molde (5) de un material polimérico mezclado con un agente espumante quimico
capaz de generar una fase gaseosa, y el calentamiento se realiza por elevacién de la

35 temperatura del molde por encima de la temperatura de descomposicién de dicho
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agente espumante, que expande el material que rellena el molde.
16.- Procedimiento de moldeo de piezas segun reivindicaciones 12-14 caracterizado
por que se utiliza un molde autoportante (5) que comprende un colector (7), de manera
que en la etapa de llenado del molde autoportante (5), la alimentacién del molde (5) se
realiza por alimentacién del molde autoportante (5) con material polimérico (7) y
posterior aplicaciéon de presién en el interior del molde autoportante (5) a través del
colector (7).
17.- Procedimiento de moldeo segln reivindicacién 16 caracterizado por que la presién
se aplica mediante la introduccién en el colector (7) de un material mezclado con
agente espumante o de un agente espumante.
18.- Procedimiento de moldeo segun reivindicacién 17 caracterizado por que el
volumen de material que contiene agente espumante y el volumen de espumante se
seleccionan de forma que el material celular generado en el colector (7) limita su
volumen a dicho colector (7).
19.- Procedimiento de moldeo por inyeccién segun reivindicacion 17 caracterizado por
que el volumen de material que contiene agente espumante y el volumen de
espumante se seleccionan de forma que el material celular generado en el colector (7)
se introduce en la cavidad interior (6) del molde autoportante (5)
20.- Procedimiento de moldeo segun reivindicacién 16 caracterizado por que la presién
se aplica mediante pistones hidraulicos o mecanicos con accionamiento mecanico.
21.- Procedimiento de moldeo seguln reivindicacién 16 caracterizado por que la presién
se aplica mediante la introduccion en el colector de un fluido seleccionado entre vapor,
aire comprimido, agua y aceite.
22.- Procedimiento de moldeo segun reivindicaciones 12-21 caracterizado por que
comprende una etapa adicional de extraccién de gases internos al molde autoportante
mediante un proceso de vacio.
23.- Procedimiento de moldeo seglin reivindicaciones 12-21 caracterizado por que
comprende una etapa inicial de recubrimiento interno del molde autoportante con
materiales con capacidad para absorber gases.
24. Procedimiento de moldeo segun reivindicaciones 12 a 23 caracterizado porque en
la etapa de llenado, se realiza una alimentacién del molde autoportante en tres
subetapas:

- inicialmente se introduce material que no incorpora agente espumante que se

sitia en la parte inferior del molde,

- a continuacién se introduce material que incorpora un agente espumante o
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que se mezcla con un agente espumante, de manera que este material se sittia
en la zona intermedia del molde.
- finalmente se vuelve a incorporar un material que no incorpore agente

espumante y que se sitla en la parte superior del molde.
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Annex I. Patents.

I1.3.- PATENT 2. PRODUCTION PROCEDURE FOR THERMOPLASTIC
CELLULAR MATERIALS

The second patent was developed in the frame of the European Project Nancore
and is entitled “Production procedure for thermoplastic cellular materials”. This patent
presents a novel technology for the production of non-crosslinked anisotropic low-
density thermoplastic foams with outstanding mechanical properties and is the result
of the experimental work presented mainly in Chapter 6. Almost all the experimental
work concerning this patent has been done using polypropylene as the thermoplastic
solid matrix of the foams. The production of low density foams from non-crosslinked
polypropylene is a challenging task, furthermore when high relative mechanical
properties are sought. The relatively low stiffness of polypropylene (in comparison with
other polymers as PVC) is compensated by the anisotropic cellular structure of the
foams that is the main distinguishing characteristic of the patent, together with the low
relative densities that can be reached (as low as 0.1, that is to say expansion rates up
to 10). Besides this the patent also encloses the possibility of achieving open cell
structures with the same properties as before (same density range and comparable
mechanical properties). Since both open and closed cell structures are achieved these
foams cover a wide range of technical niches where recyclable (non-crosslinked)

materials with high mechanical properties are mandatory.
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PROCEDIMIENTO DE FABRICACION MATERIALES CELULARES DE MATRIZ
TERMOPLASTICA

Campo de la invencién

5 La presente invencion se engloba dentro del campo de la industria relativa a la
produccién de paneles celulares de baja densidad no reticulados con matriz
termoplastica, altas prestaciones mecanicas y buen acabado superficial.

Antecedentes
Las propiedades mecanicas de un material celular dependen
10  fundamentalmente de la densidad del material, de las propiedades del polimero de
partida que conforma la matriz y de la microestructura celular. Asi, cuando la densidad
del material disminuye, las propiedades mecanicas sufren una disminucién muy
acusada. Mediante la modificacién de la microestructura, para una densidad fija y una
matriz de partida dada, se pueden mejorar las propiedades mecanicas de una manera
15 muy significativa.

La modificacién de la microestructura para dar lugar a una estructura celular
anisotropica en el material celular es un método conocido para compensar la
disminucién de propiedades mecéanicas que se produce con la densidad.

Por otro lado, la proporcién de masa en las paredes celulares es otro

20 parametro microestructural que estd fuertemente relacionado con las propiedades
mecanicas especificas del material celular. Un alto contenido de celda cerrada es
indicativo de una alta proporcién de masa en las paredes y da lugar a propiedades
mecanicas especificas dptimas. Bajos contenidos de celda cerrada van normalmente
asociados a bajas proporciones de masa en las paredes de las celdas y esto da lugar

25 a propiedades mecénicas especificas bajas.

Varios de los parametros mencionados en los parrafos previos y otros conceptos
importantes que aparecen en este documento se definen de la siguiente manera.

e Propiedades mecéanicas especificas: se define como el valor de una cierta

propiedad mecanica dividido entre la densidad del material sobre el que se

30 mide dicha propiedad. De esta manera se independiza la propiedad de la

densidad, dando un valor mas facilmente comparable.

e Contenido de celda cerrada: es directamente proporcional a la fraccién en

volumen de celdas que no estan interconectadas. Una mayor presencia de
masa en las paredes disminuye las interconexiones entre celdas y aumenta

35 el contenido de celda cerrada. Una estructura de celda abierta se
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caracteriza porque el volumen de las celdas interconectadas es idéntico al
volumen de la fase gaseosa. Una estructura parcialmente interconectada se
caracteriza porque una fraccién del volumen de fase gaseosa esta
interconectada.

Densidad relativa: es el cociente entre la densidad del material celular y la
del sélido del cual se parte. Es una medida de la fraccién volumétrica de
fase sélida presente en el material.

Grado de expansién: es el cociente entre el volumen del material celular y
el volumen del material sélido de partida. Mide por tanto el incremento de
volumen que sufre el material durante el proceso de espumado

indice de anisotropia: cociente entre la dimensién de una celda en una
direccién determinada y la dimensién medida en otra direccién.
Tortuosidad: Es el cociente entre la distancia que debe recorrer el gas para
atravesar el material y el espesor de ese material. Es por tanto una medida
de lo intrincada que es la estructura celular del material, es un parametro
que tiene importancia para estructuras celulares con elevados contenidos
de celdas abiertas.

Médulo elastico relativo, esfuerzo de colapso relativo, médulo de cizalla
relativo: se refiere al valor de cualquiera de estas propiedades mecanicas
dividido entre la densidad de la pieza sobre la que se esta midiendo. Es una
manera de independizar de la densidad el valor de la propiedad mecanica.
De esta manera se obtiene un valor mucho mas comparable sin necesidad
de especificar la densidad.

Agente espumante: aquel material que cuando alcanza una temperatura
critica, que denominaremos temperatura de descomposicién, genera una
fase gaseosa. Dicha fase gaseosa puede permitir la expansién de un
segundo material en el que se haya introducido previamente el agente
espumante.

Nanoparticulas. Son particulas que tienen al menos una de sus
dimensiones (largo, ancho, espesor-diametro) en la escala nanométrica, es
decir alguna de sus dimensiones tiene tamafios inferiores a unos 200
nanométricos. Hay nanoparticulas con forma laminar, con forma de fibra e
isotrépicas.  Ejemplos de este tipo de particulas son nanoarcillas,
nanotubos de carbono, nanofibras de carbono, silices nanométrica,

grafenos, organo titanatos, organo zirconatos, etc.
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Cuando el indice de anisotropia es igual a 1, el crecimiento de las celdas es el
mismo en todas las direcciones y su forma es completamente isotrépica. De ahora en
adelante, en el supuesto caso de una lamina de material celular con dos supefficies

5 planas opuestas, un indice de anisotropia mayor que 1 indicara que las celdas estan
elongadas en la direccién del grosor de la lamina que en cualquier direccién contenida
en un plano paralelo a las dos superficies planas. De hecho, normalmente las celdas
seran altamente isétropas en un plano paralelo a las dos superficies planas opuestas.
Esta configuracion de anisotropia incrementara las propiedades mecanicas en

10  compresién medidas en la direccién del grosor de la lamina.

La produccién de laminas de material celular a partir de un proceso de extrusién da
lugar a indices de anisotropia inferiores a la unidad respecto a la definicién anterior
puesto que el propio proceso de extrusion tiende a producir un alineamiento de las
celdas en la direccién de extrusién la cual es perpendicular a la direccién de grosor de

15 la lamina.

Obviando la anisotropia, la mera produccién de materiales celulares de celda
cerrada de baja densidad relativa (<0.2) a partir de una matriz polimérica termoplastica
no reticulada es un proceso complicado y por ello en muchas tecnologias se recurre a
la reticulacién de la matriz. Esto da lugar a que el producto final no pueda ser

20 reciclado, sea mas fragil y presente peor comportamiento en fatiga o impacto. Ademas
los procesos de produccién son extremadamente caros, elevando el precio del
producto final.

Diversas patentes buscan la consecucién de una estructura anisotrépica por
diferentes procedimientos y con distintas finalidades:

25 US 2010 0029796 A1 divulga un procedimiento en el que las espumas, una vez
que han sido fabricadas, se someten a un ciclo de temperatura y deformacién
mecdénica para inducir celdas anisotrépicas.

En US 4 053 341 el procedimiento se centra en espumas de polietiieno que en
este caso estan reticuladas. Se consiguen celdas anisotrépicas Unicamente en ciertas

30 laminas interiores pero no en la totalidad de la espuma. Las laminas exteriores tienen
celdas completamente isétropas.

En US 4 673 695 el polimero se disuelve en un solvente como método de
consecucién de la estructura anisotrépica. No se menciona si el método permite

obtencion de celdas abiertas o cerradas.
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La patente US 2010 0038579 A1 se centra en la produccién de estructuras
anisotrépicas en elastémeros mediante la introduccién de particulas magnetizables en
la matriz que al aplicar un campo magnético facilitan la orientacién de la matriz.

El método de procesado de EP 0 411 437 B1 consigue ratios de anisotropia altos
con valores entre 5 y 12 pero restringe a su aplicacién a polyethersulfonas. En US
2005 0112356 A1 la anisotropia se consigue mediante la introduccién en la matriz de
nanofibras orientadas, aunque la produccién se centra en un polimero concreto, un
alkenyl aromatico.

En GB 1 007 411 el método de produccion constrifie el crecimiento de la pieza
espumada a una Unica direccién pero la patente se restringe a policloruro de vinilo, el
material es reticulado y ademas se limita a espumas de celda cerrada.

La patente US 2011 0104478 presenta un método de conseguir espumas
anisotrépicas pero en el cual los ratios de anisotropia en ningun caso superan un valor
de 1,7. En este proceso la anisotropia se consigue por depresurizacién durante el
enfriamiento.

Ninguno de los antecedentes anteriores presenta la posibilidad de controlar el
contenido de celda abierta o celda cerrada manteniendo unas buenas propiedades
mecanicas especificas asi como la posibilidad de variar tamafio de celda, ratio de
anisotropia o tortuosidad todo ello combinado con un control preciso de la densidad de
la pieza final y el uso de un polimero no reticulado como matriz para el material celular.

Descripciéon de la invencién

La invencién se refiere a un procedimiento de obtencion de materiales celulares de
matriz termoplastica no reticulada con densidades relativas menores a 0.2 en los
cuales se consiguen indices de anisotropia superiores a 2, porcentajes variables del
contenido de celda abierta, y altas propiedades mecéanicas especificas, comparables a
las obtenidas comercialmente con otros materiales en base PVC o SAN, con buena
calidad superficial y con un coste de produccién mas econémico frente a los actuales
del mercado. Cuando se habla de altas propiedades mecanicas se hace referencia a
un valor del médulo elastico relativo en compresion superior a 0,6 MPa/(kg/m®) un
médulo de cizalla relativo superior a 0,18 MPa/(kg/m°) y un esfuerzo de colapso
superior a 0,010 MPa/(kg/m®).

El procedimiento comprende principalmente las siguientes etapas:

1) MEZCLA Y GRANCEADO PARA FABRICACION DEL MATERIAL
PRECURSOR
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El primer paso consiste en la mezcla en una mezcladora o extrusora de las
materias primas que se van a emplear en la fabricacién de la lamina siendo estas al
menos un polimero termoplastico, un agente espumante quimico, y aditivos en unas
condiciones de temperatura y cizalla en las cuales el polimero esté fundido pero por
debajo de las condiciones de descomposicién del agente espumante. Una alternativa a
esta ruta es la utilizacién de un proceso de mezclado en frio usando polvos para los
componentes de la mezcla.

= Las materias primas a emplear son las siguientes:

a.- el elemento basico es un polimero termoplastico, como puede ser
polietileno, polipropileno, policloruro de vinilo, polietilen tereftalato, poliestireno,
poliamida, almidén, poliacido lactico, etc. o también mezclas de los mismos en
las cantidades adecuadas para la obtencién del producto final deseado.

b.- un agente espumante quimico. Dentro de la amplia variedad de estos
productos podemos utilizar entre otros la azodicarbonamida, oxibis (hidracina
de bencensulfonil), 5-feniltetrazol, bicarbonato, acido citrico o mezclas de los
mismos, etc.

La cantidad de agente espumante es un parametro critico que debe ser
ajustado con precisién en funcién del grado de expansién (densidad relativa) y
estructura celular (tamafio de celda, anisotropia, tortuosidad, contenido de
celda abierta, etc.) que se quiere alcanzar en el producto final. ElI agente
espumante se introduce de forma que se logre una buena dispersién del
mismo.

c.- ofros aditivos como cargas (talco, carbonato calcio, nanoarcillas,
nanosilicas, hanotubos de carbono, nanofibras de carbono, grafenos),
refuerzos (fibras de vidrio, fibras de carbono), ayudantes de proceso (ceras,
acido estearico), agentes nucleantes (talco, nanoparticulas tipo arcillas, silicas),
antioxidantes, pigmentos, activadores de la reacciéon del agente espumante
(6xido de zinc), agentes repolimerizantes como neoalkoxy organotitanatos u
organozirconatos, etc. Una de las novedades y aspecto beneficioso de la
presente invencién es la no necesidad recurrir a matrices reticuladas (es decir
en las que existen enlace carbono-carbono entre cadenas) y por lo tanto en
ningun caso contendra agentes reticulantes. Es conveniente sefialar aqui que
la introduccién de cargas de tamafio nanométrico serd determinante en la
obtencion de estructuras celulares anisotrépicas de celda abierta de elevadas

prestaciones mecéanicas.
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d.- en el caso de emplear ciertas cargas de tamafio nanométrico como
nanoarcillas organomodificadas puede ser hecesaric emplear en la
formulacién de partida un polimero compatibilizante injertado con anhidrido
maléico o cualquier otro tipo de agente compatibilizante con el fin de producir la
buena dispersién/exfoliacion de dichas particulas de tamafio nanométrico.

Los aditivos se introducen de forma que exista una buena dispersiéon de todos
ellos en la matriz polimérica.

La mezcla, una vez solidificada, se grancea a la salida de la extrusora o
mezcladora a un tamafio suficientemente pequefio para permitir su introduccion
posterior en los moldes de fabricacién.

Esta mezcla también podra ser extruida en forma de ldmina u otra forma de tal
manera que dicho material se introduzca en el molde posteriormente actuando
como precursor.

La granza fabricada podria también sufrir posteriormente un proceso de
compactacion para darle una cierta geometria que posteriormente seria

introducido en el molde para la produccién de la ldmina celular.

INTRODUCCION EN MOLDE ESPECIFICO DEL MATERIAL PRECURSOR

La formulacién previamente generada y en cualquiera de las formas citadas en

20 la etapa de mezcla y granceo, que sera el material precursor, se introduce en un

molde que comprende una pieza desplazable unidireccionalmente y de control de la

densidad, para su espumacion.

25

30

35

El molde comprende :
= Un cuerpo (1) que serd la cavidad principal de formacién de la
lamina, que comprende:
= en todo su perimetro superior e inferior un alojamiento donde
van colocadas juntas (2) de material elastico resistente a la
temperatura como por ejemplo vitén, teflén, etc.
= atornillada a su parte inferior una tapa (4) de la misma area
que el area externa de este,
= Un pistén en forma de T (3), como elemento desplazable
unidireccionalmente, cuyo cuerpo encaja con baja tolerancia en el
seno del cuerpo del molde (1). La parte inferior del pistén (10), una

vez que este esta introducido en el seno del molde, dejara un
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espacio libre entre este y la base interna del cuerpo del molde,
cavidad interna (11), donde ira alojado el material precursor (5). La
parte superior del pistén en forma de T (9) entrara en contacto en un
momento determinado con la junta elastica (2) del cuerpo del molde
5 (1) ejerciendo presion sobre ella y dejando la cavidad interna del
molde (11) completamente estanca a gases y al escape del material
fundido,
*  Una pieza expansora (6) unida al cuerpo del molde (1) y cuya altura
es variable en funcién del grado de expansion buscado y/o al grosor
10 final de la l[dmina que se quiere producir, cuya area interna coincide
coh baja tolerancia con el area externa de la parte superior del
pistén en forma de T (9), de tal manera que actiia como guia de este
durante su ascenso, y
* Un pieza de de retencién unidad (7) tanto a la pieza expansora (6)
15 como al cuerpo del molde (1) con area externa igual a la de estos
dos y area interna inferior a la de la parte superior del pistén (9) y al
area interna de la pieza expansora (6) de tal manera que el pistén
en forma de T (3), una vez alcanzada la expansién deseada, vea
detenido su ascenso por la pieza de retencién (7), permitiendo
20 mantener controlada la densidad final de la pieza.
El material del cual esté fabricado el molde puede ser cualquiera con tal de
que soporte las condiciones de presion y temperaturas desarrolladas
durante el proceso.
La introduccién del material en el molde se puede hacer por diferentes
25 métodos. El mas sencillo seria introducir el material en forma de granza,
polvo o en forma de material precursor antes de colocar el pintén. Otra
manera seria hacerlo a través de una abertura en el cuerpo (1) o en la tapa
inferior (4). En este caso se podria introducir tanto en estado sélido (en
forma de granza o polvo) como en estado fundido usando un equipo de
30 extrusién o mediante técnicas de vacio. Una vez introducido el material la
abertura usada para dicha introduccién deberia ser sellada adecuadamente
para impedir pérdidas de material.
La cantidad de miaterial a introducir sera tal que si estuviera totalmente
compacto en estado fundido rellenaria completamente, al menos, el

35 espacio libre entre pistén y base inferior del molde (11) mencionado
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anteriormente de tal manera que el pistén (3) en cualquier estado previo a
la descomposicién del agente espumante ya realiza presién sobre el
material precursor (5). La cantidad de material a introducir esta relacionada
con la densidad relativa final de la pieza que se quiera alcanzar y con el la
pieza de expansion utilizada en cada caso. Las densidades relativas
alcanzables por este proceso pueden alcanzar valores tan bajos como 0.05
y cualquier valor superior aunque el proceso esté preferentemente
enfocado al rango de bajas densidades (densidades relativas inferiores a
0.2)

3) ESPUMACION Y FORMACION DE LA LAMINA EN EL MOLDE

El molde completamente montado, cerrado y con el material precursor en su

interior es sometido a un ciclo que combina conjuntamente presién y temperatura,

durante el tiempo suficiente para que se produzca una cantidad suficiente de gas que

permita lograr la expansién deseada (etapas 3.1, 3.2 y 3.3). Como norma general el

tiempo bajo el cual el molde permanece bajo condiciones de presién y/o temperatura

debe ser el minimo necesario para que se descomponga la totalidad del agente

espumante con el fin de optimizar las propiedades mecéanicas especificas de la pieza

final.

3.1) Por efecto de la presion aplicada el gas queda disuelto dentro del polimero

sin producir ningun tipo de espumacién mientras la presion contintie ejerciéndose.

La presién puede ser ejercida de forma mecanica mediante una prensa
situando un segundo pistén cilindrico (8) sobre el pistéon en forma de T (3)
para transmitir la presidn hasta el material o de cualquiera ofra forma
siempre y cuando esta presién sea superior a la presién de gas generada
por el agente espumante al descomponer, de tal manera que este gas
generado quede disuelto en el polimero precursor fundido sin producir
ningun tipo de espumacién mientras la presiéon continle aplicada. La
presién puede mantenerse constante durante todo el proceso o puede
variarse siempre y cuando sea superior a la presién de gas generada por
la descomposicién del agente espumante.

La temperatura puede ser aplicada calefactando los platos superior e
inferior de la prensa, mediante camisas laterales calefactoras externas,
mediante calefactores infrarrojos, mediante resistencias eléctricas

insertadas en el cuerpo del molde, mediante circuitos para aceite
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termostando en el cuerpo del molde o mediante cualquier otro
procedimiento. La temperatura ha de ser tal que produzca la fusién de la
matriz polimérica si el polimero es semicristalino o permita alcanzar la
temperatura de transicién vitrea si el polimero es amorfo vy la

5 descomposicion del agente espumante. El proceso de calentamiento se
puede realizar mediante diferentes escalones de temperatura si, por
ejemplo, primero se quiere producir la fusién del polimero y posteriormente
la descomposicién del agente espumante.

En el caso de que la formulacién de partida no contenga cargas de tamaiio

10 nanométrico como nanoarcillas, nanotubos de carbono, nanofibras de carbono, etc. las
presiones recomendables a ejercer para optimizar las propiedades mecanicas
especificas son medias (35 bar). En el caso de que la formulacién de partida contenga
cargas de tamafio nanométrico como nanoarcillas, nanotubos de carbono, nanofibras
de carbono etc. las presiones recomendables a ejercer para optimizar las propiedades

15 mecanicas son bajas (7 bar). El parametro de presion debe ser ajustado con precisidon
para conseguir una pieza final éptima. Ademas, mediante la variacién de la presién
aplicada se pueden controlar y variar parametros como el ratio de anisotropia, el
tamafio celular o la tortuosidad de la estructura. En general presiones mayores dan
lugar a valores menores de anisotropia y tamafios de celda reducidos.

20 3.2) Transcurrido el tiempo tras el cual el agente espumante se ha
descompuesto hasta el punto deseado la presiéon se libera. El gas generado deja de
estar disuelto y produce el crecimiento de la ldmina solo en grosor.

3.3) La presiéon generada por el gas anteriormente disuelto en el polimero
produce el ascenso del pistdn en forma de T hasta que este ascenso se ve limitado

25 por la pieza de retencién.

La presién de gas generada como consecuencia de la descomposicién del
agente espumante actuarda como fuerza de empuje del crecimiento de la matriz
polimérica en la direccién de liberacién de la presién generando una estructura celular
anisotropica con maxima anisotropia en esta direccién.

30 El crecimiento (etapas 3.2 y 3.3) se restringe a la direccién de liberacién de la
presién siendo esta la direccién de maxima anisotropia. Velocidades de liberacién de
presién altas (1000 mm/min) dan lugar a acabados superficiales rugosos y de peor
apariencia visual. Velocidades de liberacién de presién bajas (10 mm/min) dan lugar a

acabados superficiales suaves con buena apariencia visual. De esta manera el

340



Annex I. Patents.

10

15

20

25

30

35

-10-

parametro de calidad superficial puede ser controlado y variado en funcién a las

necesidades.

4) ENFRIAMIENTO DEL MOLDE

Una vez transcurrido el tiempo estrictamente necesario para que el agente

espumante haya descompuesto en su totalidad el molde ha de ser enfriado.

El enfriamiento se puede producir de diferentes modos, mediante circulacion de
aire, sumergiendo el molde en un bafio de agua u otro liquido para un enfriamiento
rapido, introduciendo circuitos por los que se puede producir la entrada y salida de
agua o aceite en el cuerpo del molde, etc.

La estructura celular anisotrépica conseguida durante la etapa 3 puede
continuar evolucionando una vez liberada la presién y/o el calentamiento hacia una
estructura celular isétropa por lo cual la velocidad de enfriamiento ha de ser lo mas
rapida posible y el tiempo que transcurre hasta que este enfriamiento comienza debe
ser el menor posible.

En el caso de que el cuerpo del molde pueda ser enfriado in-situ mediante la
re-circulacién de agua por el interior de ese cuerpo o mediante cualquier otro
procedimiento se podra prescindir de la pieza de retencién (7) actuando el plato
superior de la prensa, o cualquier otro procedimiento que se haya empleado para
aplicar presion sobre el pistén en forma de T, como mecanismo limitante del ascenso
de dicho pistén y por tanto del crecimiento de la espuma. Sin embargo puesto que se
busca una velocidad de enfriamiento lo mas alta posible es muy conveniente tener la
capacidad de extraer el molde de la prensa. Desde este punto de vista, el la pieza de
expansién y la de retencién son piezas imprescindibles que permiten mantener
controlada la densidad final de la pieza mientras el molde es extraido de la prensa
para proceder a su enfriamiento por inmersién en agua o cualquier otro procedimiento,

dejando ademas la prensa libre para que comience la fabricacién de otra pieza.

5) DESMOLDEO
El momento en el que la totalidad del molde y la de la lamina en &l contenida se
encuentra a una temperatura inferior a la temperatura de cristalizacion (si es
semicristalino) o de transicion vitrea (si es amorfo) del material termoplastico que la
conforma, el molde puede ser desmontado y la ldAmina ya conformada y sélida extraida

de su interior sin presentar mayor dificultad.
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Como nota general la presente invencién permite la fabricacion de materiales
celulares anisotrépicos tanto de celda cerrada como de celda abierta y manteniendo
altas propiedades mecanicas especificas en ambos casos. En el caso del material con
estructura celular anisotrépica de celda abierta la formulacién de partida debera

5  contener un cierto porcentaje de particulas de tamafio nanométrico como nanoarcillas
tanto organomodificadas como naturales, nanotubos de carbono, nanofibras de
carbono, etc. Estas particulas de tamafio nanométrico fomentan la presencia de una
estructura de celda abierta manteniendo o incrementando el ratio de anisotropia de la
estructura celular y reforzando la matriz polimérica de tal manera que las propiedades

10 mecénicas especificas alcanzadas son del mismo orden de magnitud que las del
correspondiente material celular de celda cerrada sin hanoparticulas. Esta
combinacién de paneles con altas propiedades mecanicas especificas y altos
contenidos de celda abierta es muy Util en aplicaciones en las que se busquen paneles
estructurales con un buen comportamiento como absorbente acustico.

15 Segun este procedimiento cuanto mayor es el grado de expansién alcanzado
(menor densidad relativa) se alcanzan mayores valores del indice de anisotropia.
Puesto que la disminucién de la densidad produce una fuerte disminucién de las
propiedades mecéanicas el hecho de que el grado de anisotropia también aumente al
disminuir la densidad compensa dicha fuerte disminucién de propiedades mecanicas.

20 Descrita suficientemente la naturaleza de la invencion, asi como la manera de
llevarse a la practica, debe hacerse constar que las disposiciones anteriormente
indicadas y representadas en los dibujos adjuntos son susceptibles de modificaciones
de detalle en cuanto no alteren sus principios fundamentales, establecidos en los
parrafos anteriores y resumidos en las reivindicaciones que se expohen

25 posteriormente.

Su aplicacién esta enfocada fundamentalmente a la industria de los generadores
edlicos, a la industria aeronautica, al sector de la automocién y al sector nautico entre
otros. Ademas la posibilidad de variar la estructura celular manteniendo un excelente
comportamiento mecéanico y bajas densidades permite encontrar aplicaciones desde el

30 punto de vista del acondicionamiento acustico o del aislamiento térmico entre otros.

Las espumas poliméricas de baja densidad, ademas de las dificultades asociadas
a su proceso de produccion, en el caso de partir de una matriz polimérica no
reticulada, presentan una importante disminucién de propiedades mecéanicas con la
densidad. La consecucién de una estructura celular anisotrépica compensa esta

35  disminucién dotandolas de unas altas propiedades mecanicas especificas.
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Existen numerosas investigaciones y patentes conducentes por un lado a la
fabricacién de espumas poliméricas de baja densidad y por otro de estructuras
celulares con alta anisotropia pero ninguna supone una combinacién de ambas
partiendo de una matriz polimérica termoplastica no reticulada y consiguiendo ademas
contenidos de celda abierta variables. Unido a esto, la invencién permite la variacién y
el control preciso de la densidad y la estructura celular en términos de ratio de
anisotropia y tamafio de celda mediante el propio proceso de produccién.

La presente invencién presenta materiales celulares que combinan baja densidad
partiendo de matrices poliméricas no reticuladas con estructuras celulares altamente
anisétropas y con contenidos de celda abierta variables y que por su morfologia estan
dotados de unas altas propiedades mecédnicas especificas y una excelente calidad
superficial.

El grado de anisotropia aumenta a medida que disminuye la densidad relativa de la
pieza fabricada, este hecho es ideal para compensar convenientemente la pérdida de
propiedades mecanicas que se produce en estas bajas densidades. El proceso de
fabricacién permite el control preciso y la variacién de la densidad, del indice de
anisotropia de la estructura celular y del tamafio de celda de la pieza.

La invencién permire obtener altos contenidos de celda abierta manteniendo
constante la alta anisotropia, la baja densidad y las altas propiedades mecanicas
especificas mediante la introduccién de cargas de tamafio nanométrico.

El material celular conseguido resulta ademas competitivo en cuanto a costes
respecto a otros competidores del mercado a igualdad de propiedades mecanicas
especificas. El precio final del producto presenta un ahorro aproximado del 30%

respecto a otros productos del mercado de similares prestaciones.

Breve descripcién de los dibujos

A continuacién se pasa a describir de manera muy breve una serie de dibujos
que ayudan a comprender mejor la invencién y que se relacionan expresamente con
una realizacién de dicha invencién que se presenta como un ejemplo no limitativo de
ésta.

La Figura 1 muestra las diferentes etapas de produccién del material

La Figura 2 muestra esquematicamente la evolucién de la estructura celular
durante el proceso de espumado en la que se observan las modificaciones en
densidades y anisotropia.

La figura 3a muestra una imagen de la estructura celular anisotrépica con alto

contenido de celda abierta correspondiente a una material celular en base
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polipropileno que contiene nanoparticulas de tipo nanoarcillas. (ejemplo 1) fabricada
mediante el procedimiento de la invencién.
La Figura 3b muestra una imagen de la estructura celular anisétropica para un
material fabricado en base un polipropilenc de alta resistencia en el fundido (ejemplo
5  2)fabricada mediante el procedimiento de la invencién..
La Figura 3¢ muestra una imagen de la estructura celular con menor grado de
anisotropia fabricada en base un polipropileno de alta resistencia en el fundido

(ejemplo 3)

10 En las figuras anteriormente citadas se identifican una serie de referencias que
corresponden a los elementos indicados a continuacién, sin que ello suponga caracter
limitativo alguno:

1.- cuerpo del molde
2.- junta elastica
15 3.-pistbnen T
4 -tapa inferior
5.- material precursor
6.- pieza expansora
7 .- pieza de retencién
20 8.- piston cilindrico
9.- sector superior del pistonen T
10.- base del pistén

11.- cavidad interior

25 Descripcion detallada de un modo de realizacién

Tal y como se muestra en la figura 1 el procedimiento de fabricacion de
materiales celulares de matriz termoplastica no reticulada con densidades relativas
inferiores a 0.2, con indices de anisotropia superiores a 1.5 tanto en celda abierta
como en celda parcialmente interconectada y un médulo elastico relativo en

30 compresién superior a 0,6 MPa/(kg/m°) un médulo de cizalla relativo superior a 0,18
MPa/(kg/m?) y un esfuerzo de colapso superior a 0,010 MPa/(kg/m®), comprende:

- Una etapa inicial (A) de mezcla y granceado de al menos un polimero

termoplastico con un agente espumante quimico y al menos una

nanoparticula del tipo nanoarcilla, nanotubo de carbono, nanofibra de

35 carbono, silice, grafeno, organotitanatos y organizirconatos, etc. formando
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un material precursor (5),

- Posteriormente introducir el material precursor (3) obtenido, en un molde
que comprende una pieza (3) de expansién unidireccional del material
precursor (5) y otra de control de la densidad (6 y 7), (B)

- tras introducir la mezcla en el molde se eleva la temperatura del molde por
encima de la temperatura de descomposicion del agente espumante hasta
obtener la fusién de la matriz polimérica y la descomposicién del agente
espumante (C1), aplicando simultdneamente una presién a la pieza de
expansién unidireccional (3) del molde con unos valores por encima de la
presién generada por el agente espumante, hasta que el polimero funda y
descomponga ¢l agente espumante,

- se libera la presién (C2) para que se produzca la expansién (C3), mostrado
en la figura 2, estando el valor final de la misma controlado por la pieza de
retencién de la expansién (7),

- se enfria el molde (D), ¥

- finalmente se desmoldea (E) la lamina obtenida cuando la totalidad del
molde y la de la ldamina en &l contenida se encuentra a una temperatura
inferior a la temperatura de cristalizacion si el polimero es semicristalino o a
la de transicién vitrea si el polimero es amorfo.

A continuaciéon se detallan una serie de ejemplos practicos de aplicacién del

procedimiento descrito con el molde de la invencién:
Ejemplo 1

Fabricacién de lamina de baja densidad con estructura celular anisotrépica y
alto contenido de celdas abiertas en base polipropileno no reticulado y empleando
como carga nanoarcillas que presenta altas propiedades mecanicas especificas.

En un primer paso se mezclan eh una extrusora doble husillo co-rotatorio
polipropileno de alta resistencia al fundido (Daploy WB 135 HMS, Borealis), un
polipropileno injertado con anhidrido maléico (Polybond 3150, Chemtura) nanoarcillas
de tipo montmorillonita organomodificadas con sales cuaternarias de amonio (Cloisite
20 A, Southern Clay Products), un agente espumante, en este caso
azodicarbonamida (Porofor M-C1, Lanxess) y antioxidantes Irgafos 168 e Irganox 1010
(Ciba) en proporciones de 81,9 %, 10%, 5 %, 3 %, 0,08% y 0,02 % respectivamente.

La mezcla se grancea y se introduce en el interior del cuerpo de un molde de
acero inoxidable.

Dicho cuerpo del molde comprende:
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- Un cuerpo (1) que comprende una cavidad interior (11) principal de
formacién de la lamina, que comprende:
= en todo su perimetro superior e inferior una junta de material
elastico resistente a la temperatura (2) como por ejemplo
vitén y
= atornillada a su parte inferior una tapa (4) fabricada en el
mismo material que el cuerpo del molde y de la misma area
que el area externa de este,
- un pistén (3) con seccion transversal en forma de T. La parte mas
sobresaliente del pistén, esto es el sector superior (9), presiona contra la
junta eldstica (2) dejando el compartimento interno (11) del cuerpo (1)
estanco a gases y al escape del material. Entre la base del cuerpo del
pistén (10) y la base la cavidad (4) quedara un espacio (11) de 2 mm de
altura. La cantidad de material (5) a introducir se calcula para que, una vez
compactado, el material ocupe completamente este espacio entre base del
molde (4) y pistén (3). De esta manera el pistdbn permanecera
constantemente realizando presién sobre la totalidad del material fundido,
- una pieza expansora (6) unida al cuerpo del molde, dicha pieza expansora
con una altura variable segun el espesor final (densidad final) de la lamina
que se quiera fabricar, y

- una pieza de retencién (7) unida al cuerpo del molde y que por sus
dimensiones actuara como limitador de la expansién durante el ascenso del
pistén durante la relajacién de la presién.

El conjunto completo se introduce en una prensa de platos calientes
precalentada a la temperatura de trabajo. Sobre el pistén en forma de T se coloca un
segundo pistén cilindrico de aluminio que transmitird la presién y el calor al material.
Los platos de la prensa estan precalentados a 190 °C y se ejerce una presién de 5 bar.
Las nanoarcillas presentan un efecto catalizante sobre la azodicarbonamida
reduciendo la temperatura de descomposicién, por lo que la temperatura éptima de
proceso es 190°C.

El conjunto del molde permanece bajo estas condiciones durante el tiempo
necesario para que el polimero funda y descomponga el agente espumante. Por efecto
de la presién aplicada sobre el material el gas descompuesto queda disuelto dentro del

polimero sin producir espumacion.
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Transcurrido dicho tiempo la presién se libera lentamente a una velocidad de
10 mm/min dejando crecer el material en una Unica direccién. El pistén en forma de T
se ve detenido por la pieza de retencién alcanzandose asi la expansion deseada.

El conjunto del molde se extrae de la prensa y se sumerge en agua para
proceder a su enfriamiento. Una vez que la temperatura ha descendido por debajo de
la temperatura de solidificacién del polimero el conjunto puede extraerse del agua y
desmontarse para proceder a la extraccion de la [amina.

En estas condiciones se obtiene una pieza, tal y como se muestra en la figura
3a, de densidad 150 kg/m® con un 85% de contenido de celda abierta y un valor de
anisotropia celular cercano a 3 (figura 3a). Las propiedades mecdanicas en compresién
dan un mdédulo de Young de 100 MPa, modulo de cizalla de 33 MPa y un esfuerzo de
colapso de 1,8 MPa. La pieza presenta un excelente acabado superficial.

Ejemplo 2

Fabricacién de lamina de baja densidad con estructura celular anisotropica y
celda cerrada en base polipropileno no reticulado que presenta altas propiedades
mecdénicas especificas.

En un primer paso se mezclan en una extrusora doble husillo co-rotatorio
polipropileno de alta resistencia al fundido (Daploy WB 135 HMS, Borealis), un agente
espumante, en este caso azodicarbonamida (Porofor M-C1, Lanxess) y antioxidantes
Irgafos 168 e Irganox 1010 (Ciba) en proporciones de 96,9 %, 3 %, 0,08% y 0,02 %
respectivamente.

La mezcla se grancea y se introduce en el interior del cuerpo de un molde de
acero inoxidable.

Dicho cuerpo del molde comprende:

- Un cuerpo (1) que comprende una cavidad interior (11) principal de

formacién de la lamina, que comprende:
= en todo su perimetro superior e inferior una junta de material
elastico resistente a la temperatura (2) como por ejemplo
vitén y
= atornillada a su parte inferior una tapa (4) fabricada en el
mismo material que el cuerpo del molde y de la misma area
que el area externa de este,

- un pistén (3) con seccién transversal en forma de T (Figura 1) cuyo sector

superior (9) del pistén presiona contra la junta elastica (2) dejando el

compartimento interno del cuerpo estanco a gases y al escape del material.
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Entre la base inferior (10) del cuerpo del pistén (3) y la base interior de la
cavidad (4) queda un espacio (11) de 2 mm de altura. La cantidad de
material a introducir se calcula para que, una vez compactado y fundido, el
material (5) ocupe completamente este espacio entre base de la cavidad
5 (10) y base (10) del piston (3) . De esta manera el pistén permanecera
constantemente realizando presién sobre la totalidad del material fundido,

- una pieza expansora (8) atornillada unida al cuerpo del molde, con una

altura variable segun el espesor final (densidad final) de la lamiha que se
quiera fabricar, y

10 - una pieza de retencién (7) unidad al cuerpo del molde y que por sus
dimensiones actuara como limitador de la expansién durante el ascenso del
pistén durante la relajacién de la presion.

El conjunto completo se introduce en una prensa de platos calientes
precalentada a la temperatura de trabajo. Sobre el pistén (3) en forma de T se coloca

15 un segundo pistén cilindrico (8) de aluminio que transmitira la presién y el calor al
material. Los platos de la prensa estan precalentados a 200 °C y se ejerce una presiéon
de 35 bar. El conjunto del molde permanece bajo estas condiciones durante el tiempo
necesario para que el polimero funda y descomponga el agente espumante.

Por efecto de la presién aplicada sobre el material (5) el gas descompuesto

20 queda disuelto dentro del polimero sin producir espumacion.

Transcurrido dicho tiempo la presién se libera lentamente a una velocidad de
10 mm/min dejando crecer el material en una unica direccién. El pistén (3) en forma de
T se ve detenido por la pieza de retencién alcanzandose asi la expansiéon deseada.

El conjunto del molde se extrae de la prensa y se sumerge enh agua para

25 proceder a su enfriamiento.

Una vez que la temperatura ha descendido por debajo de la temperatura de
solidificacién del polimero el conjunto puede extraerse del agua y desmontarse para
proceder a la extraccién de la lamina.

En estas condiciones se obtiene una pieza de densidad 150 kg/m® con un 5%

30 de celda abierta y un valor de anisotropia celular cercano a 3 (figura 3b). Las
propiedades mecanicas en compresién dan un médulo de Young de 120 MPa un
médulo de cizalla de 35 MPa y un esfuerzo de colapso de 1.8 MPa. La pieza presenta
un excelente acabado superficial.

Tal y como se ve en la figura 3b, Una menor densidad (mayor expansién) da

35 lugar a estructuras mas anisotrépicas.
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Ejemplo 3

Fabricacion de lamina de baja densidad con estructura celular anisotrépica y
celda cerrada en base polipropileno no reticulado que presenta altas propiedades
mecanicas especificas y que ademas presenta una reduccién en el tamarfio de celda.

Las condiciones de fabricacién en este caso son exactamente iguales a las
empleadas en el ejemplo 2 a excepcidn de la presién empleada que pasa de 35 bar a
una presion de 85 bar. Este aumento de presion tiene como consecuencia una
disminucién en el ratio de anisotropia y una disminucién también en el tamafio medio
de celda que presenta la pieza final. La anisotropia pasa de un valor cercano a 3 en el
ejemplo 2 a un valor de 1.5 en este caso y el tamafio celular pasa de las 300 ym
obtenidas en el ejemplo 1 a una media de 150 pm (figura 3c).

Como consecuencia de la disminucién en el ratio de anisotropia que presenta
esta muestra, sus propiedades mecanicas también se ven disminuidas hasta un valor
del médulo de Young en compresiéon de 90 MPa para la misma densidad de 150
kg/m®.

A pesar de esta disminucién el médulo de Young especifico sigue siendo alto y
la disminucién de tamafio de poro tiene un efecto positivo en las propiedades aislantes
térmicas del panel pudiendo ser empleado en aplicaciones estructurales donde el
aislamiento térmico sea importante.

En conclusion se puede decir que:

- Cuando la cantidad de agente espumante es la minima necesaria para alcanzar el
grado de expansion deseado entonces las propiedades mecanicas especificas son
dptimas.

- Mediante la variacién de la presidn externa aplicada se puede variar y controlar la
estructura celular final en términos de grado de anisotropia, tamafio de celda y
tortuosidad.

- Mayores presiones externas dan lugar a menores ratios de anisotropia y menores
tamafio de celda.

- Liberaciones lentas (< 10 mm/min) de la presién dan lugar a una mejor calidad
externa de la pieza vy velocidades de liberacion rapidas (> 1000 mm/min) dan lugar a
una peor calidad externa de la pieza.

- En el caso de incluir expresamente la presencia de cargas de tamafio nanométrico
del tipo nanoarcillas organomodificadas, nanotubos de carbono, nanofibras de
carbono, etc. se dan lugar a estructuras celulares con contenidos de celda cerrada

inferiores al 90% y propiedades mecanicas especificas similares a las obtenidas en el

349



Cellular Materials Laboratory 2015 J. Escudero Arconada

-19-

caso de contenidos de celda cerrada superiores al 90%.
- En el caso de incluir expresamente la presencia de nanoarcillas naturales (ho
organomodificadas) da lugar a estructuras celulares con contenidos de celda cerrada
inferiores al 90% y propiedades mecanicas especificas similares a las obtenidas en el
5 caso de contenidos de celda cerrada superiores al 90% sin la necesidad de afiadir
polimeros compatibilizantes con las ventajas inherentes a este hecho.
- En el caso de incluir expresamente la presencia de nanoarcillas, tanto
organomodificadas como naturales, en combinacién con el agente espumante
azodicarbonamida se produce un efecto catalitico de activacion de la descomposicidén
10  de dicha azodicarbonamida lo cual permite reducir las temperaturas de proceso para
conseguir la misma liberacién de gas.
- El grado de anisotropia aumenta a medida aumenta el grado de expansién
(disminuye la densidad relativa) de tal manera que se produce una compensaciéon de
la disminucién de propiedades mecanicas a bajas densidades.
15
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REIVINDICACIONES

1- Procedimiento de fabricacién de materiales celulares de matriz termoplastica no

reticulada con densidades relativas inferiores a 0.2, con indices de anisotropia

superiores a 1.5 tanto en celda abierta como en celda parcialmente interconectada

y un médulo elastico relativo en compresién superior a 0,6 MPa/(kg/m®) un médulo

de cizalla relativo superior a 0,18 MPa/(kg/m®) y un esfuerzo de colapso superior a

0,010 MPa/(kg/m®), caracterizado por que comprende las etapas de:

Una etapa inicial (A) de mezcla y granceado de al menos un polimero
termoplastico con un agente espumante quimico y al menos una
nanoparticula, formando un material precursor (5),

Posteriormente introducir el material precursor (5) obtenido, en un molde
(B) que comprende una pieza (3) de expansién unidireccional del material
precursor (5) y otra de control de la densidad (6y 7),

tras introducir la mezcla en el molde se eleva la temperatura del molde por
encima de la temperatura de descomposicion del agente espumante hasta
obtener la fusién de la matriz polimérica y la descomposicién del agente
espumante, aplicando simultaneamente una presién a la pieza de
expansién unidireccional (3) del molde con unos valores por encima de la
presién generada por el agente espumante, hasta que el polimero funda y
descomponga el agente espumante, (C1)

se libera la presién (C2) para que se produzca la expansién (C3), estando
el valor final de la misma controlado por la pieza de retencion de la
expansién (7),

se enfria el molde (D), vy

finalmente se desmoldea (E) la lamina obtenida cuando la totalidad del
molde y la de la ldamina en &l contenida se encuentra a una temperatura
inferior a la temperatura de cristalizacién si el polimero es semicristalino o a

la de transicién vitrea si el polimero es amorfo.

2- Procedimiento de fabricacién de materiales celulares segln reivindicacién 1

caracterizado por que el molde en el que se introduce el material precursor (5) es

un molde que comprende:

o Un cuerpo (1) que comprende una cavidad interior (11) principal de
formacién de la lamina en la que se introduce la mezcla (5) y que

comprende:
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= en todo su perimetro superior e inferior una junta de material
elastico resistente a la temperatura (2) y
= atornillada a su parte inferior una tapa (4) de la misma area
que el area externa de este,
5 o un pistédn (3) con seccidon transversal en forma de T cuyo sector
superior (9) presiona contra la junta elastica (2) dejando la cavidad
(11) del cuerpo (1) estanco a gases y al escape del material (5), de
manera que entre la base inferior (10) del cuerpo del pistén (3) y la
base interior de la cavidad (4) queda un espacio (11) en el que se
10 introduce el material precursor (5),
o Unha pieza expansora (6) unida al cuerpo del molde, con una altura
variable segln el espesor final (densidad final) de la ldmina que se
quiera fabricar, y
o una pieza de retencién (7) limitadora de la expansién unida al
15 cuerpo del molde
3-. Procedimiento seguln reivindicaciones 1 o 2 caracterizado por que en la etapa
inicial (A) se mezcla y grancea con el al menos un polimero termoplastico con un
agente espumante quimico, al menos una nanoparticula seleccionada entre
nanoarcilla, nanotubo de carbono, nanofibra de carbono, silice, grafeno,
20 organotitanatos u organozirconatos
4.- Procedimiento segun reivindicaciones anteriores caracterizado por que la mezcla
comprende como polimero termoplastico polietileno de baja densidad, polietieno de de
alta densidad, polietieno lineal de densidad, polipropilenos homopolimeros o
copolimeros lineales o ramificados, PVC, PET, PS, PA, etc 0 mezclas de los mismos.
25  5.- Procedimiento segln reivindicaciones anteriores caracterizado por que la mezcla
comprende como agente espumante un compuesto seleccionado entre
azodicarbonamida, Oxibis (hidracina de bencensulfonil), 5-feniltetrazol, bicarbonato,
acido citrico, etc. 0 mezclas de los mismos.
6.-Procedimiento para la fabricacién de piezas termoplasticas espumadas de acuerdo
30 a la reivindicaciones anteriores caracterizado por que la cantidad de agente
espumante introducido en la formulacién se ajusta de tal manera que el gas generado
en su descomposicién sea igual o mayor al necesario para conseguir el grado de
expansién deseado.
7.- Procedimiento segun reivindicaciones anteriores caracterizado por que la mezcla

35  de la etapa inicial (A) incluye aditivos seleccionados entre:
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- cargas seleccionadas entre talco, carbonato célcico, nanoarcillas, nanosilicas,

nanotubos de carbono, nanofibras de carbono o grafenos,

- refuerzos seleccionados entre fibras de vidrio o fibras de carbono,

- ayudantes de proceso seleccionados entre ceras o acido estearico,

- agentes nucleantes seleccionados entre talco, nanoparticulas o silicas,

- antioxidantes,

- pigmentos,

- activadores de la reaccién del agente espumante,

- espumante y/o

- agentes repolimerizantes seleccionado entre neoalkoxy organotitanatos u

organozirconatos.
8.- Procedimiento segun reivindicacién 7 caracterizado por que la mezcla de la etapa
inicial (A) incorpora nanoarcillas organomodificadas como cargas de tamafio
nanomeétrico y un polimero compatibilizante que promueve la dispersién y exfoliaciéon
de dichas particulas de tamafio hanométrico.
9.- Procedimiento segtn reivindicaciones anteriores caracterizado por que la mezcla
es prensada o extruida previa a la introduccién en el molde dando lugar a un material
precursor sélido.
10.- Procedimiento segun reivindicaciones 2-9 caracterizado por que la presién sobre
el material precursor en el molde (B) es ejercida de forma mecanica mediante una
prensa situando un segundo pistén cilindrico (8) sobre el pistén (3) en forma de T para
transmitir la presién hasta el material (5) de tal manera que el gas generado quede
disuelto en el polimero fundido precursor sin producir ningtn tipo de espumacién
mientras la presidén continte aplicada.
11.- Procedimiento segun reivindicacién 10 caracterizado por que la temperatura
aplicada en el material precursor situado en el molde (B) se aplica calefactando los
platos superior e inferior de la prensa, mediante elementos emisores de calor
seleccionados entre camisas laterales calefactoras externas, infrarrojos o resistencias
eléctricas insertadas en el cuerpo del molde, circuitos internos al molde en los que se
introducen liquidos para calentar..
12.- Procedimiento segln reivindicaciones anteriores caracterizado por que el
enfriamiento del molde se produce por un método seleccionado entre circulacién de
aire, sumergiendo el molde en un bafio de agua u otro liquido para un enfriamiento
rapido o introduciendo circuitos por los que se puede producir la entrada y salida de

agua u otros liquidos en el cuerpo del molde.
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II.1.- INTRODUCTION

Annex II present two works published in the spanish journal “Revista de Plasticos
Modernos” (Journal of Modern Plastics) which is a publication with high dissemination
in the spanish plastic industry. Both publications have dissemination purposes but
without losing the scientific focus, both of them include experimental data and a

scientific approach.

I1.2.- NON-INDEXED PUBLICATION 1. THE MULTIFUNCTIONAL ROLE OF
NANOPARTICLES IN CELLULAR MATERIALS

During the previous chapters we have discussed, at great length, the influence of
nanoparticles over very different properties of cellular materials. As already studied,
properties are not modified independently, the addition of nanoparticles always affect
several different properties at the same time. The first publication presented in this
annex II pretends to give a general overview about the multifunctional role of
nanoparticles found in cellular material based on nanocomposites. Futhermore,
interesting synergetic effects effects were found in diverse systems as nanosilica
particles in LDPE-based foams or carbon nanotubes in polypropylene-based cellular

materials.
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II.3.- NON-INDEXED PUBLICATION 2. STAGES MOULDING, A NEW
TECHNOLOGY FOR THE PRODUCTION OF PLASTIC PARTS

The stages moulding technology has been already described in previos chapters,
the specific part of structural foams was widely described in chapter 5 and other

aspects of the technology were presented in the corresponding patent in Annex I.

The industrial dissemination character of “Revista de Plasticos Modernos” is ideal
to promote a new technology as Stages Moulding in the spanish plastics industry.
Therefore the second publication included in Annex II gives a technical vision, mainly
focused to the industrial applications of the technology. The paper summarizes the
main characteristics of the technology and present some examples of real parts

produced.
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fies hudtas en su inbevior redeciendo b materda
prima necesara. B siaema ro es vdido paca la
fahricackin de todo Hpo de plezas aparte de las
precaucions: necesarias por trabaar con un gas
iniie 3]

& WIT o WAl se corresfonde fon e verlande del
mélode aetar en i3 tual en keger de emplear
gas == emples agua [3to ayuda 2 reducir el Hempo
de ciclo, 5in embarpo 2l dsbema presenka un covs
elevado v pude existr cormosian poe b rocinc-
cidn de agpa en o sistema (3]

= AMLCELL: psta tecnofoghy ivolemenda un sstema
propks de comirol de la sstructum orlular de fa
pieca o cull implics vertajas o ol procdys de la-
Ericaciin v en & codte del aquipamiente Tan wdélo
estd dizposible pace la febricackin de pledas celu-
fares de dimeriioned lmitaday on redeccioney
e peso bajas v pobres scabador supeificales [4].

= Moldes sspandibles: ests método implements
roides gue son capioes de sxcandine durame o
ocesn de iy ., T wnia |
Tabriced avdidn pletss esthatturiles palulines
Eean mejaiel acabiados wearficipges sin umbago,

8 nuewn, I cosglejad o les moldes eetrafia
i nha e 5],

Aperiz de los Incomvenientes asscados & cada U de
eshos mitodoy exisben una sevie de denentaj; co-
wranes 3 cualguler proceso de molden por impecdan
Dabido 3 las attas presinnes de trabas, en cusiguien
o lns cados o moldes emplendos s misy cosiosoy,
251 4 Irreersion en maguirart v reoldes == muy eleva
®3, Para la hbricacidn dis Un tipn de piesa ms ieceario
rEmigee un complidade monbaje, preparan o sshame y
calibipa i pand cocnndar | s de wna a8 e da
e La tewdd cebs e aficaiemamo dumsneg
[pars que el procesc ses renlable, Las pieeas aliohisas
wueden preverian bajs cabded vopsieficial con bnaed de
sokdsdura y fechupel. [ wolimes miges (atricalin
wuid bmitado @ unos 10 Btros por Lis eleaidas predin-
vk pmeLaran o g e los eoides. Exsten ademds
clipmas kmitaciones an las materias orimas que se pue-
dien usar, &% s necesanio polimeros de baja viscosidad
v N0 e posibla eenpidar forsdaciones on slevadas
cantidedes do relonnod o cangas [&-00{

* L& ieenclogha Sages Modding sorge como alier
matkE dl mokdeo por iwecckde tradicional v sciue
clona buera parte de s desvenlajss de dvhe, Uon
es1e novedoio sistema s consguen sabacionar ko
problemazs anteriormente Epreshos perm Hietda
reduddr costes en moldes y magquinarig, fabrcar
plezas de divserias geometias ¥ composicion que
i=ngan ademads una buena caldad swparhcoial y i
bricar pleras de densidad reducida y essructurales
celubires entre oiras. B proceso &3 mucho man
versitd y pererste | fabrcacian da varios bpes de
pincay de Forma simuldesa [11],

LA TECHOLOGIA STAGES MOULDRG
imroducciin

lLa teorologla Sapes Moulding surge fnito die b frees-
Tigaciones conjunias entre &l Laboratorio de Matera
ks Cebdaros CollMat da 13 Universided de Waladodd
v il Grps BN Pips Systeims realimada oo fos dlimas
Eincg afd: Avnualmana @ tecradogia eftd paenads
41,

Bmaaibbunus @ vonlinoesde: ke proeacptos Dsicos ae
I e 5 bl

Descriesiin del presess

La menalagia Stages Mouldieg parmin la fabeicacian
i pread tamn addides como con densidad reductda.
El provedn i fahnacitn de uha pea sipsiondo e
teonologla comprende tres etapas fundimentaimente

(Hgura 1:
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*  Uenado del molde: |4 privans siaps conssoe en la
alimiergpcdn del mateital dal meofdoo on ol modde
autoporiacte Ests alrrenlacion puede realzarse
Fiu o diveros phocedimienens, como bl
uinikdadey e etruics o kel unkdades @ in-
wercian. Con o conmepte de molde aiboportants,
inheeme & i eonalogia. o eeferimay. e n
matde ey & ool 8 st de cerme = uea el
iniringscy dal melde. £5b0s moldes auboportantss
astin dissfadon de mal minerm gue wevin capscey
de soportar las pridlones generadey domnie Ia
ekapa de moldes

% i L e pA e ko caang @ maen il e
e SonTlest Lwens 30V un ageibs sspumano
fue Eberard gas al descomponetn poi sscie de
|y Permpe .

& Mioiden de b plem: una ver e iodetado sl e
rial de mpkses daniro ded moide so sl 16 lem-
peraten de dvie 88 @ manera que 18 Erodiss
In desrnmpiiecidn dil agente stpomants dentio
du| polimivn fundidn fiherando gas. La presion
girheradi como mnsecustcia 9 fa iarecn do
g actuacd como Fuern Impuliins shmitenda
al polimesn reflingr boedas ey pertes 6l reddde a
repradasy, Midante sta metndalosid @ otien
drin piedas moldeaday gan deradades reafivas
inferinfeq @ l& unidad cuys porovidad podeming
controle. BA 8l 2o de guensr comaguin plecss
mmpletamete wohides el molde incorior ade
mids un colector Tews b InfOrpoTacidn O pos-
e g0 gl molde b e aples ung clerta presion

AETRIA [ FLASTIOOS RICDE PRCG , TET Aorern BEN Lo -Sgoata 3211

J. Escudero Arconada

§ trawds del coloctor haclonds uso de plytoney
1 arad 005, NGOG R g, TSl O RuSs O
di nueve erefeands un agenie BEuMaTE QU
sepande 3l slevar s temperaburs

= Enfriamiento v desmolden de 18 plecs: wea wex
realirado el ciclo Bérmico naceisfio pada ol 0O
rrecto reflensdo ded molkds d0te ha de i anfrizdo
madianke algin procedimisnio oo par #jompho
anfrizmieme en agua, aceie, usanda g, oo,
Cxryndo i T aiiviad: RS UnG sEToerscum al
e [ piera si pusds estraer olmente sin pre-
duck nirgiin detariorn wotee 2 superfice o es-
trurtwen &8 & Ssana &0 procede 3 su desnolden
\rac Bl ozl el procesn habris insfieds

En o o e quisrer BT IS o0 ESiructers phel
stfida-nicles pipumado o8 pawss 3 separ oo om-
plalamanie andlogos s los sapecificadey an ks punbos
Eberianes safvo que s poredes del maids e Lot cla-
s i guleren obtener eipe pieled solidan deben sor
réculiona maediante un mderiah capad de abioiber
a5 Tal comao siicona stfide o PTEE

Wantajas:

El sivieme de Telbviradite de piezas por etapay me-
diante mokles aulsgertanies “Stages Mouking” ai-
pomes yn profesa weidll pes a fahricacon de peza
de muy difersmies pamaiios, fonmas ¢ compositones
gubmicas con exsefenis cdided supeiclal, bajos ber-
stones intefmas, ton W pesitdidad do fatricar pleems
de densided redoesta wwaridn inoldes v maguinaria de
Lo wasde. Lé hewnobogia oenmite fabnoar werios Hpoa
- piegas o Torma simultines y eimina b necedtad
da mantae del molde v cbbrecion del mismo inhe-
rEriE @ Mo procekos de moldes por imyeccn tradicla-
il Lag wontajas inhemnbes a este mabads de fale}

cacion friiden sef divididas entres grupns Aldmntes

& [gsde © punc oe vt de in maquisid am
pinadal fo introduccion del concapto do “moldes
Mitoportantes® dobi 8l proceso de una mayor
oo ¢ sencileg o cus Sl Wl menor
PeiEraidn BN Bl procasn sl EOma U o 3eso
al nimero de paezes 3 Tabeican & du vl |8 mayos
slmpdicidad de b maquinaeis utiliads reece 2
inpeccian comvencionsl prrike e Evaida e
durcitin de costes [y mas adetan i)

® s produtciin de dferieies pieas en Sferente)
moldes e= dimuilkned, die medd gue & prooesn
glot| pusdd e asf cofmldiradi SOmO Conbir paea
umay mismes o dilerenies piesas, & o lango del
procesn pueden colncdit dilieamas maldes en
dabntas =sintiores

*  E| sabama requiers de presiones de DD Oy
efsrinmey 8 b Sa i mstsdn oreandional lax
prealanes de lsnado de lns moldes gubamprtintas
eitim sismgrn por debiajo de los LK bar sendo
Hptramesga infarionns a ks 16 bar.
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»  Dgside el pecdo de vista de s cermctenshoys e la
nlexa! las plems presentan ausencia de rechupss
v limeas de snkdidure. S0 scabado wperfizial e
mejor gue en el casa dal moldss por inyeccion, 5
pueden consigulr reducsienas da paso de haata
£l S8% ani poms consapar awbitn Pt eslruc
do.
Mo ecsben Iewitacioned e fuseo 4 & ooemposk
dan gquimics da | Sfatii, wi et 3 puaden
iSar toda fipo de pollmenss tamn de alta coma de
Baja vEsoesldad y todo Tipo de aditrny &n ponoes-
nas da hasta un B en peso.
Dusde il punbo de vista del ssbema globad: o pro-
£irhn pukde 7 automabmadn. Puesto gue ol skie-
i global s oncuenirs dividido en diferentes es-
Taciores para roalizar cada una de s siapas eH0
permiite fabncar s funciéin de lan pecanidedes
daras gessraday (metadoiogis “ludl m imeT],
s imporiar |a cantdad & fabricar pars amertizer
la puesta a puntn del molde ¥ meiquine Adesin
tambitn ez posthle fabricss plikay de grin faiie-
fia.

‘
s abla 1 resume la principaies camcterisnoaes de b
imirinloeia.

Ejomphas practicos

m.mmnﬂdmﬁnﬂ-
Ifdurtral mste s midkiopks s ocaiones en las ogue
i privisntd W necedidad de fabricar am nimeno no de-
masadn alls de un cieres di Tipo de plezes moldeadas
por inyercidn. Pars cada wea de ssesy o enominede
"SEMCS (0TS £S5 nEcEano reakrar un deteminedo
maolde de eweoodn, calibrar molde ¢ miguinsia, en-
contrar los pardmebror dpfimce de myeccidh, ef, Al
final, tanko el esfuern sconcmicn com o Ferhpe de
trabajo mo comperaa en relatide 8l pequets ireen
de plems que s deses fabncar de una anica sene.
Fara et series cortas by becnciogia Steges Moulding
Progenki wrdgl caratle s dptimas. A coatisuaciin
i frigasiren dod Sans Praciiicn S8 pieral prococitag
nduyirisniants,

Ll Figure 7 ae rrasssty s una pleda oo farms di nuida
tebricmcty medanis be beoralogia Stages Mouksing v
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Eriructora interns cofespandente a elis, Er el caso 13
AL, B O QUE i3 e et et ey e -
lipropiléne, s ha conseguidn una Fedustiin de peso W -_..-'"

wpetior al 50% oon una meceente cilidad weparticial
carma ke puside ohseras =n b imagen » una grididn
e chren ek a 15 boo Unip suive Heica de goosion
duiEre 4 fase de lerado del molde s musdrE an 1s
figurs 3. Exte riod de plecas prevents lodis lis vwihiiajas
v casenLadas inherantes @ sxia fecnaladia

.
Lk pidas de untdn emofesdss en eonduccione b
drduliim momradas en la fipers 4 ve Fabican sifaenda ]
Bl mitte protedamienic tambien en Base gipiogile.
ne En e ceas, ademds, ol mebads 88 relaness Sal a

mclde diibdderrants g5 mas sencilia alh siepliiietiond
Urdrameie W@ tolva para la introduccidn dal aalima-
i1 Pri apenlE Epermante, L reduscion de densidad
& superor ol %% w b présidn de Cierme menor de 10
nar.

Filgura 3: L
Fabr

| falden dr mateiales celulanes syfrachmak;

| Industrislineme sectores tan imporisséet cama al
peroniution, 8l mector de la aulomecnin @ 8l &8 e
teripley deporthios Semandan cads wer mis matetis-
(E18 | EOTi merkniral meprssis.

Fuesto que [as sspumas commengianales {emendidas
omo sgeslle gue Sensn une densacad conmmRe a
Iz largo de todo su volureen) prégentan unas progle-
dades mecinices que daminuysn g una manara muy
importante al reducic la denvidal, Una smancm o2
meforar eskas propiedades mecinital mantonissdo
la densidad global corstende conible &n gNCTar una
gHmErura e chndwicrh ren pieiey sdlermes silidas ¢
un riicles intaisa espumada. De £Xa manen s pro-
piscates mecinices aspecilicat se ven incrementadas
respecta a ba espuma camendional.

La tecnologia Stages Meuldimg, al y come se ha oo-
mentado &n Spariade prion, [resenia tambidn b
posibiidad de Fehricar ewe tpe & maberiales cekis-
pizg egtructura et de wra merars soncilla.

fre 1 Tigurs 5 s muestra una microgrefia cormeipen-
dwnle @ ota piozs estrociuryl fabricade por Steged
il ding. Dobido o la plel stlida que se forme e Lk
pertes plernas |3 clidad superficial de ety pieras
B dpfea migrends nobablemente | prodecidan
mediante sbos mcdos de myeocon. La gensided de
wsia ez os aprosmad srestes be il ded 1 08 po
limere original v o presian de clerre #efcida durants
&l gnceso 25 de aproxeradamesde 30 bar

Canen w50 Ivciod e B descripcion del progeds para
fa Tabiicacibn de astas pieras e paredey st dil
mnkds ie nerubnes con wn materal capaz de abaar-
hier gad. D a5t manesa s fabrican disoos de e mi-
mas dimensiones pero de expuma toesendonal en @
al &l perfl de dersadad 84 conitane a o Grgn el
walumen, Fara ambns tipos de maberises o Edraen
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PGS paa ensayns mecinicos ¥ comparan las pre-
piedades an fledidn tanto pam eAnuctursles soma
[ara OO

Maoulding ¥
- De

partida w

la Tgurs & so presentan fos datow numericos

slenkdor paa enos matevizles. Se obwerva que =0
# tarkd do o espuma astructural fabricads medants
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Reduccitn ol cosls por pers
]
"

Ghagren Mooiding ! modulo en fewidn s ncemems
hasta en wn S09% [12]

Andlisls de cortes

Las fAigura T muesiran [ disrendia antre los coses
dat tabricocion de los pinin de 1a pers 2 fabricadas
madizete moldeg por wyetciin imadiciceal ¥ Stages
Moiildng e fundtn del nome de pletas Tabeicadas
Se pusde chebree oue Ras reducciones de mste
mediante & uin i & wcnokogla Stopes Madding e
miry imporiantes, legando 3 ser def 40%, lo que pars
Uz perie che AS0000 aurcs puede dor lugar a shorros
Bh loy cosbes de labiimecldn supesiores o fos SO0

@, Lay prinripsles fusrdes de ahorne die codtes
par erden de ieporiancia exde en la reduccdn de ls
miskeril primd neciskra para fabncr la ples, e el
menoe ooibe de ko mokdes y on 2l menor costeham
seccan al uka de e Monddogia.

Conclumiones

£l par - sl £2 Una iecnolo-
gl Cusps wentajas han tidn amplamense ssbablicidas
# lo large da muchos afos de uso de ssta bonica. Sn
embargn prverta mambién miliples desveniajs, & b
fargo ded fempo han TURido dversas aprostmacianss
gee ha trataido de solvoimEr pare de esas income-
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wraitbes. Estas daerad sprosimacioned hae s samds

Hamppme mn almener pars insulis PAnTITE
fzmiorms oo alpeees puntos paes ineollcle-tet o locl

%0 parjediciales i oLios muthos.

La tecnologis Stages Moulding surge como alternate
completsments dilsiene a russenm oe ks procesos
de molifen pe impeedidn. Esta nueva tosion resuek
ve bussa pirte & los protfamas existentes. Supong
nas meEna e e s kines iciaks emplando moldes
s sannlBGs 3 EUosSieCos W g [ produccian de
pinzas do muy dferertes y tomplejss peomstrias can
Biarna cabdad supericial y mersees bensionis vtersag
o Akt de rechapes o lineas de ssld s

Apradecimientos,

Las ineestigaciones == hen reslipido con la Raanca.
cden aportada por Fundeckiey [ipafinls pana la Clesca
¥ Tecnologia (FECYT): proyecte Innocash IC 0433 y
del MEndsterio de Clencin & innovacidn; prégechs MAT
009 § 001 D03+

Rdbemas de permitic la fsbricacnin din pleeas solidas so
pasAdnn v I prhirai il duinaidad reducida
 sucelumle aganenna esterna. Una de s varianies
dal profeso pamsne ambién fa RAbhcacion de plems
esbul s con isbiactuna piolsobda nucleo espuamado
e ahiaotndgicas. Eilas pheass celulires esiructuma-
les pissiitan weas plopiedades mecinicss especiicis
fuy BUpETOnES 2N COMparacon 3 los matenales celu-
lanies Cofmvencinnses,

La Hp‘lﬂhldlﬂ de eria fkoned i ha skl dienodia-
da readi oo 20 use =n warias aplicacion industrials
iwakes. Las tabias 2y 3 musestran i privepd b wint-
ek 2 T tecnologia
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