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Resumen en Español

RESUMEN EN ESPAÑOL

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 físicas mejoradas
basados en poliolefinas y el correspondiente estudio de estas propiedades físicas. Lo
anterior resume todo lo que será presentado en los próximos capítulos. Con este fin se
pueden seguir dos posibles aproximaciones. La ecuación que se presenta a
continuación modeliza de una manera muy sencilla pero representativa cualquier
propiedades física P de un material celular
ó

ó

Esta aproximación empírica establece que el valor de un cierta propiedad P puede
ser modelado conociendo el valor de la misma propiedad relativa al material 100%
sólido (Psólido) su densidad relativa (ρrelativa)y un parámetro n que varía entre 1 y 2. A la
vista de esta formula está claro que hay dos posibles formas de modificar cualquier
propiedad física de un material celular (Pmaterial celular) a una densidad fija : la primera es
modificar de alguna manera las propiedades físicas de la matriz sólida y la segunda es
modificando la estructura celular de tal manera que el exponente n se acerque lo más
posible a 1. En esta tesis ambas aproximaciones han sido empleadas individualmente o
combinadas.
Todo el trabajo de investigación presentado en la tesis puede ser estructurado
teniendo estas ideas en mente. Los siguientes esquemas están divididos en
Modificaciones en la Matriz Polimérica, Modificaciones en la Estructura Celular y
Combinación 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
físicas estudiadas y las posibles aplicaciones reales que han motivado la investigación
junto con las patentes surgidas del trabajo de investigación.
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Modificaciones
Matriz Polimérica

J. Escudero Arconada

•
•
•

Métodos de
espumado

•
•
•

Adición de Nanoarcillas
Adición de compatibilizantes
poliméricos.
Reticulación del polímero.

Propiedades físicas
estudiadas

•
Disolución de
gas en sólido
Espumado libre
Moldeo a
compression en
dos etapas

•
•
•

Aplicaciones
Prácticas

Propiedades mecánicas
de sólidos
Propiedades
barrera/Disolución de
gas (sólidos)
Reología (sólidos)
Interacción del
espumante con las
nanopartículas (sólidos)

No estudiado en el
marco de esta tésis

Relación entre
•
•
•

Propiedades Mecánicas
(espumas)
Propiedades
Barrera/Disolución de
gas (espumas)
Interacción agente
espumante/
nanopartículas
(espumas)

Modificaciones
Estructura Celular

Métodos de
espumado

•

ii

Moldeo por
etapas para
espumas
estructurales

•

Ruta de producción novedosa
desarrollada durante la tesis
“Moldeo por etapas para
espumas estructurales”

Propiedades físicas
estudiadas

•
•

Propiedades mecánicas
(espumas)
Mecanismos físicos
involucrados (espumas)

Aplicaciones
Prácticas

Patente Española
nº 201130271

Resumen en Español

Combinación
modificaciones en
matriz polimérica y
celular

Métodos de
espumado

•

Moldeo a
compression
mejorado

•
•
•
•
•

Adición de Nanoarcillas
Adición de compatibilizantes
poliméricos
Polímeros ramificados
Celdas anisótropas
Estructuras de celda abierta y
cerrada.

Propiedades físicas
estudiadas

•
•

Propiedades mecánicas
(sólidos)
Reología (sólidos)

Aplicaciones
Prácticas

Patente española
nº 201231092

Relación entre
•
•
•

Propiedades mecánicas
(espumas)
Densidad (espumas)
Estructura celular
(espumas)

Los objetivos generales de la presente tesis son por lo tanto
Mejorar la morfología celular, rango de densidades alcanzable y propiedades
físicas de materiales celulares basados en poliolefinas. Para esta finalidad la
matriz polimérica se ha modificado y los parámetros de procesado han sido
optimizados. En este sentido se ha desarrollado nuevas rutas de producción y
se ha prestado una especial atención a las aplicaciones prácticas.
La caracterización de la morfología celular y las propiedades físicas y establecer
relaciones entre:
a) Propiedades del sólido precursor y la espumabilidad y propiedades del
polímero celular.
b) Ruta de procesado y parámetros de producción- estructura celular
c) Estructura celular-propiedades físicas también es una parte importante
de los objetivos generales de la presente tesis.
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Los objetivos más específicos se podrían resumir en:
Estudiar el efecto de barrera a gases jugado por las nanoarcillas tipo
montmorillonita en diferentes materiales celulares espumados por diferentes
procedimientos: disolución de gas en estado sólido, disolución de gas en estado
sólido en una matriz polimérica reticulada químicamente, espumado por moldeo
a compresión en dos etapas.

Estudiar la influencia que tiene la presencia de montmorillonitas nanométricas
sobre la cinética de espumación, estabilidad y tamaño 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 reológico del polímero con el posterior comportamiento en
espumación.

Estudiar

el

efecto

que

tiene

la

espumación

sobre

el

grado

de

exfoliación/intercalación 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 producción para espumas estructurales en
base poliolefínica que no tenga nada que ver con los métodos convencionales
basados en el moldeo por inyección.

Realizar un estudio de propiedades mecánicas en espumas estructurales y
comparar dichas propiedades con las de espumas convencionales. Estudiar la
influencia del tamaño de las pieles sólidas sobre las propiedades mecánicas
globales.

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

Estudiar la influencia de las nanoarcillas tipo montmorillonita sobre estas
matrices de polipropileno en el posterior proceso de espumación.

Estudiar las propiedades mecánicas en compresión y cizalla para estos
materiales celulares basados en polipropilenos no reticulados.
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Metodologías empleadas
Para la fabricación de los materiales se han empleado diferentes métodos de
espumación a escala de laboratorio que tienen su contrapunto a nivel industrial
Espumación por disolución de gas en estado sólido. La disolución de gas se
realiza dentro de un autoclave en condiciones sub-críticas y posteriormente la
muestra se extrae para ser espumada dentro de un baño de silicona a
temperaturas superiores a la temperatura de fusión del polímero.

Espumación por disolución de gas en estado sólido de muestras previamente
reticuladas. La reticulación de las muestras se hace químicamente 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-críticas.
Posteriormente la muestra se espuma en un baño de aceite de silicona a
temperaturas superiores a la de fusión del polímero.

Espumado libre. La muestra se espuma libremente sin emplear ningún
dispositivo que limite su espumación utilizando agentes espumantes químicos.

Espumado por moldeo por compresión en dos etapas. En una primera etapa las
pre-formas sólidas se unen y se reticulan en el interior de una prensa de platos
calientes. Cuando la presión se libera se obtiene una pre-espuma que
posteriormente se introduce en un molde para conferirla su espumación
completa. En la segunda etapa la temperatura de la pre-espuma se eleva por
encima de la temperatura de descomposición del espumante.

Espumado por moldeo a compresión mejorado. La espumación se realiza dentro
de un molde el cual se introduce dentro de una prensa de platos calientes. El
molde incorpora un sistema de retención del grado de expansión que permite su
rápida extracción y enfriado.

Espumación de espumas estructurales. El 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 formación de pieles sólidas
en todas las zonas que se encuentran en contacto con este material absorbente.
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Para la caracterización de los materiales fabricados y análisis de las diferentes
propiedades estudiadas se han empleado los siguientes técnicas experimentales:
Difracción de rayos X a ángulos grandes (WAXD).
Calorimetría diferencial de barrido (DSC).
Termogravimetría (TGA).
Microscopía electrónica de barrido (SEM).
Microscopía electrónica de transmisión (TEM).
Reología extensional.
Picnometría de gases.
Máquina de ensayos universal.
Equipo de fluencia en compresión.
Difracción de rayos X dispersiva en energía mediante el empleo de radiación
sincrotrón. Sincrotrón Bessy.
Expandómetro óptico.
Radioscopía de rayos X.

Principales conclusiones y resultados

Es de reseñar que a lo largo de la tesis se han elaborado y patentado dos métodos de
fabricación de materiales celulares
Stages moulding que permite la fabricación de espumas estructurales con el
empleo de moldes sencillos y mediante un método de fabricación completamente
novedoso. El método permite tener un alto control sobre espesor de pieles
sólidas, tamaño y distribución de celdas y densidad final. Estas espumas
presentan, a igualdad de densidad, mejores propiedades mecánicas que sus
homólogas no estructurales.

Anicell que permite la fabricación 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 fabricación de espumas con densidades en el rango 90-250
kg/m3 y con dos variantes, celda abierta y celda cerrada. Estas espumas, debido
a sus características, presentan unas propiedades mecánicas mejoradas con
respecto a otros materiales anteriores y tienen la ventaja de ser reutilizables ya
que la matriz no está reticulada.
Además como conclusiones generales de la presente tesis se pueden reseñar
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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
CO2 a través de la matriz en un porcentaje del 11%. En este sentido es de
reseñar también que la mera adición de un polímero compatibilizante basado en
anhídrido maléico produce disminuciones de la difusividad de hasta el 30%.
Para mejorar el efecto barrera de estas nanoarcillas habría que conseguir
mejores exfoliaciones/compatibilizaciones. Este efecto barrera se ha estudiado
mediante

un

procedimiento

gravimétrico

aprovechando

las

técnicas

de

espumado por disolución de gas.

Se ha estudiado la espumación por disolución de gas en estado sólido y
condiciones sub-críticas de una matriz termoplástica (LDPE). Se ha realizado
una intercomparación entre las mismas matrices reticuladas y no reticuladas.
La reticulación permite obtener espumas microcelulares de matriz termoplástica
por disolución de gas en estado sólido y condiciones sub-críticas y alcanzar
densidades del orden de 140 kg/m3.

La reticulación por si sola, al influir en la cristalinidad, modifica la solubilidad y
difusividad del gas a través del polímero.

La adición de nanoarcillas tiene un efecto catalítico sobre la descomposición de
la azodicarbonamida disminuyendo su temperatura de descomposición y
liberando una mayor cantidad de gas.

El

espumado

incrementa

el

grado

de

exfoliación/intercalación

de

las

nanoarcillas en LDPE. Esto es independiente del agente espumante empleado.
Aún

así

existe

una

interacción

química

entre

las

nanoarcillas

y

la

azodicarbonamida de tal manera que cuando este es el agente espumante
empleado los grados de intercalación/exfoliación son mayores antes incluso de
que se fabrique el material espumado.

Se han fabricado bloques de espuma con más de 30 expansiones partiendo de
nanocompuestos

de

polietileno

reticulado.

La

presencia

de

un

agente

compatibilizante basado en anhídrido maléico en estos compuestos ayuda a
obtener tamaños celulares inferiores y mayores densidades celulares.
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Estos bloques de espuma permiten estudiar los coeficientes de difusión de gas y
el papel barrera a gases jugado por las nanoarcillas empleando un método de
determinación semi-empírico. Los resultados están en consonancia con los
obtenidos por disolución de gas.

La reología extensional se demuestra como un método muy útil para predecir el
posterior comportamiento en espumado de una determinada formulación
polimérica basada en polipropileno. Especialmente el parámetro denominado
“endurecimiento por deformación” tiene una conexión directa con los posteriores
contenidos de celda abierta encontrados en los materiales celulares.

El empleo de polipropilenos ramificados combinado con una espumación por
moldeo a compresión mejorado da como resultado espumas de celda cerrada
con densidades inferiores a 250 kg/m3. Estos materiales presentan unas
excelentes propiedades mecánicas. La adición de nanoarcillas modifica la
reología del polímero 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

mecánicas

específicas

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 composición química de los materiales celulares basados en polietileno de
baja densidad se ha modificado mediante la adición de una carga inorgánica de
tamaño

nanométrico

(nanoarcillas

tipo

montmorillonita)

y

un

agente

compatibilizante basado en polietileno lineal de baja densidad injertado con
anhídrido maléico. Los nanocompuestos se han fabricado mediante mezclado en
fundido. A través de estos nanocompuestos se han fabricado espumas siguiendo
diferentes procesos de espumación lo cual permite realizar comparaciones entre
todos ellos.
•

La adición de nanoarcillas, a pesar de no estar completamente exfoliadas sino
que conservan una estructura intercalada tienen los siguientes efectos sobre la
matriz sólida: la estabilidad térmica se incrementa, las propiedades mecánicas
en compresión, tracción y flexión también se ven mejoradas, incrementan la
cristalinidad de la matriz polimérica y tienen un efecto especialmente marcado
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en las propiedades reológicas del polímero. Todas estos efectos se conectan
después con las propiedades de la espuma.
•

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

•

La presencia de compatibilizante injertado con anhídrido maléico mejora la
estructura celular con ratios de expansión superiores a 2 y tamaños de celda
inferiores a 80 µm aun disolviendo CO2 en estado sub-crítico. Sin embargo la
presencia de nanoarcillas empeora manifiestamente la estructura celular como
consecuencia de los efectos reológicos que presentan sobre el polímero.
Independientemente de esto las nanoarcillas presentan un importante efecto
nucleante en el sentido de reducir la cantidad de energía necesaria para nuclear
y crecer celdas.

•

Cuando la matriz polimérica se reticula empleando peróxido de dicumil se
obtienen densidades celulares del orden de 1·109 celdas/cm3 y densidades de
140 kg/m3 en un polímero semicristalino empleando CO2 en condiciones subcríticas. Este comportamiento en espumación se relaciona directamente con las
propiedades reológicas medidas para estos polímeros reticulados.

•

La presencia de nanoarcillas tiene un efecto catalítico muy importante sobre la
descomposición de la azodicarbonamida, acelerando su descomposición y
aumentando la cantidad de gas liberada. Sin embargo la estabilidad de los
nanocompuestos es inferior, lo que de nuevo está conectado con las propiedades
reológicas del polímero. Paralelamente el polímero compatibilizante por si mismo
ayuda a alcanzar ratios de expansión mayores.

•

El grado de exfoliación de las nanoarcillas se incrementa tras la espumación.
Este efecto se estudia mediante radiación sincrotrón en continuo permitiendo
obtener la evolución de la exfoliación de las nanoarcillas paralelamente a la
espumación. Para ello se emplean agentes espumantes de diferente naturaleza.
La especial interacción entre nanoarcillas y azodicarbonamida se pone de Nuevo
de manifiesto aquí, cuando se emplea azodicarbonamida el grado de exfoliación
de partida de las nanoarcillas es mayor.

•

Se consigue la fabricación de espumas con ratios de expansión superiores a 30
y conteniendo nanoarcillas por espumado por moldeo a compresión. Las
propiedades mecánicas de estos bloques de espuma se ven mejoradas por la
presencia de nanoarcillas.
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Al igual que en la espumación por disolución de gas en estado sólido la
reducción en difusividad por la adición de nanoarcillas no es muy grande. La
presencia de un polímero compatibilizante injertado con anhídrido maléico tiene
por si mismo un efecto mayor de barrera a gases. De nuevo la presencia de
interfaces nanoarcillas-polímero se postula como la explicación a este fenómeno.

Modificaciones en la estructura celular.
•

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

•

El mecanismo físico detrás de este efecto consiste en un proceso de disolución
de gas desde la espuma hacia el material amorfo que recubre las paredes del
molde de espumado. Se generan pieles sólidas en todas las partes en contacto
con el material amorfo que recubre las paredes del molde.

•

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

•

Las propiedades mecánicas específicas de estas nuevas espumas estructurales
son superiores a las de las espumas convencionales, especialmente en flexión.

•

Esta nueva tecnología está patentada y la patente se incluye en el marco de esta
tesis.

Combinación de modificaciones en la matriz polimérica y en la estructura celular
•

Se emplea la técnica de microtomografía de rayos X para caracterizar las
espumas de polipropileno de baja densidad. La técnica se emplea para
correlacionar parámetros de producción con la posterior morfología celular
obtenida.

•

La reología del polímero de nuevo juega un papel determinante para la
espumabilidad

y

calidad

de

la

espuma.

En

especial

el

denominado

“endurecimiento por deformación” o “strain hardening” de la matriz polimérica
tiene una importancia vital en parámetros como contenido de celda abierta. La
presencia de nanoarcillas, vírgenes u organomodificadas o la presencia de
nanotubos de carbono reducen el endurecimiento por deformación de la matriz
polimérica e incrementan los contenidos de celda abierta. Estos contenidos de
celda abierta tienen una influencia muy marcada sobre propiedades mecánicas
de la espuma como módulo elástico
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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 mecánicas por
los altos contenidos de celda abierta.

•

La combinación de polipropilenos ramificados junto con el método de
espumación denominado “moldeo por compresión mejorado” permiten obtener
espumas en base polipropileno no reticulado con densidades menores de 150
kg/m3 junto con propiedades mecánicas mejoradas debidas a los altos ratios de
anisotropía que presentan estas espumas. Esta combinación de densidades y
propiedades mecánicas se puede conseguir tanto en espumas de celda cerrada
como en espumas de celda abierta mediante la incorporación de cargas
nanométricas. Las propiedades mecánicas obtenidas son similares a las de
espumas con matrices sólidas con mejores propiedades mecánicas de partida
como el PVC o el SAN. Estas espumas pueden cubrir un rango de aplicaciones
prácticas muy amplio que va desde la industria de las palas de aerogeneradores
hasta el sector del automóvil o la industria aeronáutica. La tecnología de
fabricación 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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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 µm [5] (below 100 µm 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.

4

Chapter 1. Introduction.

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 Łódź, 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. Gałęski.

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 Ángel Rodríguez Pérez. The main objective of the laboratory can be

7

Cellular Materials Laboratory 2015

J. Escudero Arconada

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 Ángel 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].

Eq. 1.1
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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 (Pcellular
material)

can be modeled knowing the value of that same property for the fully solid

material (Psolid), its relative density (ρrelative) (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 (Pcellular material) at a fixed density: the first one is modifying, by any
means, the physical properties of the solid matrix (Psolid) 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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•
•
•
•

Foaming Methods
used

•
•
•

Phisical Properties
Studied

•
Batch Gas
Dissolution
Free Foaming
Two-stages
Compression
Molding

Addition of Nanoclays
Addition of Polymeric
Coupling Agents.
Polymer Crosslinking.
Polyethylene

•
•
•

Mechanical Properties
(solids)
Barrier Properties/ Gas
Dissolution (solids)
Rheology (solids)
Interaction Blowing
Agent-Nanoparticles
(solids)

Practical
Applications

NOT studied in the
frame of this thesis
work.

Relationship between
•
•
•

Mechanical Properties
(foams)
Barrier Properties/ Gas
Dissolution (foams)
Interaction Blowing
Agent-Nanoparticles
(foams)

Figure 1.2: Strategies of modification in the polymer matrix followed during the thesis.
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• Novel production route
developed during the thesis
“Stages Molding for Structural
Foams”
• Polyethylene

Modifications in
Cellular Structure

Foaming Methods
used

•

Stages Molding
for Structural
Foams

Phisical Properties
Studied

•
•

Practical
Applications

Mechanical Properties
(foams)
Physical mechanisms
involved. (foams)

Spanish Patent
nº 201130271

Figure 1.3: Strategies of modification of the cellular structure used during the research

Combination of
Modifications in the
Polymer Matrix and
Cellular Structure

•
•
•
•
•
•

Foaming Methods
used

•

Improved
Compression
Molding

•
•

Addition of Nanoclays
Addition of Polymeric
Coupling Agents.
Branched Polymers
Anisotropic Cells
Open and Closed Cell
structures.
Polypropylene

Phisical Properties
Studied

Practical
Applications

Mechanical Properties
(solids)
Rheology (solids)

Spanish patent
nº 201231092

Relationship between
•
•
•

Mechanical Properties
(foams)
Density (foams)
Cellular structure (foams)

Figure 1.4: Combination of modification in polymer matrix and foam structure.
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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
Título: “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. Rodríguez-Pérez.
Título: “Metals Foaming Under Mechanical Pressure”
Integral Action with the Technical University of Berlin.
From January 2009 to December 2010.
Main Researcher M.A. Rodríguez-Pérez.
Título: “New Developments in Polymer Microcellular Materials: Production, Structure,
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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).

13

Cellular Materials Laboratory 2015

J. Escudero Arconada

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.
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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/m3) 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/m3
with improved mechanical properties.
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Establishing relationships of the type rheology-open/closed cell contentmechanical 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. Rodríguez-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. Rodríguez-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. Rodríguez-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 95-109.
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 NonIndexed 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. Rodríguez-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. Rodríguez-Pérez, J.A. de Saja.
Mechanical Properties of Structural LDPE Foams Compared with those Conventional NonStructural LDPE Foams..
Blowing Agents Conference 2009. Hamburg, Germany. May 2009
J. Escudero, J. Pinto, E. Solorzano, M.A. Rodríguez-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. Rodríguez-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. Rodríguez-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.
Caracterización de Nanocompuestos Poliméricos Mediante Reología Extensional.
XII Escuela Nacional de Materiales Moleculares. Castellón (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.

20

Chapter 1. Introduction.

Cellular Materials Conference. Dresden, Germany. November 2012.

J. Escudero, C. Saiz-Arroyo, M.A. Rodríguez-Pérez, J.A. de Saja.
El Efecto Multifuncional de las Nanopartículas en los Materiales Celulares.
Revista de Plásticos 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 Tecnología Para la Fabricación de Piezas de Plástico.
Revista de Plásticos 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. Rodríguez-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.

Patents
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:WO/2012/117143. September 2012. (Appendix II)
M.A. Rodriguez-Perez, J.A. de Saja, J. Escudero, A. Lopez-Gil.
Fabricación de Materiales Celulares de Matriz Termoplástica.
Spanish Patent 201231092. July 2012. (Appendix II)
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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.

Awards
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 Catalán del Plástico. 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
Eq. 2.1

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

ρ

1

ρ

ρcellular material

Eq. 2.2

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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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 (ρrelative) of the cellular material and two
experimental parameters (C and n) that are typically obtained from experimental data.
The relationship is as follows [1]:
(

)*(

*+

,-.//0/12 314.251/ :
,67/58

9

Eq. 2.3

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

;

<:

material

/ Psolid)

and

Eq. 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 µm 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.

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 Psolid 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 (φ)
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 ImageJ, has
been used [5]. The wellness of this image processing software has been tested and
compared with other determinations finding a high accuracy [5].
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 [1012].

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].

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].
=>

;A B A<C
?@
D
:

Eq. 2.5

EF

where n is the total number of cells, φi is the diameter of each cell , and φ 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]
G))

HIJKLM IN ODPMQRIDDMRPMS RMJJT
UIPVJ WVT HIJKLM

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 X∥ as the Young

Modulus measured in the direction of higher cell size and XZ as the modulus in the
perpendicular one, the relation between them is given by the equation [18]:

X∥
XZ

2\C
1
1 ] + ^9
\

Eq. 2.6

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/m3) 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].

Strain Hardening

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 nonbranched 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 threedimensional 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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Covalent C-C bonding between chains

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 (β-rays, γ-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
POLYMER
MORPHOLOGY

IMPROVE
THERMAL
STABILITY

IMPROVE
MECHANICAL
PERFORMANCE

IMPROVE GAS
BARRIER
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-

48

Chapter 2. Background and Review of Concepts.

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 Ǻ 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].

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

Mx(Al4-xMgx)Si8O20(OH)4

Hectorite

Mx(Mg6-xLix)Si8O20(OH)4

Saponite

MxMg6(Si8-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 microaggregates. 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 ionexchange 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
OVER CELLULAR
STRUCTURE

MODIFY
EXTENSIONAL
RHEOLOGY

IMPROVE GAS
BARRIER
PROPERTIES

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.
routes,

sometimes

Blowing agents have been developed parallel to production

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 CO2
and water vapor when decomposed. The decomposition window of these
materials is very broad (100 ºC to 140 ºC 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 ºC and 220 ºC releasing between 240 and 270 cm3/g of N2 (65%)
and lower quantities of CO, CO2 and NH3 [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 CO2 or N2 [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 CO2 or N2 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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CO2 is the most extensively used PBA in polymer foams. The lower solubility of N2
makes it less common in the production of foams since higher work pressures should
be used in this case [2,66]. CO2 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.

5.

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:
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 onestep 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].
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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.
CO2 and N2 can be used, although CO2 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 (∆P) 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. ∆P is a fundamental parameter in the control of the final density.
Higher expansion ratios require from higher ∆P 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].
The pressure quench method shows the following advantages:
Clean route: both CO2 or N2 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 µm)
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/m3) 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 CO2 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].
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

HEATING

COOLING

DEMOLDING

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

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/m3 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, noncrosslinked 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 hotplates

press

and

undergoes

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 (C1). 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 “selfexpandable” 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/m3.

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/m3

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 µm and increasing the cell density to 109 cells/cm3 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 CO2 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 CO2) 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.

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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5.

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 µm. 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):
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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Crosslinking and Pre-Foam:
temperature and pressure in a
hot
press.
Material
is
crosslinked and a pre-foam is
obtained. Tcrosslink . < T < Tdecomp .
azodicarb

Second expansion: pre-foam
is placed inside a mold with
the final dimensions and
expanded freely inside an oven.
T > Tdecomp . azodicarb .

Cooling and de-molding: mold
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, ρ=density).

LOW DENSITY POLYETHYLENE (LDPE)
Brand Name
Characteristics
• MFI: 2.4 g/10 min (190 ºC, 2.16
PE003
kg)
Repsol Alcudia
• Tm: 110 ºC
• ρ: 920 kg/m3

HIGH MELT STRENGTH POLYPROPYLENE (HMS PP)
Brand Name
Characteristics
• MFI: 2.4 g/10 min (230 ºC, 2.16
kg)
Daploy WB 135 HMS
• Tm: 165 ºC
Borealis
• ρ: 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
(Dimethyl dehydrogenated tallow ammonium
Cloisite 20A
chloride.
Southern Clay Products
• Density: 1.77 g/cm3
• Basal spacing (d001): 2.42 nm

Brand Name
Cloisite Na+
Southern Clay Products

NATURAL NANOCLAYS
Characteristics
• No organomodification.
• Density: 2.86 g/cm3
• Basal spacing (d001): 1.17 nm

MULTIWALL CARBON NANOTUBES (MWCNT)
Brand Name
Characteristics
Nanocyl NC7000
• Average diameter: 9.5 nm.
Nanocyl
• Average length: 1.5 µm
• 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 ºC
• Density: 872 kg/m3

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, ρ=density).

COUPLING AGENT BASED ON LLDPE GRAFTED WITH MALEIC ANHYDRIDE
Brand Name
Characteristics
• MFI: 1.5 g/10 min (190 ºC, 2.16
kg)
Fusabond MB226DE
•
T
m: 115 ºC
DuPont
• ρ: 930 kg/m3
• 0.5% wt. Maleic Anhydride

COUPLING AGENT BASED ON PP GRAFTED WITH MALEIC ANHYDRIDE
Brand Name
Characteristics
• MFI: 1.15 g/10 min (190 ºC, 2.16
Polybond 3200
kg)
Chemtura
• Tm: 157 ºC
• ρ: 910 kg/m3
• 1% wt. Maleic Anhydride

3.2.4.- Blowing Agents
Both physical and chemical blowing agents have been used. An inert gas, CO2,
was used as physical blowing agent. CO2 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
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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 CO2
Brand Name
Characteristics
• Liquid CO2
CO2
• Bottle pressure 50-55 bar
Airgas Norpac
• Purity: 99.9%

CHEMICAL BLOWING AGENT: AZODICARBONAMIDE
Brand Name
Characteristics
• Exothermic blowing agent
Porofor ADC M-C1
• Decomposition temperature: 210
Lanxess
ºC
• Average particle size: 3.9 ± 0.6 µm

CHEMICAL BLOWING AGENT: BICARBONATE+CITRIC ACID+H20
Brand Name
Characteristics
• Endothermic blowing agent
Hydrocerol BIH40
• Decomposition temperature: 140
Clariant
ºC
• Masterbatch in LDPE, 40% active

CHEMICAL BLOWING AGENT: MICROSPHERES+VOLATILE HYDROCARBON
Brand Name
Characteristics
• Endothermic blowing agent
Expancel 950 DU 80
• Expansion temperature: 145ºC
Akzo Nobel
• Particle size before expansion: 1824 µm

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
Estearic Acid 301
Renichem
Irganox 1010
Ciba
Irgafos 168
Ciba
Zinc Oxide (ZnO)
Silox Active
Luperox DCP40
Arkema

•
•
•
•
•
•
•

Characteristics
Processing aid.
Antioxidant. Used for the
formulations with LDPE and PP
Antioxidant. Used for the
formulations based on PP only
Catalyst of the decomposition
reaction of the azodicarbonamide
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

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

CHAPTERS
4, 5 and 6

4, 5 and 6
4, 5 and 6
4, 5 and 6
4, 5 and 6
4, 5 and 6
4 and 6
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TA Instruments
Wide Angle X-rays Scattering (WAXS)
Diffractometer Bruker D8
Gas Pycnometry
ASTM Standard D6226-10
Micromeritics Accupyc II 1340
Universal testing Machine, (compression, tensile, bending)
Standard ISO 527/2 tensile (solids)
Standard ISO1926 tensile (foams)
Standard ISO 604-2002 compression
Standard ISO178 bending
Soxhlet Extraction
Standard ASTM D 2765
Home-designed compressive creep apparatus
Microtest
Energy dispersive X-rays diffraction (ED-XRD)
EDDi experimental station. BESSY II Synchrotron light source.
Optical Expandometer
Home-designed equipment
X-ray radioscopy
Home-designed equipment

4 and 6

4 and 6

4, 5 and 6

4
4
4
4
5
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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 CO2
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 CO2 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-gLDPE) 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 CO2 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 µm 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 CO2 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 µm 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 O2 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 O2 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 CO2 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 CO2 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 CO2 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 PE003 from Repsol Alcudia with 2 g/10min (2.16 kg and 190 ºC) of
MFI, density of 920 kg/m3 and 110 ºC 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 Bühler BTSK 20/40D
at 250 rpm with a die temperature of 190 ºC. 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
PE003 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. 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%
3% Nanoclays
Unfilled 5%
5% Nanoclays

91
91
85
85

6
6
10
10

0
3
0
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 ºC for 15
minutes and then cooling down with the pressure still applied at a constant cooling rate of
50ºC/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 oC under N2 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 ºC (coinciding with the foaming temperature used
as explained later) and a strain rate of 0.5 s-1.
The dispersion and exfoliation of nanoclays were studied by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD diffractograms were determined between 1ᵒ and

113

Cellular Materials Laboratory 2015

J. Escudero Arconada

5ᵒ by steps of 0.005ᵒ by means of a Philips PW 1050/71 using the Cu Kα 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 CO2 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 μg.
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
/
/

(1)

Where Mt 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 l
is the thickness of the polymer sheet. A plot of Mt/ M ∞ as a function of t1/2/l yields essentially a
straight line (for the initial period of test) with a slope of 4(D/π)1/2 which is readily solved for D.
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.

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/ºC

Crystallinity/%

Unfilled-3%
3% Nanoclays
Unfilled-5%
5% Nanoclays

112.07
111.19
111.49
112.52

44.0
45.4
45.3
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 ºC.
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
3% Nanoclays
5% Nanoclays

4.05
3.74
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 CO2 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%
3% Nanoclays
Unfilled-5%
5% Nanoclays

28.25
28.55
28.05
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 Unfilled5% and 5%-Nanoclays samples represents the behavior found in general for all the samples..
The data obtained is shown in figure 4.

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=kD·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 kD from Henry’s
law can be identified with the solubility (S) of the composite. Then the solubility for the Unfilled5% 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.

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

Diffusivity/(cm2/s)

Unfilled-3%
3%-Nanoclays
Unfilled-5%
5%-Nanoclays

1.21·10-7
1.08·10-7
9.30·10-8
8.92·10-8

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 CO2 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.

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 CO2 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 ºC. This temperature is around 20 ºC 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.

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

121

Cellular Materials Laboratory 2015

J. Escudero Arconada

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. Ρ 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 µm 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.
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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 μm for the sample without nanoclays to a value of 157 µm for the sample with 3 wt.% of
clays and the cell density is reduced in one order of magnitude from 1·106 cells/cm3 to 1·105
cells/cm3. 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( ∆# ∗) 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 CO2 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/m3 with mean cell sizes below 80
μm 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 SubCritical

CO2

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/m3 combined with cell
sizes of around 15 µm and cell densities of the order of 109 cells/cm3, 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 μm. 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 µm and
increasing the cell density to 109 cells/cm3 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, 2327]. 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 CO2 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 CO2 is proposed. Low density polyethylene unfilled
and filled with organomodified nanoclays have been microcellular foamed with CO2 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 µm 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 PE003 from Repsol Alcudia with 2 g/10min of MFI, density of 920
kg/m3 and melting point of 110 oC 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 PE003 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 noncrosslinked (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

Unfilled-NC
Filled-NC
Unfilled-LC
Unfilled-MC
Unfilled-HC
Filled HC

85
85
85
85
85
85

Coupling
agent/parts
10
10
10
10
10
10

Nanoclays/parts
0
5
0
0
0
5

Dicumyl
Peroxide/phr
0
0
1.8
1.8
1.8
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 oC/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
Unfilled-NC
Filled-NC
Unfilled-LC
Unfilled-MC
Unfilled-HC
Filled-HC

Moulding
temperature/ºC
190
190
190
190
190
190

Moulding cooling
rate/(ºC/min)
50
50
50
50
50
50

Moulding time/min.
15
15
15
30
60
60

Some additional samples crosslinked using the three same moulding times of 15, 30 and 60
minutes but at a temperature of 147 oC instead of the previous 190 oC 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 oC under N2 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 ºC (coinciding with the foaming temperature used,
as explained later) and a strain rate of 0.5 s-1.
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 CO2 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 μg.
The cellular morphology was characterized by scanning electron microscopy with a JEOL JSM820 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]
/
/

(1)

where Mt 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 l
is the thickness of the polymer sheet. A plot of Mt/ M ∞ as a function of t1/2/l yields essentially a
straight line (for the initial period of test) with a slope of 4(D/π)1/2 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 ºC.
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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/ºC

Unfilled-NC
Unfilled-LC
Unfilled-MC
Unfilled-HC
Filled-NC
Filled-HC

45.3
44.8
44.1
43.1
48.2
45.8

112.09
111.89
112.23
112.57
112.52
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 CO2 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 CO2 for the non-crosslinked and highly crosslinked samples.
The relationship between Mt and t1/2/l 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 CO2 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]
%

%∗ 1

&'

Where Xc is crystallinity and K* is the solubility of gas in the completely amorphous matrix of the
polymer.

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

136

Chapter 4. Modifications in the Polymer Matrix.

in this case. The diffusivity for the crosslinked sample almost doubles the one yielded for noncrosslinked one.
Table 4: Solubilities and diffusivities of the crosslinked and non-crosslinked samples
Sample

Solubility/(mg CO2/g)

Diffusivity/(cm2/s)

Unfilled-NC
Unfilled-HC

27.94
29.22

9.3·10-8
1.8·10-7

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.

Figure 3: Extensional viscosity measured for a) samples crosslinked at 190 ºC and b) samples
crosslinked at 147 ºC.
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 ºC. The Trouton
ratio was determined at a strain rate of 0.5 s-1 and Hencky strain of 1.4.
Sample

Trouton Ratio

Unfilled-NC
Filled-NC
Unfilled-LC
Unfilled-MC
Unfilled-HC

4,05
3,18
8,36
9,79
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 ºC
instead of 190 ºC. 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 oC 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 oC has been used in this study, the samples crosslinked at 147 ºC 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 ºC. The Trouton
ratio was determined at a strain rate of 0.5 s-1 and Hencky strain of 1.4.
Sample

Trouton Ratio

Unfilled-LC-147 ºC
Unfilled-MC-147 ºC
Unfilled-HC-147 ºC

5,21
5,65
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 CO2 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 oC. This temperature is 20 oC 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.

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.

Figure 5 Cellular structures for Unfilled-NC and Unfilled-HC for at 130 ºC and 10s. Bulk densities
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 5·105 cells/cm3 with a mean cell size of 80 μm while in the crosslinked
sample the cell density is of the order of 1.5·107 cells/cm3 with a mean cell size of 36 μm.
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/m3 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.

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 µm 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 µm in the first micrograph and 50
µm 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 µm 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 µm 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 µm with cell densities near or above 1·109 cells/cm3 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)

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 subcritical conditions.

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 ºC, 130ºC and 145 ºC 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 oC sharply decreases and cell size reaches values near 200 µm while the bulk
density remains low.

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].

Figure 12 Comparative of densities for filled and unfilled samples and for crosslinked and noncrosslinked 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/m3 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 inhomogeneous (figure 14). They can no longer be classified as microcellular since the smallest
cell size is 200 µm 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
µm. 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 μm and cell
densities of 1·109 cells/cm3 for a density of 140 kg/m3. 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 CO2 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/m3 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 semicrystalline) 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 CO2 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
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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 CO2 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 oC) of
MFI, density of 920 kg/m3 and 110 oC 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 oC of
melting point). The blending was performed in a twin screw extruder at 250 rpm with a die
temperature of 190 oC. 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 PE003 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. 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
Unfilled-3%
3% Nanoclays
Unfilled 5%
5% Nanoclays

100
91
91
85
85

0
6
6
10
10

0
0
3
0
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 105ºC in the hopper to 125 ºC in the die
Prior to foaming the formulations containing the blowing agent were compression at 125 ºC
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 oC under N2 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 oC at 20 oC/min in a N2 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 oC-185 oC at 15 oC/min,
isotherm at 185 oC during 3 minutes, 185 oC-50 oC at -6 oC/min.
Rheological behavior was studied by means of a AR2000EX TA Instruments rheometer with an
extensional fixture at a temperature of 190 oC (coinciding with the foaming temperature used as
explained later) and a strain rate of 0.5 s-1.
The dispersion and exfoliation of nanoclays were studied by X-ray diffraction (XRD) and
transmission electron microscopy (TEM). XRD diffractograms were determined between 1ᵒ and
10ᵒ by steps of 0.005ᵒ by means of a Philips PW 1050/71 using the Cu Kα 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 setup. 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.
Vermiculite Furnace
Images
Logging
Backlight

Recording Camera

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 ImageJ 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
ImageJ 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.

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/oC

Crystallinity/%

Raw Polymer
Unfilled-3%
3% Nanoclays
Unfilled-5%
5% Nanoclays

112.66
112.07
111.19
111.49
112.52

44.0
44.0
45.4
45.3
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 oC to 850 oC, for the sake of simplicity figure 4 only contains the interval 350 oC600 oC. No additional weight loss was found before 350 oC or after 600 oC.

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 oC for the 3
wt.% and in 10 oC 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/ oC

Unfilled-3%
Filled-3%
Unfilled-5%
Filled-5%

460.80
468.54
460.35
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 loglog plot shown in figure 5 depicts the extensional viscosity measurements performed on the
samples.

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
Unfilled-3%
Filled-3%
Unfilled-5%
Filled-5%

9.62
9.54
5.64
9.21
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.

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
in the performance of the foams. The equation P)

P* +

,- /
,.

constitutes a very simple but

accurate modeling of the elastic properties of foams [44]. The properties of the foam (Pf) are
directly proportional to the properties of the solid matrix (Ps). ρf and ρs 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:
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•

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.
•

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.

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
figure 8. A feature that can be inferred
just from visual observation is the more
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

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 oC and 190 oC 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 oC, 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 oC. 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 oC. 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 oC and b) 190 oC.
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 Filled5%. 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 oC. 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
re
/oC

Time to
Maximum
Expansion
/s

Stability
/s

Maximu
m
Expansio
n

Unfille
d-3%
Filled3%
Unfille
d-5%
Filled5%

185

692

170

1.78

185

618

112

3.08

185

700

176

2.09

185

532

80

4.29

Unfille
d-3%
Filled3%
Unfille
d-5%
Filled5%

190

686

177

1.95

190

664

150

2.94

190

700

182

2.58

190

602

110

4.01

Difference/
%

73

Final
Expansio
n
1.54

Difference/
%

71

2.64
105

1.79

77

3.17

51

1.71

51

2.59
55

2.30

49

3.42

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 oC
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
/oC

Expansion
rate/(exp. area/s)

Foaming
onset/s

Collapse
rate/|exp. area/s|

Unfilled-3%
Filled-3%
Unfilled-5%
Filled-5%

185
185
185
185

3.61·10-3
11.00·10-3
6.15·10-3
28.10·10-3

446
340
452
304

4.97·10-4
7.79·10-4
4.95·10-4
26.90·10-4

Unfilled-3%
Filled-3%
Unfilled-5%
Filled-5%

190
190
190
190

5.32·10-3
11.90·10-3
7.65·10-3
16.60·10-3

448
359
423
308

4.78·10-4
6.53·10-4
4.60·10-4
15.10·10-4

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 2o. In the range of angles studied only smooth shoulders can be
observed now, indicating that the foaming has increased the spacing between platelets. The
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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.

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 ºC and 190 ºC 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 oC 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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IN SITU CHARACTERIZATION OF NANOCLAYS EXFOLIATION DURING
FOAMING BY ENERGY DISPERSIVE XRD OF SYNCHROTRON RADIATION
J. Escudero1, B. Notario1, C. Jimenez2, M.A. Rodriguez-Perez1
1. Cellular Materials Laboratory (CellMat), Condensed Matter Physics Department,
University of Valladolid, Valladolid, Spain. Email: marrod@fmc.uva.es
2. Helmhotz-Zentrum Berlin, Albert-Einstein-Straße 15, 12489 Berlin, Germany

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.
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 [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/m3). The peak corresponding to the
nanoclays is clearly distinguished for the solid precursors with a value around 2.3º both for
samples filled with 3 wt.% and 5 wt.% of nanoclays. This peak is shifted to angles below 2º 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.
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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/m3). 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.

Clays peak

Clays peak

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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•

•
•

•
•
•

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
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.
It is 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.
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.
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 PE003 from Repsol Alcudia with a melt flow index of 2 g/10min
(measured at 190ºC and 2.16Kg), density 920 kg/m3 and a melting temperature of 110 oC 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 190ºC and a melting temperature of 120 oC). The blending was
performed in a twin screw extruder Bühler BTSK 20/40D at 250 rpm with a die temperature of
190 oC. 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 105ºC in the hopper to 125ºC in the die, in steps of 5ºC.
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 µm
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and an onset of decomposition around 210ºC. The main released gases are N2 (62%), CO
(35%) and NH3 (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 140ºC. 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 CO2 and H2O [2729]. 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 µm, a density ≤ 12 kg/m3 (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 125ºC (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 × 10 × 4 mm3 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 ºC
and 190 ºC. Compositions and nomenclature are summarized in Table 1.
Table 1: Proportion of components for the different kind of samples and foaming temperature
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Sample

Matrix/parts

Coupling
agent/parts

Nanoclays
/parts

wt.%
Blowing
Agent

Temperature
/ºC

5%
Nanoclays_AZO4_185
5%
Nanoclays_AZO4_190
3%
Nanoclays_AZO7_185
3%
Nanoclays_AZO7_190
5%
Nanoclays_AZO7_185

85

10

5

4

185

85

10

5

4

190

91

6

3

7

185

91

6

3

7

190

85

10

5

7

185
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5%
Nanoclays_AZO7_190
5%
Nanoclays_AZO10_185
5%
Nanoclays_AZO10_190
5% Nanoclays_HY_185
5% Nanoclays_HY_190
5%
Nanoclays_EXP_185
5%
Nanoclays_EXP_190

85

10

5

7

190

85

10

5

10

185

85

10

5

10

190

85
85
85

10
10
10

5
5
5

3
3
4

185
190
185

85

10

5

4

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 Kα line
between 1º and 10º by steps of 0.005º) 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 II synchrotron light source of the Helmholtz Centre
Berlin (figure 3). Samples were illuminated by a white X-ray beam of 2 × 1 mm2 (height × width)
cross-section. Peaks of intensity were detected at particular energies, Ehkl, in transmission
geometry at the angle 2θ = 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 hkl = hc 2d hkl sin θ
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 20×10×4
mm3. 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 30ºC up to the foaming
temperatures 185 or 190 °C at about 10 K⋅min-1 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 30 s,
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.

Figure 3: EDDi experimental station hosted at the BESSY II 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 hkl = hc 2 E hkl sin θ . 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 oC-185 oC at 15 oC/min,
isotherm at 185 oC during 3 minutes, 185 oC-50 oC at -6 oC/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 ºC and 190 ºC. 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/m3)

5% Nanoclays_AZO7_185
5% Nanoclays_HY_185
5% Nanoclays_EXP_185
5% Nanoclays_AZO7_190
5% Nanoclays_HY_190
5% Nanoclays_EXP_190

250.3
648.0
609.5
237.8
639.8
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 insitu diffractogram of the solidified foam.

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 185ºC, b)
Foaming temperature 190ºC.
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 ºC 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, 185º C
and 190º C.
Table 3: final densities in samples with different azodicarbonamide additions.
Sample

Density/(kg/m3)

5% Nanoclays_AZO4_185
5% Nanoclays_AZO7_185
5% Nanoclays_AZO10_185
5% Nanoclays_AZO4_190
5% Nanoclays_AZO7_190
5% Nanoclays_AZO10_190

293.7
250.3
287.7
294.9
237.8
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.

Figure 6: evolution during foaming of the separation between platelets characterized in-situ
using different additions of azodicarbonamide. a) Foaming temperature 185ºC, b) Foaming
Temperature 190ºC.

•

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/m3)

3% Nanoclays_AZO7_185
5% Nanoclays_AZO7_185
3% Nanoclays_AZO7_190
5% Nanoclays_AZO7_190

324.2
250.3
313.1
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.

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.
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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.

Figure 9: Correlation between expansion ratio and increment in interlamellar spacing for the
different blowing agents and different materials.
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

189

Cellular Materials Laboratory 2015

J. Escudero Arconada

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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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 rediffusion 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/m3) 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.
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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 [1723]. 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 10-10
and 10-11 m2/s [29]. Mills, using a discrete model, predicted a diffusion coefficient for the
undeformed foam given by 0122

3456
27 8

where P is the polymer permeability, pa the initial

pressure in the cells, ff the fraction of polymer in the foam cell faces and R the foam relative
density. The values for the effective diffusion coefficients of gas contained in the cells for LDPE
(densities 66 and 22 kg/m3) and EVA (density 34 kg/m3) 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/m3) 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 oC) of
MFI, density of 920 kg/m3 and 110 oC 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 oC of
melting point). The blending was performed in a twin screw extruder Bühler BTSK 20/40D at 250
rpm with a die temperature of 190 oC. 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
PE003 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. 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%
3% Nanoclays
Unfilled 5%
5% Nanoclays

91
91
85
85

6
6
10
10

0
3
0
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 ºC in the die incorporating the following
materials:
•
•
•
•

Azodicarbonamide Lanxess Porofor M-C1 (19.3 phr) with particle size of 3.9 µm, used as
chemical blowing agent.
Stearic acid 301 Renichen (0.1 phr) used as lubricant.
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.
Stearic acid 301 Renichen (0.1 phr) used as lubricant.
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 ºC 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 ºC 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 preheated mould at 190 ºC 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.

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/m3)

Unfilled-3%
3% Nanoclays
Unfilled 5%
5% Nanoclays

25.48
25.55
25.88
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 oC under N2 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 oC at 20 oC/min in a N2 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 1ᵒ and
10ᵒ by steps of 0.005ᵒ by means of a Philips PW 1050/71 using the Cu Kα 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 D622610 using a gas pycnometer Accupyc II 1340 from Micromeritics.
The cellular morphology was characterized by scanning electron microscopy with a JEOL JSM820 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 ºC. 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 xray 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
(solids)/oC

Crystallinity
(solids)/%

Melting Point
(foamed)/oC

Crystallinity
(foamed)/%

Unfilled-3%
3% Nanoclays
Unfilled-5%
5% Nanoclays

112.07
111.19
111.49
112.52

44.0
45.4
45.3
48.2

109.28
109.78
109.97
109.46

41,6
43.0
42.1
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 ºC and
600 ºC. No changes were observed outside this range. The addition of nanoclays increases the
onset of the degradation temperature in 9 oC for the 3 wt.% and in 10 oC 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 ºC 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/ oC

Onset Temperature (After
Foaming)/ oC

Unfilled-3%
3% Nanoclays
Unfilled-5%
5% Nanoclays

460.80
468.54
460.35
470.76

461.32
471.57
461.23
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%
3% Nanoclays
Unfilled-5%
5% Nanoclays

56.39 ± 1%
58.19 ± 1%
58.68 ± 1%
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 µm and 300 µm. 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/µm

Cell Density/(cells/cm3)

Cell Wall Thickness/
µm

Anisotropy

Unfilled-3%
3% Nanoclays
Unfilled-5%
5% Nanoclays

296
302
260
267

3.4·104
3.3·104
5.2·104
4.9·104

12.8
13.3
12.7
13.6

1.55
1.55
1.43
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.
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Sample

Open Cell Content/%

Unfilled-3% foam
3% Nanoclays foam
Unfilled-5% foam
5% Nanoclays foam

6.02
6.25
6.53
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
of the solids. The equation 92

9: +

;7
;<

constitutes a very simple but accurate modeling of

the elastic properties in tension of foams [40]. The elastic modulus of the foam (Ef) is directly
proportional to the same property of the solid matrix (Es). ρf and ρs 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 (Deff) of the gas outside the cells. Assuming isothermal conditions during the
compression of the gas and a null Poisson coefficient (ν=0), the uniaxial compressive stress for
these foams loaded in the post-collapse region can be obtained using the formula (1)
=

=! >

4? @
@ ;7 /;<

(1)

where σ is the collapse strength, ε is the deformation, P0 is the initial pressure inside the cells
and R=ρf/ρs 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 ε/(1- ε-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).

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. Svanström 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):
0122
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Where P(t) is the pressure inside the cells at a time t, P0 is the pressure in the cells for the
unloaded foam, a is the radius of the cylinder and β01 is the first order root of the Bessel’s
function of 0th order.

Figure11: 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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is well fitted to a linear function with time so it is possible to obtain a

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

Deff/(m2/s)

Unfilled-3%
3% Nanoclays
Uniflled-5%
5% Nanoclays

10.98·10-7
10.88·10-7
9.92·10-7
9.34·10-7

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 CO2 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 CO2 as
permeant. Although the gas is different the trends are the same as in the foams.
Sample

Diffusivity/(m2/s)

Unfilled-3% (solids)
3%-Nanoclays (solids)
Unfilled-5% (solids)
5%-Nanoclays (solids)

12.1·10-12
10.8·10-12
9.30·10-12
8.92·10-12

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 CO2 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 CO2 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.
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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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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 nonstructural 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) PE003 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 ºC and 2.16 kg).
The chemical blowing agent used is commercial azodicarbonamide Lanxess Porofor with
a particle size of 20 µm. 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 freefoaming inside a mould at a temperature of 180 ºC. 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 preheated 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 ºC and 200 ºC. 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 ºC.
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 setup used and the materials obtained is shown in figure 1.

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 µm 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.

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.

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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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, nº 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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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

Closed/Open

Cell

presents

a

work

Polypropylene

entitled

Foams

“Low

with

High

Density

Non-Crosslinked

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.
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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 CO2 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 PEI 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 CO2 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
perpendicular direction can be modeled by the formula

where E3 and E1 are the

elastic modulus in the anisotropy direction and in a perpendicular one respectively and R
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

280

Chapter 6. Combination of Modifications in the Polymer Matrix and in the Cellular
Structure.

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
•

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/cm3. The melt flow index for this polymer is 2.4 g/10 min (230 ºC/2.16 kg) and the melting
temperature is 163 ºC. 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.
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The foaming was performed using a chemical blowing agent, azodicarbonamide Lanxess Porofor
M-C1 with an average particle size of 3.9 ± 0.6 µm. 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 ºC. 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
PP/wt.%

Coupling
Agent/wt.%

Masterbatch
MWCNT/wt.%

Organomodified
Nanoclays/wt.%

Natural
Nanoclays/wt.%

Pure PP
PP+MWCNT
PP+NC
PP+NNC

100
95
85
95

0
0
10
0

0
5
0
0

0
0
5
0

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 ºC 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/m3. Achieving such low density foams with a noncrosslinked 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.

282

Chapter 6. Combination of Modifications in the Polymer Matrix and in the Cellular
Structure.

Once the mold is correctly filled it is closed using a piston and placed inside a preheated hot plates press.
2. 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 ºC was used for the pure PP and for the formulation containing
nanotubes. In the case of the formulations containing clays a temperature of 190 ºC
was used instead. The decomposition of the blowing agent generates a certain gas
pressure (PADC) inside the mold. The mechanical pressure (P0) 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.
3. 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.

Figure 1: Schematic in the expansion plane (D1/D2) 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/m3 and 180 kg/m3.The samples were
disks with 150 mm in diameter and 12 mm and 10 mm thickness (hf) respectively.
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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 ImageJ [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 D622610 using a gas pycnometer Accupyc II 1340 from Micromeritics.
Compression tests were carried out in a universal testing machine, (Instron model 5500R6025).
Samples of 20x20 mm2cut from the 150 mm diameter discs were tested at an strain rate of
1.67x10-3 s-1 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
•

Cellular Structure of the foams

Micrographs taken along the plane parallel to the expansion direction (D1/D2) 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 µm 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
/(kg/m3)

Mean Cell
Size/µm

Standard
Deviation/
µm

Cell Density
/(cells/cm3)

Anisotropy
Ratio

OC (%)

Pure PP
PP+MWCNT
PP+NC
PP+NNC

179
181
180
182

300
315
321
343

105
96
262
203

1.4·104
1.1·104
8.3·104
8.6·104

2.2
1.6
2.6
2.5

18
52
94
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
PP + MWCNT
PP + NC
PP + NNC

1.98
2.02
2.21
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

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). At comparable open cell contents the filled samples present improvements in collapse
strength in all the cases (18% improvement for MWCNT, 58% improvement for Natural
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
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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/m3 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
where Ef and Es represent the elastic modulus of the foam and of the solid
respectively, ρf and ρs 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/m3 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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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 CO2 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 µm have been obtained dissolving CO2 in subcritical conditions in a semi-crystalline polymer matrix. The addition of
nanoclays strongly deteriorates the cellular morphologies and prevent from
reaching densities below 600 kg/m3. 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 CO2 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 µm,
cell densities of 1·109 cells/cm3 and bulk densities around 140 kg/m3 using a
semi-crystalline polymer and CO2 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

300

Chapter 7. Conclusions and Future Lines.

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 CO2 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

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 nonfilled 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

crosslinked polypropylene foams with densities as low as 150

obtaining
kg/m3

non-

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

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.
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I.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 lowdensity 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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II.1.- INTRODUCTION

Annex II present two works published in the spanish journal “Revista de Plásticos
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.

II.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 Plásticos 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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