Universidad del Pais Vasco
Euskal Herriko Unibertsitatea
sity of the Basq

The University of the Basque Country

Poly(lactic acid)-based
bio-blends and

nanocomposites

Jon Urkijo Elortegi

Faculty of Chemistry

Polymer Science and Technology Department

Donostia, 2015

(c) 2015 JON URQUIJO ELORTEGUI


llzitbel
Texto escrito a máquina
(c) 2015 JON URQUIJO ELORTEGUI





| ndex

Chapter 1: Introduction

Chapter 2: State of theart
2.1 Poly(lactic acid) (PLA)
2.2 PLA-based blends
2.2.1 PLA/PCL blends
2.2.2 PLA/PBAT blends
2.3 Polymer nanocomposites
2.3.1 Polymer/nanoclay hanocomposites
2.3.2 Polymer/CNT nanocomposites
2.4 Nanocomposites based on polymer blends
2.4.1 Location of nanoparticlesin immiscible polymer blends
2.4.2 Morphological changes produced by nanoparticles in polymer blends

2.4.3 Nanocomposites based on biodegradable polymer blends

Chapter 3: Experimental part
3.1 Materids
3.1.1 Poly(lactic acid) (PLA)
3.1.2 Poly(e-caprolactone) (PCL)
3.1.3 Poly(butylene adipate-co-terephtha ate) (PBAT)
3.1.4 Montmorillonite (MMT)
3.1.5 Carbon nanotubes (CNT)
3.2 Processing
3.2.1 Drying

3.2.2 Blending

10

12

13

18

23

23

25

31

35

35

35

36

37

38

39

40

41

41



3.2.3 Manufacturing
3.3 Characterization and testing techniques
3.3.1 Differential Scanning Calorimetry (DSC)
3.3.2 Dynamic Mechanical Thermal Analysis (DMTA)
3.3.3 Proton Magnetic Nuclear Resonance (*H-RMN)
3.3.4 Contact-angle measurements
3.3.5 X-Ray Diffraction (XRD)
3.3.6 Rheological measurements
3.3.7 Morphology
3.3.8 Mechanical properties
3.3.9 Izod Impact tests
3.3.10 Measurements for oxygen permeability

3.3.11 Electrical conductivity measurements

Chapter 4: PLA-based blends
4.1 PLA/PCL blends
4.1.1 Phase structure
4.1.2 Morphology
4.1.3 Viscod adticity

4.1.4 Mechanical properties

4.2 PLA/PBAT blends
4.2.1 Phase structure
4.2.2 Morphology
4.2.3 Viscoelasticity

4.2.4 Mechanical properties

&

I

45

45

46

46

47

49

51

52

&

55

57

57

60

61

62

71

71

76

77

78



Chapter 5: Nanocomposites based on PLA
5.1 PLA/oOMMT nanocomposites
5.1.1 Nanostructure and morphology
5.1.2 Phase structure
5.1.3 Viscoel asticity
5.1.4 Mechanical properties

5.1.5 Oxygen permeability

5.2 PLA/CNT nanocomposites
5.2.1 Nanostructure and morphology
5.2.2 Phase structure
5.2.3 Viscoelasticity
5.2.4 Mechanical properties

5.2.5 Electrical conductivity

Chapter 6: Nanocomposites based on PLA/PCL and PLA/PBAT blends
6.1 PLA/PCL/OMMT nanocomposites
6.1.1 Nanostructure and morphology
6.1.2 Phase structure
6.1.3 Viscoel asticity
6.1.4 Mechanical properties

6.1.5 Oxygen permeability

6.2. PLA/PCL/CNT nanocomposites
6.2.1 Nanostructure and morphology
6.2.2 Viscodlagticity
6.2.3 Phase structure

6.2.4 Mechanical properties

83

85

85

87

90

92

95

97

97

99

102

103

105

109

111

111

117

119

121

125

127

127

131

132

135



6.2.5 Electrical conductivity

6.3. PLA/PBAT/CNT nanocomposites
6.3.1 Nanostructure and morphology
6.3.2 Viscodl agticity
6.3.3 Phase structure
6.3.4 Mechanical properties

6.3.5 Electrical conductivity

Chapter 7: Conclusions

Chapter 8: Bibliography

Glossary

139

141

141

144

146

149

153

155

157

167



Chapter 1. Introduction







Chapter 1: Introduction

Chapter 1: Introduction

Two serious issues of great concern nowadays are the dwindling sources of polymers and the
problem of waste residue. Biopolymers (or bioplastics) are materials synthesized from renewable
sources and/or 100% biodegradable, so their study and development constitute a major field of
interest, both in academia, in the area of macromolecular science, and in industry, in the
packaging, automotive, construction, textile and electronics sectors, in particular. The common

concern and objective is to replace conventional polymeric materials with biopolymers.

Poly (lactic acid) or PLA is a large-scale produced renewable and biodegradable thermoplastic
polymer. As aresult of its acceptable thermo-mechanical properties, PLA is currently used for the
production of different goods and objects. However, it does present some drawbacks which have
prevented it from being used for other industrial applications. The first main goal of this work
was to modify PLA by melt-processing with other polymers and nanoparticles, in order to
improve its performance. Taking into account the unique environmental characteristics of PLA,

care was taken to preserve its biodegradability throughout the entire modification process.

Regarding mechanical properties, one of the main shortcomings of PLA isitsintrinsic brittleness.
Extensive literature exists on how to improve the deformability of PLA by blending with
plasticizers, rubbers and other deformable polymers. In the present work, two thermoplastic
polymers, poly(e-caprolactone) (PCL) and poly(butylene adipate-co-terephthalate) (PBAT), were
used. Both are deformable and tough and, despite the fact that both are petroleum derived, they
are fully biodegradable. PLA/PCL and PLA/PBAT blends have already been studied, but some
results concerning the compatibility of the blends remain unclear, as well as how it affects their

mechanical properties.

In recent years, one of the most commonly studied methods for improving the performance of
polymeric materials has been their modification with nanoparticles, as they are capable of
improving the properties of the materials just as much as conventional reinforcement agents, but
a much lower contents. Depending on whether the property to be improved is thermal,
mechanical, barrier or electrical, different nanoparticles can be used, ranging from nanoclays
(which are usually modified) to carbon nanotubes or, more recently, graphene. In the present

work, the effect of the addition of organically modified montmorillonite nanoplatelets (0MMT)
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and carbon nanotubes (CNT) to PLA was studied. The first step was to select the most suitable
nanoparticles and the most efficient processing methods in order to obtain the best dispersed
PLA/OMMT and PLA/CNT nanocomposites. A full characterization of these optimized
nanocomposites allowed us to compare the performance of oMMT and CNTSs, particularly
regarding their level of dispersion within PLA and the final mechanical properties of PLA/OMMT
and PLA/CNT nanocomposites.

One of the main drawbacks associated with the addition of nanoparticles to polymeric materialsis
that they cause greater fragility, which is particularly acute in the case of PLA, because of its
above mentioned intrinsic brittleness. This is why it would be of great interest to obtain ternary
systems which combine PLA/PCL and PLA/PBAT blends with PLA/oOMMT and PLA/CNT
nanocomposites. The preparation of polymer/polymer/nanoparticle nanocomposites is currently a
commonly used method for producing high performance materials, as they combine the
technology of polymer blends with that of polymer nanocomposites. So, adding MMT
nanoplatelets and CNTs to PLA/PCL and PLA/PBAT materials would appear to be a very good
way of obtaining high performance biodegradable materials. In addition, it would provide greater
insight into some ternary nanocomposite-related issues, such as the relationship between the
dispersion level of the nanoparticles and the morphology and final properties of the
nanocomposites, the effect of processing on the final properties of the nanocomposites, and the

relationship between the morphological and viscoel astic properties of ternary nanocomposites.

Thus, following this Introduction (Chapter 1), Chapter 2 of this thesis summarizes the most
relevant results in the literature published so far concerning the main topics under discussion in
the present work. Chapter 3 presents the different materials, processing and characterization
techniques used throughout the study. Chapter 4 includes the results and discussion on PLA/PCL
and PLA/PBAT blends, Chapter 5 deas with PLA/IoOMMT and PLA/CNT nanocomposites and
Chapter 6 discusses ternary PLA/PCL/OMMT, PLA/PCL/CNT and PLA/PBAT/CNT
nanocomposites. The phase structure and the morphology/nanostructure were analyzed, and the
macroscopic properties were measured for all the compositions studied. In all cases an attempt
was made to correlate the structure and the properties of the materials, in order to discuss about
the processing-structure-properties relationships therein. Chapter 7 summarizes the main

conclusions obtained.



Chapter 2. Stateof theart







Chapter 2: State of the art

Chapter 2: State of theart

El objetivo del presente capitulo es establecaerato del conocimiento cientifico y tecnolégico
actual en el que puede encuadrarse este trabajweahtigacion. Los temas que se han abordado
a lo largo del trabajo son de gran interés cientjfy la bibliografia existente relacionada muy
amplia; en la presente revision bibliografica Umeate se muestran los resultados mas
significativos. Asimismo, la informacion aqui reasyha servido para argumentar y justificar de
forma exhaustiva los resultados obtenidos, realadas discusiones pertinentes y remarcando

las aportaciones principales.

2.1. Poly(lactic acid) (PLA)

La renovabilidad del monémero constituyértesu completa biodegradabilifadu naturaleza
termoplastica, su sencilla procesabilidad meditageécnicas convencionales de procesado de
polimero&® y las buenas prestaciones que pre§esta las principales razones por las que el
poli(acido lactico) (PLA) ha despertado un gran interés. En los Ultimos,afloBLA se ha
convertido en el tercer bioplastico mas producidbndundo, tan soélo por detras de los basados
en almidon y lignocelulosa, y ha empezado a sustiiterentes polimeros convencionales en

sectores industriales tales como el textil, envayaeimbalaje, electronico y automovilistico.

El procesado en fundido es el método mas empleadopgpoducir productos basados en PLA, ya
que posibilita de una manera sencilla, rapida yhé@cuca la obtencion de productos acabados
con la forma y caracteristicas requeridas paraliaazion a la que van a ser destindd&in
embargo, el PLA presenta algunos inconvenientes gamprocesado en fundido tales como su
baja resistencia en fundido y la posibilidad derdéacion térmica y de escisién de cadena
mediante degradacién hidroliticaor ello, la optimizacién de la temperatura decesado, el
tiempo de residencia en la maquinaria empleada gdadiciones de secado previas al procesado

en fundido del material son factores fundamentalemner en cuerita

El mondémero constituyente del PLA, el acido lacticontiene un carbono asimétrico en su

cadena principal, y por lo tanto puede encontrarskas formas enantioméricas L (+) o D (-). El
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control estereoquimico del acido lactico durant@receso de polimerizacion del PLA resulta,
por tanto, fundamental. En el mercado existe un@liangama de PLAs comerciales con
diferentes pesos moleculares y con cadenas maaoutmlies que contienen distintas
proporciones de isbmeros. De todos ellos, los rnikgados son copolimeros Opticos aleatorios
de alto peso molecular constituidos mayoritariamepor acido L-lacticb™’. Estos PLAs
comerciales basados en copolimeros Opticos aleatiienen una temperatura de transicion vitrea
cercana a 60°C y sus cristales se forman y fundemperaturas que oscilan entre 110-130°C y
150-170°C, respectivamente. Tanto la temperaturugién como la cristalizabilidad del PLA
dependen directamente de la relacion L/D de losnésds que conforman las cadenas
poliméricas. Los conformados con altos contenidodaldo L-lactico pueden ser utilizados para
producir materiales semicristalinos, mientras @sepolimeros con contenidos superiores al 15%
de isdbmero D son completamente amorfos. Sin emparigyd®LA es un polimero que se
caracteriza por tener una cinética de cristalizaondy lenta, y por ello apenas suele cristalizar
cuando es enfriado en tiempos muy cortos desdendido hasta temperatura ambiente, tipicos

en procesos industriales tales como el moldeorp@ccion.

El PLA comercial debe procesarse a temperaturasvainente bajas (entre 170°C y 210°C) en
comparacion con otros polimeros convencionalesuéd supone una ventaja desde un punto de
vista de consumo energético pero también suponencomveniente -por posibilidades de

degradacion térmica-, ya que dificulta su mezcledo polimeros que tienen temperaturas de
procesado superiores. Algunos de los ejemplos @lduptos comerciales procesados en fundido
son cubiertos desechables moldeados por inyeccgmpientes y tazas termoconformadas,
botellas obtenidas por inyeccion-soplado, fiimsrgsbs y calandrados o fibras hiladas, entre

otros.

La posibilidad de procesar PLA completamente amgéymite confeccionar productos
transparentes, muy utiles en la industria del eapal del envasado, entre otros. Sin embargo,
existen otras aplicaciones en las cuales la traaspia del producto no supone un requerimiento
imprescindible y por lo tanto, teniendo en cueatekjora general que conlleva la cristalizacion
del PLA en sus propiedadese han llevado a cabo diversos estudios pa@ tlatincrementar
su cristalizabilidadl Esta es, de hecho, una de las areas mas activasestigacion en relacion
con el PLA.

El modo mas empleado en la actualidad para la oidtele piezas semicristalinas de PLA es la

aplicacion de procesos de recocido a las mismasegadurante el procesado -en el caso del
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moldeo por inyeccion este proceso se llevaria a dafando el material acabado en el molde
durante algun tiempo a temperaturas cercanas e dagalizacion del PLA- como en una etapa
posterior -en un horno-. Sin embargo, ambos pradedios requieren tiempo y energia
adicionales al conformado, por lo que no son maples para llevarse a cabo en procesos
industriales, a no ser que sean utilizados parargemateriales de altas prestaciones que tengan
un alto valor afadido. Son muchos los compuestadirapros, microcargas, nanocargas y
plastificantes, entre otros- que nuclean el PLAigi@ manera efectiva, lo cual se refleja tanto en
descensos de la temperatura de cristalizacion emilncrementos de la entalpia de fusion de las
estructuras cristalinas. Sin embargo, pocos sonatliivos con los que se ha logrado una
disminucién significativa del tiempo necesario pqua el PLA cristalice durante el moldeo por
inyecciéon. Asi, podemos mencionar que el fhldes nanotubos de carbdflo algunos
compuestos organictis™ o plastificante¥, y sobre todo, la adicién de estos agentes comitxna
entre ello§® si han servido para que el polimero cristaliceamte el proceso de moldeo por
inyeccion en tiempos que podrian asemejarse a togleados en procesos industriales

convencionales.

En lo que se refiere a las propiedades mecanita?l A& muestra un muy buen balance de
propiedades de baja deformacion. El PLA se catiaatpor su alta rigidez -tiene un médulo de
Young cercano a 3500 MPa- y su elevada tensidfuendia, superior a 70 MPaSin embargo,

el PLA presenta una fragilidad intrinseca frentaugas de traccion y flexion, que imposibilita su
deformacion plastica. Como resultado, la fractulandaterial ocurre a deformaciones muy bajas
y mediante un mecanismo de crazfiig Asimismo, presenta prestaciones muy limitadasdra

los impactos, sobre todo en casos desfavorables somlos ensayos con entalla. Esta carencia
limita considerablemente su uso para la fabricad®piezas estructurales u otro tipo de objetos
que requieren un buen comportamiento frente adizeg**> Ambas desventajas suponen una

restriccion evidente del rango de aplicacionesstriales que puede tener el PLA.

2.2 PLA-based blends

Con el fin de mejorar su deformabilidad y su resista frente a los impactos, el PLA ha sido

modificado y mezclado con una amplia gama de difese polimeros, plastificantes y
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caucho&**> Como resultado, se han obtenido nuevos materéasun amplio balance de
propiedades fisicas, térmicas y mecdanicas. Las lasese han efectuado tanto con polimeros
convencionales, no renovables y no biodegradabbesp con otros de origen renovable -dando

lugar a nuevos materiales de origen renovableG#c1-0y / o totalmente biodegradables.

En el primero de los casos, los polimeros convead®ds pueden mejorar las prestaciones del
PLA y también abaratar costes econdmicos, debigizeaéstos suelen ser en muchos casos mas
econdmicos. Entre otras, las mezclas PLA/BBPLA/PC'* y PLA/PA?® muestran un buen
balance de propiedades mecéanicas. Las modificaciorés eficientes, sin embargo, han sido
aquellas llevadas a cabo con diferentes cauchdasyomeros termoplasticds® ya que han
dado lugar a mejoras significativas tanto de lawhe@bilidad como de la resistencia al impacto.
El mayor inconveniente de las mezclas PLA/caucleueacompatibilidad (exceptuando algunos
casos concretos tales como poliamidas elastoméfi=&Ey"%*y el copolimero etileno-glicidil
metacrilato (EGMA3J*?), debido a que el PLA es un polimero polar y layon@ de estos
modificadores de impacto son apolares. La mejoia dempatibilidad entre ambos se ha llevado

-28

a cabo generalmente mediante la adicion de un egemdificado 0 mediante la

modificacién quimica del caucfic*’

Sin embargo, las mezclas basadas en PLA que masnestan atrayendo son aquellas
preparadas con otros polimeros de origen renowdbléiodegradable. Claro est4, el principal
objetivo de estas modificaciones es tratar de @btanevos “biomateriales” con origen 100%
renovable y/o totalmente biodegradables, que podsirvir para reemplazar en el futuro,
materiales que hoy en dia estan totalmente basamlaterivados del petrdleo y que no son
biodegradables. El mayor inconveniente, sin emhargda escasa oferta de polimeros con estas

caracteristica® 3

Se han obtenido materiales con buenas propiedadesaninas basadas en mezclas
PLA/biopolimero con almidén termoplastiéd®, diferentes poliamidas de origen renovabiey
cauchos naturalds® entre otros. Las mezclas PLA/biopolimero que mémcidn han
despertado hasta la fecha han sido, sin embagbatkadas en PCL y PBAT. La PCL y el PBAT
son dos poliésteres obtenidos a partir de fuerdgsmovables pero que, sin embargo, son 100%
biodegradables. Ambos polimeros presentan una kgjdez combinada con una alta
deformabilidad y tenacidad, debido a lo cual samlaleenos candidatos para mejorar la fragilidad
intrinseca que muestra el PLA. De hecho, las meZla#/PCL y PLA/PBAT han dado lugar a

nuevos materiales con un balance de propiedadakediimuy interesante. Generalmente, las
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mezclas PLA/PCL y PLA/PBAT muestran una menor Bgidjue el PLA combinada con una

mayor deformabilidad y tenacidad. Ambas son corapienhte biodegradables, por lo que los
materiales obtenidos pueden ser utilizados tanta gafabricacion de materiales con un corto
tiempo de vida o de “usar y tirar” -envases, fiynsmbalajes sobre todo- como también de larga
durabilidad. En los siguientes apartados se deédalléos resultados mas relevantes obtenidos
hasta ahora en mezclas PLA/PCL y PLA/PBAT.

2.2.1 PLA/PCL blends

Las mezclas PLA/PCL tienen morfologia bifasica, yesar de que algunos autores hayan

observado una ligerisima miscibilidad parcial emrdLA y la PCE*2

en la mayoria de los
trabajos se ha mencionado que ambos polimerotdmeénte inmiscibles. Las propiedades de
traccion y flexion de baja deformacion de las mez&LA/PCL son intermedias entre las de los
componentes puros. Respecto a las de alta defaimamnicamente se ha observado elevada
ductilidad en mezclas con altos contenidos de “PE? a pesar de la apreciable adhesion
interfacial existente entre ambos polimeros y de opcluso hayan sido catalogados como
compatible®’. En lo que respecta a las propiedades de impaettan observado diferentes
resultados, desde propiedades intermedias hastadamesipertenaces que se mencionaran mas

adelante.

Se han afnadido diferentes agentes compatibilizadartas mezclas PLA/PCL con el fin de
mejorar la compatibilidad y como resultado, su ifided, a bajos contenidos de PCL. En
disolucion, la adicion de diferentes copolimeraogetizados a escala de laboratorio tales como
PLLA-PCL-PLLA*, PCL-PEG’ y PLLA-PCL*® ha servido para mejorar la compatibilidad,
incluso hasta el punto de incrementar la misciailientre ambos polimefds

Por otro lado, la presencia de pequeiios contemiedsisocianato de L-lisina (LTI) durante el
mezclado en fundido entre el PLA y la PCL provoeacciones de intercambio de cadena y de
reticulaciért®*® Como consecuencia, el tamafio de las particul&Cdedecreci6 y la adhesion
interfacial entre ambas fases aumentd. El efectopatibilizador del LTI tuvo una gran
influencia en las propiedades mecéanicas del sistgangue permitido obtener materiales ductiles a
bajos contenidos de PCL y a su vez incrementaedsstencia frente a los impactos de las

mezclas.
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La realizacion de procesos de recocido sobre |lalamepmpatibilizada PLA/PCL/LTI (85/15/1)
sirvi6 ademas para inducir reacciones adicionahtie el PLA y la PCL, y como resultado la
deformabilidad de las mezclas aumentd aun mas cesudtado de la supresion del proceso de
cavitacion’, que provoca la rotura prematura de las mismagadday cof? observaron que,
como resultado de una mayor compatibilidad, |la rieébilidad de la mezcla PLA/PCL 80/20
aumento de 22% a 288% en presencia de 0.3% de ldkrgsistencia al impacto de 2 K3/m
hasta 17.3 KJ/fren presencia de 0.5% de LTI. Del mismo modo, &ajmde fractura de las
mezclas PLA/PCL 50/58°*y 85/15°°°aumenté en presencia de la LTI.

La adicion de pequefios contenidos de dicumil pdmXDCP) durante el procesado de las
mezclas también sirvio para incrementar la duetdli¢ la resistencia al impacto de las mezclas
PLA/PCL, ya que éste provocO que se produjerarciaaes de entrecruzamiento entre ambos
polimeros. Sin embargo, a contenidos demasiad@adsvde DCP, el efecto se invirti6 como
consecuencia del alto nivel de entrecruzamientoymido durante el mezclatfo Ademas, se
observé que la adicion del agente de entrecruzamiere mas eficiente cuando se realizo
durante el proceso de extrusién que al inicio dishm®. Como resultado de la presencia de
DCP, el médulo de Young de las mezclas compatéulbz fue ligeramente superior al de las
puras, y en la mezcla 70/30 la compatibilizaciém ldgar al alargamiento de las particulas de
PCL y como consecuencia, se obtuvieron valores efermabilidad superiores al 60% en
presencia de 0.1% y 0.2% de DEPCon la adicién de trifenil fosfito (TPP) tambi&e
obtuvieron resultados similarés

Cuando la PCL ha sido empleada exclusivamente copthificadora frente a los impactos del
PLA*® se han obtenido materiales 100% biodegradablesita alta tenacidad. En el primero
de los trabajds se emplearon copolimeros al azar petéprolactona-acido lactico) (P[CL-co-
LA]) sintetizados en el laboratorio como modificeet de impacto. Se sintetizaron copolimeros
con diferentes contenidos CL/LA (mol/mol) que vaesiasu composicion de 91/9 a 51/49 y se
afladieron al PLA en un 10% en todos los casos.dduio de Young del PLA descendio un 10%
tras la adicion de los copolimeros, y la elongaeidatura aumento del 4% al 20%. La tenacidad
del PLA, medida mediante ensayos de impacto Izadeatalla y con un valor de 2.7+0.1 K3/m
en el polimero puro, aumento tras la adicion deddds copolimeros, obteniéndose los valores
mas elevados en la mezcla con el copolimero 7228 resistencia al impacto fue de 11.4
KJ/m. En todos los demas casos los valores obtenidasrfumenores de 8.5 KFmComo
resultado positivo adicional, la transparenciaRleh también se mantuvo en las mezclas. Las

imagenes de SEM de las diferentes mezclas compatdas revelaron que las particulas de la
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fase dispersa, de morfologia esférica, tenian omaita muy parecido entre ellas, entre 0.70 y
0.90 um. El mayor tamafio de particula se midiGaemézcla mas tenaz. La morfologia de las
mezclas también fue analizada mediante TEM y AFBue tienen mayor resolucion- y se
observo en todos los casos una poblacién minaitaticional de particulas de mucho menor
tamanfo, del orden de 100-200 nm, practicamenteenigbles mediante SEM. La forma de estas
particulas varia con la relacion LA/CL del copolimey se observo que en el caso de la 72/28
fue fibrilar mientras que en todas las demas fi€riea. Esta morfologia, también observada en
otras mezclas PLA/PCE se relacioné con la afinidad y miscibilidad enge PLA vy el

copolimero, y pudo ser la causante de la mayocigse de la mezcla.

En el segundo de los trabajdse obtuvieron mezclas PLA/PCL supertenaces carregistencia
térmica (medida mediante HDT). Ademas, se analiefeeto que ejerce la cristalinidad del PLA
en la tenacidad de las mezclas, y los resultadniolos indicaron la existencia de una relacion
directa entre la resistencia al impacto de las taszel grado de cristalinidad del PLA y el
tamafo de las particulas de PCL. El estudio sé lee\cabo sobre la composicion PLA/PCL
80/20, mezclada en una extrusora bi-tornillo ardifees velocidades de giro de los husillos (50-
400 rpm) y posteriormente moldeada por inyeccidnsitemperaturas diferentes de molde (50°C
y 130°C), y sometida a diferentes procesos de iciw@or tiempos entre 1 y 6 min en el molde a
130°C. Para incrementar el grado de cristalinidddPdA se afiadido un agente de nucleacion —N,
N’, N”-tricicloexil-1, 3,5-benceno-tricarboxiamida (TMC-328)- durante el mezclado. Las
distintas velocidades de giro de los husillos dexkausora se utilizaron para controlar el tamafio
de las particulas de PCL, y la adicibn de TMC-32Rg diferentes temperaturas del molde
durante el proceso de inyeccion para controlaradade cristalinidad del PLA. Los resultados
obtenidos en el trabajo muestran que el tamafianoptie particula de PCL para obtener

supertenacidad depende directamente del gradastiiordad del PLA.

En el caso de mezclas con matriz semicristalintarehfio de particula de caucho efectiva para
incrementar la tenacidad es menor (0.3-0.5 um)eajquel caso de mezclas que contienen una
matriz totalmente amorfa (0.7-1.1 um). Este heché eelacionado con el mecanismo de fractura
de cada tipo de material, el cual ocurre mediashedr yielding” en el primero de los casos y
mediante “crazing” en el segundo de ellos. Por, éfloresistencia al impacto maxima que se
obtuvo con matriz semicristalina, superior a 30néJfue mayor que la obtenida con matriz
amorfa, inferior a 16 KJ/f®. Estos resultados podrian servir para explicamiementos en la
resistencia al impacto de mezclas PLA/caucho emfladi previamente, en las que se observo que

la tenacidad variaba con el grado de cristalinidiath matriz>2>%*
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2.2.2 PLA/PBAT blends

Los resultados obtenidos en lo que respecta atdacesa de las mezclas PLA/PBAT no son
concluyentes. Algunos autores afirman que el PL&l PBAT son totalmente inmiscibfég®
aunque se han observado tamafios de particula nuunefpes’ e interacciones entre ambos
polimero§®. Otros autores han observado descensos en la [TBLde tipicos de mezclas
parcialmente miscibles, en presencia de PBAT®® y sin embargo, la miscibilidad parcial no ha
dado lugar a mezclas compatifSfedncluso, las mezclas mostraron miscibilidad tetaire el
PLA y el PBAT a muy bajos contenidos del ultimo5%, y miscibilidad parcial a mayores
contenidos de PBA. También existen diferencias en cuanto al tamafidas particulas de
PBAT que, como es conocido, depende de la relamifme las viscosidades de ambas fases y de
la tensién interfacial entre ambos polimétoBor ejemplo, mientras que en uno de los trabajos
se observo que el tamafio de particula aumentauge & 5 um al pasar de la mezcla 95/5 a la
80/20%, en otro se mantuvo constante, cerca de 300 rdep@mdientemente del contenido de
PBAT®,

La adicion de PBAT da lugar a un incremento dddatieidad en fundid y de la viscosidad del
PLA®*® Ademas, disminuye el médulo de Young, asi conteraién de fluencia y la de rotura
del PLA. Por el contrario, la deformabilidad y ksistencia al impacto del PLA aumentan en
general en presencia de PBAT, en mayor o menordaeatipendiendo de la compatibilidad del

sistema.

En lo que respecta las propiedades de las mezZch®BAT, Farsetti y cof? observaron que el
modulo de Young y la tension en fluencia del PLArdeen de 3680 MPa y 65 MPa a 2520 MPa
y 46 MPa, respectivamente, con 20% de PBAT afadidpe la deformabilidad aumenta de
3.6% hasta 44.6%. Con la adicién del mismo contemid PBAT, Yeh y coi’ obtuvieron
mezclas de mucha mayor ductilidad, deformablesah266%, aunque este incremento estuvo
acompafiado de un descenso muy pronunciado de ikenesa a la rotura del PLA, de
aproximadamente 60 MPa a 10 MPa. En otro de ldmjod>, se obtuvieron descensos del
modulo y de la resistencia a la traccion de 340(aMP2600 MPa y de 63 MPa a 47 MPa,
respectivamente, con 20% de PBAT. La deformabilidadas mezclas fue superior a 100% con
10% de PBAT y todavia mayor a contenidos mas etsjathientras que la resistencia al
impacto, medida mediante ensayos Izod, se incrémim®.6 KJ/rha 4.4 KJ/m con 20% de
PBAT.
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Algunos autores han estudiado el efecto de la @dide diferentes compatibilizadores
acrilico$>®"70"
Kumar y col®’ afiadieron 3% y 5% de glicidil metacrilato (GMAJamezcla PLA/PBAT 75/25.

La adicidén del compatibilizador provocé un increteoetiel modulo de Young de la mezcla, y asi,

y de DCP en las propiedades mecanicas de difsrenezclas PLA/PBAT.

con 5% de GMA afadido, su valor aument6 hastarlageer incluso un 40% mayor que el del
PLA puro. El mecanismo de rotura de los materialegnsayos de traccion cambié en presencia
del compatibilizador, pero este hecho no se plasmia ductilidad. Asi, la deformacién a rotura
de la mezcla 75/25, 6.75%, no varié en presencizg®tle 5% de GMA. También se observé un
cambio en el mecanismo de rotura en impacto dedacka 75/25, de fragil a tenaz, y la
resistencia al impacto 1zod del PLA aument6 de/g1a 50 J/m con 25% de PBAT y hasta 76
J/m con 5% de GMA afiadido.

En otro de los trabajsse estudioé el efecto que tiene la adicion de T-GBIEAO% a 10%, en
diferentes mezclas PLA/PBAT. Tanto la resistencita d@raccion como la ductilidad de las
mezclas aumentaron en presencia de T-GMA. Por é&erg ductilidad de la mezcla 90/10
aumento de 50% a 180% con un 5% de compatibilizaifadido. Por otro lado, el mecanismo de
fractura de las mezclas PLA/PBAT cambi6 tras leciadi de T-GMA, pasandose a observar
estriccion en el ensayo de traccion. Para cadalen®icA/PBAT se determind un contenido
optimo de contenido de compatibilizador, llegandmsdtener valores maximos de resistencia al
impacto de 15 KJ/fp 28 KJ/nf y 32 KJ/nf en las mezclas 90/10/4%, 80/20/2% y 70/30/3%,
respectivamente. Del mismo modo, la adicion de %0.8.5%, 1% y 2% de un copolimero
funcionalizado con grupos epoxi de nombre comeNCRYL a mezclas PLA/PBAT 95/5,
85/15 y 70/3¢° dio lugar a un aumento considerable de su resisteal impacto, medida
mediante ensayos Charpy. Los valores maximos atuterfiieron 26 KJ/fy 28 KJ/nf en las
mezclas 85/15/0.5% y 70/30/0.2%, respectivamentendeanismo de fractura de los materiales
se analizé6 mediante SEM tomando como ejemplo laposinion 85/15. En la mezcla pura se
observé despegue y cavitacion de las particulasPBAT, mientras que en la mezcla
compatibilizada con 0.5%, ademas del despegue §acen de las particulas dispersas, se
observéd que la matriz de PLA sufrio deformaciorsiit@ y, como consecuencia, fue capaz de

disipar la energia recibida en el impacto.

Al-ltry y col. estudiaron el efecto de la adiciée diferentes contenidos de una resina epoxi
multifuncional comercial en la mezcla PLA/PBAT 8072 La adicién del compatibilizador
sirvié, por un lado, para contrarrestar la degreaiatérmica padecida por el PLA durante el

procesado en fundido de la mezcla, ya que las imraex de ramificacion inducidas en su
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presencia compensaron el descenso del peso maléeulas cadenas. Por otro lado, el médulo
del PLA descendié en presencia de PBAT, pero lagmaa del compatibilizador sirvié para
contrarrestar parcialmente este descenso. Ademdsctilidad del PLA aument6 de 14% a 50%
con la adicion de PBAT, y hasta 135% tras afadi#oOde compatibilizador a la mezcla. Por
altimo, la adicién de diferentes contenidos de O@E&ocd un incremento en la compatibilidad
de la mezcla PLA/PBAT 80/20, ya que los radicake$tdA y PBAT formados en la mezcladora
tras la adicion del peroxido reaccionaron entasido lugar a ramificaciones/entrecruzamientos
PLA/PLA, ramificaciones/entrecruzamientos PBAT/PBACDpolimeros PLA-g-PBAT vy redes
PLA-PBAT entrecruzadas. Todo ello provocé un desgate la tension interfacial y del tamafio
de las particulas de PBAT. La mezcla PLA/PBAT 8p&hque deformable en traccion, mostro
una baja resistencia al impacto. La adicion de @@ogs contenidos de DCP dio lugar a un
incremento de la ductilidad de la mezcla hastaaea300%, aunque a contenidos superiores esta
propiedad decrecié. Por su parte, la resistendgrapcto Izod con entalla aumentd hasta el valor
maximo de 110 J/m con 0.5% de DCP afiadido. Ambogrimentos se atribuyeron a cambios en

los mecanismos de fractura de la mezcla.

2.3 Polymer nanocomposites

La adicion de pequefios contenidos de nanoparticugEicas o inorganicas ha resultado ser
una manera muy simple, pero eficiente, de mej@asiplestaciones de los polimeros, y también
de dotarles de propiedades Unicas para que éseummser empleados en aplicaciones mas

especificas hasta ahora cubiertas por otro tipoateriales.

La eficiencia de las nanoparticulas suele depeddesu grado de dispersion en la matriz
polimérica. Generalmente, las propiedades mecadedmja deformacion y las propiedades de
barrera mejoran cuanto mayor es el grado de disperg lo contrario sucede con la

deformabilidad y la resistencia al impacto. Pardedr buenos niveles de dispersion, la
superficie de las nanoparticulas se encuentrauamiénte parcialmente modificada con grupos
0 agentes quimicos que son compatibles con el pmiren el que deben dispersarse. Sin
embargo, el método y las condiciones empleadas far@btencion y produccion de

nanocompuestos también juegan un rol muy importaite el caso concreto de los

12



Chapter 2: State of the art

nanocompuestos poliméricos preparados en estadtidéynel tiempo, la temperatura y el
esfuerzo de cizalla empleados durante el mezclamo arametros que pueden influir

drasticamente en el nivel de dispersion final.

El PLA ha sido modificado con diferentes nanocargaganicas y minerales tales como
nanotubos de carbono, grafeno, diferentes naniearail nanoparticulas de siliteSe han
obtenido nanocompuestos basados en PLA con praj@edaecanicas mejoradas y se ha dotado
al polimero de caracteristicas especificas parapgeda ser utilizado en diversas aplicaciones
ingenieriles. Estas han sido, entre otras, una meyuperatura de reblandecimiento HDT
retardo a la llamd semiconductividad o propiedades barrera frente al paso de gases y

vapore&.

2.3.1 Polymer/nanoclay nanocomposites

Los nanocompuestos polimero/arcilla son materialeisicomponente que contienen una matriz
polimérica y particulas inorganicas de arcilla laani Son materiales de gran interés porque
presentan propiedades mecanicas y térmicas mejprad@aas a una alta resistencia al fuego y
una menor permeabilidad a los gases y vaporesrapatacion con el polimero puro preparado

en las mismas condiciones.

Las montmorillonitas (MMTY son las arcillas mas empleadas en estos nanocetoputebido a
su abundancia, al bajo coste para su obtencionfacibdad para su modificacion quimica. La
montmorillonita pura suele ser en general incorbpatcon los polimeros debido a su alta
hidrofilia y por lo tanto es habitual su modifiodiquimica con diferentes cationes organicos,
por ejemplo de tipo amonio, denominados surfacsargara aumentar las interacciones entre
ambos y asi mejorar el nivel de dispersion. En elcado existen diferentes montmorillonitas

modificadas organicamente (0MMT) con diferenteasiantes.

La técnica mas utilizada en la actualidad paraltaidacion de nanocompuestos polimero/arcilla
es la intercalacién en fundiffo Durante el procesado en fundido, el polimero wrgilla se

mezclan a una temperatura adecuada en presencesfderzos de cizalla, y se obtienen
nanocompuestos intercalados o exfoliados depermlidetl grado de difusion de las cadenas

poliméricas entre las laminas de arcilla.
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2.3.1.1 PLA/OMMT nanocomposites

Ray, Okamoto y col. llevaron a cabo una pioneraxfaastiva investigacién relativa a
nanocompuestos PLA/arcilla procesados en furitiffioEn los diferentes trabajos se utilizaron
diferentes tipos de arcillas modificadas a escalmboratorio con una larga serie de surfactantes.
Los nanocompuestos se obtuvieron en todos los easasa extrusora de doble husillo a 210°C y
después se procesaron laminas mediante molde@pgresion, que fueron cristalizadas tras un
proceso de recocido para efectuar las medidasfdeddn de rayos-X (WAXD), microscopia

electrénica de transmision (TEM) y andlisis meadnimamico (DMTA).

Los nanocompuestos basados en PLA y MMT modificadm dimetiloctadecilamina
(DMODA)®* y trimetiloctadecilamina (TMODAf mostraron buenas propiedades generales, a
pesar de que, independientemente del contenidoidajiagn ambos casos se observo
intercalacion del polimero entre las laminas ddllarcpero no completa exfoliacion. Con
DMODA-MMT el médulo de flexién del PLA aumentd u2% con 4% afadido y el maximo
valor de la resistencia a la flexion fue 24% maguoe el del PLA puro, con 5% afiadido. El
maximo aumento de la temperatura HDT (de 76°C &C)0§ el mayor descenso de la
permeabilidad al oxigeno (25%) se observaron cond&arcilla. En los nanocompuestos
preparados con TMODA-MMT los mejores resultadosisteivieron con 7% de arcilla, que dio
lugar a un aumento en el modulo de flexion de ¥,26h la tempertura HDT de 76°C a 111°C y

a un descenso de un 19% de la permeabilidad atloxidel PLA.

En lo que respecta a trabajos llevados a cabo sxalente con montmorillonitas comerciales,
tanto en nanocompuestos obtenidos en disoltfticomo en fundidd® el mayor grado de
dispersion se ha obtenido con arcillas modificadas cadenas hidrogenadas de metil
dihidroxietil amonio (comercialmente conocida, erdtras denominaciones, como Cloisite30B).
Esta arcilla fue la que mostré6 mayor afinidad cbRleA, como resultado de las interacciones
entre los grupos hidroxilo del modificador organigaos grupos carbonilo de las cadenas
macromolecular@& Krishnamachari y col. analizaron el nivel de dispn de montmorillonitas
modificadas de la casa Southern €4 en nanocompuestos procesados en fundido en un
mezclador interno. La Cloisite30B fue la Unica ds Hiferentes arcillas que se exfolid por
completo en la matriz de PLA. La secuencia dellmileintercalacion de las cadenas de PLA

entre las laminas de las demas arcillas fue<\N26A < 20A < 93A < 15A.

A pesar de la buena afinidad existente entre el PLACloisite30B, su mezclado ha dado lugar,
en general, a nanocompuestos intercalados, indepeachente del contenido de arcilla. En
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algunos casos también se han obtenido nanocompuetitmente exfoliad8§% y en otros las
laminas de oMMT se encuentran totalmente exfoliaadsajos contenidos e intercaladas a
contenidos superiords También se ha conseguido convertir nanocompuéstecalados en
nanocompuestos totalmente exfoliados incrementahtiempo de mezclad®d Merece la pena
mencionar el denominado “d-spacing collapse”, poasbservado por primera vez por Filippi y
col®® y que esta relacionado con la dispersién de #laafeloisite30B. Se produce cuando en
nanocompuestos polimero/Cloisite30B procesados wrido a temperaturas cercanas o
inferiores a 200° los modificadores organicos aeCloisite30B son capaces de cambiar su
disposicion espacial y compactarse, provocanddaydistancia interlaminar entre las laminas de

oMMT disminuya y dando lugar a un empeoramientnded! de dispersion.

Las laminas de oMMT actian como agentes de nudleat®l PLA, y su poder nucleante suele
estar directamente relacionado con su dispersiatrade la matriz de PLA. Generalmente, la
densidad de nucleaciéon del PLA y la cristalinidad superiores en nhanocompuestos intercalados
que en nanocompuestos totalmente exfol&d88? Para explicar este comportamiento se
menciond que las laminas de arcilla completamenteliadas dificultan las interacciones
intermoleculares entre las diferentes cadenas de fle son vitales para la formacion de los
nucleos cristalind®.

La adicion de oMMT ha servido generalmente paraementar la estabilidad térmica del
PLA%89997 aunque también se han visto descensos de 25RCtemperatura de degradacion
(medida como Fw) a altos contenidos de arcilla (§%)Por otro lado, la presencia de oMMT
incrementa la velocidad de degradacién foto-oxidatiel polimerd®'® La presencia de oMMT
también puede modificar la velocidad de degradadi@h polimero en condiciones de
biodegradacién bajo compost o enzim&fi¢d % aunque existe controversia respecto al efecto

real que ejercen las laminas de la arcilla.

Se han medido las propiedades mecanicas de nanoestop PLA/OMMT en diversos trabajos.
En algunos de ellos, las propiedades se midieratiami& ensayos mecanico-dinamicos, en los
cuales se observé que el médulo de almacenamiat®ld\ aumenta con el contenido de

arcilla”*%*1% y de forma mas pronunciada cuanto mayor es |peeatura de ensayo

Las laminas de arcilla pueden ejercer un doble lpapéa deformacion micro-mecanica de los
nanocompuestos: por una parte pueden proporciamaszde nucleacion en sus superficies
capaces de facilitar la rendicion por cortadura rdaterial, mientras que a altos contenidos

impiden la coalescencia de estas zonas, por |sef@voreceria la rotura mediante “crazify”
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Como resultado, los nanocompuestos con bajos ddotende arcilla (2.5%) son mas
deformables que el PLA puro. A mayores contenido®sibargo (5% y 7.5%) las laminas de
arcilla forman una red de percolacion dentro denddriz, 1o que restringe la movilidad de las
cadenas de PLA durante el proceso de traccion. Adeta cantidad de aglomerados que se
forman a altos contenidos es mayor, lo que faciléa fractura prematura de los
nanocompuesto¥. Resultados similares se obtuvieron en el trathajbai y col*®. Estos autores
observaron un efecto plastificante producido ponimés de arcilla exfoliadas cuando el
contenido fue del 1%, que desapareci0 a mayoresermidos, 3% y 5%. Debido a la
plastificacion, el médulo de Young del PLA decreai30% y la deformabilidad aumenté de 5%
a 208%. El efecto observado se relaciond con elraltel de exfoliacion de oMMT, debido al
cual se cre0 una amplia area de contacto entresafabas, y como consecuencia una region
interfacial muy plastificada. Estas zonas del ni@teson muy deformables bajo esfuerzos de
traccion, y son capaces de cambiar el mecanismgeftemacion del nanocompuesto, dando

lugar asi a ductilidades superiores al 200%.

Zaidi y col. por su parte estudiaron las propiedatietraccion de nanocompuestos PLA/oOMMT
con 1, 3y 5% de arciffd'® La adicién de contenidos crecientes de arcilta ldgar a un
incremento progresivo del médulo de Young del Pla&pmpafado de un descenso de la
deformabilidad y de la resistencia a la tracciérman Gel maximo contenido, los valores
correspondientes de dichas propiedades fueron B4, 28.8 MPa y 0.7% respectivamente. El
descenso de la resistencia a la traccidon se ral@cion el descenso de la deformabilidad, ya que
la fractura de los nanocompuestos se produjo ateepunto de fluencia. En cuanto a las
propiedades de nanoindentacion, medidas con desdrpdares diferentes, también se observo un
incremento progresivo del médulo y una mayor dur@zaayores contenidos de oMMT. La
dureza maxima de los nanocompuestos fue dependiehtgno de penetrador utilizado, 36% y
19% superior a la del PLA puro. Jiang y titambién observaron que el médulo de Young del
PLA aumenta progresivamente con el contenido de aMMT que contiene el mismo

surfactante que la Cloisite30B.

2.3.1.2 PCL/oMMT nanocomposites

Los nanocompuestos PCL/MMT fueron, en 1993, losmgnos nanocompuestos
biopolimero/arcilla investigados, procesados medigolimerizacion in sitd’. Los modos mas
empleados para preparar nanocompuestos PCL/oMMEidarel anteriormente mencionado y
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en disolucion®®**° aunque también existen trabajos relativos a rempuestos preparados en

estado fundidt**®

Pantoustier y cal*! prepararon nanocompuestos PCL/oMMT con 3% dertalaa CloisiteNa,
Cloisite25A (modificada con una cadena hidrocarbdahaCloisite30B y nanofil820 (modificada
con grupos reactivos &cido) tanto en fundido coorgpplimerizacion in-situ. A pesar de que los
niveles de dispersion mas elevados se obtuvieraliame la polimerizacion in-situ, el mezclado
en fundido también sirvié para dispersar adecuadterias laminas de arcilla en la matriz de
PCL. Los nanocompuestos con las arcillas 25A y 30@Bostraron estructuras
intercaladas/exfoliadas, con un mayor nivel dergal@cion en el caso de la 30B.

Del mismo modo que otros autores hicieron con eh®E® se ha estudiado el nivel de
dispersion de seis diferentes arcillas tipo Cleisyt las propiedades mecanicas de los
nanocompuestos basados en PCL con 5% de cada wiasfe''® La arcilla Cloisite20A se
exfolié6 completamente en la PCL, y las demas miastrastructuras intercaladas con un nivel de
intercalacion en el orden 30B>25A>10A>93A>Na. Elduld de Young de la PCL aumento tras
la adicion de las arcillas, y se obtuvieron valodégctamente relacionados con el grado de
dispersién de cada una de ellas. Los incrementosla@0A y la 30B fueron 42% y 30%,
respectivamente. La resistencia a la traccion sguwa cercana a 15 MPa en todos los casos y la
deformabilidad de la PCL disminuyé hasta un 36%peet® al material puro, aunque aun
manteniendo valores superiores a 1200% en todaafws.

El grado de dispersion de los nanocompuestos PAQWDMsta relacionado con la temperatura
del fundido polimérico durante el mezclado, sientyor cuando el mezclado se lleva a cabo a
100°C que a 180°C, debido a las mayores fuerzegaéa consecuencia de la mayor viscosidad
de la matriz'2. Se obtuvieron conclusiones similares en otroajalf, en el que se prepararon
diferentes nanocompuestos PCL/oMMT en condicionesalta cizalla y cortos tiempos de
residencia (velocidad de giro de tornillo 250 rpanpartir de masterbatches con 30% de arcilla

preparados anteriormente en un mezclador interno.

Estos ultimos nanocompuestos se moldearon postesite por inyeccion. El médulo de Young
de la PCL aument6 con el contenido de las tredlamatasi de igual manera, y con un 5%
afadido su valor se duplic6 d¢d00 MPa a~800 MPa. En el caso de nanocompuestos con
estructuras intercaladas\dpp1=0.84 nm o0 Adyp1=1.26 nm para las arcillas 25A y 30B,
respectivamente), los valores de médulo mas elevadiaon 28-33% superiores al de la PCL

pura y su ductilidad se mantuvo por encima de 569%
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Las propiedades barrera de los nanocompuestos RiTalependen del nivel de dispersion de
las arcillas, que puede ser controlado durante recesado. La permeabilidad de los
nanocompuestos procesados en fundido con 3% dsit€BIB fue 47%, 48% y 56% menor que
la de la PCL pura frente al helio, al hidrégend diéxido de carbono, respectivaméhitePor

otro lado, la oMMT actlla como agente nucleante pararistalizacion de la PCL a bajos
contenidos (2% y 5%), mientras que a contenidogrgaes (10%), la inmovilizacién de las

cadenas de PCL producida por la presencia derfdrdé de arcilla dificulta el procesa

2.3.2 Polymer/CNT nanocomposites

Los nanotubos de carbono conforman, al igual qgeadito o diamante, una forma alotropica del
carbono. Morfologicamente son laminas de grafitmiadas sobre si mismas con diametros que
pueden oscilar de 1 nm a 5 nm y que, dependiendoatdan formados por una o varias laminas
concéntricas se denominan nanotubos de pared s{B\WMENT) o de pared multiple (MWCNT),
respectivamente. Poseen una rigidez y una condilediveléctrica muy elevadas y, cuando se
afladen a los materiales poliméricos, incluso en peguefas cantidades, permiten obtener
materiales con propiedades especificas de grarésnt&sto convierte a los nanocompuestos
polimero/CNT en materiales de gran atractivo, ya& @uesentan propiedades mecanicas y
térmicas mejoradas, muy bajo peso especifico, y lam condiciones adecuadas,
semiconductividad’*?° lo que permitiria su posible aplicacién en disipass eléctricos y
electronicos, en sustitucion de materiales semigctodes convencionales tales como el silicio

y/o el germanio entre otras posibles aplicaciones.

Se pueden obtener nanocompuestos polimero/CNT Itoa miveles de dispersion de los

nanotubos tanto en disolucién como en estado fohditf! aunque desde un punto de vista
industrial el procesado en fundido resulta muchs méresante. Existen dos vias principales
para optimizar el mezclado en fundido entre losnpelos y los nanotubos de carbono y obtener
asi diferentes grados de dispersion y, como corse@ide ello, diferentes propiedades. Por un

lado, la modificacién de los pardmetros de proaestdlos nanocompuestts'??

Yy, por otro, la
modificacion quimica de la superficie de los nabhotumediante el injerto de grupos afines al

polimero en el que se pretenden dispéfs&’

La condicion necesaria para obtener nanocompuegtespresenten semiconductividad es la

formacién de una red tridimensional conductora a® hanotubos en el seno de la matriz
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polimérica. La concentracion critica de nanotubopasdir de la cual ocurre un incremento
drastico en la conductividad eléctrica de los nangaestos polimero/CNT se conoce como
percolacion eléctrica (33 1% Los valores tipicos de p: suelen encontrarse aitl% y el 5%
de contenido de nanotubos, aunque en bibliografiea®m mencionado valores superibfes

inferioreg?81%0

2.3.2.1 PLA/CNT nanocomposites

Los nanocompuestos PLA/CNT se han obtenido en wtigoi, en estado fundido, e incluso
mediante la combinacién de amBt’$* La gran mayoria de los estudios se han llevadaba
utilizando nanotubos comerciales no modificadast(fidos “pristine” o purificados, pCNT)=Y

136 v modificados con grupos carboXitd**” o hidroxild****%13? Asimismo, también se han
preparado nanocompuestos con nanotubos modificades$ laboratorio, entre los que destacan
los realizados con CNT-g-PL!R % CNT-g-HDA"**> CNT-g-DDA*®y CNT-g-MA™’".

Se ha comprobado que el nivel de dispersion dedonstubos en el PLA depende intimamente de
la funcionalizacion de los mismos y, de acuerdo cesultados obtenidos mediante
caracterizacion viscoelastica, los modificados garpos carboxilo se dispersan mejor que los
no-modificados y que los modificados con gruposrdxitb®*®. Sin embargo, el nivel de
dispersion de los pCNTs puede mejorarse consideradite optimizando las condiciones de
procesado en fundidb La velocidad de giro de los husillos (y por tareofuerza de cizalla
empleada) es el parametro mas importante paraabatos niveles de dispersion, y la mejora
que supone incrementar la velocidad de 100 rpmGarpt es muy notable. Optimizando las
condiciones de procesado se logré6 obtener nanoastgsu en los que un 99.8% de los
nanotubos se encontraban monodispersos, y cuyalgafn eléctrica tuvo lugar a contenidos de

0.5% de nanotubo.

La incorporacion de nanotubos de carbono al PLAescenllevar cambios en la capacidad de
cristalizacion del polimero debido al pequefio tasngdlto factor de forma que éstos presehtan
Todos los autores subrayan que debido a la nuéleaeiterogénea promovida por los nanotubos,
la cantidad de esferultas de PLA aumenta y su fiamadecrece en los
nanocompuestdy'32144145148 | 5 eficiencia nucleante de los nanotubos estéc@imente
relacionada con la dispersion de los mistfigses mayor cuanto mejor dispersos estan. Par ello
algunos autores dudan del verdadero caracter mieleke los nanotubos en nanocompuestos
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preparados en fundidoen los cuales se obtienen generalmente peorgsrsisnes que en los
nanocompuestos preparados en disold¢on

Sin embargo, algunos trabajos basados en nanocetopueLA/CNT procesados en fundido
muestran claramente que los nanotubos aceleragideidad de cristalizacion del PLA, tanto en
condiciones isotérmicas como no-isotérmicas. Esagomvelocidad se debe a un diferente
mecanismo de crecimiento de los cristales promoyido la elevada densidad de puntos de
nucleacién en el area superficial de los nanottiboPor otro lado, los nanotubos pueden
provocar comportamientos contrarios en el procesorigtalizacion en frio del PLA cuando se
somete a éste a un barrido de calentamiento, ypajuen lado promueven la nucleacion (factor

termodinamico) pero por otro lado impiden el créeimto de los cristales (factor dinamiti)

En lo que respecta al grado de cristalinidad dél,Rle han observado resultados contrapuestos,
incluso utilizando los mismos nanotubos de carbrid> A bajos contenidos (0.5%) el grado de
cristalinidad decre¢é® y a contenidos superiores (1.5%) aum&ntdanto el tipo de nanotubos
como el método de procesado empleados en ambagosawon idénticos, por lo que la diferencia
deberia estar unicamente relacionada con el casield nanotubos. La combinacion del efecto
nucleante de los nanotubos y la orientacion dectatenas de PLA pueden tener un efecto
sinergistico, lo que da lugar a un incremento evelacidad de crecimiento de los cristales de
PLA alrededor de los nanotubs Este efecto fue incluso aprovechado para obtener
nanocompuestos semicristalinos por moldeo por sigac lo que, teniendo en cuenta la rapida
velocidad de enfriamiento tipico de ésta técnicardeesado y la lenta cinética de cristalizacion
del PLA, es un resultado notable.

Es habitual observar que las propiedades de tradgbPLA mejoran en presencia de diferentes
tipos de nanotubos. Los nanotubos no modificadosxapaces de aumentar significativamente el
modulo de Young, ~7.5%, y la resistencia a la téacalel PLA, ~19%, incluso a bajos
contenidos afiadidb¥. Las propiedades mecanicas de los nanocompues®€®OH-CNT
dependen del factor de forma de los nanottfiodos nanocompuestos preparados con
nanotubos de alto factor de forma (HAR-CNT) pose®yor rigidez que los preparados con
nanotubos de bajo factor de forma (LAR-CNT), sdbd® a altos contenidos. Este efecto se debe
a que, a bajos contenidos, los LAR-CNT se disperearp fibras flexionadas de nanotubos y los
HAR-CNT como pequeiios conjuntos enmarafiados, memue a altos contenidos ambos se
enmarafan en la matriz. Asi, a altos contenidasadetubos los nanocompuestos con HAR-CNT
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forman una red percolada mucho mas compacta, |lb mwaluce una mayor rigidez en

comparacion con los nanocompuestos preparadosARAANT.

Un resultado inesperado fue el obtenido en nanogestps recocidos PLA/CNT-HOA. A
pesar de la buena afinidad entre ambos compongntesr tanto, la buena dispersion de los
nanotubos en la matriz PLA, el mddulo de Youngel@d sorprendentemente de 6100 MPa a
4700 MPa, mientras que la resistencia a la tracgidndeformabilidad del PLA aumentaron con
un contenido de 1.5%, de 61.0 MPa a 61.6 MPa y.8% 1 2.7%, respectivamente. No se
presentaron razones para justificar estos resltado

En cuanto a la conductividad eléctrica de los nampuestos se refiere, tanto con CNT-COOH
como con HAR-CNTs se obtuvieron materiales semigotwies, aunque el contenido necesario
para lograrlo fue diferente en cada ¢&SoLa percolacién eléctrica de los nanocompuestos
PLA/CNT-COOH y PLA/HAR-CNT se observo con 3% y 1% danotubos, respectivamente.
Por otro lado, la adicion de 1.5% de MWCNT-g-HDAtowo ningun efecto en la conductividad
del PLA, debido seguramente a que los grupos alguule tiene el HDA injertados en la
superficie de los nanotubos dificultan el pasoasedlectroned®. Por Gltimo, en condiciones de
procesado en fundido optimizadas se obtuvieronamnpuestos PLA/pCNT semiconductores a

partir de 0.5% de contenido de nanotdhos

La adicion de los nanotubos también provoca un atonen la estabilidad térmica del
PLAB21301984ahido a su mayor estabilidad térmica respectoradio PLA y también porque
crean una barrera fisica dentro del material, gtrasa la descomposicién de los nanocompuestos
en comparacion con el PLA puro. Por otro lado, dbosidad de biodegradacion del PLA se

retarda en presencia de los nanotubos debidoaibéféhibidor de los mismo¥.

2.3.2.2 PCL/CNT nanocomposites

Se ha observado que las condiciones Optimas pspardar pCNTs en la PCL en una extrusora
de doble husillo son altas velocidades de husB@0(rpm}*°, mientras que en un mezclador
interno parecen mas eficaces bajas velocidadesp@B*. La cizalla que favorece la dispersion
en el extrusor provoca la degradacion del polimeroel mezclador. La red de percolacion

eléctrica en el primero de los casos se formo6 cotoatenido en nanotubos de 0.37%.
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En otros dos trabajos relativos a PCL/pCNT mezdasio una extrusora, la semiconductividad
también se observé con contenidos de nanotubosasimi cercanos a 0.38%! En ambos
casos se observd un muy buen nivel de dispersidnsdeanotubos, lo que provoco, ademas,
cambios importantes en la cinética de cristalizacié la matriz. En ambos casos la temperatura
de cristalizacion de la PCL aumento considerabléedd®C y 17°C respectivamente. De hecho,
el primero de los trabajos habla de supernucleat#dla PCE>°, definida como un mayor poder
de nucleacion que el proporcionado por los propiatales del mismo polimero. En el segundo
de los trabajos, la nucleacion provocada por lagmeia de los nanotubos hizo que el grado de
cristalinidad de la PCL aumentase un 65%, lo que, @z, dio lugar a una mejora sustancial en
sus propiedades mecanitas

La modificacion simultanea de los nanotubos compagihidroxilo (CNT-OH) y de la PCL con
acido acrilico (PCL-g-AA) permitio obtener un mayado de dispersion debido a la formacion
de enlaces covalentes entres los grupos carbosi®QL-g-AA y los hidroxilos de CNT-OFF.

La compatibilizacion increment6 la resistencia atrkccion y la estabilidad térmica de los
nanocompuestos PCL/CNT. ElI mejor balance de pradesl fue el mostrado por el
nanocompuesto con 5% de nanotubos, cuya resisterai@raccion fue cercana a 55 MPa y la

temperatura inicial de descomposicion 77°C suparlarde la PCL pura.

2.3.2.3 PBAT/CNT nanocomposites

La bibliografia sobre PBAT/CNT procesados en fuadéd muy escasa. En nanocompuestos
PBAT/pCNTs la resistencia a la traccion del PBAD (iPa) aumentd con el contenido de
PCNTs, llegando a obtenerse un valor méaximo de P& kbn 2% de pCNYT. Por el contrario,

la ductilidad disminuy6 considerablemente, aundemgre se mantuvo en valores superiores a
600%.

La modificaciéon de PBAT con éacido acrilico (PBATAgY) y la de los nanotubos con grupos
hidroxilo (CNT-OH) dio lugar a una mejora en elelide dispersién de los nanotubdsaunque

con un contenido de 5% se formaron agregados. ksstikedad de los nanocompuestos
PBAT/CNT sin modificacion y la de los PBAT-g-AA/CNOH disminuyo con el contenido de
nanotubos. A iguales contenidos se observé una mresistividad, y por lo tanto una mayor

conductividad, en el caso de los hanocompuesto#inautbs.
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2.4. Nanocomposites based on polymer blends

Los nanocompuestos ternarios polimero/polimerofpamicula son materiales hibridos que
combinan las tecnologias de las mezclas poliméyicks|os nanocompuestos poliméricos, y por
lo tanto, suponen la adicion de nanoparticulas zcka® poliméricas o la adicion de un segundo
polimero a nanocompuestos binarios. Su estudiosgrd#lo esta permitiendo obtener nuevos
materiales con altas prestaciones combinando mragés térmicas-mecanicas mejoradas con

propiedades especificas relacionadas con el tipmdeparticula empleatfa™>’

Evidentemente, las propiedades finales de los mampgestos ternarios estan relacionadas
principalmente con las caracteristicas y propieslatke los polimeros y de las nanoparticulas
constituyentes. En general, se suele emplear udgpapblimeros que muestran un buen balance
inicial de propiedades, a los cuales se les puedeadir diferentes nanoparticulas en funcion de
las caracteristicas que se persiguen. La morfolpggamuestran las fases poliméricas suele estar

relacionada con la localizacién y con el nivel éggpdrsion de las nanoparticulas en las mismas.

El procesado en fundido de los nanocompuestosriesnes un proceso muy complejo en el cual
las nanoparticulas se distribuyen en uno de Idsngobs, en ambos, en las interfases, y/o migran
de uno a otro, a la vez que se va estructurandnoldologia. Ambos procesos dependen de
diversos factores, que seran los que establecaadodalizacion y dispersion de las

nanoparticulas, y la morfologia de los polimerotoemanocompuestos ternarios.

2.4.1 Location of nanoparticlesin immiscible polymer blends

La localizacion y distribucién de las nanopartisulen mezclas poliméricas inmiscibles suele
estar generalmente establecida por la afinidad iqaimxistente entre ambos polimeros y las
nanoparticulas®**® Normalmente esta afinidad o compatibilidad seetentificarse mediante la
tensién interfacial existente entre los constitigeny esta puede calcularse de modo sencillo
mediante diferentes técnicas y mod&i68> A pesar de que existen divergencias en cuardo a |
validez de estos modelos (la tension interfacialletermina normalmente en estado solido y a
temperatura ambiente), en muchos trabajos relativeeocompuestos ternarios han servido para
predecir adecuadamente la localizacion de las matioplas. Sin embargo, la utilizacién de la
tension interfacial para predecir la localizaci@n lds nanoparticulas se limita a procesos de

mezclado en los que, hipotéticamente, se ha tmdajan condiciones de equilibrio
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termodinamico, estado que raramente se alcanzaoersos industriales y que, por otra parte,
resulta dificil de comprobar. Asi pues, existerap®tros a tener en cuenta, relacionados con el
proceso de mezclado, que pueden establecer o lingi&i localizacion de las nanoparticulas
diferente a la prevista en base a la afinidad quanentre los diferentes constituyentes de los

nanocompuestos.

Cuando la preparacion de los nhanocompuestos tesnsei realiza en fundido, son posibles tres
rutas alternativas de mezclado; (1) adicion loss tmmmponentes simultdneamente, (2)
premezclado de los polimeros y, en un segundo pastdn de las nanoparticulas a la mezcla
polimérica y (3) pre-mezclado de uno de los polosaon las nanoparticulas y adicion del otro
polimero en una segunda etapa al nanocompuestaobingial. EI mezclado se suele llevar a

cabo en los tres casos a temperaturas suficientenedégvadas para asegurar una viscosidad
suficientemente baja de los materiales polimérictes,modo que las nanoparticulas puedan
dispersarse adecuadamente en funcion de su afiniladcualquier caso, la secuencia de
mezclado empleada puede tener una gran importameciala localizacion final de las

nanoparticulas.

En el caso concreto de nanocompuestos preparadbanteelas rutas 1 y 2 con polimeros cuyas
temperaturas de procesado son muy diferentes, seprimeros momentos del mezclado, las
nanoparticulas se localizaran generalmente enligh@® de temperatura de procesado mas baja,
debido a que el de temperatura de procesado maslalee encontrara todavia en estado sdlido o
altamente viscoso, independientemente de las adierses existentes entre ellos. Si este
polimero de temperatura de procesado inferior esés afin con las nanoparticulas, éstas se
mantendran en él, pero si no es el caso, la lezafin de las nanoparticulas dependera de que las
condiciones de mezclado empleadas faciliten oudi&a la migracion de las mismas hacia el otro
polimero mas afin. Lo mismo ocurre si se empleatia 3 premezclando las nanoparticulas con
el polimero més afin o0 menos afin, respectivameaitis tiempos de mezclado son demasiado
cortos, y la viscosidad del polimero con mayoridéid es demasiado elevada y/o si concurren
otros factores que puedan dificultar la migraciée lds nanoparticulas, tales como su

&63,164 38,165,

morfologi o un bajo nivel de cizaft éstas se podran localizar en el polimero menos

compatible o en la interfase entre ambos polimarfieal del proceso de mezclado.

La localizacion de las nanoparticulas tiene unastrandental importancia en las propiedades
finales de los nanocompuestos ternarios. En cuar#s propiedades mecanicas se refiere, la

localizacion en cualquiera de las fases polimériemsilta mas eficiente que la localizacion
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interfacial para rigidificar la mezcla polimért€&*®’ Del mismo modo, se ha observado que la
localizacion de las nanoparticulas en la interfagsde impedir la transmision de esfuerzos entre
ambas fases, y por lo tanto, hacer descender ewabldmente la deformabilidad de la mezcla
cuando la interfase se satura por compfétd®or su parte, la localizacién interfacial de los
nanotubos de carbono en mezclas con morfologianc@nha sido la méas efectiva para obtener
materiales semiconductores, ya que de este molkansebtenido los valores de percolacion mas
bajos 8109

Sin embargo, un aspecto fundamental relacionaddadocalizacion de las nanoparticulas en
mezclas poliméricas es su gran capacidad para icerdla morfologia de éstas, efecto que,
evidentemente, repercutira directamente en lasgutages finales de los nanocompuestos. Por lo
tanto, el efecto de las nanoparticulas en las edapies de las mezclas poliméricas es doble; por
un lado esta el efecto de las nanoparticulas misynagsr otro el relacionado con el cambio
morfolégico que éstas pueden llegar a producirasnfdses poliméricas. Este ultimo efecto se

analiza en profundidad en el apartado siguiente.

2.4.2 Morphological changes produced by nanoparticlesin polymer blends

Como se ha comentado, es habitual que la presdacianoparticulas en cualquiera de las fases
que constituyen una mezcla polimérica bifasica olaeinterfase entre ambas modifique la
morfologia de la mezcla de partida>**"° Es por ello que, a la modificacién de las propits

de la mezcla polimérica atribuible intrinsecamemti@ propia presencia de las nanoparticulas,

hay que afiadir la derivada de los cambios morfolisgproducidos por éstas’

Asimismo,

estos cambios morfolégicos inducidos por la prasede nanoparticulas se han demostrado
cruciales para que el material hibrido resultanteestre alguna propiedad especifica concreta,
como es el caso de la semiconductividad eléctntasistemas que contienen nanotubos de

carbond’®"’

Las razones que se recogen en bibliografia patifigaslos cambios morfolégicos inducidos por
la presencia de nanoparticulas son diversas y des@uidas a lo largo de la presente exposicion.
Sin embargo, en aras de que ésta sea lo mas okildep distinguiremos los casos en los que las
nanoparticulas se localizan preferentemente: 13 &ase polimérica continua, 2) en la interfase y
3) en la fase polimérica dispersa.
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Figura 2.4.1: Evolucion esquematica de la morfaafy la mezcla PA6/HDPE 75/25 con el contenidoM®I®.

Imagen obtenida de la referencia 184.

En el primer caso, cuando las nanoparticulas sd¢izaa en la fase continua, es habitual observar
un descenso del tamafio de las particulas de la degersa, aunque se han observado
excepcione¥® Estos descensos suelen estar relacionados decrehento de la viscosidad de

7298 como consecuencia de la presencia de las narmpastique da lugar a un mayor

la matri
efecto de masticacion sobre la fase minoritaria, ogn la mayor dificultad que tiene la fase
dispersa para coalescer durante el mezclado endtunigbido al efecto de barrera fisica que
ejercen las nanoparticutds'®? Este Gltimo efecto se representa esquemaéticaneeni@ figura
2.4.1. Los descensos en el tamafio de las partidalds fase dispersa han sido especialmente
ventajosos en nanocompuestos ternarios tenacéss enales el menor tamafo de las particulas
elastoméricas dispersas ha dado lugar a un inctendenla resistencia al impacto de la mezcla

inicialt’>1™

En el caso de que las nanoparticulas se localitds iaterfase de la mezcla polimérica, también
suele observarse un descenso en el tamafio de ridculpa de la fase dispersa, aunque en

26



Chapter 2: State of the art

determinados casos se ha observado, en cambiotramscion a la co-continuddd*® En
analogia con lo observado para nanoparticulaszadals en la matriz, en este caso también tiene
lugar un efecto barrera que impide la coalescedeidas particulas de la fase dispersa. La
morfologia de las nanoparticulas no parece serrndet@nte, ya que este efecto sucede
independientemente de que sean tubulares como dnetubo¥**®’ laminares como las
nanoarcilla®®*®® o esféricas como las nanoparticulas de &ii¢& Las nanoparticulas
localizadas en la interfase también pueden comifizgibla mezcla termodinamicamente. De
hecho, varios autores han observado que las ndioyb@s pueden actuar como agente
emulsificante, ya que su presencia conlleva unetesscen la tension interfacial entre la matriz y
la fase dispers& ™% Por otro lado, y exclusivamente con laminas dilarse ha observado que
cadenas de ambos componentes poliméricos puedgnalatrse simultaneamente entre ellas, y
como consecuencia, la estructura entera actta sbfuese un copolimero de blodtfe

El efecto compatibilizador de las nanoparticulzsliaadas en la interfase ha servido en algunos
casos para incrementar la transferencia de estiemoe ambas fases y, como resultado, para
incrementar la resistencia a la trac¢i6n® y/o la deformacién a la rotur de las mezclas de
partida. La transicién de la morfologia de matag# dispersa a co-continua también ha servido
para facilitar la transmisién de esfuerzos entre mlaimeros, lo cual ha propiciado incrementos

en la resistencia al impaéta

En el ultimo de los casos, cuando las nanopartcs#alocalizan preferentemente en la fase
dispersa minoritaria, es habitual observar un candei la morfologia de las mezclas del tipo
matriz/fase dispersa a co-contihya®* "1 con alguna excepcién en la que la compatibilidad
entre los dos polimeros se ha visto incrementadeopando un descenso del tamafio de las
particulas dispers&S. En el caso habitual, el efecto observado suparee lg presencia de
nanoparticulas en la fase dispersa puede amplieangb de co-continuidad de la mezcla de
partida incluso en composiciones muy ricas en wndas dos fases, tal como se observé por
ejemplo en mezclas PLA/PAY1 y ABS/PA6*. Los factores que contribuyen a estos cambios
morfolégicos son conocidos, pero algunos aspectdacionados son todavia objeto de
investigacion. Por ejemplo, la presencia de nanimodais en la fase polimérica minoritaria da
lugar a un incremento de su viscosidad y su eldaticen fundido, tal y como ocurre en la otra
fase cuando estan localizadas en la matriz. Etefpee produce este aumento de la viscosidad
de la fase dispersa es contrario al explicado |zamatriz, ya que en este caso, el proceso de
fractura de las particulas poliméricas minoritartagante el procesado en fundido de los

nanocompuestos se ve dificultado. Esto da lugarfarimacion de dominios poliméricos estables
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mas grandes y elongados, y que podrian llegarutaeen estructuras totalmente contiritfas
204

Tanto Kontopoulou y c¢d® como Filippone y cot?* analizaron el efecto de la presencia de
nanoparticulas de oMMT en una u otra fase, medienéstudio de distintas composiciones de
mezclas poliméricas bifasicas con morfologia md#ise dispersa. En ambos casos, la arcilla
localizada en la fase mayoritaria produjo un descean el tamafio de las particulas dispersas,
mientras que la morfologia de la mezcla se trangfan co-continua con la arcilla localizada en

la fase minoritaria.

Figura 2.4.2: Evolucion esquematica de la morfaats la mezcla HDPE/PA6 75/25 con el contenidoMi1®.

Imagen obtenida de la referencia 184.

También es el caso, por ejemplo, de una mezclaA8S/en la que se observé una mayor
dificultad para la formacién de gotas de poliandispersas en una matriz de PS tras la adicion
de silicé® debido a la presencia preferencial de las narioptas de silice en la PAB. Los

autores analizaron tanto los efectos sobre ladensterfacial como los viscoelasticos, y llegaron
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a la conclusién de que el incremento de la visemside la fase dispersa cargada fue el factor
dominante en este caso. Asimismo, la morfologidadmezcla PP/PA66 70/30 puede variar
controlando el contenido de arcilla localizado enfase minoritaria de poliamida, cuya
viscosidad varfa en funcién de dicho conteffidd.a mezcla de partida tiene una morfologia
matriz/fase dispersa, con una fraccion de co-comtad en las proximidades del 40%. A bajos
contenidos de oMMT este valor apenas varia, perparir de 5% de oMMT aumenta
considerablemente hasta llegar a un 90% con 10%ViMT. En el mismo trabajo se observo
gue la compatibilizacion de la mezcla PP/PA66 eordsta el efecto de la adicion de arcilla, ya
que, incluso a altos contenidos de ésta, el ramgooecontinuidad del sistema soélo alcanza el
50%. Estos resultados indican, por tanto, quepaaédad de las nanoparticulas para modificar la
morfologia de las mezclas depende de la compdtbilientre los componentes poliméricos,
siendo esta capacidad mayor cuanto menos compeasilgesistema.

Ademas de los cambios en la viscosidad con la@uide nanocarga, se han observado otros
factores que también parecen influir en la formacié morfologias co-continuas. Por ejemplo, la
capacidad que tienen las nanoparticulas para fowdas dentro de la fase polimérica parece ser
un factor determinante para fomentar la creacién edee tipo de morfologid¥ 20821t
Adicionalmente, las nanoparticulas dispersas erfat® minoritaria pueden inmovilizarla
cinéticamente, dificultando asi la fractura depgagiculas durante el procesado en fundido de los

nanocompuestdy20°208

Por ejemplo, la morfologia de la mezcla HDPE/PAB235evolucion6 a co-continua con
nanoarcilla dispersa en la fase minoritaria degpailila sin que los cambios producidos en las
propiedades viscoelasticas de las fases afectasste procesd’. La concentracién de oMMT
que posibilité la morfologia co-continua en el esisd coincidié con la concentracién de
percolacion reologica del mismo, es decir, la cuitiad de la fase de oMMT a través del
sistema resulté en la continuidad de la PA6 a srale® HDPE. Estos resultados indican que la
morfologia co-continua del sistema estuvo goberpadda dispersion de las laminas de arcilla a
través de la mezcla polimérica. Incluso a contenide arcilla inferiores al necesario para la
percolacion reoldgica, la propia dispersion de masmoparticulas fue la que provocd una
morfologia matriz/fase dispersa mas fina. La figdrd.2 representa esquematicamente este

proceso.

En otro estudi®’, se analizé el efecto de la adicién de nanotuleosadbono al mismo sistema
HDPE/PAG, si bien en este caso la composicion zaddi fue 50/50. Los resultados obtenidos
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fueron similares a los anteriormente descritos,qya, a bajos contenidos, el efecto de las
nanoparticulas en la morfologia de la mezcla fispideiable, y la morfologia inicial, compuesta
por una matriz de poliamida y particulas dispedagolietiieno, se mantuvo. Sin embargo,
mayores contenidos de nanotubos promovieron lasibrede las fases, y una morfologia en la
cual la estructura de la fase de poliamida se pgiola dispersién de los nanotubos de carbono
en el seno de la misma. Incluso se han proptléstwdelos matematicos para reproducir la
capacidad que tienen las nanoparticulas cilindpeaia modificar la morfologia esférica de la

fase minoritaria a dominios alargados e intercadg entre si.

Figure 2.4.3: Efecto de la dispersion de las nanimpdas en la morfologia final de la mezcla PP&€A80/40.

Imagen obtenida de la referencia 210.

El efecto de la dispersion de las nanoparticulda erorfologia final fue analizado por Zou y col.

en nanocompuestos PPS/PA66/GNTLos nanotubos se localizaron en la fase de pa@ny

se dispersaron en funcion de su contenido. A befogenidos, los nanotubos tendieron a
dispersarse homogéneamente en la fase poliamidangrfologia de la fase de PA66 dispersa en
la matriz de PPS tuvo que variar para mantenemudénd dispersion de los nanotubos. Como
resultado, la fase de PA66 formd una estructurardohectada y continua dentro de la fase
mayoritaria de PPS. Por el contrario, a altos codts de nanotubos, éstos dieron lugar a
agregados de morfologia esférica, lo que provodphaicion de una morfologia de tipo “sea-

island”. La figura 2.4.3 representa esquematicaeestios procesos.

Asimismo, Li y col?® estudiaron el efecto que ejerce la morfologiaadenanoparticulas en la
formacion de la estructura co-continua en mezcl88#YME. Compararon la eficiencia de

nanoesferas y de nanotubos de CdS, y observardia quarfologia tubular de las nanoparticulas
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es mas eficiente que la morfologia esféfitd.a mayor facilidad que tienen los nanotubos para

formar estructuras percoladas en los polimerotafugzon esgrimida para explicar este efecto.

En un reciente y ambicioso trabajo, Nuzzo y*¢binvestigaron distintos factores que inducen la
obtencion de una morfologia co-continua a partidel@na tipo matriz/fase dispersa, comparando
el efecto de la adicion de dos arcillas difererfsepiolita y montmorillonita) y nanotubos de
carbono a una mezcla PLA/PA1l de composicion 70R0esto que los tres tipos de
nanoparticulas se localizaron preferentemente &mséadispersa de PAl1l, en todos los casos se
observé la transicién de la morfologia a co-corgtinypartir de un determinado contenido critico
de nanorefuerzo. Sin embargo, dicha transicién soiacidié con el punto de percolacion
reologica en el caso de las arcillas, mientrasequel caso de los nanotubos fue necesario un
contenido superior al de la percolacién eléctrimapograr la percolacion reoldgica. Ademas, las
arcillas mostraron una mayor capacidad para pro@iciambio morfoldgico que los nanotubos
de carbono, a pesar de que éstos formaron esasct@mpletamente percoladas con mayor
facilidad. Estos resultados indican que hay madofes implicados en estos cambios
morfologicos derivados de la presencia de nanapdad; se han propuesto la modificacion de la
tensién interfacial entre los componentes polinoéripor la presencia del nanorefuerzo o las

caracteristicas mecanicas (rigidez-deformabilididlas propias nanoparticulas.

Como ya se comenté al principio de la presente i@®cda capacidad que tienen las
nanoparticulas para modificar la morfologia de Haszclas es fundamental, ya que puede
conllevar mejoras adicionales a las prestacionegsigs de los hanocompuestos. Por un lado, las

estructuras co-continuas pueden mostrar una maygidez:*%2%020!

0 una mayor
tenacidad’**">?®que las de matriz/fase dispersa, y por otro ladmipn dotar a los materiales de
una mayor estabilidad térmi€4*® y semiconductividad eléctrica con efecto de doble
percolacion’’?% Uno de los objetivos del presente trabajo desfigacion es contribuir a un

mejor conocimiento de estos efectos.

2.4.3 Nanocomposites based on biodegradabl e polymer blends

Siendo aplicable a los polimeros biodegradable® tlmd anteriormente mencionado para
nanocompuestos basados en polimeros convencioral@sportante sefalar que la adicion de
nanocargas a mezclas basadas en estos ultimos mpoeifecar su velocidad de degradacion, tal

como lo hace con los polimeros puros, pero los nmade resultantes mantienen la
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biodegradabilidad total de las mezclas de parBda.lo tanto, la preparacion de nhanocompuestos
basados en mezclas poliméricas biodegradablestpevbtener materiales 100% biodegradables
con un buen balance de propiedades mecanicas gropredades especificas relacionadas con

las nanoparticulas que han sido empleadas pararacion.

2.4.3.1 PLA/PCL/oMMT nanocomposites

Se han estudiado nanocompuestos PLA/PCL/OMMT paoicss en fundidd*®® y en
disoluciérf'® utilizando varios tipos de arcillas y diferenteslaciones PLA/PCL. Los
nanocompuestos preparados en estado fundido nuestraejor balance de propiedades que los
preparados por disolucitfi. Independientemente de la proporcién PLA/PCL Yadsecuencia

de mezclado utilizada para efectuar el mezcladosiaanocompuestos, las laminas de arcilla se
han localizado preferencialmente en la fase t®° o en la fase de PLA y en la interfase al
mismo tiemp8"’. En uno de los trabajo§ no se especificé cudl fue la localizacion exakea.
localizacion mayoritaria de las laminas de ar@lala fase PLA se atribuyd a la mayor afinidad

entre ambos componentes, deducida por medidasydédnie contactd’.

Las laminas de arcilla han mostrado en generahanaestructura intercal&dd?*® aunque se ha
observado que las pocas localizadas en la integiatse el PLA y la PCL estan completamente
exfoliada’’. También se ha observado que la adicién de 5%ligecaprolactona (0-PCL) a
nanocompuestos PLA/OMMT puede producir una estractdn mas regular de las laminas
intercaladas de arcilla, y como resultado un inemmdel grado de cristalinidad del PPA

Tal como se mencioné en el apartado anterior,dagurcia de las laminas de arcilla ha dado lugar
a cambios en la morfologia de la mezcla PLA/PClpaida. La localizacion de la oMMT en la
matriz de PLA ha resultado en un descenso del tand#i las particulas dispersas de
pPCL221821T mientras que la localizacion de las |aminas erfake dispersa de PLA ha

conllevado una transiciéon hacia la co-continufdad

La adicion de oMMT ha servido para mejorar lasp@dades mecdanicas de las mezclas
PLA/PCL?**#1%218 En uno de los trabajos se observé un rango demiolo 6ptimo de arcilla (1-
3%) para mejorar las propiedades de la mezcla RCA/Ra que a mayores contenidos, las
propiedades de traccién empeoratarPor ejemplo, el médulo de Young de los nanocorstose
con 1y 3% de oMMT es 20% y 23% superior que eladmezcla de partida, respectivamente.
Sin embargo, en un trabajo de Li y &8ise observd que la rigidez de la mezcla PLA/PCL se
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incrementa linealmente con el contenido de oMMT%,180% y 70% con 2%, 5% y 10%,
respectivamente, sin que se observe un contenitm@p@ partir del cual ésta disminuya. La
presencia de oMMT también dio lugar a una mayonbégdad térmica y velocidad de
biodegradacion de las mezdfds*®

2.4.3.2 PLA/PCL/CNT nanocomposites

Hasta ahora, los nanocompuestos PLA/PCL/CNT sienggehan preparado empleando
nanotubos modificados con grupos carboxilo (COOHFLP193217219.220qebido a que éstos se

dispersan mejor en las mezclas PLA/PCL que lostnane no modificados (p-CN*}.

La afinidad entre los nanotubos y las fases poloagrse cuantific6 por medio de medidas de
angulos de contacto, y se observé que ésta es mayal PLA que con la PGY. Sin embargo,

en la mayoria de los trabajos los nanotubos séoleatizado preferencialmente en la fase de PCL
y en la interfase entre amb&<!"?!? Esta localizacién se atribuy6é al empleo en toest®s
trabajos de un sistema PLA/PCL que presentabanamadiferencia de viscosidadeg(a/mpcL =

16), lo cual impidio la difusion de los nanotuboset PLA. Con el fin de constatar la validez de
esta justificaci6fi’ se empled otra PCL de viscosidad similar a la RleA, observandose,
efectivamente, que los nanotubos se localizarastncaso en la fase mas afin de PLA.

La presencia de nanotubos en la fase PCL de lalan®€L/PLA 70/30 dio lugar a una
disminucién del tamafio de las particulas dispedgsa®LA. Los nanotubos incrementaron la
viscosidad de la matriz, pero curiosamente fuensrpbcos nanotubos localizados en la interfase
los principales causantes del descenso observad® &mafo de particula, debido al efecto
emulsificador que provocarbhi. El consiguiente descenso de la tensién intetfacite el PLA

y la PCL vy, por tanto, la mejor transmisién de esfos entre ambos, provocé un incremento de
la resistencia a la traccion de la mezcla de mawgportancia que el debido al efecto reforzante
de los nanotubos. Por otro lado, la localizaciémufidnea de los nanotubos en la matriz y en la
interfase provocd que tanto la percolacion reobkbgjc como la eléctrica se produjeran a
contenidos menores de nanotubos en comparaciofasate los nanocompuestos PLA/CNT y
PCL/CNT de partida (la percolacion eléctrica sealdstid en un 0.98% de contenido de

nanotubos)y>?1®

En otro de los trabajé® se estudié el efecto de la composicién de la raeRtlA/PCL en las

propiedades eléctricas de los nanocompuestos itesRItA/PCL/COOH-CNT con un contenido
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fijo de 1% de nanotubos. Los nanotubos se localiz@xclusivamente en la PCL, aunque los
autores no justificaron esta localizacion por med® ninguna medida experimental. La
composicion PLA/PCL 60/40 fue la que exhibié unayanaconductividad, que se relacion6 con

el mayor nivel de co-continuidad que mostro ésteedndas las estudiadas.

Por altimo, se obtuvieron valores de percolaci@ttelca a contenidos extraordinariamente bajos
de CNT (0.025%) en una mezcla intermedia y co-noatiPLA/PCL 50/58°. Este resultado se
relaciond con la localizacién interfacial de losnoibos, la cual se consiguié gracias al
protocolo utilizado para procesar los nanocompgedsios nanotubos se mezclaron en una
primera etapa con el PLA y en una segunda se af#iGL a los nanocompuestos PLA/CNT.
Contrariamente a lo observado por Wu y'édf*"?!? en éste trabajé se mencioné una mayor
afinidad de los nanotubos con la fase de PCL, aut@mpoco se llevaron a cabo medidas para
justificarla. Al ser los nanotubos mas compatilaies la PCL, éstos migraron a esta fase desde el
PLA durante la segunda etapa de mezclado. Optighizdas condiciones de procesado,
fundamentalmente el tiempo, se consiguié contr@hlrproceso de migracion y, como

consecuencia, la localizacion exclusivamente iatéaf de los nanotubos.

2.4.3.3 PLA/PBAT/CNT nanocomposites

Los nanocompuestos PLA/PBAT/CNT apenas han sidodiestos hasta el momento, y en
bibliografia se han encontrado Gnicamente dos jpapambos de los mismos autéféé?? En
ambos se trabajo con pCNTs y se afiadieron peqeentenidos de antioxidante para minimizar
la degradacion de los polimeros durante el procesadundido. Se estudiaron nanocompuestos
con diferentes proporciones PLA/PBAT y contenidesndnotubos. Debido a la mayor afinidad
quimica y también a la menor viscosidad del PBA®s Inanotubos se localizaron
preferencialmente en esta fase, independientemeatda relacion PLA/PBA¥ %2 |a
morfologia de las mezclas de partida no se vigaatetras la adicion de nanotubos. Tanto la
estabilidad térmica, medida por ensayos termogrvicos, como las propiedades viscoelasticas
de las mezclas, mejoraron tras la adicion de lowtmhos a las mezclas. Las propiedades
mecanicas Y eléctricas de los nhanocompuestos nonfamalizadas.
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3.1 Materials

3.1.1 Poly(lactic acid) (PLA)

PLA is a linear aliphatic and thermoplastic polgesihich is synthesized by polycondensation
from lactic acid and which is completely biodegialdaand biocompatible. Figure 3.1 shows its
chemical structure. While PLA was firstly syntheslzin the 1930’s, it was not until the 1980’s
that PLA began to be large-scale produced, maihbnks to the advances made in the
fermentation process which enabled the productiolaciic acid. However, the first industrial

PLA synthesizing plant opened in 2002 in Minneq@t&A). Nowadays, PLA is the third more

widely produced bioplastic in the world behind skaand lignocelluloses derivates, and it has

begun to replace conventional polymers in textid packaging industries, among others.

O

Figure 3.1: Chemical structure of PLA.

High molecular weight PLA combines high stiffnessl astrength, but also an intrinsic fragility
that usually forces to additivate the polymer. Ptax be processed in many different ways, so
multiple industrial applications for PLA exist; egtion molded objects, bottles, fibres or films
for packaging industry, and so on. In the presemtkwhe injection-molding PLA Natureworks
3052D grade has been used, purchased from Dow Cakwrmnd with a 96% L-lactic acid

content. Table 3.1 shows its main properties, atogrto the supplier.
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Table 3.1: Mairproperties of PLA Natureworks 3052D.

Property (units) Standard Value

Physical properties

Appearance - Transparer
L-isomer contents (% w - ~ B
Density (g/cr) ASTM D792 1.2¢
Melt Flow Ratio(MFR) (g/10 min ASTM D1238 14
Thermal properties

Glasstransition temperature (° ASTM D3418 5560

Melting temperature (°f ASTM D3418 14516C

Mechanical properties

Yield strength (MPe ASTM D638 62
Elongation at break (¢ ASTM D638 3.5
Izodimpact strength (J/r ASTM D256 16.C
Bending strength (MP ASTM D790 10¢
Bending modulus (MP ASTM D790 360(

3.1.2 Poly(s-caprolactone) (PCL)

PCL is an aliphati@and thermoplastic polyester synthesized from thgcpadensation of th
cyclic e-caprolactone monomer. Although it is produced froor-renewable sources, PCL
fully biodegradable and also biocompatible. Fig8r2 shows the chemical structure of Pt
PCL is semicrystalline, tough, flexible and solullenany solvents, but very resistant to wi
The PCL used in the present work was purchased fronst&ter under the trade name
CAPA®6800. Table 3.2 shows the main characteristi¢his polymel

Figure 3.2: Chemical structure of PCL.
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As a result of the low melting temperature of P@Lgcan be easily processed using diffel
conventional techniques even at relatively low terafures. Additionall, it is a polymer which
shows a high capability tee mel-blended with many amorphous or crystalline polymeven a
high temperatures. As an example, PCcurrentlyused as an adhesive, as an impact m«

and as a biodegradable packa: for food.

Table 3.2: Main properties of PCL CAPA 6800.

Property (units) Standard Value

Molecular Weight (g/mol - 8000(

Melting temperatur(°C) - 58-60
Melt Flow Index (MFI) (g/1 min) ASTM D-1238 7.3
Elongation at break (° - 80C

3.1.3 Poly(butylene adipate-co-ter ephthal ate) (PBAT)

PBAT is a thermoplastic block -polyesterobtained from the polycondensation between-
butylene glycol, adipic acid and terephthalic and thereforeobtainec from non-renewable

resources. Howeveilt,is a fully biodegradable polyn. Figure 3.3 shows its chemical structt

/

0]
| o I 0
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@) m (o) n

Figure 3.3: Chemical structure of PBAT.

PBAT is semicrystalline and shows an acceptablental of mechanical properties, h
toughness and good thermal and thermodimensioahilises. PBAT employed in the prese
work was ECOFLEX F BLEND 1200 grade, purchased fi®ASF. Table 3.3 shows its me

characteristics.
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PBAT can be asily processed by injection ilding, extrusion, compressi-molding, blowing,
and so on. In addition, it admigsverywide range of processing temperais. PBAT is usually

commercialized after been melt blended with othepdiymers or fillers such as wood pow

Table 3.3: Mairproperties of PBAT Ecoflex F BLEND 1200.

Property (units) Standard Value

Physical properties

Level of transparency (¢ - 82
Density (g/cm) - 0.92¢
Melt Flow Ratio (MFR) (g/1(
min) ASTM D-1238 2.74.€
Thermal properties
Melting temperature (°f ASTM D-3418 11at2C
Vicat softening temperatt (°C) - 91

Mechanical properties

Yield strength (MPs ASTM D-638 3544
Tensile strength (MP - 3645
Elongation at break (¢ - 56071C

Shore hardneq®) - 32

3.1.4 Montmorillonite (MMT)

MMT is a mineral claybelonging to the family of philosilicates. The cheah formula of MMT
is (Al1.67 Mgo 339 [(OH)2 SisO10]0.3:-Nag 33H20) and it is structured as laminar parallel shegts.
very high catiorexchange capacity of the surface of MMT (betweemd® 150 meq/1( g) and
the expansive behavior of the network make MMTrtestpopularnanofiller for the preparatic

of polymer/clay nanocomposite

HoC —CHy —OH
T

HsC—N
HC—CH,—OH

Figure 3.4: Chemical structure he organic modifier of the Cloisite30&noclay
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Before being combined with polymers, MMT is usuatlgganically modified to enhance its
compatibility. The organically modified MMT (oMMTemployed in the present work has been
Cloisite30B, purchased from Southern Clay Produth® organic modifier (surfactant) of this
oMMT is a methyl, tallow, bis-zhydroxyethyl, quaternary ammonium. Figure 3.4 shows its
chemical structure, and Table 3.4 shows the manacteristics of Cloisite30B.

Table 3.4: Main properties of the Cloisite30B ndagc

Property (units) Value

Physical properties

Density (g/cm) 1.98
Amount of surfactant (% wt.) 30
Interlaminar distance (nm) 1.85

Mechanical properties

Young’'s modulus (GPa) 4657
Tensile strength (MPa) 101
Elongation at break (%) 8
Notched impact strength (J/m) 27
Shore hardness (D) 83
3.1.5 Carbon nanotubes (CNT)

Carbon nanotubes are, together with graphite, diahamd fullerenes, one of the allotropic forms
of carbon. Their structure consists of graphiteesheoiled onto themselves, forming one or

several concentric long tubes or walls.

Figure 3.5: Chemical structure of p-MWCNTSs.
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CNTs present a very high length/diameter ratio, #mekrefore surface/volume ratio. Their
excellent mechanical, thermal and electrical pripeiof CNTs are due to the very high physic-
chemical stability and strength of the siybridized covalent bonds between carbon atom&.<CN
are the toughest manufacturable fiber today andiaddlly they can be notably deformed in the

elastic regime.

In the present work pristine multi walled carbonnotabes (p-MWCNT) were employed,
purchased from CHEAPTUBES. Figure 3.5 and Tablesh&w their chemical structure and

main characteristics, respectively.

In the early years after being discovered, the iepjppn of CNTs was merely academic.
However, since the beginning of the®2dentury their application has spread to indusiny
nowadays they are used in the chemical industrthenfabrication of super-condensers or solar
cells, as hydrogen storage devices, in electromad$ie automobile and aerospace industries and

in biomedicine, among others.

Table 3.5: Main properties of p-MWCNTs CHEAPTUBES.

Property (units) Value
External diameter (nm) 10-20
Internal diameter (nm) 3-5

Length (um) 10-30
Carbonaceous residue (% wt.) <15
Purity (% wt.) > 95
Specific area (fg) 233
Electrical conductivity (S/cm) > 100

3.2 Processing

The objective of polymer processing is to obtainrafile materials and objects, in specific shapes
and sizes with the right characteristics for theird application. The main advantages of
polymeric materials are mainly the ease and the d¢owt of production, their considerable

versatility and the fact that they are easily miedifusing a wide range of other polymers,
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pigments, fillers and additives. As a result, thiedpiction and use of polymers and polymer

based materials is currently enormously popular.

All blends and nanocomposites characterized inptfesent work were processed in the melt
state, by which polymeric products can be largéespeoduced in a simple, short, solvent-free
and economical way. Blending was carried out byusibn, and all materials were manufactured

by injection molding and/or compression molding.

3.2.1 Drying

All polymers materials absorb moisture. The present even very low water contents in
polymers obtained by polycondensation may resulth&ir hydrolytic degradation during the
melt processing and/or may cause defects such lasldsuin the final manufactured product.
Therefore, polymer pellets and the oMMT powder usece dried before blending, as well as all
the extruded pellets before manufacturing. Tabk shows the drying conditions used for

different materials used in this work.

Table 3.6: Drying conditions of the materials enyglo.

Material Drying conditions
PLA Overnight at 80°C in a dehumidifier
PCL Overnight at room temperature in a vacuum-oven
PBAT Overnight at 80°C in a vacuum-oven
oMMT Overnight at 60°C in a forced air oven
CNT Not dried
All extruded pellets Overnight at 80°C in a dehufred

3.2.2 Blending

Before being melt-blended or manufactured, theedhiffit solid pellets and powders were
manually premixed to obtain pre-blends with a gadrting distribution of the different

components.
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Together with internal mixing, extrusion is the ma®mmon technique for melt-blending
thermoplastic polymers. Extrusion processing canvég useful to efficiently mix different

thermoplastic polymers, but also to additivate einforce them. The main advantages of
extrusion processing are good mixing related to hilgh shear rate, simplicity of use, high

productivity and low cost of implementation.

Table 3.7: Blending conditions of all compositianghe twin-screw extruder.

Composition Temperature (°C)  Screw-speed (rpm)
PLA+PCL* 180 80
PLA+PBAT 180 80
PLA+oMMT 180 320

PLA+CNT 180 320
(PLA/CNT)+PCL 180 80
(PLA/PCL)+O0MMT 180 320
(PLA/CNT)+PBAT 180 80

*Mixed in two extrusion machines at the same terafure and screw-speed.

Blending of all polymer blends and nanocompositep@red in the present work was carried out
in a Collin ZK 25 twin screw-extruder kneader (LMtio 30, screw diameter 25 mm). The
kneading extruder was equipped by two co-rotatmd) @ngaged screws. The screws had specific
kneading zones, which enhance the blending anddisgersion of nanoparticles in melted
polymers. The dosage of pellets or powder to thehma was carried out using a dosage unit
made up of a feed hopper and two metering scretws.nbzzle section used was circular. Table

3.7 shows temperatures and screw-speeds usecefpreaparation of the different compositions.

For comparison purposes, some of the PLA/PCL blshasied in Chapter 4.1 were also blended
in a Collin Teachline twin-screw extruder (L/D @atl8, screw diameter 25 mm), which has a
lower blending and dispersing capacity than thdi€@K 25 previously mentioned. However,

all other features were the same.

All obtained extrudates were cooled in a water laai subsequently pelletized in a COLLIN
CSG-171 pelletizer unit.
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3.2.3 Manufacturing

3.2.3.1 Injection molding

Injection molding ranks as one of the prime proess®r manufacturing polymer materials.
Injection molding consists of a process in whichngnadentical items, from high precision
engineering components to disposable consumer gaoelroduced relatively quickly, using a

hollow mold.

The injection molding machine consists of a hedtadel equipped with a reciprocating screw
(driven by a hydraulic or electric motor), whichefls the molten polymer into a temperature
controlled split mold via a channel system of gasesl runners. The screw plasticizes the
polymer, and also acts as a ram during the injectibase. The screw action also provides
additional heating to the molten polymer as a teetilthe shearing action. The polymer is
injected into a mold that defines the shape ontloéded part.

Injection molding of all compositions studied instrwork was carried out in a reciprocating
screw BATTENFELD BA-230-E injection-molding machinahich was equipped with a
plasticization screw with 18 mm diameter, L/D 1&& a clamping force of 23 tons. Injection
molding was carried out at 180°C using an injectipaed of 10.2 cifs. The mold temperature
was fixed at 20°C in all cases. Normalized tensihel impact specimens with dimensions
according to ASTM D-638 type IV and ASTM D-256 slards, respectively, were obtained for

all compositions.

3.2.3.2 Compression molding

Compression molding is a technique which is charamd by a short and multidirectional flow

during filling of the mold cavity, and so, moldedoducts are obtained with very low levels of
molecular orientation. In the present work, comgi@s molding was carried out to obtain films
for the determination of barrier properties and eshefor the determination of volume

conductivities and viscoelastic properties. Norgedi tensile specimens of some PLA/PCL
blends of Chapter 4.1 were also obtained as amattee processing method. Dry pellets were
subjected to crushing flow between two sheets afnkgss steel in order to obtain the

aforementioned specimens.
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The machine used was a hydraulic Collin P200E pegsspped with a cooling system based on
circulating water. The molding process was devalapethree stages: preheating, or plasticising
(closure without pressure) (3 min), compressiondate under pressure to 200 bar) (2 minutes)
and cooling (7 min). The temperature employed w88 1C to obtain PLA/PCL tensile
specimens and 300°C to obtain the different filmd sheets.

3.3 Characterization and testing techniques

Experimental techniques presented in this sectierewused to determine the most important
macroscopic characteristics, such as the therrhgkiqal, rheological and mechanical properties
of processed materials, and also to analyse thempmology, micro and nanostructure. As
additional measurements, the oxygen permeabilititha electrical conductivity of some of the

compositions were determined.

3.3.1 Differential Scanning Calorimetry (DSC)

DSC is the most used technique to analyse the thammal properties of polymeric materials.
By simple scans performed at a constant rate dfrigear cooling, glass transition (Tg), melting
(Tm) and crystallization (Tc) temperatures of potysy and the enthalpies involved in the
melting and crystallization processes of semictiyseapolymers can be easily determined. This
technique requires small amounts of sample (~ 1] argl allows to study thermally sensitive
systems to be studied in a short time. The majawiback of DSC is its low sensitivity to

determine the Tg-s of highly crystalline polymew$iose transitions are very difficult to detect.

Calorimetric analyses were performed on a Perkimegl DSC-7 differential scanning
calorimeter. The apparatus was calibrated withreefee to an indium standard and a constant
nitrogen flow was maintained through the sample egférence chambers. All scans were
performed at constant heating or cooling rates 0fCZnin. Melting and crystallization
temperatures were determined at the maxima andnmaimf the corresponding peaks, while
melting and crystallization enthalpies were meas@irem the areas of these peaks. Temperature

ranges used in each of the studied systems anéedatathe corresponding chapters.
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3.3.2 Dynamic Mechanical Thermal Analysis (DMTA)

Dynamic-mechanical tests are used for determiniiegrboduli and mechanical losses of solid
polymers as a function of temperature and in a watge of frequencies. By means of tests
carried out at fixed frequency and variable temiopeea substantial information about the
properties of polymeric materials is obtained. Agnaithers, both the storage (E') and loss (E' ")
modulus and the loss factor (8rcan be determined as a function of temperatune. three
parameters are related by the following equation:

”

t 5=—,
an E

The glass transition temperature (Tg) is usualfyned as the temperature corresponding to the
maximum in tad vs. temperature plot, where most of the macronutdeenovement begins. The
use of the highly sensitive DMTA allows the glasmsition to be properly studied even when it
is not very intense. In the case of polymer blenids able to differentiate between two very
close transitions and therefore to determine thgrede of phase-miscibility. Secondaryg)T
transitions can be also studied by DMTA, often dbaoting to the knowledge of the phase

behavior and miscibility of polymer blends.

The dynamic-mechanical analyses in this study werormed on a DMA Q800 machine of TA
Instruments. The geometry of the tests was siraghtilever in flexion, the fixed frequency was 1
Hz and the heating rate 4°C/min. Start and end ¢eatyres of the scans varied depending on the
systems studied and are specified in the correspgnchapters. When the analyses required

starting crio-temperatures, a liquid-nitrogen coglsystem was used.

3.3.3 Proton Magnetic Nuclear Resonance (*H-RMN)

'H-NMR analysis is very useful for detecting possilsiteractions or chemical reactions between
polymers with very similar structures, for whichetBensitivity of FTIR is insufficient. In the
present work it was used to analyze PLA/PCL and /PBAT reactions.

'H-NMR spectra were performed at room temperature dPX300 Bruker ADVANCE at a

frequency of 300.16 MHz and using tetramethylsil@idS) as a reference. In all cases 10 mg of
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sample were used, dissolved in 0.7 mL of deuteratédroform (CDC4). A minimum of 3

samples were measured to make the determination.

3.3.4 Contact-angle measurements

Contact-angle measurements were used to calculatenterfacial tension values between all
polymers and nanofillers in the present work. fiatgal tension values can be very useful to
understand the morphology and structure in mulsph@olymer systems, since they give

information about the compatibility or chemicalinity between the different constitueffts

The determination of interfacial tension was caroet using the harmonic equation of ¥fu

ayfyg aylyl
avi+rd - @P+vd)

Yi2=YV1+ V2t

in which subscripts 1 and 2 correspond to constitdeand constituent 2, respectively. Pold), (
dispersive %) and total {) surface energies were determined from the coorefipg contact
angles with water and ethylene glycol. The deteatim of all contact-angles was performed
using a CAM 100 goniometer (KSV). In the case diypers, drops of each liquid were put on
the surface of injection molded specimens and endase of nanoparticles on the surface of

mechanically compacted tablets. At least 10 dropewneasured for each liquid.

3.3.5 X-Ray Diffraction (XRD)

XRD is a very useful technique to characterize stracture of polymer/clay nanocomposites
simply and quickly. The technique is based on thagB-Brentano equation. An incident
monochromatic X-ray beam penetrates under the rabserface and is refracted out at an angle
0 in phase with the incident radiation. By ascemntatihe incident and refracted angles the basal

spacing between montmorillonite sheets can be ledémliusing the Bragg's law.

A =2 dsen6
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where:
L. Wavelength of the incident radiation
d: Basal spacing between montmorillonite sheets
0: Angle of incident or reflected radiation with thermal to the plane of the sample

XRD measurements were performed on a Philips PV® I72RD diffractometer on 1.80 thick
samples. The wavelength of the incident radiatignMas 0.15406 nm and in all cases the angle
studied ) ranged from 2 to 10 °.

3.3.6 Rheological measurements

Thermoplastic polymers are viscoelastic materiamtning elasticity (solid behavior) and
viscosity (liquid behavior) at the same time. There, their rheological analysis is essential to
understand their properties. On the one handpivalstudying the flow-characteristics of molten
polymers, which is essential to optimize processiogditions such as the temperature and the
shear forces employed. On the other hand, it cawvige essential information about the
structure, the properties and the melt-behavianolftiphase materials. The rheological analysis
of polymer blends and nanocomposites provides pednformation about their morphology and

their nanostructure.

3.3.6.1 Melt flow behavior

In the present work two techniques were used terdabe the melt flow behavior of pure
polymers, polymer blends and nanocomposites. @apilextrusion rheometry was used to
determine the viscosity of molten materials at shates corresponding to injection molding and
extrusion processes, respectively, and torque memsuts to detect possible reactions occurred
during the processing of polymer blends.

The capillary extrusion rheometry was performedairGottfert Rheo-Tester 1000 capillary
rheometer with a 30/1 L/D ratio. Tests were caroetlat 180°C, in a strain rate range between
1000 $" and 20000°S
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Torque measurements were carried out in a MICRO [BSM mini-extruder, which is equipped
with two co-rotating screws and a recirculationtsgs The system measures the torque required
to rotate the rotors at a fixed speed, which charaes the flow resistance offered by the melt,
and therefore gives an idea of its viscosity. Tergueasurements were used to check possible
ester interchange reactions during mixing in PLA/P&d PLA/PBAT blends. Tests were
carried out at 180°C and 80 rpm.

3.3.6.2 Viscoelastic properties

The viscoelasticity relates the shear stress thaapplied to a materials), the resulting
deformation of the samey)( and time. Rheological studies of multicomponeolymeric
materials are usually carried out in the so-calleéar viscoelastic region. Tests are performed
under very low stresses and very small deformaticlsse to equilibrium, and consequently
there is a linear relationship, which is independadithe magnitude of applied stress, between the
stress applied to the material during testimgand its resulting deformation)( The response of
the material in the range of linear viscoelastiggystrongly linked to their chemical-physical
structure, so these measurements are useful tagteere them.

G '(w) and G' '@) are the storage modulus and the loss modulupectsgely. The storage
modulus is related to the material elasticity, tbatvith the ability the material shows to retton

its original shape after being deformed. In conjride loss modulus reflects the viscous behavior

of the material, in other words, its ability toifaunder an irreversible deformation.

The viscoelastic behavior of thermoplastic polymeas be easily studied by representing the
variation of storage G' and/or loss G" modulusregdrequency (or temperature). This study
results in three different relaxation areas whiepehd on the viscoelastic nature of the materials.
In the low frequency area, which was analyzed engresent work, the material is comparable to
a viscous liquid and the viscous behavior is pradant over the elastic behavior. In the
intermediate frequency area the material preseniblzery nature and G' shows a plateau that is
independent of the frequency applied. Finally,ha high frequency region the material exhibits
glassy character and the storage modulus G' ieceta the elastic modulus.

The viscoelastic tests conducted in this study ws¥dormed in an Anton Paar MCR 301
rheometer. Tests were carried out at a constanpdeature of 180°C under an inert nitrogen

atmosphere with compression molded specimens, pathllel plate geometry of 25 mm and 1
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mm thickness. In a first step, the linear viscaeaarea was determined by varying the shear
stress from 1 Pa to 1000 Pa at fixed frequencidsratl/s and 100 rad/s for each studied material.
In a second step, the viscoelastic parameters ef rmterials were determined by
spectromechanical analysis conducted in the areanedr viscoelasticity. The samples were
subjected to a variable frequency between 100 mautis0.01 rad/s at the previously fixed shear

stress.

To analyze the time-evolution of the materials uritie action of temperature and stress in the
linear viscoelastic range, a kinetic-follow was doated at a fixed frequency of 100 rad/s to
some specimens during 10 hours. This test providEmation about possible degradations
and/or changes in the phase structure that may bawerred in the material in the linear

viscoelastic range during the determination ofviseoelastic parameters.

3.3.7 Morpholoqgy

Scanning electron, transmission electron and AtoRuocce microscopy were employed to
analyze the morphology of the blends and nanocort@sosAs described below, the most
appropriate technique was chosen in each caséegtovide different levels of information.

The specimens submitted for observation also cltafigen one system to another, depending on

the morphology-properties relationship under ingegion.

3.3.7.1 Scanning Electron Microscopy (SEM)

SEM is a widely used technique in the field of mogric materials. In multicomponent materials
such as polymer blends, it can provide fundameimf@rmation to identify the processing,

structure and properties relationship.

The microscope used was a Hitachi S-2700, at aetelg voltages between 10 kV and 15 kV.

In this work, the surfaces of cryogenically fraetitensile or impact specimens were analyzed,
but in certain cases fracture surfaces of testedig@ns were also analyzed. Micrographs of the
most representative morphologies were obtainedll icases from the dominant inner part of the

samples.
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Prior to analyzing the morphology of the samplégytwere coated with a thin gold layer.
Coating minimized the damage produced by the radiatn the sample, providing a conductive
surface which enables the elimination of electrichhrges and encourages the reflection of

electrons. Gold-coating was carried out in a Miciresce Division SC500 Sputter Coater.

3.3.7.2 Transmission Electron Microscopy (TEM)

TEM is a very appropriate microscopic technique stody the morphology of polymer
nanocomposites, as it provides good informationutltbe dispersion of nanoparticles in
polymers. Therefore, it is very useful to establiBhks between the nanostructure of
nanocomposites with their final properties. The mdisadvantage of TEM is related to the
observed surface area, which only represents asveayl region of the whole material. However,
shooting at different magnifications and at différgoints of the sample allows for a fairly

representative view of morphology and nanostructure

The samples analyzed were obtained in all cases fie centre section of injected tensile
specimens, and were embedded in an epoxy resid éor&l8 hours at 60°C. All samples were
machined with a shaper to obtain an inverted pydawhich was later microtomized using a
LEICA Ultracut Cut. Ultramicrotom. In this way, saitas for TEM observation with thicknesses
ranging from 30 nm to 60 nm were obtained. In tlsecof PLA/OMMT and PLA/CNT

nanocomposites the cut was made at room temperavhike all the other compositions were

machined in cryogenic conditions (-60 ° C).

TEM micrographs were obtained in a Tecnai 20 trassion electron microscope using an

acceleration voltage of 200 kV.

3.3.7.3 Atomic Force Microscopy (AFM)

AFM is a very useful technique for analyzing theface morphology in polymeric materials. It is
based on a tip that scans the surface of the raat€he great advantage of AFM compared to the
other techniques used in this work is that the icantip is sensitive to different signals
discharged by the surface, such as the stiffnasstopology, the electrostatic dispersion and so
on. Another advantage of AFM is that it is ablel@racterize the morphology of pure polymers,

even to show their crystal structure.
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In polymer blends, the efficiency of AFM is pradtily the same as that of SEM. However, in the
case of nanocomposites it can be a complementelypitpie to TEM, which is the most popular
of the two, nowadays. TEM is very useful to chagdaze nanocomposites but it only provides a
bi-dimensional projection of a tri-dimensional miooogy, while AFM gives us information

about the real surface morphology of the materials.

AFM was used to analyze the morphology of CNT-coiig binary and ternary
nanocomposites. Analyzed surfaces were those @miltrotom-cutted specimens prepared for
TEM analysis. The used microscope was a Bruker MM@tiMode 8). It worked in Peak Force
QNM (Quantitative Nanomechanical property Mapping)de. Tips were Scan Asyst-Air, also

purchased from Bruker.

3.3.8 Mechanical properties

The mechanical characterization of the differerdtesyps was performed by tensile tests, and it
was one of the key parts of this research. Fromaeademic point of view it allows the
processing-structure-properties relationship inemals to be established, and thus, from a
practical standpoint, it lends insight into theatgntial large-scale applications.

Tensile tests consist of subjecting an elongatmrclamp-attached standard specimens at a
constant rate until they break. The load appliethe®o material can be instantly monitored as a
function of the elongation the tested specimen swdgected to. Therefore, load-displacement
(stress-strain) representations are obtained. Thet reignificant mechanical properties of

polymeric materials are:

- Young’s modulus, E.
- Yield strengthgy.

- Elongation at break or ductility.

The Young's modulus was obtained from the maximlwpes of the tangent line in the initial

linear region of the stress-strain curves.

The vyield strength,cy, was calculated from force-displacement represent using the

following expression:
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where F represents the value of the force at the maximiitheoforce-displacement plot, and A

the initial cross-section of the specimen.

The elongation at break was obtained from forcetdi®ement representations provided by the

machine using the following expression:
%
& (%) = T x 100
0

in which &, and § represent the deformation of the material befaieaking and the initial

distance between clamps respectively.

Tensile tests were carried out on all the matesalslied in the present work. They were all
performed in a universal Instron 5569 tensile teathine, following the ASTM D-638 standard.

A load cell of 5 kN was used and the initial distarmetween clamps was fixed at 64 mm in all
cases. Young's modulus was determined using amsomeeter and a crosshead-speed of 1
mm/min, while both yield strength and elongationba¢ak values were determined using a

crosshead-speed of 10 mm/min. At least five spetsmeere tested in each case.

3.3.9 1zod impact tests

Impact tests provide information about the tougbhristhe materials against impacts or shocks,
by measuring the energy necessary to fracture malmed specimen through impact, which
takes place under high-speed deformations. Thecitapd a material to absorb energy is a key

parameter when identifying future applications.

lzod impact tests were performed using injectiod@d impact specimens on an
instrumentalized CEAST 6548/000 pendulum usingrarhar of 4 J, following the ASTM D-256
standard. In order to study the performance of nadsein the presence of a failure or a stress-
concentrator, a standard notch (depth 2.54 mm, d®@5adius and 45° angle) was machined in
all specimens after injection molding. The valuehaf impact strength was calculated as the ratio
between the energy lost by the pendulum duringctiiesion and the thickness of the specimen.
At least eight specimens of each composition westetl.
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3.3.10 Measurements of oxygen permeability

The gas permeability of polymeric materials, patady to oxygen molecules &) is of great
interest in applications targeted at the packagwdgstry. Oxygen can promote negative effects
on different types of materials, such as degradatib foods, photo-oxidation, corrosion and
oxidation phenomena, etc. Since the incorporatioNMT in polymers and polymer mixtures
can produce improvements in their barrier behavtowas considered of particular interest to
determine the oxygen permeability of the clay-basadocomposites. Films for permeability

measurements were processed by compression maislidgtailed in Chapter 3.2.3.2.

Permeability measurements were performed on a MO@DNTRAN model 2/21 permeator,
which is designed to measure the flow of oxygerough the films by the action of a
concentration gradient generated between both sidée film. The measurement is carried out
by passing a continuous flow of oxygen through side of the film, so that the gas permeates
through it and is collected in the other side yamier gas (a mixture of hydrogen and nitrogen)
which subsequently passes to apn $@nsor. The computer calculates thet@nsmission rate
(OTR), from which it can directly obtain the coefént of permeability (P) of the material by the

following equation:

3 0.29398

—— = P(Barrer
p(mmilg) | BeTen)

TR |————
0 [mz x day

] x [(mm)x

in which | is the thickness of the film, p is theegsure and 0.29398 a conversion factor.

The permeability of the films was determined incabes at 23°C, at a pressure of 1 bar and at a
relative humidity of 0% according to the ASTM D39%&andard. Measurements were taken on at

least two films.

3.3.11 Electrical conductivity measurements

Pure polymers are mostly electrically insulatingtenials, and so, they are usually used for
electrically isolating devices, machines or wire®wever, the addition of conductive particles

such as carbon black, carbon nanotubes or graptengive semiconductivity to polymers, so
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that, they can be used in piezoelectric or eleatrapplications instead of typical inorganic
silicon- or germanium-based semiconductors. In phmesent work, electrical conductivity

measurements were carried out on all compositiontaming carbon nanotubes.

The resistances of the materials were measuredKgitaley 6487 picoamperimeter and in a
Keithley 2000 multimeter; the first device was usedneasure resistances abové @0and the

second below 0. Both devices were connected to a Keithley 8088fieture.

Electrical conductivities of all materials were @@hined according to ASTM D 4496 and ASTM
D 257 standards. The tested samples were sheetsn7@ diameter and 1.25 mm thick, obtained
by compression molding as detailed in Chapter 224 least two samples of each composition

were measured. The resistivity was calculated bydhowing equation:

22.9 (V

—) (ohm.cm)

p (ohm) = 7

thickness (cm)

in which p is the resistivity of the material, V the voltagethe current intensity and 22.9 a
conversion factor. Resistivity is the specific &iecresistance of the material, and conductivity

(o) is the inverse of resistivitys€1l/p).
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CHAPTER 4: PLA-BASED BLENDS

PLA is a potentially very promising thermoplasticlymer, highly suitable for manufacturing

many objects and goods in the near future. It capsithermoplasticity and good mechanical
properties with unique environmentally friendly cheteristics; it is both renewable and
biodegradable. However, PLA shows intrinsic frdgilagainst tensile and flexural stress, and
also poor performance against impacts. Consequetglgurrent industrial application-range is
quite limited. Ductile/tough polymers have beenyvefficient offsetting these disadvantages
without impacting the stiffness and strength of PIPXCL and PBAT are presented as two very
interesting materials for this purpose, as thefjliftihe aforementioned mechanical requirements

and are also biodegradable.

In the present chapter, fully biodegradable PLA/P&Id PLA/PBAT blends are characterized.
PLA-rich 90/10, 80/20, 70/30 and 60/40 compositiarese obtained by melt-mixing, under the
same processing conditions. The phase structuresphwlogy, rheological and mechanical
properties of all compositions were characteriz€tis study analyzes and compares the
characteristics of both blends and therefore offesght into how PCL and PBAT can be used to
modify PLA. In addition, the study also enables thest optimum PLA/PCL and PLA/PBAT
compositions to be selected for subsequent motditavith nanoparticles, as described in
Chapter 6.
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4.1 Poly(lactic acid)/Poly(e-caprolactone) (PLA/PCL) blends

4.1.1 Phase structure
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Figure 4.1.1: tahivs. temperature plots of pure PLA (a) and of 9@H)080/20 (c), 70/30 (d) and 60/40 (e) blends
from -20°C to 70°C and from -70°C to -20°C.

Figure 4.1.1 shows tarvs. temperature plots of PLA and PLA/PCL blendse glass transition
temperature of neat PLA was 61.2°C. The PCL wagpraitessed in this study, but the DMTA-
determined glass transition temperature of injectrmlded CAPA 6800 PCL has been reported
to be centred at -458¢. Regarding the blends, two fampeaks were observed. The high
temperature peak corresponds to the PLA phasethanidw temperature peak (in the amplified
plot) to the PCL phase. The maxima of bothdtaeaks were almost unaltered in the different
blend compositions (the corresponding temperatusese 61.2+0.4°C and -45.0+0.3°C),
suggesting full immiscibility of the PLA with the@®. This has been the general behavior
reported for PLA/PCL blends. Only Lépez-Rodriguézak' and Sakai et &f reported partial
miscibility between both polymers by applying thexFequatiof*® and estimated that a very
small amount of PCL was dissolved in PLA. Elsewhdi@kayama et af mentioned that the

addition of LTI improved miscibility in the PLA/PC85/15 blend. However, this conclusion was
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based on the reduced size of PCL particles caugdllebLTl; no parameters were calculated to

determine the degree of miscibility.

The intensity of the PLA peaks in Figure 4.1.1 wadsarly greater than that of the low
temperature peaks even in the case of the 40% B6laioing blend. This has probably to do
with the crystallinity levels of PLA and PCL in thxends. As we will see below, PCL is highly
crystalline, while PLA is virtually amorphous orngitly crystalline. High crystallinity usually
leads to low intensity of the glass transition tm¢he small fraction of the amorphous phase and

the hindered mobility of the amorphous segmentsecto crystalline structures.
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Figure 4.1.2: First DSC heating scans of pure Phé af 80/20 and 60/40 blends.

Figure 4.1.2 shows the first DSC heating scanseait iPLA and 80/20 and 60/40 PLA/PCL
blends. Due to its slow crystallization kineficBLA was unable to fully crystallize from the melt
during cooling in the injection mold in any of teudied compositions, eventually crystallizing
during the heating scan. The wide exotherms, cerdteapproximately 125°C for PLA and at
105-110°C for the blends, reflect these crystdlbraprocesses. Similarly, no PLA crystallization
peak was observed on cooling at 20°C/min in therivaéter, with crystallization again occurring
in the second heating scan. Regarding to PCL, @kimg endotherm (Tm=64°C for neat PCL)
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appeared close to the Tg of PLA, so that its lesfelcrystallinity could not be accurately

determined.

Table 4.1.1: Melting temperatures of PLA (#1x) and PCL (Tmc,) and, crystallization temperatures of PLA
(Tcpa) and degrees of crystallinity (Xc) of PLA in the APCL blends.

Composition (PLA/PCL) Tmppa (°C) Tm PCL (°C) Tc PLA (°C) Xc PLA (%)
100/0 155.1 - 125.1 0
90/10 158.1 61.7 110.7 9.2
80/20 156.7 62.0 104.7 4.7
70/30 155.4 61.1 104.7 3.4
60/40 156.3 62.0 107.7 3.4

Table 4.1.1 summarizes the calorimetric data obthfrom the first heating scans. As shown, the
presence of PCL led to a clear decrease in theadligation temperature of PLA indicating, in

keeping with previous studi8g?44:52:53

a nucleating effect of PCL. In any case, thetatimsity

of PLA remained very low, close to 9% at most. Sasaet af.observed that dispersed PCL
particles increased the crystallinity of PLA inasted 80/20 PLA/PCL blend. The same authors
compared the dynamic crystallization behavior citrieLA with the 60/40 PLA/PCL blend with

a heating rate of 10°C/min. The blend showed twailetmic peaks, at 100°C and just before the
melting endotherm. This second peak was attribttete possible recrystallization of imperfect
PLA crystals into more perfeat crystals. In a separate study, Sakai ef?ahaving performed
analyses at a heating rate of 20°C/min, obsenetd®@GL enhanced the nucleation of PLA at low
temperatures, but had an insignificant effect gistet growth, perhaps due to the low miscibility
of the blend. Consequently, the enhanced cold altigsttion was due to the increase in the

number of nuclei generated at lower temperatunelsided by the presence of PCL.

Table 4.1.1 also shows that the melting temperattRLA remained almost constant. In the case
of the melting temperature of PCL, a scarcely $icgmt 2°C decrease was observed in all the
blends with respect to that of neat PCL.

59



Poly(lactic acid)-based bio-blends and nanocomposites

4.1.2 Morphology

Figure 4.13 shows micrographs reflecting the most represeetainner (core) part
cryogenically fracturedurfaces of 90/10, 80/20, 70/30 and 60/40 PLA/P€lisilte specimer
As it is seen, all the blends showed biphasic muqgy regardless of the compositic

confirming the immiscibility of PLA with PCL

DBvB438SE 186 kV x5.80K 6.880rm

[ >

DBv18S4 15 kV x5.080K 6.0080sm Dvv1vBSE 15 kY x5.88K 6.88rm

Figure 4.1.3SEM micrographs of crycenically fractured surfaces tak&om tensile specimens of 90/10 (a), 80
(b), 70/30 (c) and 60/40 (d) PLA/PCL bler

PCL particles were uniformly dispersed in the PLAatnx and the particle size w
homogeneous and very smailall the compositions, with an average diamefeiea hundrec
nanometers. The particle size seemed to increagelglat higher PCL contents, but remair

very small even in the 60/40 composition. This nhotpgy is very different to that observed
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other authors for unmodified PLA/PCL blends, whire average PCL particle size was clearly
highef***° While some debonded particles were observedgargi4.1.3, the fractures showed
a partially cohesive character, suggesting sonegfatdial adhesion between PLA and PCL in the
solid state. Taking into account both observatioes,the small particle size and the fairly good
interfacial adhesion, it seems that the blendingddmns used in this study were more effective
than those used in previous works on uncompatéalli?LA/PCL blends ** > even when

compared with blends prepared using extruders higther L/D ratio8™ >

With regard to the PCL phase morphology, Wu eteplorted® that, in an uncompatibilized
PLA/PCL system, it changed from spherical in thé280composition to fibrillar in the 60/40
blend. In the blends in this study, the appearariche PCL particles remained almost the same

in all the compositions and very similar to thatofmpatibilized blend& 3253

So, the morphology of the PLA/PCL blends in thesprg work suggests that, under the
processing conditions used here, both polymerstlyofiorm an immiscible but most likely
compatible blend in the PLA-rich region. In contragth previous work5™® it was not necessary
to add a compatibilizing agent in order to obtaerywsmall PCL particles and interfacial

adhesion between both components.

The resulting interfacial tension for the PLA/POends in this work was 1.55 mN/m. This value
is comparable, although slightly higher, to thoséculated respectively by Wu et Zl. (0.9
mN/m) and Noorozi et &’ (1.206 mN/m). In agreement with previous workss tlow
interfacial tension accounts for the interfaciahesion observed in PLA/PCL bled#fs and is

9,230

also consistef with the small size of the particles in Figure.3.1

The viscosity ratio of PLA and PClnd a/mpc~0.95 in all the measured strain rate range) is
another factor that tends to reduce the dispersaetitle sizé*?* It could be speculated that,
despite the similar interfacial tension valuess wiscosity effect is probably responsible for the
different particle sizes observed in other studidais, their combined effect could contribute to
the small PCL particle size in PLA/PCL blends ofeal in the present work.

4.1.3 Viscoelasticity

Figure 4.1.4 shows the storage modulus (G") vsulandrequency ) plots of pure PLA and
PLA/PCL blends determined by measurements cartieadtol80°C using parallel-plate geometry
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and in the linear viscoelastic zone. As can be,s8énf the blends increased at low frequencies
as the amount of PCL increased. These increasesrepiorted in bibliograpAy**® indicate that
PCL improved the elastic melt behavior of PLA. Gamgently, the melt strength of PLA was
increased in the PLA/PCL blends. These resultsvarg interesting from an applied point of
view, since the low melt strength of PLA is onetloé main drawbacks that it presents for melt-

processing
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Figure 4.1.4: G” vso plots of pure PLA and of PLA/PCL blends.

4.1.4 Mechanical Properties

Figure 4.1.5 shows Young's modulus and the yietdngjth of neat PLA and the PLA/PCL
blends as a function of composition. Both propsrtiecreased as the PCL content increased, in
agreement to that observed in previous works basdathmiscible polymer blends consisting of
a stiff matrix and soft dispersed partiées®** Phase separated PCL droplets impaired both
properties as a result of its low Young’'s moduldd0x20 MPa) and yield strength (14+0.2
MPa). In any case, thanks to the high modulus &,Rhe experimental values stayed well above
2000 MPa, even after 40% PCL was added. This ismgortant finding as it suggests that these
blends will probably still be apt for use in modtthe traditional applications of PLA. The
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decrease in the yield strength is considerably nsageificant, but it still remained close to 50
MPa at 40% PCL contents.
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Figure 4.1.5: Young’'s modulus) and yield strengtha) values of PLA/PCL blends with respect to the PCL

content.

The elongation at break of PLA and the blends mmhagainst composition in Figure 4.1.6.
PLA is known to be very brittle and appears soigufe 4.1.6. By contrast, PCL is very ductile,
with an elongation at break of 425+26%% As it can be observed in Figure 4.1.6, the aoiditf
only 10% PCL leads to a clear change in the frachghavior of PLA, so that the 90/10 blend
has an elongation at break of 140%, and remaintially unchanged at higher PCL
concentrations. Increased ductility of PLA in blendith PCL has been reported by other
authoré®. However, in these reported cases, and, with #weption of systems in which a
compatibilizer was added during the blending precdéise transition to ductility took place at
PCL contents of over 30%%°>°**° In other works, while the presence of some intgl
adhesion between PLA and PCL was repdftatlictility did not increase until the intermediate
50/50 composition was reached.
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If we examine the reasons for the different eloiogaat break values presented in this study and
in previous papers, it is known that the elongatbioreak of rigid polymers is affected by the
testing rate, generally decreasing as the testite increasé?®>. In several previous works on
PLA/PCL blend§"*+#>°** the elongation rate used in tensile tests was®dmin, instead of 10
mm/min, which was used in this study. Thus, theng&tion at break values in Figure 4.1.6 may
have been partially affected by the testing ratefakt, tensile tests carried out on the 80/20
blends in this study at 50 mm/min led to an eloiogatt break of 13.6 + 2.7 %. Therefore, the
differences between the data contained in Figutés4and those in the literature are probably

affected, at least partially, by the differenceghia testing rate.
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Figure 4.1.6: Elongation at break values of PLA/Rilitnds with respect to the PCL content.

However, low elongation at break values have aklenlobtained in previous studies involving
PLA/PCL blends, using elongation rates lower themmim/min*3“®4"2 Furthermore, when the

morphology of the PLA/PCL blends in Figure 4.1.@npared with that of previous studies, it

is clear that the blends of this study resemblentioephology of compatibilized blentis®°2>3

more than they resemble uncompatibilized 8h€$*>3 So, the morphology of the blends, which

é5,23(,3

is characterized by a very small particle &2 together with the existence of some
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interfacial adhesioif**"and the high elongation at break values shownguir€i4.1.6 would all
suggest that these PLA/PCL blends are mechanicatthpatible.

It has been reporté¥ that fractionated crystallization of PCL can ocautblends with other
polymers on cooling from the melt; therefore ip@ssible for some fraction of PCL to crystallize
even at temperatures below room temperature. ¢f ithitrue for the PLA/PCL blends in this
study, some fraction of usually crystallized PCluldohave remained in an amorphous state in
the dispersed PCL particles, making these partichese deformable than expected, thus
contributing to the improved ductility of the blend=igure 4.1.7 shows DSC cooling scans from
the melt of neat PCL and the PLA/PCL 80/20 blend.

. PLA/PCL 80/20

- PCL 4

Heat flow (mW)
Endothermic

\ \ \ \
-15 0 15 30

Temperature (°C)

Figure 4.1.7: DSC cooling scans of pure PCL anith®0/20 blend.

As the figure shows, fractionated crystallizatiatwarred in the blend. In order to check whether
this phenomenon affected the ductility values iguFé 4.1.6, some specimens of the PLA/PCL
80/20 blend were kept at a temperature of -40°C2#rhours for the PCL to crystallize
completely. They were then tensile tested. Theikityotalue obtained was 167+10%, ruling out

fractionated crystallization as the cause of tiyh luctility of the blends.
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Another possible reason for the high ductility wsuin Figure 4.1.6 is the occurrence of
interchange reactions between PLA and PCL duringgssing, which may have compatibilized
the blends. As mentioned previously, the additiboampatibilizers DCP and LTI to PLA/PCL
blends foments interchange reactions between baitymers, giving rise to ductile

material&®°2°3°°

In order to check whether the interchange reactadss affected the compatibility observed in
this study,"H-NMR analysi8’ and torque measuremehit¥ were carried out for different blend
compositions. The representative signals of theQlAdyad (at 2.37 and 4.11 ppf)did not
appear in the NMR spectra of the blends and, furbee, no viscosity peaks were appreciated in
the torque-time plots up to a kneading time of 260, rmolearly higher than the residence time the
blends spent in the melt state during extrusioniajgttion molding. Consequently, interchange
reactions were ruled out as a possible explan&iothe morphology and ductility of the blends.

To gain further insight into the morphology and meacal behavior of PLA/PCL blends, the
90/10 and 80/20 compositions were prepared atdhee demperature using three less effective
processing methods (for comparison they will bdedamethod 2, 3 and 4) than the standard
procedure, which will be called method 1. Thus,cpssing was carried out by blending in a
Collin twin-screw extruder-kneader at 80 rpm (Téimeh L/D ratio 18, screw diameter 25 mm)
and injection molding under the same conditionghase of method 1 (method 2), and also
directly by injection molding, without previous blging (method 3). In addition, pellets of the
80/20 PLA/PCL blend obtained using method 1 werenmession molded at the same
temperature in a Collin P-200-E compression moldnaghine (method 4).

In Figure 4.1.8, the morphology of the 80/20 blpnacessed by method 2 (low L/D extruder and
ulterior injection molding) (Figure 4.1.8a) and med 3 (direct injection molding) (Figure
4.1.8b) is shown. Although the particles obtainethgt methods 2 and 3 are slightly bigger than

those using more favorable method 1, they werevstiy small.

The mechanical properties were also very similashown in table 4.1.2. The 90/10 composition
produced similar results. So, irrespective of tmecedure used, with and without previous
blending, the morphology and mechanical propertreparticular the elongation at break of the
blends, did not vary. This would strongly suggésitt tthe injection molding process is the most
important step for establishing them in our PLA/PRlends. Given that the morphology and
properties of these blends did not change duringadrihe processing methods used, and they
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remained stable when fractionated crystallizatibrPGL was avoided, it points to the small

particle size and the interfacial adhesion as mesipte for the high ductility of the blends.

This proposition was evaluated by processing tha®blend prepared in the high L/D extruder
by compression molding (method 4). This molding cedure involves a short and
multidirectional flow, with a very low shear leveds the molding times are relatively long (5
min), there is a good chance of the particles coatg. In Figure 4.1.8c the morphology obtained
is shown. The particles are visibly larger thansthobtained using methods 1-3 after injection

molding, although there was still some adhesion.

DpPl1BB84 12 kV x5.88K 6.88rm Dovl1wvs8”7

Figure 4.1.8: SEM micrographs of cryogenically frtaied surfaces taken from tensile specimens o8®20 blend
processed by methods 2 (a), 3(b) and 4(c).
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The ductility was 50%, i.e. clearly lower. Takinga account the aforementioned patrticle size, it
appears, as expected, that there is a relationeleeatyarticle size and ductility: larger particles
leading to less ductility. Therefore, the posittectility values obtained for the blends processed
with methods 1-3, involving injection molding, atributed to the small size of the particles and
the interfacial adhesion. This behavior is consistth that shown by other PLA-based phase-
separated blenff&*®

Table 4.1.2: Young’'s modulus, yield strength arahghtion at break values of the 80/20 blend preckby

methods 1-4.
Method Young's modulus (MPa) Yield strength (MPa)  Hongation at break (%)
1 2970+70 60.3+1.0 140+10
2 2900+10 57.2+0.3 142+3
3 2900+40 54.8+1.2 13645
4 2890+55 51.9+1.1 50.5+10.2

Regarding to the impact strength, Figure 4.1.9 shibvat measured by means of the Izod test for
the PLA/PCL blends as a function of composition. gkeviously mentioned, PLA is a brittle
polymer, and consequently offers very poor impangti®. By contrast, PCL offers good
impact strength (400+£50 J/m). Therefore, PCL cqudtentially improve the poor toughness of
PLA. As the figure indicates, the addition of P@dIto a steady increase in impact strength.
Although the absolute impact strength values reathielatively low, the relative increase was
considerable (approximately 200% with 30% PCL am®9% with 40% PCL). The impact
performance of the 40% PCL blend was comparablehtd of some uncompatibilized
PLA/elastomer 80/20 blentfs.

The behavior of the impact strength is clearlyedight to that of the ductility (Figure 4.1.6). The
intrinsic differences between tensile and impaststéstrain rate, state of stress, notch presence-
absence) probably account for this difference.dditéon to this, the PCL particles in injection
molded PLA/PCL blends, regardless of the blendireghod used (method 1 (Figure 4.1.3b),
method 2 (Figure 4.1.8a) or method 3 (Figure 4)),8kere too small to effectively improve the
impact strength of PLA, taking into account recemsults reported by Bai et &f. They observed
that, in the case of 80/20 amorphous PLA/PCL blentdie highest impact strength
(corresponding to supertoughness) is obtained wieaverage PCL particle diameter is close to
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0.9um. This is clearly larger than the particles in 8%20 blends here, and could be the reason

for the lower impact strength results in Figure 9.1
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Figure 4.1.9: Impact strength values of PLA/PCLnle with respect to the PCL content.
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4.2 Poly(lactic  acid)/Poly(butylene  adipate-co-terephthalate)
(PLA/PBAT) blends

4.2.1 Phase structure

tand

-40 -20 0 20 40 60 80

Temperature (°C)

Figure 4.2.1: tahvs. temperature plots of pure PLA (a) and PBATa(td of 90/10 (c), 80/20 (d), 70/30 (e) and
60/40 (f) blends from -50°C to 90°C and from -568Q0°C.

Figure 4.2.1 shows téarvs. temperature plots of PLA, PBAT and PLA/PBA€nus obtained by
DMTA. Pure PLA and pure PBAT presented glass ttaoms at 61.2°C and -12°C, respectively.
In the PLA/PBAT blends, two tansignals were observed in all compositions, indicaphase-
separation. The tarsignals which appear at high temperatures correspmthe PLA phase and
those appearing at low temperatures, and amplifiede insertion in Figure 4.2.1, to the PBAT
phase. The latter remained close to -12°C in al PhLA/PBAT blends, indicating that the
presence of PLA did not affect the glass transibbthe PBAT phase. However, and in contrast
to that observed in PLA/PCL blends, the glass titiamms temperature of the PLA phase,

decreased slightly but consistently at increasiBgPcontents.
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This progressive decrease in the PLA transitioggeats some level of interaction between PLA
and PBAT, consistent with findings reported by othauthor§®"®® In fact, some
transesterification reactions between PLA and PB@Adring melt-processing have been
reported®. These reactions, involving the ester groups dh molymers, would lead to the
creation of PLA-co-PBAT copolymers in-situ at tierphase between the two phases. This was
examined in the present work by mean&6NMR analysis and torque measurements.

'H-NMR analysis did not show any signal additiommlthose of pure PLA and PBAT and the
viscosity of the 80/20 and 60/40 PLA/PBAT compasit, followed by means of the kneading
torque measured in a recirculating microextrudemgu20 minutes (a time much longer than the
residence time during processing), maintained @neslecreased. Both results point to the
absence of ester-exchange reactions in these PIAA/RB2nds, so they were ruled out as being
the cause of the decrease in the transition cayreipg to the PLA-phase.

Once interchange reactions were ruled out, thegpaniscibilization of some PBAT in the PLA-
rich phase appeared to be as the only alternakptamation. Theoretical diluted amounts for

each blend composition were calculated using theegoatiorf*”

1 _ (WPLA) + (1—WPLA)
TIplend TgpLa Tgppar

where Tgeng Was the experimental Tg value of the PLA phasthinblend, Tg.a was the Tg
value of neat PLA, Tgar Was the Tg value of neat PBAT ang wwas the weight fraction of
PLA in the main phase. The results obtained, aloitiy the weight fraction of PBAT in the PLA
phase (wgar) and the calculated percentage of PBAT in the Ribase with respect to the
overall PBAT content of each composition (% PBATPIDA phase) are shown in Table 4.2.1.

As can be seen, thepar was low in all the studied compositions, indicatthgt the miscibility
of PBAT in PLA is very limited. The maximumpaar was obtained for the 60/40 composition
(3.3%). This is in agreement with the full misdilyilobtained in PLA/PBAT blend with a low
PBAT content (2.59%. However, when thesepgar fractions are compared with the overall

PBAT content of the blend, albeit with slight vaieas among compositions, a 5-10% of the
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PBAT was seen in the PLA-rich phase of the blerfter&fore, and as mentioned in previous

works>%7%9 P A/JPBAT blends can be considered partially nfikei

Table 4.2.1: Glass transition temperatures of & phase, weight fractions of PLA gp) and PBAT (Wgat) in
the PLA phase (calculated by the Fox equation) trepercentages of PBAT dissolved in the PLA phétie

respect to the overall PBAT contents.

Composition  Tg of the PLA phase (°C) wa (%)  Wppat (%) Percentage of PBAT dissolved in PLA (%)

100/0 61.2 100 0 0
90/10 60.4 990.1 0.9 8.2
80/20 59 97.6 2.4 9.8
70/30 58.7 97.2 2.8 6.7
60/40 58.1 96.7 3.3 5.1
I 60/40
A _

PBAT i

Endothermic

Heat flow (mwW/g)

100 120 140 160 180

Temperature (°C)

Figure 4.2.2: First DSC heating scans of pure Phd pure PBAT and of 80/20 and 60/40 blends.

Figure 4.2.2 shows, as an example, the first hgatoans of as-molded pure PLA and PBAT,
PLA/PBAT 80/20 and 60/40 blends obtained by DSCblda4.2.2 shows the melting and
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crystallization (Tm and Tc) temperatures and epikal AHm and AHc) and theAHm-AHc
enthalpy of pure PLA and PLA/PBAT blends. As cansken in Figure 4.2.2, as-molded PBAT
presented a broad and diffuse melting endothernwdmset 100°C and 140°C, which in
PLA/PBAT blends overlapped with the cold crystation exotherm of PLA. According to
previous datd' the melting enthalpy of PBAT was negligible cormghtto the crystallization
enthalpy of PLA, and therefore, both the meltinghalpy and the position of the maximum

values of the exotherms were assumed to be thdabe obld crystallization process of PLA.

Table 4.2.2: Melting (Tm) and cold crystallizatiffc) temperatures, melting\im), cold crystallizationAHc) and
AHmM-AHc enthalpies and, degrees of crystallinity (XcPafA in PLA/PBAT blends.

Composition Tm (°C) Tc(°C) AHmM@J/g) AHc (J/g) AHmM-AHc (J/g) Xc PLA (%)

Pure PLA 155.1 125.1 20.7 -20.6 0.1 0
90/10 156.4 113.4 23.8 -17.9 59 7
80/20 156.7 117.7 25.1 -13.9 11,2 15
70/30 154.7 116.1 17.4 -11.6 5,8 12
60/40 155.1 117.1 14.6 -7.0 7,6 13,5

As shown in Figure 4.2.2. and Table 4.2.2, the coydtallization temperature of PLA decreased
10-15°C in PLA/PBAT blends with respect to thatpafre PLA. In addition, the degree of
crystallinity of PLA increased from almost O in pUPLA to 7-15% in PLA/PBAT blends. These
results point to a nucleation effect of PBAT in A/PBAT blends, allowing PLA to partially
crystallize during cooling in the injection moldhé& presence of PBAT molecules in the PLA
phase due to the above mentioned partial misgibildy help to explain the nucleation effect of
PBAT on PLA. Indeed, this effect has been widefyoréed in the literatufé®%241-243

The presence of PBAT modifies the spherulitic giowt PLA ?** and as a result the cold-
crystallization temperature of PLA decredéé%: The possible transference of impurities from
the PBAT-rich phase to the PLA-rich phase has bé&sn proposed as a possible explanation for
the nucleation ability of PBAT in PLA/PBAT blerfd§ Small increases in the degree of
crystallinity of PLA (from amorphous to 5% crysta#) have also been reportéd However, the
nucleation effect did not seem to affect the striector perfection of the grown crystals in the
PLA/PBAT blends, since, as can also be seen ineT4ld.2, the melting temperature of PLA in

PLA/PBAT blends remained similar to that of pureAPL
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Figure 4.2.3: DSC cooling scans of pure PBAT an8i@20 and 60/40 blends.

With respect to the PBAT phase, no relevant infaionawas obtained from heating scans, as its
melting peak overlapped with the cold crystalliaatipeak of the PLA phase. This is why the
behavior during cooling in the calorimeter was sddFigure 4.2.3 shows cooling scans of pure
PBAT and of 80/20 and 60/40 PLA/PBAT blends. Bdik trystallization temperature and the
crystallization enthalpy of PBAT became lower ie thiend as the PLA content increased. As an
example, the crystallization temperature of puréAlPE67.9°C) dropped to 63.6°C with 60%
PLA and to 57°C with 80% PLA, respectively, whiteetdegree of crystallinity was reduced by
30% and 70% with the same PLA contents. This indg#hat the crystallization of PBAT was
hindered in the PLA/PBAT blends, which could als® related to the migration of impurities
from PBAT to PLA*.

4.2.2 Morphology

Figure 4.2.4 shows SEM micrographs exhibiting repn¢ative morphologies of the 90/10 (a),
80/20 (b), 70/30 (c) and 60/40 (d) PLA/PBAT blends. can be seen, 90/10, 80/20 and 70/30
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compositions showed a clear matrix/dispersed phasg@hology, inkeepin¢ with the DMTA
results, which pointed tphase separatio in PLA/PBAT blends.Nearly ¢pherical PBAT
particles were finely and homogeneousispersed within the PLA matrir 90/10 (a) and 80/2
(b) compositions. The observed -micron size of the disperseaghrticles (20-500 nm) is
consistent with previous works™, and was related to the good compatibility (theARIBAT
interfacial tension in the solid st, measured by the contaangle technique was 1.85 mN/
and partial miscibility of PLAvith PBAT.

- “
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Figure 4.2.4: SEM micrographs of cryogenically ftaed surfacesakenfrom tensile specimens of 90/10 (a), 80
(b), 70/30 (c) and 60/40 (d) blends.

In the 70/30 composition (4.2 4che PBAT particlesvere significantly bigger, probably due
the coalescence effectsthis higher content. Inde, the60/40 composition (4.4d) showed the

76



Chapter 4: PLA-based polymer blends

typical almost co-continuous morphology of a blahase to the phase inversion composition.
The theoretical phase inversion concentration lies¢ PLA/PBAT blends was estimated using

the PLA/PBAT viscosity ratio and following the edjoa proposed by Utrackt’.

Wi_m
Wy Uy

Where w and w are the weight fractions of polymer 1 and 2 atghase inversion, respectively,
andn; andn; are the corresponding melt viscosities.

The viscosity ratio between PLA and PBAT was estinidy capillary viscosimetry and stood at
1.30. Therefore, the phase-inversion concentratias estimated to be close to the 60/40
PLA/PBAT composition. The morphology of Figure 4@.is completely consistent with this
theoretical estimation. Although most of the disgerparticles shown in any of the compositions
in Figure 4.2.4 appear debonded from the matrimesof them look fractured, indicating that
cohesive fracture is also present and that som@ lefvinterfacial adhesion between phases
exists. The interactions between both polymersthant partial miscibility may account for this

behavior.

4.2.3 Viscoelasticity

Figure 4.2.5 shows the storage modulus (G") vsulandrequency ) plots of pure PLA and
PLA/PBAT blends. As Figure 4.2.5 shows, G” of thenks increased at low frequencies as the
PBAT content increased. These increases indicate thie presence of PBAT contributes to
improving the elastic behavior of PLA, which is swtent with findings in previous works on
PLA/PBAT blend§®%*>%%® and has been related to the formation of entamgé structures in
PLA/PBAT melt§®. As a result, greater melt strength compared ab dhpure PLA during melt
processing is expected in PLA/PBAT blends. Thisrmmpment, as in the case of PLA/PCL
blends of Chapter 4.1 and also mentioned by Jiaraj%8 is a clear advantage for extrusion

related processing technigues or blow-molding.
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Figure 4.2.5: G” vao plots of pure PLA and of PLA/PBAT blends.

4.2.4 Mechanical properties

Figure 4.2.6 shows the stress-strain curves of PpuAe and 80/20 and 60/40 compositions as an
example of PLA/PBAT blends. The small insert in tight part of Figure 4.2.6 corresponds to
the same curves between 0 and 4% strain. As cardreand will be discussed below, increasing
PBAT contents decreased both Young’s modulus agld gtrength and increased the ductility of
PLA. This is consistent with the elastomeric natofePBAT and coincides with the usual
behavior described in previously studied PLA/PBAEN0S?®*% and similar to that of the
PLA/PCL blends of Chapter 4.1.

Figure 4.2.7 shows Young’s modulus and the yietdngjth values of PLA/PBAT blends as a
function of the PBAT content. As shown in Figur2.8, both low-deformation tensile properties
decreased as the PBAT contents increased. Thiscawsed by the much lower modulus and
yield strength values of PBAT as compared to PL20¢b MPa and 1.7+0.6 MPa, respectively).
Both decreases were linear and followed the rulmiatures between pure polymers. However,
the low-deformation mechanical properties of thenposition with the highest PBAT content

(40%) were still remarkable (Young’'s modulus: 22\8Pa and yield strength: 44 MPa).
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Figure 4.2.6: Stress-strain curves of pure PLA@80/20 and 60/40 blends. The small insert shémwssaime plots

between 0 and 4% strain.

When the yield strength and the Young’s moduluthefblends of this work were compared with
those previously described in the literature onoumgatibilized PLA/PBAT blend$® it is
worth noting that the values in this study are sicgmtly higher. As an example, the modulus
decrease with respect to that of PLA in the 80/@®mosition was 17% in this work compared to
between 23-31% in the literature; and the yielérggth decreased by 17% instead of 25-29%.
Taking into account that in all cases the compaarg the same, the processing conditions and
consequent morphology, increased crystallinity godd compatibility would be responsible for
this behavior. These factors have produced posit@heavior in the modulus and strength values

of other polymer blend8’24°

The yield strength and Young’s modulus values & BLA/PCL blends in Chapter 4.1 were

slightly higher than those of the PLA/PBAT blendsé This is due to the superior properties of
PCL as compared to PBAT (Young's modulus and yisicength 3 and 8 times higher,

respectively).
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Figure 4.2.7: Young’'s modulus) and yield strengtha) values of PLA/PBAT blends with respect to the ABA

content.

Figure 4.2.8 shows elongation at break and impgaenhgth values of the PLA/PBAT blends. As
can be observed, the low elongation at break of Hhproved considerably when PBAT was
added, even at the lowest content (10%), as all/PBAT blends elongated at least 140% before
breaking. This behavior is decidedly synergisticired® PBAT breaks after being deformed
250+6%, so the elongation at break values for ig@and 60/40 blends were 2.9 and 1.6 times
higher than those calculated by means of the rfilenigtures. This indicates good stress-
transmission between PLA and PBAT. Although theelision of ductility data for PLA/PBAT
blends is high in the literature, the results aé thtudy are consistent with those of previous
works. Increases in ductility were obtained in adkes, ranging from 46% with a 20% PBAT
content, which was the lowé&to 266% with 20% a PBAT contéfr >100% with 10% PBAT
contenf® as most. The size of the dispersed PBAT partafesthe degree of interaction between
phases are the factors which usually affect dugtithe results of which, in our study, were

positive.
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Figure 4.2.8: Elongation at break)(@nd impact strengtfa) values of PLA/PBAT blends with respect to the PBAT

content.

The ductility increases observed in PLA/PBAT bleads comparable to those of the PLA/PCL

blends of Chapter 4.1 because, in both cases)dhgation at break increased significantly even

at the lowest second polymer content levels. Algioin the case of the PLA/PCL system patrtial

miscibility was not observed, the reduced sizehefdispersed phase and the good compatibility
between phases were also the factors deemed rdgpdos this positive behavior.

As can be also seen in Figure 4.2.8, the behav¥itheoimpact strength is significantly poorer
than that of ductility. This is common behaviormhase-separated blends and was also observed
in the PLA/PCL blends of Chapter 4.1. It is atttémlito the fact that the less favorable conditions
for plastic deformation of the impact test ofteadeto antisinergystic behavid?s As can be
observed in the figure, although the increasessageificant with respect to pure PLA, low
impact strength values were observed in 90/10,@88ar 70/30 compositions. This is consistent
with reported behavior in previously studied uncatitplized PLA/PBAT blend¥, however,
more significant increases in the impact strengtthese low PBAT contents have only been

observed in compatibilized blerfg§”""*

81



Poly(lactic acid)-based bio-blends and nanocomposites

With respect to the 60/40 composition, a transitiortoughness was observed. The value of
impact strength for this composition was 8 timeghkr than that of pure PLA and indicated a
change in the deformation mechanism of the blersdpr&viously described, the morphology of
this composition clearly changed from a matrix/dised phase one to an almost co-continuous
one, close to the phase inversion. This changearphology must be related to the transition
observed in the impact strength behavior, and imngon behavior in phase-separated
brittle/tough polymer blen§%
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CHAPTER 5: NANOCOMPOSITES BASED ON PLA

The usual advantage of adding nanoparticles to RISAn the case of most other polymers, is
that it improves macroscopic thermal and mechanmalperties and, depending on the
nanoparticle selected, certain specific charadtesissuch as fire resistance, low-permeability

against gases, electric semiconductivity, and @ on

The literature states that the most useful andiefft nanoparticles for these purposes are oOMMT
nanolayers and CNTs The market offers a wide range of different oMM&red CNTs, which
vary mostly depending on the chemical modificatadrthe surface of the particles. In a study
carried out prior to that presented in Chapterrig] eonsistent with findings described in the
literaturé’** different oMMTs and CNTs were melt-blended withAPat different processing
conditions in a twin screw extruder (COLLIN ZK 2%#30) at 180°C. The nature of the
nanoparticles and the processing method used df&kmesvn to be two key parameters which
control the dispersion of the nanopatrticles, atidhakely, the properties of the resulting polymer
nanocomposites. This previous study identified niest suitable nanoparticles and processing
conditions in order to obtain well-dispersed, wslanced PLA/oMMT and PLA/CNT

nanocomposites.

Three different commercially available oMMTs weiteidsed, Cloisite15A, Cloisite20A (both
modified with dimethyl, dehydrogenated tallow, qgraary ammonium) and Cloisite30B. In a
first step, PLA with 3 and 5% oMMT contents was thbcessed at a fix screw speed of 200
rom and then injection molded. The nanocompositestaining the Cloisite30B nanoclay
presented the best clay dispersion, in keeping prighious finding® and consequently the best
mechanical properties. In a second step, PLA/G&36B nanocomposites were processed at
different screw-rotating velocities. A velocity-gldispersion relationship was observed, with the
highest screw-rotating velocity (and consequenhéust) shear forces) producing the best oMMT
dispersion. Thus, a screw speed of 320 rpm wasteéld¢or the preparation of PLA/Cloisite30B
nanocomposites. oMMT contents of 1.5%, 3%, 5% &bdvére selected to be added to the PLA.

PLA/CNT nanocomposites have also been studied. Asedous tentative work, 2% and 4%
pristine (pCNT) and carboxylated (COOH-CNT) carbmmotubes were used. In a first step,

PLA/CNT nanocomposites were melt-processed at 200 and then injection molded and
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compression molded. The stiffness and electricatiaotivity results obtained with pCNTs, were
similar to those obtained with COOH-CNTSs, therefttre surface modification of CNTs (grafted
with 1.23% COOH content) was not seen to have amyjficant effect on their dispersion within
the matrix and consequently on the final properntiethe nanocomposites. Taking into account
that PLA/pCNT nanocomposites have rarely been cheniaed? and the fact that functionalized
nanotubes are much more expensive, pCNTs werdeglr the PLA/CNT nanocomposites. In
a second step, as for the PLA/oMMT nanocomposdéferent screw-rotating velocities were
used to process the PLA/CNT nanocomposites, arnttvetpcities, so shear forces, were again
observed to be more efficient at dispersing CNTwhiwithe PLA. Consequently, a screw-speed
of 320 rpm was also selected for the PLA/CNT nanguasites. CNT contents of 1%, 1.5%, 2%,
3%, 4%, 5% and 6% were selected to be added to PLA.
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51 Poly (lactic acid)/organically modified montmorillonite

(PLA/OMMT) nanocomposites

5.1.1 Nanostructure and mor pholoqgy

001 002

Cloisite30B

(AN

Intensity (a.a.u.u.)

20 (degrees)

Figure 5.1.1: XRD diffractograms of pure Cloisit&38and of PLA/3 and PLA/7 nanocomposites. To faatiéitthe

comparison between curves, that of pure CloisiteB@8been rescaled.

Figure 5.1.1 shows XRD patterns of pure Cloisite3@@8 PLA/oMMT nanocomposites with 3%
(PLA/3) and 7% (PLA/7) nanoclay contents at inciegs2 angles. The PLA/OMMT
nanocomposites showed two diffraction peaks irsthdied angle-range. The main peak, labelled
001, represents the oMMT interlaminar distance eGiits location at 5.8 degrees, the secondary
peak, 002, was assumed to be a harmonic of the peak. The 001 peak was centered at
between 2.87 and 2.89 degrees for both nanocoreppsihich, using Bragg’s equation, gives a
resulting doz interlaminar distance of 3.15 nm. The positiorth&f peak of pure oMMT, seen in
Figure 5.1.1, is centered at higher angles, ctosd.9 degreé€s’ which corresponds to an
interlaminar distance of 1.86 AM The greater interlaminar distance in PLA/OMMT

nanocomposites compared to pure oMMT (from 1.86 ton8.15 nm) clearly indicates the
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presence of intercalated nanoclay structures, lzatdtie full exfoliation of the clay did not occur.
The intercalation level is similar to that observed previous PLA/Cloisite30B
nanocompositéd922°%3 The intercalated nanostructure obtained in theset work is
consistent with that generally observed in therdiiére on melt processed PLA/OMMT
nanocomposité§ in which fully exfoliated PLA/OMMT nanocompositdsave rarely been

reported’®*

Figure 5.1.1 also shows that the intensity of trenndiffraction peak increased at increasing
oMMT contents, but its position and shape did fwnge when the composition varied. This
indicates that the number of intercalated strustunereased with the oMMT content but the

interlaminar distance between consecutive clayrtaynd thus, the intercalation level, was

independent of the clay content.

00

Figure 5.1.2: TEM micrographs of PLA/3 (a) and PLAW) nanocomposites.

Figure 5.1.2 shows TEM micrographs of the PLA/3 éaQd PLA/7 (b) nanocomposites. As
micrographs show, the PLA/Cloisite30B nanocompssipgesented well-distributed, mostly
intercalated oMMT nanoparticles, few of which wéudly exfoliated. Small clay stacks, which
seemed to consist of between 2-4 layers, and sowlgidual monolayers, appeared well-
dispersed in the compositions with low oMMT congenthe number and size of the stacks
increased at higher oMMT contents, but as showkigare 5.1.2b, the layers were well dispersed

within the matrix even at 7% contents. The nanctiine of the nanocomposites is consistent
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with that predicted by the XRD results in Figurd.®, and indicates, that, despite the fact that
fully exfoliated nanocomposites were not obtaintb@, dispersion level of oMMT in PLA was

quite good. The interfacial tension between PLA aMMT was measured in the solid state
using the contact angle technique. The result nbth(1.11 mN/m) suggests good compatibility.

Moreover, nanocomposites were prepared under prelyioptimized processing conditions.

In addition, oMMT layers appeared mainly edge-poséd with respect to the image-caption
direction in Figure 5.1.2, which corresponds to tingection molding-direction. Thus, a
significant degree of orientation of the clay lay@n the injection-molding direction, in other

words, the tensile-test direction, was achieved.

5.1.2 Phase structure

— PLA/7

tand

- PLA/S

PLA/3

PLA/1.5

PLA
| |

0 20 40 60 80

Temperature (°C)

Figure 5.1.3: tafivs. temperature plots of pure PLA and of PLA/oMK&&nocomposites.

Figure 5.1.3 shows the t@&rnvs. temperature curves obtained by DMTA for puteA Rand
PLA/oMMT nanocomposites. As can be seen, a singdk prepresenting thetransition of PLA

was observed for all the nanocomposites. The paositf the signal was independent of the
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oMMT content, and remained very close to that afepBLA, 61.2°C, in all cases. The small
variations in temperature remained close to theeexyental margin of error for measurements.
This is consistent with the results obtained bygiat a® and seems to indicate that the chain
mobility of PLA was not affected by the presencaisipersed oMMT clay platelets. However,
both decreasé%®*' and increasé¥ in the glass transition temperature in PLA/OMMT
nanocomposites have previously been reported avel lbeen related to the plasticizing effect of
the surfactant of the nanoclay which migrated te plolymeric matrix, and to the restricted
mobility of the PLA chains caused by the nanopédtelrespectively. The literature also shows
that the effects of plasticization and restrictdshic mobility can occur concurrently in
polymer/oMMT nanocomposites without being reflectethe glass transition temperature of the
matrix?>*>*® Therefore, the results shown in Figure 5.1.3naxefully conclusive concerning the

effects of Cloisite30B in PLA on plasticization@m chain mobility restriction.

Heat flow (mW/g)
Endothermic

80 100 120 140 160 180

Temperature (°C)

Figure 5.1.4: First DSC heating scans of pure Phé af PLA/oOMMT PLA/3 and PLA/7 nanocomposites.

Figure 5.1.4 shows DSC plots of the first heatimgns of pure PLA, PLA/3 and PLA/7
nanocomposites, as an example. All the compositstisved the melting endotherm of PLA

preceded by its cold crystallization exotherm, whiodicated that PLA at least partially
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crystallized during the heating scan. Table 5.Lihmearizes the calorimetric results for all the
compositions. As can be seen, some relevant vamgtin the melting AHm) and cold
crystallization AHc) enthalpies were observed depending on the oMddimtent and are
discussed below. Anyways\Hm-AHc enthalpies, and the resulting degree of crysigllof the
injection-molded samples was 0 in all cases. Thidicates that the presence of oMMT
influenced the cold crystallization process, andsseguent melting of the PLA/nanocomposites
during the DSC heating scans, but did not durirggdboling in the mold. Consequently, PLA

remained completely amorphous in all cases.

Table 5.1.1: Melting (Tm) and cold crystallizatiffc) temperatures, melting\im), cold crystallizationAHc) and
AHmM-AHc enthalpies and, degrees of crystallinity (XcPafA in PLA/OMMT nanocomposites.

Composition Tm (°C) Tc (°C) AHm (J/g) AHc (J/g) AHm-AHc (J/g) Xc PLA (%)

Pure PLA 155.1 125.1 20.7 -20.6 0.1 0
PLA/1.5 157.7 122.7 26.9 -26.7 0.2 0
PLA/3 157.4 122.2 25.1 -24.9 0.2 0
PLA/5 157.4 129.7 15.0 -14.9 0.1 0
PLA/7 156.7 134.3 11.2 -11.2 0 0

On examination of the behavior of the nanocompsdgitging the DSC heating scans (see Table
5.1.1), the cold crystallization enthalpy and caopsmt melting enthalpy were seen to increase
slightly at low oMMT contents of up to 3%, and lateecrease at higher oMMT contents (5 and
7%). The behavior of the cold crystallization temgpere followed the opposite pattern. These
results indicate that, while at low contents (1.8%@ 3%) oMMT nanoparticles actuated as a
nucleation agent for PLA, at high contents (5% @#) they hindered the crystallization process.
The literature shows that oMMT platelets are effecnucleating agents for PLEPA%106:231:252

but also that at high contents they restrict thifitp of the surrounding polymer chaffi§ thus

hindering the crystallization process. The meltiegperature of PLA remained constant in

PLA/oMMT nanocomposites, pointing to similar PLAystal-perfection in all compositions.
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5.1.3 Viscoelasticity

Figure 5.1.5 shows the elastic modulus (G") vs. éimgular frequencyw) plots of the
PLA/oMMT nanocomposites. As can be observed, thbaWer of pure PLA and the
nanocomposites with 1.5%, 3% and 5% contents waditaively similar. G° decreased at
decreasing frequencies in the low angular frequelacge, and the slope of the plots of the
nanocomposites in this terminal flow zone was thees as that of pure PLA. In addition, all
these nanocomposites showed increasing G” valuascraasing oMMT contents and broad
relaxations starting close to 10 rad/s, which wetated to their reinforcing ability and to the
presence of oMMT structureé, respectively. The amplitude of these relaxatimseased at
increasing oMMT contents, but their position reneginconstant. These results indicate that,
despite the aforementioned reinforcing effect o# tWtMMT nanoparticles, the viscoelastic
behavior of the PLA/OMMT nanocomposites was stilhdnated by the liquid-like behavior of
PLA up to 5% oMMT contents’.
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Figure 5.1.5: G” vaw plots of pure PLA and of PLA/oMMT nanocomposites.

The PLA/7 composition, however, showed differenalgative behavior of G” van than pure

PLA and the rest of the nanocomposites. G” diddeatrease in the terminal flow zone (low
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frequencies) but remained constant irrespectivin@ffrequency applied. This result points to a
solid-like behavior, and indicates that structyratcolation of the oMMT layers within the PLA
matrix took place in this composititfi?®® The nanostructure shown in Figure 5.1.2b, where
oMMT layers appeared well dispersed and very chkoseach other in the PLA matrix, is

consistent with the rheological percolation in ttasnposition shown in Figure 5.1.5.

The percolation concentration of polymer nanocoritpsss directly related to the degree of
dispersion of the nanoparticles in the polymer mataking place at lower contents of well-
dispersed nanoparticf®4 Thus, the percolation concentration for fully @idted PLA/oMMT
nanocomposites has been reported at lower oMMTeoatsithan the 7% content described in this
study*™®® and, on the contrary, poorly dispersed oMMT naniiglas have not been able to
percolate at 7% conterits® Therefore, the 7% oMMT content necessary for rteplogical
percolation of the PLA nanocomposites in this stisdgonsistent with the partial exfoliation and

good dispersion of intercalated nanoclays showfigare 5.1.2.
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Figure 5.1.6n* vs. o plots of pure PLA and of PLA/OMMT nanocomposites.

Figure 5.1.6 shows the complex viscosity)(vs. angular frequencyw| plots of pure PLA and

PLA/oMMT nanocomposites. As can be observed, thenptex viscosity of the PLA/7
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nanocomposite, in contrast to pure PLA and the oéstanocomposites, showed exponential
behavior, consistent with the behavior of the Gluga described above. With respect to the
nanocomposites with lower oMMT contents, the compiescosity of PLA remained constant
with 1.5%, decreasing slightly at 3%, and incregsince again at higher contents. The complex
viscosity behavior is consistent with the aforenwrd concurrent plasticizing/reinforcing
oMMT-effect. Regarding Figure 5.1.6, at low oMMT ntents, mainly 3%, the plasticization
effect is greater than the reinforcing effect, wtat higher oMMT contents, the reinforcing effect

proves superior to the plasticization effect.

5.1.4 Mechanical properties

The addition of oMMT to PLA has rarely led to a ragically well-balanced nanocomposite.
First of all, the stiffening effect of the nanodagives rise to increases in Young’'s modulus and
decreases in the ductility of the nanocompositéss i why the PLA/oMMT nanocomposites
simultaneously show good low-strain mechanical eriigs and poor high-strain mechanical
properties, such as elongation at break or theeglensile strength’®® This effect has been

demonstrated to be more pronounced when the nanisaheell-dispersed and/or fully exfoliated.

Secondly, a possible plasticizing effect on the maeecal behavior of PLA-based
nanocomposites caused by the presence of oMMT Ieasbaen describé'®® This effect has
been related to the migration of the chemical stafa from the surface of the nanoclay to the
polymeric matrix®®> to nucleation zones located at oMMT surfalesand to the widespread
contact between clay and matrix in fully exfoliatesv-content PLA/oMMT nanocomposités
Consequently, decreases (of up to 30%) in Youngxlutus along with huge increases in
ductility (up to 200%) have been reported for dyf@xfoliated PLA nanocomposite with 1%
oMMT®,

Therefore, the development of a mechanically walkbced PLA nanocomposite is a complex
process, in which counteracting effects, i.e. etiiig and plasticization are in competition and

are further affected by other factors, such astheunt and degree of dispersion of the nanoclay.

In the PLA/OMMT nanocomposites in this study, theceelastic properties suggested that some
plasticization took place at low oMMT contents aowith the usual reinforcing effect of the
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nanoclay. The influence of both effects on the raadal properties will be discussed in this

section.

Figure 5.1.7 shows Young’'s modulus values for PIMYbT nanocomposites vs. oMMT content.
As the figure shows, the addition of oMMT imprové@ stiffness of PLA efficiently, with the
modulus increasing with the oMMT content. As meméid before, oOMMT platelets are well
known to be effective reinforcement nanoparticles polymers because of their very high
specific surface area (in the order of 808g){’ and stiffness. They are particularly effective in
well dispersed nanocomposites and, the effectrieduenhanced when layers are oriented in the
tensile-test directidf"
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Figure 5.1.7: Young’s modulus values of PLA/oMMThonaomposites with respect to the oMMT content.

Figure 5.1.7 shows a linear increase in all theistirange and, as an example, the stiffness of
the PLA/3 and PLA/7 nanocomposites was 14.5% antP8higher than pure PLA, respectively.
These increases in Young's modulus are lower thhers described in the bibliogragfiy®
probably because both reinforcing and plasticiaffgcts take place concurrently. However, the
plasticization effect suggested by the rheologimahsurements in Figure 5.1.6 for the PLA/1.5

and PLA/3 compositions was not strong enough tesealecreases in modulus, such as those
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reported for a PLA/OMMT nanocomposite with 1% oMM@a@ntent’, because full exfoliation of
the nanoclay probably helped to augment the plaation effect in the latter. As discussed
below, the “non-optimized” low-strain mechanicahbeior of the PLA/oMMT nanocomposites

in this study will be balanced by the more favoedarge-strain behavior.
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Figure 5.1.8: Elongation at break values of PLA/oMKkanocomposites with respect to the oMMT content.

Figure 5.1.8 shows the elongation at break valdethe PLA/oMMT nanocomposites. In all
cases, break took place after yielding and theevaluthe yield strength of the nanocomposites
stayed close to that of pure PLA (72.7 MPa). Thisvery positive behavior because the
maximum tensile strength of these materials rentagm®dd and was not negatively affected by a
reduced elongation at break. Therefore, the gooength and increased stiffness of the
PLA/oMMT nanocomposites in this study allow them lie considered mechanically high-
performance materials. The fully exfoliated nanoposites mentioned abdé® originally
seemed to be ideal candidates for improving sthengbwever, because the well-dispersed
oMMT lowered the deformability of PLA, the strengtii the nanocomposites were only the

samé®or even lowet>1%®
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As can be also seen in Figure 5.1.8, ductility eased up to 3% content, decreasing again at
higher oMMT contents. The elongation at break a BLA/3 composition (14.9+9.1%) was
significantly higher than for the rest of the nammposites. Taking into account the standard
deviation of the results and that the specimensvetowhitening after yielding, the PLA/3
composition seems to be close to a fragile/dudtdesition. The increased ductility at low
oMMT contents is consistent with both the literalfi’®® and the results shown in Figure 5.1.6,
where the complex viscosity of this compositionlasver than that of pure PLA due to
plasticization. The ultimate decrease at higher oMbbntents has also been reported in the

e‘)4,106

literatur and has been related to a premature materialrdailuhich occurred before the

shear yielding could start and was caused by thespce of more oMMT and stacks.

The low impact strength of pure PLA remained ungeann PLA/oMMT nanocomposites, close
to 15 J/m. The plasticization effect produced byMMin PLA partially modified the fracture

mechanism of the PLA/3 composition in tensile testgudged by the different fracture surfaces,
where the latter showed a whitening behavior. Hageit was not sufficient to increase the
impact strength of the nanocomposite. The lessrédle conditions for plastic deformation and

the stress-concentrator behavior of oMMT in impasts’ impeded better results.

5.1.5 Oxygen permeability

From the point of view of applicability, an analysif the mechanical behavior of any material is
essential. This is because for every possible egtpin, there is always some mechanical
requirement. In the case of polymeric materialsd amore specifically in polymer
nanocomposites, the study of gas-permeability gaoficular interest. This is because polymeric
materials are often used in packaging and the iaddif nanoparticles can improve their barrier
properties considerably. In fact, the potentiabaidegradable polymers, particularly PLA, for
use in packaging applications is huge. This is Wiy section has been included in the study of

PLA/oMMT nanocomposites.

Figure 5.1.9 shows the oxygen permeability of rilaA and PLA/oMMT nanocomposites with

1.5% and 5% oMMT contents. The oxygen permeaboityPLA decreased with increasing
oMMT contents, in keeping with previous restiit$® The permeability of PLA decreased by
31% at 5% oMMT and by 7% at 1.5% oMMT, the latteimlg close to the experimental error of

the measurement. oMMT layers are very good at iaduthe permeability of polymers to
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different gases, as a result of the more tortuoath pghat they impose for the gaseous
moleculeé®™. The permeability of the PLA/5 nanocomposite isgistent with this. The poorer
performance of the PLA/1.5 nanocomposite may baudmxthere is not enough nanoclay present
to hinder the permeation of the gas and/or may bésdue to the aforementioned plasticizing
effect of the oMMT at low contents. Plasticizatioray increase the free volume of the matrix,
and consequently, facilitate the permeation of exygnolecules throughout the PLA, thus

counteracting the tortuosity produced by the oMM¥els.
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Figure 5.1.9: Oxygen permeability values of puré\Pand of PLA/1.5 and PLA/5 nanocomposites.

96



Chapter 5: Nanocomposites based on PLA

5.2 Poly(lactic acid)/carbon nanotube (PLA/CNT) nanocomposites

5.2.1 Nanostructure and mor pholoqgy

Figure 5.2.1 showsas an exampl TEM micrographs of PLA/CNT nanocomposites with
(PLA/2) and 4% (PLA/4) CNTtakenat low (a, b) and high (c, d) magnifications. Tight-
colored matrix shows theLA, andthe black dispersed particles dne CNTSs, easily observed
high magnification.

——— 2um

F—— 200 nm ——— 200 nm

Figure 5.2.1: TEMmicrographs of PLA/2 and PLA/4 nanocomposiakenat low (a, b) and high (c, ¢

magnifications.

97



Poly(lactic acid)-based bio-blends and nanocomposites

In both cases, small CNT aggregates (100-300 ngej svere visible but, as shown in figures
5.2.1 c and d, a considerable number of CNTs wispetsed individually. As can be observed in
figures 5.2.1a and b, the number of agglomeratmeased with the CNT content, but even at the
highest content levels the dispersion of CNTs witlthe PLA matrix was good. The

nanostructure of the PLA/2 and PLA/4 compositioinsaaly suggested a percolated structure.

The PLA/CNT interfacial tension was measured indblked state by the contact angle technique.
The result was 6.35 mN/m, indicating a high degyeencompatibility between the PLA and
CNTs. Given this incompatibility, the good dispersievel of the CNTs in the PLA matrix must
be attributed to the processing method employed¢hwivas based on high-screw speed, and

therefore, high shear.

Figure 5.2.2: AFM micrograph of the PLA/4 nanocomsipa

AFM analysis provides information about the degofeorientation of CNTs in PLA/CNT

nanocomposites. Figure 5.2.2 shows, as an exangplédhé PLA/CNT nanocomposites, a
representative 500x500 nm AFM micrograph of the FELAomposition measured as height
signal. The white tubes and areas are the monaodespper agglomerated CNTSs, respectively, and
the continuous dark phase is the PLA-matrix. Therograph was taken perpendicular to the

injection mold filling direction, i.e. to the temsitest direction. Therefore, non-oriented or
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slightly- oriented CNTs appear as long (horizontaes while significantly or highly oriented
CNTs appear as short tubes, small ellipses or mifetences, depending on the angle of
orientation. Only a few long tubes (2-3) were olsedr while mostly short tubes, ellipses or
circumferences appeared, suggesting some level rgintation of CNTs in PLA/CNT
nanocomposites. When the orientation level of tHesd's is compared to that of the oMMT
shown in Figure 5.1.2 of Chapter 5.1, the nanotdgsers clearly appeared to be much more

oriented in the injection molding direction thae GNTSs.

5.2.2 Phase structure
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Figure 5.2.3: tafivs. temperature plots of pure PLA and of PLA/CNihacomposites.

Figure 5.2.3 shows tanvs. temperature plots of pure PLA and PLA/CNT rcamoposites at
different CNT contents. As in the case of the PIMIT nanocomposites of Chapter 5.1, all
compositions showed a single peak, correspondinfea-transition of PLA. In all cases the
position of the peak remained close to that of RirA and was independent of the CNT content.
The literature shows that the effect of CNTs orypw@r chain mobility, and therefore, on its Tg,

is difficult to predict. It has been demonstratiedttwhen the interaction level between the matrix
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and the nanotubes is high, the Tg usually increasea result of the immobilization of the
polymer chains located close to CNT surfa€&$® However, when the matrix-nanotube
interactions is weak or non-existent, the Tg usue#imains unchangeéd’?®® or it may even
decreas®®. In the present work, the aforementioned highrfatéal tension between PLA and
CNTs, probably a result of the unmodified chemisaiface of the CNTs used, points to low
compatibility and low interaction between the comguats. Thus, the mobility of the PLA chains
did not appear to be affected by the presence of<CAhd the Tg of the nanocomposites

remained constant.

Heat flow (mW/g)
Endothermic

80 100 120 140 160 180

Temperature (°C)

Figure 5.2.4: First DSC heating scans of pure Phé af PLA/2 and PLA/4 nanocomposites.

Figure 5.2.4 shows the DSC plots of the first mgptican of as-molded PLA, PLA/2 and PLA/4
nanocomposites. Table 5.2.1 summarizes the caloramesults. As in the case of pure PLA, the
melting endotherm of PLA/CNT nanocomposites is pded by its cold crystallization exotherm.
As with the PLA/oMMT nanocomposites of Chapter 5ifl,is noteworthy that low or

intermediate  CNT contents effectively nucleated theystallization of PLA in the

nanocomposites, but only during the DSC heating.sthis will be explained below. As Figure
5.2.4 and Table 5.2.1 show, the cold crystallizatiemperature (Tc) dropped from 125°C to
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~119-120°C and the corresponding crystallizatiotmapy (AHc) increased from 20 J/g to ~26
J/g at low CNT contents. The ability of the CNTstecleate at low contents also influenced the
melting enthalpy AHmM, again from 20 J/g to ~26 J/g). However, andlamto that observed in
the PLA/oMMT nanocomposites of Chapter 5.1, thisleation effect gradually disappeared at
higher CNT contents, the Tm, T&Hm andAHc of the PLA/6 nanocomposite being similar to
that of pure PLA.

Table 5.2.1: Melting (Tm) and cold crystallizatiffc) temperatures, meltingim), cold crystallizationAHc) and
AHmM-AHc enthalpies, and degrees of crystallinity (XcPafA in PLA/CNT nanocomposites.

Composition Tm (°C) Tc (°C) AHm (J/g) AHc (J/g) AHmM-AHc (J/g) Xc PLA (%)

Pure PLA 155.1 125.1 20.7 -20.6 0 0
PLA/1 155.7 119.3 26.5 -26.4 0.1 0
PLA/2 159.7 120.7 26.0 -26.0 0 0
PLA/4 157.0 122.3 24.8 -24.7 0.1 0
PLA/5 156.2 123.6 22.8 -22.7 0.1 0
PLA/6 156.7 125.1 21.8 -21.8 0 0

The literature shows that CNTs are well known natiten agents for PLA!3%144.145.148

However, the consequences of this characteriste raot clear. Most authors point to
heterogeneous nucleation induced by nanotubes,hwthanges the amount and size of the
spherulite¥”132144145.148 ¢ this effect seems to be directly relatechdegree of dispersion of
the nanotub€. In addition, due to the inferior dispersion o& tBNTs obtained in melt-prepared
nanocomposites, the nucleation ability under theseditions has been questiofeth fact,
counteracting effects of the presence of CNTs andbld crystallization process have been
reported®®, because CNTs favor nucleation thermodynamically Hinder the growth of the
crystals dynamically*® The results of the PLA/CNT nanocomposites in #hisly support the
latter. Here effective nucleation was observedatCNT contents when the mobility of the PLA
chains was still not restricted by the presencéhefnanotubes, but it gradually disappeared at
higher CNT contents, when dynamic restrictions oeere thermodynamic nucleation.
Rheological percolation will be discussed in thecxtngection but it is noteworthy that the
nucleation effect increased up to the percolatiofilt @oncentration, and decreased at higher

contents, when solid-like behavior and thus, ret&td chain mobility, predominated.
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Finally, the close to 0 values of théim-AHc enthalpy of all the PLA/CNT nanocomposites, and
consequently the degree of crystallinity, indictitat the nucleation ability of the CNTs at low
contents was restricted to the heating scan iIrDB€, and was not strong enough to cause the
crystallization of PLA during cooling in the mold the injection molding machine. So, from an
application point of view of these nanocompositbg, nucleation induced by the CNTs was
insignificant. Similar results were observed foe fALA/OMMT nanocomposites of Chapter 5.1.
In fact, crystallization of PLA during injection raing processing has only been reported in one
study®, where both the nucleation effect of the nanotwmesthe obtained orientation of the PLA

chains contributed to increase the crystallizataie of PLA.

5.2.3 Viscodlasticity

Figure 5.2.5 shows storage modulus (G") vs. angitaquency ¢) plots of pure PLA and
PLA/CNT nanocomposites with 1%, 1.5%, 2% and 3% Cdédhtents. The behavior of the
nanocomposites with higher CNT contents was sinbdahat of PLA/3 composition. As shown,
the G” value in the terminal flow zone increasedsaterably in the presence of CNTs, even at
the lowest content. As can be also seen, the Pcamiposition was the only composition that
showed liquid-like behavior similar to that of pu?eA. Although it exhibited broad viscoelastic
relaxation, attributed to the presence of well dispd CNTS®, the slope of the curve in the
terminal flow zone was similar to that of pure PLAL higher CNT contents, all PLA/CNT
nanocomposites showed an almost frequency indepeievalue, which points to a solid-like
behavior also in the terminal flow zone, with thHeAPL.5 composition showing an intermediate
behavior. This result clearly indicates that CNTerevpercolated within the PLA-matti®**°at

contents of over 1.5% CNT, as already pointed gufé 5.2.1.

The rheological percolation concentration of CNiisthe present work is consistent with that
reported by Wu et al. for High Aspect Ratio (HARPOH-CNTS?. In the case of Low Aspect
Ratio (LAR) COOH-CNTs mixed at the same conditiopsycolation took place at higher
contents, namely 4%. The lower percolation conegiotn of HAR nanotubes was related to the
structure created by the CNTs. At very low contéhéy were dispersed as self-entangled small
flocs, and at intermediate contents these flocshtoed together to create a compact and stable
nanotube network within the PLA. In the case of LAB1otubes, much higher CNT contents

were necessary to create this network becausesflttwer aspect ratio. The CNTs used in the

102



Chapter 5: Nanocomposites based on PLA

present work have an aspect ratio (1000-3000) aintdl HAR nanotubes in the work by Wu et
al. Therefore, the low percolation concentratiomaoted in the present work must be related to
the CNT morphology and also to the efficient metigessing method used to disperse them
within the PLA.
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Figure 5.2.5: G” vao plots of pure PLA and of PLA/CNT nanocomposites.

When the rheological percolation concentrationheise PLA/CNT nanocomposites is compared
to that of the PLA/oMMT nanocomposites of Chaptet, Ssignificantly lower values were
obtained in the former. In both cases, nanopastiatere finely dispersed within the matrix of
PLA but percolation concentrations were 1.5% and@@NTs and oMMT, respectively. These
results are consistent with the literafité’> and suggest that tubular nanoparticles are more

effective at creating expanded networks within padys than planar nanopatrticles.

5.2.4 Mechanical properties

Figure 5.2.6 shows the Young’s modulus behavidPloA/CNT nanocomposites with respect to
the CNT content. The stiffness of PLA increaseednty in the presence of CNTs and, as an
example, the modulus of PLA/2, PLA/4 and PLA/6 naoraposites were 4%, 6.5% and 11%
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higher than that of PLA, respectively. This lineacrease points to a stiffening effect of the
CNTs independent of the structural percolation uised in the previous section. It is also
consistent with the good dispersion level of theT€NNn all the nanocomposites, even at the
highest CNT contents, in keeping with the TEM ofeagon. In fact, previously studied melt-
processed PLA/CNT nanocomposttéshowed significant increases in Young’s moduluy an
low CNT contents. At higher CNT contents Young'sdulus remained unchanged. This result
was related to the increased number of CNT agglategrwhich affected the level of dispersion

and thus their reinforcing capacity.
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Figure 5.2.6: Young’s modulus values of PLA/CNT oemmposites with respect to the CNT content.

When the mechanical properties of these PLA/CNTonamposites are compared with those of
the PLA/oMMT nanocomposites in Chapter 5.1, it barobserved that oMMT layers were more
effective than CNTs at improving the stiffness &fAP In both cases, the stiffness increments
were linear, 1.8%/CNT unit and 4.7%/o0MMT unit, resfively, and as an example, 3% oMMT
and 6% CNT containing nhanocomposites presentedsalthe same Young’s modulus. This is a
common finding when polymer/clay and polymer/CNTnoeomposites are compared. In
addition, the development of percolated structofesny of the nanoparticles in the PLA matrix,
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which took place at 1.5-2% and 5-7% in PLA/CNT aRdA/oMMT nanocomposites,

respectively, does not seem to play a significal& in the stiffening effect.

The yield strength values of the PLA/CNT nanoconitpeswere close to that of neat PLA,
~72MPa. The literature shows that increases inyiblel strength of the nanocomposites have
been observed in the presence of well dispersedsGNT’>but, when the polymer-nanotube
interfacial adhesion is insufficient for signifidastress-transmission between components, such
as that presumed for the nanocomposites in theemprework, yield strength values of
polymer/CNT nanocomposites remain close to that tbé pure polymer or, even
decreas&’ %27 These results suggest that a good level of digpenf CNTs within the matrix
does not ensure that its strength will be increasednust be accompanied by a good
compatibility between components. Similar conclosiowere reported by Yoon et al. in

PLA/CNT nanocomposites prepared using the solutasting methad?

The poor high-strain mechanical behavior of purdlld not change with the addition of CNTSs.
Ductility maintained low and the PLA/CNT nanocomipes broke just after yielding, with
elongation at break values of 5% at most. In arsg calongation at break did not drop to values
under than that of the yield strain, allowing tlemdile strength of the nanocomposites to be
maintained. This is positive behavior from a stuuak point of view, as it does not limit the
potential applications of these new materials. irhpact strength of the nanocomposites also
remained at the low characteristic values of purd PL2-18 J/m) and did not change with the
CNT content.

5.2.5 Electrical conductivity

Figure 5.2.7 shows volume conductivity values @& ttanocomposites as a function of CNT
content. As shown, pure PLA and the PLA/1 nanocai@owere electrically insulating

materials, and both showed conductivity valuesectos10™ S/cm. The nanocomposites became
semiconductive at CNT contents of 2% or higher #ral electrical percolation threshold for
PLA/CNT nanocomposites was located at between 18 2% CNT contents, close to the

intermediate PLA/1.5 composition.

This electrical percolation threshold compositisnconsistent with the rheological percolation

composition, as shown in Figure 5.2.5. In fact, Bh&\/1.5 composition showed an intermediate
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behavior between the liquid-like of the PLA/1 comapion and the solid-like behavior of the
PLA/2 composition. It has been proposed that thd €hintents required to form rheologically
percolated structures are generally lower than ethesjuired to allow semiconductivity in
polymer/CNT nanocomposité§ even when tunnel effects appe&fédrhis is because, in order
to obtain electrical conductivity there must behygcal contact between nanotubes (or if not,
they must be very close to each offir but this is not necessary to form a rheologjcall
percolated structuf€. However, for most polymer/CNT systefffs the differences, if any,

between both percolation-compositions are usuatiglls
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Figure 5.2.7: Volume conductivity values of PLA/CK&nocomposites with respect to the CNT content.

The semiconductor nature of the PLA/CNT nanoconipssif the present work at CNT contents
above 1.5% is consistent with the nanostructurewsho Figure 5.2.1, where an almost
continuous CNT network was observed, even at th&/Plcomposition. Previous studies on
electrical properties of PLA/CNT nanocompositesehaltown that percolation was only obtained
at lower CNT contents than the present work wheyh laspect ratio modified nanotubes (1%
CNT content)*” or special processing routes (0.5% CNT contert, émtrusion steps and use of
masterbatche&) were employed. When the aspect ratio of nanotdieeseased, despite being

modified, the percolation threshold occurred ahbigCNT contents (3%,
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Therefore, the PLA/CNT nanocomposites in this war@mbine acceptable mechanical
performance with semiconductivity (obtained at IGMT contents). This performance is very

interesting, especially if it is considered thamauified nanotubes were used and the materials
were obtained by a single extrusion process.
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CHAPTER 6: NANOCOMPOSITES BASED ON
PLA/PCL AND PLA/PBAT BLENDS

PLA/PCL and PLA/PBAT blends in Chapter 4 and PLAMM and PLA/CNT nanocomposites
in Chapter 5 are high performance materials, wptcgic complementary properties which make
them very interesting candidates for ternary nangumsites. The addition of oMMT
nanoplatelets and CNTs can further improve theadifegood mechanical properties of the
PLA/PCL and PLA/PBAT blends and, provide them wyhrticularly interesting additional
properties such as improved gas-barrier performandeelectric semiconductivity.

In a previous prospecting work, PLA/PCL/OMMT, PLAIB/ICNT and PLA/PBAT/CNT
nanocomposites were melt-processed using thresreliff mixing routes. In the first process, they
were all melt-mixed together, in the second one ndinoparticles were added to previously melt-
mixed blends and in the third one, PCL and PBATenadded to previously melt-processed
PLA/oMMT and PLA/CNT nanocomposites. The melt-mgiconditions were the same as those
used to prepare the reference binary blends anocoarposites, i.e. a temperature of 180°C and
screw-speeds of 80 rpm (for adding the PCL and PBAAd 320 rpm (for adding the
nanoparticles). The aim of this pre-analysis wasdtablish the most efficient mixing route to
obtain the best performing ternary nanocompositée. stiffness, deformability and, electrical
conductivity in hanocomposites containing CNT, walletaken into account. The mechanically
most balanced 80/20 composition was selected fur tiee PLA/PCL and PLA/PBAT blends,
and the nanoparticle content was kept at 3% fa gnospecting work. In keeping with the
aforementioned criteria, the most suitable methad mixing the PLA/PCL/OMMT
nanocomposites was deemed to be pre-mixing PLA/&Q0 rpm and then adding oMMT in a
second step at 320 rpm. However, it was decidetl ttea best processing-route for both
PLA/PCL/CNT and PLA/PBAT/CNT nanocomposites, waspte-mix PLA/CNT at 320 rpm,
and then add the PCL or PBAT at 80 rpm.

Once the most effective processing-route was ashedal, the composition of the ternary blends
was selected. 80/20 PLA/PCL and 80/20 and 60/40 /PBAT compositions were set as
reference blends. As in the case of the binaryesystof Chapter 5, the nanoparticle content

ranged from 1.5 to 7% Cloisite30B oMMT and fromol6€6 CNT. The nanoparticle content was
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also fixed with respect to the PLA content, whiotplains why the real content refers to the
overall polymeric matrix and is lower than that Ghapter 5. Table 6.1 shows all the

compositions studied for each ternary system, alattgthe real nanoparticle weight content.

Table 6.1 (a): Compositions of PLA/PCL/OMMT nanogmmites.

Denomination PLA (%) PCL (%) Overall oOMMT (%)
PLA/PCL/1.5 80 20 1.2
PLA/PCL/3 80 20 2.4
PLA/PCL/5 80 20 4.2
PLA/PCL/7 80 20 5.8

Table 6.1 (b): Compositions of PLA/PCL/CNT nanocasifes.

Denomination PLA (%) PCL (%) Overall CNT (%)
PLA/PCL/1 80 20 0.8
PLA/PCL/1.5 80 20 1.2
PLA/PCL/2 80 20 1.7
PLA/PCL/3 80 20 24
PLA/PCL/4 80 20 3.3
PLA/PCL/5 80 20 4.2
PLA/PCL/6 80 20 5

Table 6.1 (c): Compositions of PLA/PBAT/CNT nanoquosites.

Denomination PLA (%) PBAT (%) Overall CNT (%)
80/20/1 80 20 0.8
80/20/2 80 20 1.7
80/20/3 80 20 2.4
80/20/4 80 20 3.3
80/20/5 80 20 4.2
60/40/1 60 40 0.6
60/40/2 60 40 1.2
60/40/3 60 40 1.8
60/40/4 60 40 2.3
60/40/5 60 40 2.9
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6.1 Poly(lactic acid)/Poly(e-caprolactone)/organically  modified
Montmorillonite (PLA/PCL/oMMT) nanocomposites

6.1.1 Nanostructure and mor phology
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Figure 6.1.1: XRD diffractograms of PLA/PCL/oMMT macomposites.

Figure 6.1.1 shows the XRD patterns of PLA/PCL/oMRAnocomposites. All the compositions
showed two signals, a main 001 peak centered ateket2.86-2.89°, and a secondary 002 one,
centered at approximately 5.89°. The latter peak agsumed to be a harmonic of the main 001
peak. The main peak represented the oMMT interlamilistance, and appeared at lower 2theta
angles than the main peak of pure Cloisite’3®RFigure 5.1.1), suggesting the presence of
intercalated oMMT structures in these PLA/PCL/oMM&nocomposites. The intensity of the
main peak, and therefore, the number of intercadlateictures, increased with increasing oMMT
but its position, and therefore the interlaminatalce, remained constant. This indicates that the
degree of intercalation is independent of the oM&dhtent in the range studied. The intergallery
distance of oMMT in these PLA/PCL/oMMT nanocompesitvas calculated from the position
of the main peak using the Bragg equation and Vs ¢o 3.16 nm.
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The interlaminar distance in these PLA/PCL/oMMT o@wmposites was the same as that
calculated for the PLA/oMMT nanocomposites in Cleafil and points to one of the following
two possibilities: 1) The PLA was intercalated iIMMT and was not affected by the PCL, in
keeping with previously reported results for thmeasysterfi° or, 2) irrespective of the location
of the oMMT (in the PLA, in the PCL or at the intbase), the intercalation level of oOMMT is
similar to that shown in PLA.

In the PLA/PCL/OMMT systems studied to date, oMMi/drs have been dispersed in the PLA-
phasé**#® or both in the PLA-phase and at the interpfids&his selective PLA-location of
oMMT in PLA/PCL/oMMT nanocomposites has been relatéth a higher affinity of the clay to
PLA than to PCL, which has been experimentally cordd by calculating the interfacial tension
between componerits or by estimating the interaction paramet€rsTable 6.1.1 shows the
calculated solid-state interfacial tension valumsHLA/oMMT and PCL/oMMT pairs. It can be
concluded from the significantly lower interfactehsion value of the PLA/oOMMT pair and, in
keeping with previous works, that Cloisite30B ndagcappears to be more compatible with
PLAY"214215.217.218han with PCL.

Table 6.1.1: PLA/oMMT and PCL/oMMT interfacial teas values measured in the solid-state.

Pair Interfacial tension (MN/m)
PLA/OMMT 1.11
PCL/OMMT 2.9

So far, the results reported in the literaturenglwith the interfacial tension values contained in
Table 6.1.1, point to the first of the aforemenéidnpossibilities, i.e. to the oMMT being
dispersed in the PLA/phase and the resulting iatation occurring independently of the
presence of PCL. However, the second possibilibnoatbe completely ruled out. Interlaminar
distances of 3.2 nm, very similar to the 3.16 nstatices shown in this work, have also been
reported for extruded PCL/Cloisite30B nanocompssitend so, the location of the clay in the

PCL phase must be considered as a possibility.

Figure 6.1.2 shows TEM micrographs of PLA/PCL/3 @, and PLA/PCL/7 (b, d)
nanocomposites taken at low (a, b) and high (epagnifications. The light continuous phase is

the PLA, the grey shows the PCL-phase, and the platkelets are the oMMT nanolayers. As
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shown in Figures 6.1.2c and d, mainly intercaldtedalso some exfoliated oOMMT nanoplatelets
were well dispersed in the PLA/PCL blend. By conmmaiFigure 6.1.2a with Figure 6.1.2b, it
can also be observed that as the oMMT content asest the number and size of the
agglomerates increased, but the overall dispersfothe oMMT remained good even at the
highest oMMT content (Figure 6.1.2b and d).

————1 500 nm

Figure 6.1.2: TEM micrographs of PLA/PCL/3 and PREL/7 nanocomposites taken at low (a, ¢) and Higl

magnifications.

More interestingly, as Figure 6.1.1c and d shoay thyers appeared preferentially located in the
minor PCL phase, although some also appeared anhtigphase between PLA and PCL. The
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amount of PLA-located clay was almost negligibleheT location of oMMT in the
PLA/PCL/oMMT nanocomposites in this work contrastish previous findings reported in the

614-217,

literatur and also with the interfacial tension values abl€ 6.1.1, i.e. with the established

by thermodynamics.

The processing conditions for the melt-prepared PIGA/oMMT nanocomposites of this work
are based on high shear rates (screw-rotation s@2&drpm) and associated short residence
times in the extruder (~30 seg). These conditiores far from thermodynamic equilibrium
conditions, where the location of the nanopartitsesiled by interactiort2®. In non-equilibrium
processing conditions, such as those used heretikieffects, such as those promoted by the
mixing procedure or the viscosity of the compongentast be considered as factor which may
affect the location of the nanoparticle in anytof separated polymer phaSésFor example, the
location of oMMT layers in PA66/SEBS-gMA/oMMT® and P6/mEPDM/EPDMgMA/oMMF*

nanocomposites depended on the blending sequeniey&m.

With respect to the present processing route desttrin the introduction to this chapter, the
oMMT was added in a second extrusion step to aiquely melt-blended PLA/PCL 80/20 blend.
Under these conditions, the oMMT initially makestaxt with the PLA/PCL blend in the solid
state. As the extrusion process progresses, anchahberial temperature rises, the PCL melts to
render a liquid material at approximately the saemeperature (~60-65°C) that PLA softens to a
rubbery state. Although PLA and PCL show similadtrwescosities at 180°C (Chapter 4.1), at
these initial stages of the extrusion process andexjuent low temperatures, the rubbery PLA is
much more viscous than completely melted PCL. TFngh viscosity ratio kinetically should
favor the preferential location of the clay in tthermodynamically less favorable PCL phase.
The short mixing times®, resulting from the high screw-rotation speedypnted the oMMT
from migrating to the more compatible PLA-phased @s a result, would remain in the less
compatible PCL-phase at the end of processing.

To gain further insight into how the location of 8 in the PCL-phase was the result of kinetic
effects caused by the employed processing rout,ettiruded pellets of the PLA/PCL/3
composition were remixed in a microextruder at €3@hd 80 rpm, operated in recirculation
mode. Figure 6.1.3 shows TEM micrographs of the pasition after remixed for 5 (a), 10 (b)
and 15 (c¢) minutes. Changes can be seen in thedoaz the oMMT layers with respect to that
shown in Figure 6.1.2c. As the mixing time increhsteadily increasing amounts of clay located
in the light PLA phase or at the PLA/PCL interpheag be seen in Figures 6.1.3a to 6.1.3c.
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Figure6.1.3: TEM micrographs of the PLA/PCL/3 nanocomfmaiter being remixed during 5 (a), 10 (b) andqc)

min in a recirculation microextruder.

This indicates that oMMT layers migrated fr the PCL to PLA during the ext-mixing time in
the micro-extrude confirming thehigherthermodynamic affinity of the clay with PLA thantiv
PCL, and that the PClocation of theoriginal nanocomposites is related to the kinetic eff
imposed by the processing met used. The resulting over-mixedorphology andoMMT
dispersion and distribution is comparato that observed by Wu et &f.in PLA/PCL/oOMMT

nanoomposites blended in an internal m for 6 min at 80 rpm.
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Finally, when the morphology of the dispersed P@age of the 80/20 PLA/PCL composition of
Chapter 4.1 and that of the PLA/PCL/oMMT nanoconitessin this chapter is compared, it can
be observed that the finely dispersed sub-microm. P@rticles in the PLA matrix of the
PLA/PCL 80/20 composition (Figure 4.1.3b) presented almost continuous or even co-
continuous morphology depending on the oMMT contehtthe PLA/PCL/OMMT ternary
nanocomposites (Figure 6.1.1). This indicates tiatpresence of oOMMT significantly modified
the morphology of the minor PCL phase in the 80RA0A/PCL blend. The ability of the
nanoparticles to modify the morphology of phaseasaied polymeric blends has been widely
reported in the literature, and the factors afferthis have already been discussed in Chapter 2.
In the case of these PLA/PCL/oMMT nanocomposites morphology of the PCL phase must be
related to the dispersion mechanism of the oMMirduthe extrusion process mentioned before.
The preferential location of the oMMT nanoplateletsthe fully melted PCL phase led to a
change in the shape of this phase, the PCL nowwsuding and later intercalating between clay
nanoparticles. The presence of the clay in theetiigl PCL phase should increase its viscdsity
and so, the smaller mastication imposed by the Rigirix could help only to deform and

eventually elongate these PCL phases. In fact,ag been reported that the presence of

nanoparticles in the minor dispersed phase cartiGally decrease its mobility, preventing the
é84,205,206

fracture of the dispersed particles during meltpssin

Figure 6.1.4: TEM micrograph of the PLA/PCL 80/26rul
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Figure 6.1.4 shows the morphology of the 80/20 P&/ composition observed by TEM. It
coincides with that observed by SEM and shown igufg 4.1.3b. Consistent with the
aforeproposed mechanism, the PCL (dark) particldsigure 6.1.4 are deformed and eventually
elongated, causing the coalescence of those partiahd giving rise to the continuous

morphology shown in Figure 6.1.1.

6.1.2 Phase structure

Figure 6.1.5 shows DMTA tarnvs. temperature plots of the 80/20 PLA/PCL blend those of
the PLA/PCL/3 and PLA/PCL/7 nanocomposites. Twostamgnals, corresponding to the
transitions of PLA and PCL were observed in all toenpositions. As can be seen in Figure
6.1.5, the positions of the peaks were very similaall cases for PCL, close to -45°C. The PLA
peak increased slightly from 61.2°C, suggestingttaPCL morphology development produced
by oMMT hindered the chain mobility of the PLA pbka3he small variations observed remained

close to the experimental error of the measurement.
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Figure 6.1.5: tafivs. temperature plots of PLA/PCL 80/20 blend ahBLloA/PCL/3 and PLA/PCL/7
nanocomposites from 20°C to 80°C and from -80°CQ6C.
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These results indicate that the presence of oMMI rbt modify the immiscibility of the
PLA/PCL blend, as discussed in Chapter 4.1, in ikgeprevious findings on PLA/PCL/oMMT
nanocomposités*?!’ and also in keeping with the general behavioteafiary nanocomposites.
On some rare occasions, some interfacial-locatadpaaticles have been found to partiaffy®!

283 or even fully®?**miscibilize immiscible polymer blends.
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Figure 6.1.6: First DSC heating scans of the 8@®RA/PCL blend and of the PLA/PCL/3 and PLA/PCL/7

nanocomposites.

DSC plots of the first heating scans of the PLA/Aflénd and the PLA/PCL/3 and PLA/PCL/7
nanocomposites are shown in Figure 6.1.6. Two éedatic transitions and one exothermic
transition were observed in all the compositionse Tow temperature transition represents the
melting peak of PCL, and the high temperature tti@ansrepresents the melting peak of PLA.
The exothermic transition represents the cold alysation of PLA. Table 6.1.2 shows the
melting temperatures of PCL and PLA, the cold afjigation temperature and the degree of
crystallinity of PLA in all the compositions. Botine melting temperature and the degree of
crystallinity of PLA remained unchanged in the prese of oMMT, and were similar to the
initial values of the PLA/PCL blend. The small \sions observed were hardly significant and,

furthermore, did not show any clear trend.
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The cold crystallization temperature of PLA varaapending on the oMMT content. It increased
at low oMMT contents but regained the temperatdréne unreinforced 80/20 composition at
high oMMT contents. This suggests that the presesfcemall amounts of oMMT in PCL
hindered the nucleation effect of PCL in PLA, whiég high oMMT contents remained
unchanged. This behavior was difficult to fully gmmhend and no definitive cause is proposed
here. However, the variations observed did notcaffiee melting behavior of PLA, indicating

that the amount and the structure of the PLA-ctysteeated was similar in all cases.

Both the melting temperature and it would seem, rttedting enthalpy of PCL, decreased at
increasing oOMMT contents. These results are candistith the literatur@®, and indicate that

oMMT hindered the crystallization capacity of PCL.

Table 6.1.2: Melting temperatures of PLA (Fr) and PCL (Trac) and, cold crystallization temperatures {1:$
and degrees of crystallinity (Xc) of PLA in the PIEEXCL/CNT nanocomposites.

Composition  Tmpa (°C)  Tmpc (°C)  Tepa (°C) XepLa (%)

PLA/PCL 156.7 62.0 104.7 4.8
PLA/PCL/1.5 159.4 61.7 116.1 4.6
PLA/PCL/3 158.7 59.4 112.1 7.5
PLA/PCL/5 157.4 58.7 112.1 4.9
PLA/PCL/7 157 58.3 106 9.8
6.1.3 Viscoelasticity

Figure 6.1.7 shows the storage modulus (G") vs.ulangfrequency ¢) plots of the

PLA/PCL/oMMT nanocomposites. As the figure shovirg behavior of the PLA/PCL blend and
the nanocomposites was similar up to the PLA/PQidbposition. Broad relaxations starting
from close to 10 rad/s and increasing G” valuety WMMT contents were observed in these
compositions, as a result of the presence andoreinfy effect of the oMM#°® However, the

viscoelastic behavior of the nanocomposites uphi® ¢omposition was still dominated by the
liquid-like behavior of the PLA/PCL bleA¥. This behavior changed in the PLA/PCL/7
composition. This is because it showed a signifigamigher G value in the whole frequency

range which remained constant in the terminal fimme (low frequencies), irrespective of the
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applied frequency. This behavior indicates solk#-lbehavior and suggests structural percolation
of the nanoclay.

The shape of the G” va plots shown in Figure 6.1.7 is similar to thosettoed PLA/OMMT
nanocomposites in Chapter 5.1.1 (Figure 5.1.5)pmndolation was achieved at the same oMMT
content. Moreover, the higher values of G* showRigure 6.1.7 with respect to those of Figure
5.1.5 were only caused by the higher value of GhenPLA/PCL blend with respect to that of
pure PLA. As stated in Chapter 5.1, the viscoadalséhavior of polymer nanocomposites is
directly related to the dispersion level of the oarticle$®’. These results, together with the
similar interlaminar distance of the PLA/oOMMT (irh@pter 5.1.1) and PLA/PCL/OMMT (in this
chapter) nanocomposites, points to a similar ovdrgpersion level of the oMMT layers in PLA
and in PLA/PCL blends, regardless of their PLA &&L location.
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Figure 6.1.7: G” vso plots of the PLA/PCL 80/20 blend and of PLA/PCL/&NI nanocomposites.

Figure 6.1.8 shows complex viscosity) vs. angular frequencys) plots of the PLA/PCL blend
and PLA/PCL/oMMT nanocomposites. The complex viggosf the PLA/PCL blend increased
progressively with the oMMT content. As can be obsd, the behavior of the complex viscosity

of the PLA/PCL/7 composition, unlike the rest ok thompositions, became exponential as a
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result of aforementioned percolation. When thessulte are compared with those of the
PLA/oMMT nanocomposites of Chapter 5.1, it can bensthat the plasticization effect of the
organic surfactant of oMMT on the PLA in the binargnocomposites was not observed in
Figure 6.1.8, suggesting that oMMT did not plaggcithe PCL phase in the ternary
PLA/PCL/OMMT nanocomposites, unlike when it locatedthe PLA matrix of the binary

nanocomposites.
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Figure 6.1.8n* vs. o plots of the PLA/PCL 80/20 blend and of PLA/PCL/&NI nhanocomposites.

6.1.4 Mechanical properties

Figure 6.1.9 shows the Young’s modulus valuesierRLA/PCL/OMMT nanocomposites vs. the
real nanoclay content. As can be seen, the Youmgdulus of the PLA/PCL blend increased
with increasing amounts of oMMT as a result of ibi@forcing effect produced by the nanoclay.
The increase was linear in the studied oMMT contange. The addition of oMMT was very
efficient and helped to recover the loss of stééabout 15.5%) produced by PCL in PLA
(Chapter 4.1). The Young's modulus values of PLA/AG and PLA/PCL/3 nanocomposites
were 3350+120 MPa and 3470+70 MPa, respectively vaare very similar to that of pure PLA,
3520+20 MPa. The maximum Young’s modulus obtainetiich was for the PLA/PCL/7
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composition, was 3940+90 MPa, 12% higher than dhaure PLA and 29% higher than that of
the reference 80/20 blend.
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Figure 6.1.9: Young’s modulus values of PLA/PCL/oMManocomposites with respect to the oMMT content.

The reinforcement effect produced by oMMT in theAMCL blend is compared to that
produced in neat PLA (Chapter 5.1) in table 6.Bere the relative modulus increases of the
PLA/oMMT nanocomposites and the PLA/PCL/OMMT nanoposites are shown. Bearing in
mind that the real oOMMT content is lower in theni@ny nanocomposites, the increases in the
relative modulus were very similar in both casegjgesting that the reinforcing effect of oOMMT
in pure PLA and in the PLA/PCL blend was almost $aene. These results indicate that the
reinforcing ability of the oMMT in this study wasnslar regardless of whether it was located
within the main matrix phase (binary system) orhwitthe minor dispersed phase (ternary
system). These findings are consistent with tho$®mwe in PA6/elastomer/oMMT
nanocomposité&’, where the reinforcing effect of the nanoclay rgarticles was also similar
irrespective of their matrix- or dispersed phasmtmn. The good dispersion and similar
intercalation level shown by the oMMT in both bipand ternary systems of this work is also

consistent with these results.

122



Chapter 6: Nanocomposites based on PLA/PCL and PLA/PBAT blends

Table 6.1.3: Relative modulus increases of PLA/oM({(@hapter 5.1) and PLA/PCL/oMMT (Chapter 6.1)

nanocomposites with respect to the oMMT content.

OMMT content (%)* PLA/oMMT nanocomposites PLA/PCL/o MMT nanocomposites
1.5(1.2) 5.7% 9.8%
3(2.4) 14.6% 13%
5(4.2) 27% 22%
7 (6) 31% 29%

* The true oOMMT contents in ternary PLA/PCL/oMMBmocomposites appear between brackets.

Literature on the subject of the mechanical progertof ternary PLA/PCL/OMMT
nanocomposites is scarce. Li etdlstudied the effect of adding Cloisite25A and miedif
Cloisite25A to a PLA/PCL blend, whose compositismot mentioned. It can be deduced that the
PCL content must have been high, because the Ysungdulus and yield strength values of the
unreinforced PLA/PCL blend were very low (1120 Mdtal 40 MPa, respectively). The Young's
modulus increases were significant, even highen thase observed in this work (40% at 5%
oMMT). Moreover, when the modified nanoclay wasdjdée results were even better (47% at
the same oMMT content) but, given the very lowiatitvalue of the unreinforced PLA/PCL
blend, the maximum value obtained was 50% lowen tha maximum recorded in this study. In
the work of Yu et af! significant Young’s modulus increases (19.5% 28% with 1% and 3%
oMMT contents, respectively) were followed by evgneater decreases as the oMMT content
increased (up to 10% oMMT content) when addedd6/40 PLA/PCL blend. As in the work of

I 218

Li et al.=™" the initial modulus value of unreinforced PLA/PGlend was surprisingly low (1950

MPa).

The behavior of the tensile strength of the PLA/RBAMT nanocomposites of this work was
also favorable, because it remained similar to tfiahe unreinforced PLA/PCL blend (smaller
variations than the standard deviation). Significdecreases in tensile strength have been
observed at high oMMT contents in previously stddRtA/PCL/OMMT nanocomposit&s?*°
and only marginal increases at low oMMT contéfits°or in the whole oOMMT content range
when the clay was modifiéf have been reported. The trend observed in PLA/®GMT
nanocomposites was similar to that observed irPlb& 0oMMT nanocomposites in Chapter 5.1.
The dispersion of oMMT was comparable in the binang the ternary nanpocomposites, and
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had a similar effect on the tensile strength ofepBt.,A and the PLA/PCL blend, based on the
aforementioned Young’'s modulus values.
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Figure 6.1.10: Elongation at break) @nd impact strengtha() values of PLA/PCL/oMMT nanocomposites with
respect to the oMMT content.

Figure 6.1.10 shows ductility and impact strengéhugs with respect to the real content of
OMMT in PLA/PCL/OMMT nanocomposites. As can be setre elongation at break of the
PLA/PCL blend decreased with the nanoclay conteliotwever, it was higher than 100% in
PLA/PCL/1.5 and PLA/PCL/3 nanocomposites, and stayfese to 80% even at higher oMMT
contents. Only the PLA/PCL/7 composition showedosesto-brittle behavior, probably related
to the structural percolation of the nanoclay psmubin the previous section. These results are
better than those reported in previously mentioAed/PCL/OMMT nanocomposites, where the
elongation at break decreased by 63% with 2% oMMiitent and by 78% with 5% oMMT
content, respectively, even in the most favorabledmodified oMMTY™®, or sharply decreased
to brittle values, lower than that of the refereRt#\/PCL blend**,

The high ductility of the PLA/PCL/OMMT nanocompast in this study indicates that, in the
presence of oMMT, PCL partially maintained its dectbehavior in PLA/PCL/OMMT
nanocomposites, at least up to the PLA/PCL/5 cortipns This result is consistent with the
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bibliography**, where highly deformable PCL/oMMT nanocompositgsrigation at break up to
500%) have been obtained at oMMT contents as lEgiPa Moreover, it has also been reported
that efficient stress transfer between polymeriasel$®® is still possible when the interphase

between them is not saturated by oMMT.

Figure 6.1.10 also shows how the impact strengthhef PLA/PCL/OMMT nanocomposites
decreased at increasing oMMT contents and was desgive than the ductility results. No
literature data has been found in the literaturetioa impact strength of PLA/PCL/OMMT
nanocomposites, except for a PLA/paebg@prolactone-co-lactide) copolyester blend fillgih
silica nanoparticles where supertough materialewwétained at high filler contents, which was
related to the favorable initial behavior of thefilled blend and to the almost continuous

morphology which developed in the presence of treparticles™.

6.1.5 Oxygen per meability

Figure 6.1.11 shows the oxygen permeability of FR@IL/oMMT nanocomposites with respect
to the real oOMMT content. The broken line showsphemeability of pure PLA. As can be seen,
the permeability of the PLA/PCL 80/20 blend wasdigantly higher (0.37 Barrer) than that of
pure PLA, as a result of the lower barrier propefti?CL (0.90 Barrer).

Thanks to the morphology of this blend (Chapter, &igure 4.1.3), during permeation, O
molecules find finely and homogeneously distribudl. dominions, thus facilitating easier and
faster diffusion through the material. Figure 611dlso shows that the permeability decreased
with the addition of oMMT. The decrease was shadpw oMMT contents and slower at higher
oMMT contents. When this behavior is compared tat thbserved in the reference binary
PLA/oMMT nanocomposites (Figure 5.1.9), it can bersthat the decreases in permeability of
the PLA/PCL blend were significantly greater (21%da35% with 1.5% and 5% oMMT,
respectively) than in pure PLA (7% and 31%, respelst), even when the real overall oMMT

content was lower in the former than in the latter.

Two factors need to be considered when analyziageffect of adding oMMT to PLA/PCL: 1)
the nanoplatelets themselves and 2) the prefefrdotiation of the nanoparticles in the PCL
phase and the ensuing change in morphology. Treepee of nanoplatelets is common to both
the reference PLA/oMMT nanocomposites and the tgrRAA/PCL/OMMT nanocomposites, so

125



Poly(lactic acid)-based bio-blends and nanocomposites

the second factor must be responsible for the exdthbarrier behavior of the latter. This is
because the preferential location of the nanoctaythe PCL phase counteracts the higher
permeability of this material with respect to puireA, and, moreover, the transition to co-
continuous morphologies caused by the oMMT wousd &lelp to prevent the,@olecules from

finding a continuous path through the PLA matrix.
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Figure 6.1.11: Oxygen permeability values of PLAIREBAMT nanocomposites with respect to the oMMT @it
The broken line indicates the oxygen permeabilitpuwre PLA (Chapter 5.1).

Finally, and as can be seen in Figure 6.1.11 |a&iror even lower permeability values than for
pure PLA can be obtained at intermediate oMMT aatsteThis behavior, along with the very
favorable mechanical performance described in thei@us section (Young’s modulus similar to
that of pure PLA, high strength and ductility) makéese materials very interesting potential

candidates for practical applications.
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6.2 Poly(lactic acid)/Poly(e-caprolactone)/carbon nanotube
(PLA/PCL/CNT) nanocomposites

6.2.1 Nanostructure and mor phology

The nanostructure and morphology of the PLA/PCL/Ghocomposites was analyzed by TEM
and AFM techniques. Figure 6.2.1 shows represestdiitM micrographs of the PLA/PCL/2 (a)
and the PLA/PCL/3 (b) nanocomposites. The light grey zones represent the PLA and the
PCL phases, respectively, and the dark cylindexghae dispersed CNTs. As can be seen, small
aggregates and monodispersed nanotubes appeatgothincompositions. The size and the
amount of aggregates increased with increasing Gidlvever, the number of monodispersed
CNTs was still significant even at high contentsinfing to a good dispersion level within the
PLA/PCL blend in all the compositions. Figure 6.21%0 shows that CNTs selectively located
inside the PCL phase, and that both the PLA/PCérjpfitase and the PLA matrix appeared free of
nanotubes.

Figure 6.2.1: TEM micrographs of PLA/PCL/2 (a) d&ldA/PCL/3 (b) nanocomposites.

Figure 6.2.2, shows a (2x&) representative AFM micrograph of the PLA/PCL/4
nanocomposite, taken as energy dissipation sigsait is much stiffer than PCL, PLA disperses
less mechanical energy and consequently, appedhne akark area in the figure, while the white
area denotes the PCL phase. As can be seen, tfexeptaal PCL-location of CNTs was
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confirmed by AFM and is consistent with that obsenin previous PLA/PCL/pCN¥® and
PLA/PCL/COOH-CNT nanocomposited?t’?1%28yhere some nanotubes were also observed at
the PLA/PCL interphase. However, as previously reuh this was not observed in the
PLA/PCL/CNT nanocomposites of this work.

Figure 6.2.2: AFM micrograph of the PLA/PCL/4 naooposite.

Table 6.2.1 shows calculated solid-state interfaeiasion values for PLA/CNT and PCL/CNT
pairs. As can be seen, the PCL/CNT interfacialicen€.65 mN/m) was lower than that of the
PLA/CNT pair (6.35 mN/m) and, therefore, the PClagh is expected to be more compatible
with the CNTSs. This is in agreement with the litara, where a higher affinity of the CNTs with
the PCL phase than with the PLA phase has beerrteefi6%'*??° However, these results
contrast with the interfacial tension values reparby Wu et af'’, where lower values were
obtained for the PLA-CNT pair than for the PCL-CNair, but they are consistent with the
preferential PCL-location of the CNTs also reporiedhe same work. Although the viscosity
ratio was claimed as the main contributing factioe, authors did not fully explain the behavior
and left the role of wetting parameters or inteoas on the location of the nanoparticles open to

discussion.
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Taking into account the melt-mixing procedure faoléml for obtaining these PLA/PCL/CNT
nanocomposites (PLA/CNT nanocomposites were oldama first extrusion step and PCL was
added in a second extrusion step), the PCL-locatfo@NTs indicates that they migrated from
the PLA phase to the PCL phase during the sec@pdadtprocessing. This was also observed by
Huang et al. for PLA/PCL/COOH-CNY° nanocomposites. Given that both polymers showed
similar viscosities at the processing temperatyfRLAMPCL ~ 0.95), the higher compatibility
with PCL and the long residence time in the extrtfdé¢3 min. approximately), resulting from
the low screw-rotating rate in this second stepr(8@), favored and allowed, respectively, the

migration process to take place.

Table 6.2.1: PLA/CNT and PCL/CNT interfacial temsimlues measured in the solid-state.

Pair Interfacial tension (mMN/m)
PLA/CNT 6.35
PCL/CNT 2.65

When the morphology of the PCL dispersed phasehese PLA/PCL/CNT nanocomposites

shown in Figures 6.2.1 and 6.2.2 is compared Vil of the reference PLA/PCL blend (Figure
6.1.4), it can be seen that the size and shaged?CL particles changed significantly. In fact, as
the CNT content increased, the PCL particles giladbacame bigger and less spherical. This
can be appreciated by comparing Figure 6.2.1a2d 6. Given the mixing procedure described
in the previous paragraph and the nanostructuteeoPLA/CNT nanocomposites in Chapter 5.2,
the new morphology of these PLA/PCL/CNT nanocontesspoints to the PCL melting during

the extrusion process and locating preferentiaibuad the well dispersed CNTSs, giving rise to
PCL particles that “follow” the nanostructure oEt&NTs in the PLA matrix. So, a continuous
structure of CNTs gradually developed as their eonincreased, eventually creating a similar
structure to the PCL phase.

The *“creation” of a new morphology of the disperggltase, caused by the presence and
dispersion of CNTs has been reported in the bibdiply*° and reproduced in Chapter 2. Figure
2.4.3, which is again reproduced here for claghgwed how a “sea-island” morphology can turn
into an almost co-continuous morphology when CNespesent and when the compatibility of

the minor phase with the CNTs is greater than dmepatibility of the matrix.
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Effect of the CNT dispersion (at low contents) ba tmorphology of the PPS/PA66 60/40 blend. Imagdainéd
from reference 210.

As discussed below, the rheological percolatiorceatration as well as the electrical percolation
in PLA/PCL/CNT nanocomposites was located at betw8e8% (PLA/PCL/1) and 1.7%
(PLA/PCL/2) CNT contents, indicating that CNTs weteysically interconnected from this last
composition on. This points to the “so-called” dieupercolation effect in these PLA/PCL/CNT
nanocomposites, and suggests that the PLA/PCL rotogyh was governed by the nanotubes
dispersed in the PCL phase. These results agreé@ wibse reported in previous

5200,207,208,210,211
)

work where the morphology of the system was mainlyemened by the

dispersion of the minor phase-located nanoparticles

The efficiency of different nanoparticles, simikar that ones studied in this work (0MMT and
CNTs) to promote changes in the morphology of tispatsed phase in ternary nanocomposites
was compared in a PLA/PA11 70/30 blend by Nuzzal 8. They observed that morphological
co-continuity of the dispersed phase coincided whth rheological percolation concentration of
the filler in the case of oMMT, but filler conterftggher than the percolation concentration were
necessary in the case of the CNTs. This result igked to the ability of the oMMT to
efficiently lower the interfacial tension betweehetfilled dispersed PAll phase and the
continuous PLA matrix (from 13 to 4 mF)nincreased phase compatibility is well known to
facilitate the formation of co-continuous morphadésgin polymer blend&®. The CNTs did not
modify the PLA/PA11 interfacial tension, and theref they did not improve the compatibility.
In the case of the PLA/PCL blend in this study, tual**’ demonstrated that the PLA/PCL
interfacial tension with PCL-located oMMT and CNWas almost the same, 2.38 m3/nd 2.5
mJ/nf, respectively. These results prove that the pleasepatibility had no influence on the
development of a co-continuous morphology of thepeiised phase in the PLA/PCL ternary
nanocomposites of this work and help to explainginglar effect of both oMMT and CNT on
the morphology of the PLA/PCL blend in Chaptersdnid 6.2.
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6.2.2 Viscoelasticity

Figure 6.2.3 shows the storage modulus (G”) vsulandrequency ¢) plots of PLA/PCL/CNT
nanocomposites with 0-2.4% CNT contents. As canséen, the storage modulus of the
nanocomposites in the terminal flow zone (low fregies) increased at increasing CNT
contents. This is because PCL-located CNTs progedgsreinforced the PLA/PCL melt. The
behavior of the PLA/PCL/1 nanocomposite was sintitathat of the PLA/PCL blend, where G’
continuously decreased as decreased. Therefore, the melt behavior of thi&/PCL/CNT
composition was mainly dominated by the liquid-libkehavior of the PLA/PCL blend. However,
the influence of the presence of CNT was significamen at this low content and, as indicated in
the Figure, the slope of the curve in the termftad-range was smaller in the nanocomposite
than in the blend and the relaxation shown in theA/PCL blend disappeared in the
nanocomposite. These differences indicate thaedisp PCL-CNT particles increased the melt-
elasticity of PLA more than pure PCL and that PGtated CNTs hindered the relaxation
behavior of the PLA/PCL blend, respectively.
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Figure 6.2.3: G” vao plots of the PLA/PCL 80/20 blend and of PLA/PCL/CNanocomposites.
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As can also be seen in Figure 6.2.3, G* showedquéncy-independent plateau behavior in the
terminal flow zone at CNT contents higher than tbathe PLA/PCL/1 composition. It was
evident in the PLA/PCL/1.5 composition and more aetable at higher CNT contents. This
behavior points to solid-like behavior resultingorfr the development of fully percolated
structures in these nanocomposites. Taking int@watdcthe PCL-location of CNTs and the
continuity of PCL within PLA, the double-percolatiphenomenon took place in PLA/PCL/CNT

nanocomposité§5,169,193,207,219,2'20

If the G” vs.» plots of Figure 6.2.3 are compared to those ofifeih.2.5, it can be seen that the
viscoelastic behavior of the PLA/PCL/CNT and PLA/CManocomposites, respectively, was
very similar. The only difference was the higherv@lues shown in the ternary nanocomposites,
which were related to the higher G” values of th&/PCL blend compared with those of pure
PLA. As already mentioned, the viscoelastic prapsrof polymer nanocomposites are directly
related to the dispersion level of the nanopasdicko these results point to a similar CNT
dispersion level in the ternary and in the binaapacomposites, despite the preferential location
of the CNTs in the dispersed PCL phase or the wootis PLA matrix, respectively. Similar
results were obtained in the binary PLA/OMMT anchéey PLA/PCL/OMMT nanocomposites in
Chapters 5.1 and 6.1.

6.2.2 Phase structure

Figure 6.2.4 shows tanvs. temperature plots obtained by DMTA of the PREL blend and
PLA/PCL/CNT nanocomposites with 2% and 6% CNT cotge as an example. All
compositions showed two peaks, reflecting dheansition of the PLA phase (high temperature
peak) and the PCL phase (low temperature peakfaAde seen, the position of both peaks did
not change appreciably with the CNT content. Thiesalts indicate that the presence of CNT did
not significantly affect the chain mobility of thi®CL phase where they were dispersed, and also
that the full immiscibility of the PLA/PCL blend wamaintained in the PLA/PCL/CNT
nanocomposites. This second result contrasts widhh dbserved in COOH-CNT containing
PLA/PCL/CNT nanocomposité%, where the Tg's of PLA and PCL shifted to loweddrigher
temperatures, respectively, as a result of an eficakson effect produced by interphase-located

nanotubes.
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Figure 6.2.4: tadivs. temperature plots of the 80/20 PLA/PCL blend af the PLA/PCL/2 and PLA/PCL/6
nanocomposites from 30°C to 80°C and from -65°Q%6C.

Figure 6.2.5 shows the first DSC heating scanshef PLA/PCL blend, PLA/PCL/2 and
PLA/PCL/4 nanocomposites, as an example. Two eeduwils peaks and one exothermic peak
can be observed in all the compositions, the lonperature endothermic peak shows the melting
of the PCL crystalline phase and the high tempegadandothermic peak indicates the melting of
the PLA crystalline phase. The exothermic peak shtvwe cold crystallization of PLA. Table
6.2.2 summarizes the most relevant results obtdnoad these scans for all the PLA/PCL/CNT

compositions.

As can be seen, the calorimetric behavior of PLA/RBIT nanocomposites was very similar to
that of the 80/20 PLA/PCL reference blend. In h# hanocomposites the melting temperatures
of the PLA and PCL phases stayed similar to thdseeoPLA/PCL blend, 156.7°C and 62.0°C,
respectively, indicating that the morphology of #ieA and PCL crystals did not change in the
presence of CNTs. The only significant differeneween the blend and the nanocomposites
was the 6-10°C increase observed in the cold dligstion temperature of the PLA phase. This
would suggest that formation of crystals was hiadean the presence of CNTs, which was also
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reflected in the slight decrease in the degreeystallinity shown in Table 6.2.2. However, from
the point of view of the applicability of these maals, the observed differences are negligible.

PLA/PCL/4 |

PLA/PCL/2

Heat flow (mW/g)
Endothermic

PLA/PCL

60 80 100 120 140 160 180

Temperature (°C)

Figure 6.2.5: First DSC heating scans of the PLA/BQ/20 blend and of PLA/PCL/2 and PLA/PCL/4

nanocomposites.

Table 6.2.2: Melting temperatures of PLA (#ix) and PCL (Tmc,) and, cold crystallization temperatures {1g,
AHmM-AHc and degrees of crystallinity (Xc) of PLA in tReA/PCL/CNT nanocomposites.

Composition  Tmpia (°C)  TmpcL (°C)  Tepa (°C)  AHmM-AHc (J/g)  Xcopa (%0)

PLA/PCL 156.7 62.0 104.7 3.6 4.8
PLA/PCL/1 155.7 62.7 110.0 13 1.8
PLA/PCL/2 156.0 62.3 114.0 1.6 2.2
PLA/PCL/3 155.7 62.7 113.6 1.2 1.6
PLA/PCL/4 155.4 62.4 112.4 2.2 3.0
PLA/PCL/6 157.4 62.1 112.4 2.1 3.0
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The literature has shown that the presence of Calgsificantly affects the crystallization
behavior of PCE%* In fact, CNTs are considered very efficient natten agents for PCL
(supernucleation agentd and have produced significant increases in thgstatfization
temperature from the melt (14-17°C) or in the degué crystallinity (65% increase). It has
already been mentioned that the nucleation alwhitgNT did not affect the melting temperature
of the PCL phase in the PLA/PCL/CNT nanocompositeshis work. Moreover, the melting
enthalpy of the PCL phase is not easy to analyrause it overlaps with the Tg-signal of the
PLA amorphous phase which is why the crystallizatd PCL during cooling in the calorimeter

was studied.

Table 6.2.3 shows the crystallization temperatofess molded PCL, and of the PCL phase in the
80/20 blend and in the different nanocomposite®l{eg rate 20°C/min). As can be seen, the
crystallization temperature of PCL increased sigaiftly from 26°C in neat PCL and 32°C in the
PLA/PCL blend to approximately 60°C in the PLA/PCNT nanocomposites. These results
confirm the aforementioned nucleation ability oé thanotubes, despite the unchanged melting

behavior during the heating scan.

Table 6.2.3: Crystallization temperatures of pugdRnd of the PCL phase in the PLA/PCL blend ard th
PLA/PCL/CNT nanocomposites.

Composition TG (°C)
Neat PCL 26.3
80/20 -16.7, 4.3, 32.3*
80/20/1 59.3
80/20/2 61.9
80/20/3 60.9
80/20/4 59.6
80/20/6 59.3

* Fractionated crystallization. The peak with thghest intensity is that centered at 32.3°C.

6.2.4 Mechanical properties

Figure 6.2.6 shows the Young’s modulus of PLA/PQIICnanocomposites vs. the true CNT

content. As can be seen, the stiffness of the PCA/B0/20 blend increased linearly with CNT
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content. For example, there were 3.7% and 7.1%ases in the PLA/PCL/2 and PLA/PCL/4
compositions, respectively. Thus, and as obseryed/b et al. for the PLA/PCL 30/70 bleltd
PCL-located nanotubes reinforced the system, coactteg the loss of stiffness produced by the
presence of PCL on PLA, 15.5% at 20% contents (&hapl). None of the PLA/PCL/CNT
nanocomposites in this study, even those with igbdst CNT content, reached the modulus
value of pure PLA, 3520+20 MPa but, even so, thened values of over 3000 MPa, which is a

favorable result from the point of their potenpahctical application.

Results shown in Figure 6.2.6 were compared witisghreported for the binary PLA/CNT
nanocomposites in Chapter 5.2 (Figure 5.2.6) asd alth those reported for the ternary
PLA/PCL/oMMT nanocomposites in Chapter 6.1 (Fig6r&.9), in order to compare both the
reinforcement effect of the CNTs in pure PLA andtie PLA/PCL blend, as well as the
reinforcement effect produced by oMMTs and CNTthm PLA/PCL blend, respectively.
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Figure 6.2.6: Young’'s modulus values of PLA/PCL/ChNanocomposites with respect to the CNT content.

Table 6.2.4 shows the increments in relative gt of the PLA/CNT nanocomposites in
Chapter 5.2 and in the PLA/PCL/CNT nanocompositeshis chapter. As can be seen, the

relative modulus increases were similar in bothakynand ternary nanocomposites, eventually
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slightly higher in the ternary ones, given the loireie CNT content. This indicates that the
reinforcing effect of the CNTs in pure PLA and hetPLA/PCL blend was similar despite the
preferential PCL-location in the ternary systemisTresult agrees with that observed in the
OoMMT-containing PLA (Chapter 5.1) and PLA/PCL (Chap6.1) nanocomposites, and is
consistent with the aforementioned similar nanaogartdispersion in the binary and ternary
systems. These results, together with those of €h#&pl and those reported by Goitisolo et al.
287-289

confirm that well-dispersed minor phase locatedoparticles effectively improve the
stiffness of polymer blends.

Table 6.2.4: Relative stiffness increases of PLAIGQRhapter 5.2) and PLA/PCL/CNT (Chapter 6.2)

nanocomposites.

CNT content (%)* PLA/CNT nanocomposites PLA/PCL/CNT nanocomposites
1(0.8) 1.1% 2.1%
2(1.7) 4% 3.7%
4 (3.2) 6.5% 6.7%
6 (5) 11.1% 11.2%

*The real CNT contents in ternary PLA/PCL/CNanocomposites appear between brackets.

When the relative modulus increases produced by @I oMMT in the PLA/PCL blend are
compared, the reinforcement ability of the oMMT oplatelets was seen to be higher than that of
the CNTs. This result agrees with the findings wRé®/oMMT (Chapter 5.1) and PLA/CNT
(Chapter 5.2) nanocomposites were compared antdaswidely observed in the bibliography

on PLA in particulal® and on other polymers in genéral

The yield strength values of PLA/PCL/CNT nanoconiigss whatever the CNT content, were
similar to that of the reference PLA/PCL blend (~6I®a). Therefore, in keeping with the
findings on the PLA/PCL/oMMT nanocomposites of Clea.1, the PCL-located nanoparticles
did not increase the tensile strength of the PLA/B@nd. The literature shows that the ability of
the CNTSs to improve the tensile strength of PLA/Rildnds seems to be related to the interfacial
adhesion between phases and the consequent stiesisHission. This is because the presence of
CNTs, not only in the PCL phase but also in the FAGL interphase, leads to better stress-

transmission and higher tensile strength vafiies
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Figure 6.2.7 shows the elongation at break of th&/PCL/CNT nanocomposites vs. the real
CNT content. The ductility of the PLA/PCL blend mi@ined in PLA/PCL/CNT nanocomposites
and, as can be seen, all compositions elongatézhsit 130% before breaking. Given that the
ductility of PCL maintain§" or even increases in the presence of CRfEnd that no interfacial
effects were expected in these PLA/PCL/CNT nanoasitgs because no preferential location
of the CNTs in the interphase was observed, théldiyof these ternary nanocomposites can be

expected to present similar behavior to that ofréierence PLA/PCL blend.
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Figure 6.2.7: Elongation at break values of PLA/OiNthocomposites with respect to the CNT content.

With respect to the impact strength and, as obdarvall the PLA-based nanocomposites of the
present work, the addition of CNTSs to the referéAb&/PCL blend did not produce any positive

effect. In fact, the impact strength of the PLA/FCNT nanocomposites remained at low values
(15-25 J/m) whatever the CNT content.

In summary, PLA/PCL/CNT nanocomposites show anraésténg balance of mechanical
properties, as they combine high deformability %3, with high stiffness (>3000 MPa) and
strength (~63 MPa).
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6.2.5 Electrical conductivity

Figure 6.2.8 shows the volume conductivity valuebA/PCL/CNT nanocomposites vs. the
real CNT content. As the figure shows, the PLA/HIdnd and PLA/PCL/1 nanocomposite were
insulating materials and their conductivity wasm#a™® S/cm. A transition to semiconductivity
was observed at higher CNT contents, with the PCA/R.5 composition showing intermediate
behavior. The nanocomposites became semiconduicowe the PLA/PCL/2 composition and
their conductivity increased up to 300° S/cm, so 1810’ times higher than the insulating

compositions.
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Figure 6.2.8: Volume conductivity values of PLA/PICINT (e) and PLA/CNT @&, Chapter 5.2) nanocomposites

with respect to the CNT content.

The plot of conductivity vs. CNT content in FiguBe.8 is consistent with the G” ws.behavior
shown in Figure 6.2.3, where the existence of & fpkercolated CNT network within the
PLA/PCL blend was proposed for CNT contents of du@f6 (the PLA/PCL/1.5 composition).
TEM images of Figure 6.2.1 also pointed to this adincontinuous CNT network for the
PLA/PCL/2 composition and over.
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Given that CNTs were selectively located in the Riipersed phase, the percolated structure of
the nanofiller also points to an almost continumesphology of the PCL within the PLA matrix,

as has been discussed at length throughout thenprelsapter, and has also been shown in the
TEM images of Figure 6.2.1. Again, this points tmuble percolation behavigp169193:207:219.220

in the PLA/PCL/CNT nanocomposites.

The double percolation phenomenon has also beenteepby Wu et at?%?

based on the 30/70 PLA/PCL blend, where COOH-CNé&svocated in the PCL phase and at

the interphase simultaneously. Interphase-locatd@sCcompatibilized the blend and, therefore,

in nanocomposites

increased the surface contact area between PLA°@&hdand allowed a direct path for electron
conductivity. Given that a PCL-rich composition vwaadied instead of a PLA-rich composition
as in the present work, the electrical percolatlmeshold, 0.98%, was estimated at lower CNT
contents than those observed in the present PLABPL nanocomposites. However, the
conductivity value of 3.5xIBobtained at 2% CNT contents was similar to thateokd in
Figure 6.2.8 for the equivalent composition. Xw@lBt® analyzed the effect of the PLA/PCL ratio
on the conductivity of the 1% CNT nanocompositesti#e compositions located close to the co-
continuity (60/40-30/70) showed semiconductive ledrabut the PLA-rich ones (which offered
the best mechanical performance) remained insglatirhe extremely low CNT-content
(0.025%) reported to achieve semiconductivity IPL#\/PCL 50/50 blend by Huang et*&f.was

a very interesting result and it was related to é¢xelusive CNT location at the interphase
between components. This allowed a continuous CétWwark to develop within the polymeric

material with the aforementioned extremely low Cédhtent.

When the electrical behavior of the PLA/CNT nanoposites of Chapter 5.2 is compared to that
of the PLA/PCL/CNT nanocomposites of this chapgénilar conductivity values were observed
in the semiconductive compositions. Moreover, giwbae lower real CNT content of the

PLA/PCL-based nanocomposites with respect to th&-Pdsed ones, the electrical percolation
threshold took place at lower CNT contents in trnker. This result can be observed in Figure
6.2.8, where the curve correspondent to PLA/CNTonamposites has also been included for

comparison purposes.
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6.3 Poly(lactic acid)/Poly(butylene adipate-co-terephthalate)/Carbon
nanotube (PLA/PBAT/CNT) nanocomposites

6.3.1 Nanostructure and mor phology

Figure 6.3.1 shows representative TEM micrograph®lcA/PBAT 80/20 (a) and 60/40 (b)
blends, and of PLA/PBAT/CNT 80/20/3 (c) and 60/40d3 nanocomposites. Light and dark
zones represent the PLA and PBAT phases, resplgctivgure 6.3.2 shows a 2x2n AFM
micrograph of the 80/20/4 nanocomposite taken asnangy dissipation signal. Because of the
greater stiffness of PLA as compared to PBAT, tAk érea indicates the former and the light

area the latter.

As can be seen in Figures 6.3.1 and 6.3.2, CNTs Veeated in the minor PBAT phase in the
PLA/PBAT/CNT nanocomposites. This preferential loma agrees with that reported by Ko et
al. in previously studied PLA/PBAT/pCNT nanocompest:??? In these works, a higher
affinity of CNTs to PBAT than to PLA was concluddde to this preferential location and was
related to the presence of aromatic groups in thenmhain of PBAT. However, this higher
affinity was not experimentally tested. Table 6.8hbws the solid-state interfacial tension values
for PLA/CNT and PBAT/CNT pairs obtained by the @mttangle technique. As the table shows,
the PBAT/CNT interfacial tension (3.20 mN/m) wagrsficantly lower than that of the
PLA/CNT pair (6.35 mN/m) supporting the PBAT prafitial location of the CNTs in these and
other previously studied PLA/PBAT blerfés**2

Given the mixing procedure used to obtain these /PBAT/CNT nanocomposites (first,

extrusion to obtain the PLA/CNT binary system foléd by the addition of PBAT in a second
extrusion step), as in the case of the PLA/PCL/ChAhocomposites (Chapter 6.2), the
preferential location of the CNTs indicates thaytimigrated from the PLA phase to the PBAT
phase during the second extrusion step of the m&lhg procedure. The aforementioned higher
affinity of CNTs to PBAT, the higher diffusivity o€ENTs through PBAT due to the favorable
viscosity ratié®> MPLAMPCL ~ 1.3) and the sufficient residence tifieduring the second

extrusion step (approximately 3 min.), promoted tawdbred this migration process.

The level of dispersion of the CNTs in the PBAT ghappears to be related to the PLA/PBAT
ratio, as can be seen in Figure 6.3.1. In the 8C/T nanocomposites (6.3.1c), the CNTs

appeared mainly aggregated while in the 60/40/CMfionomposites (6.3.1d), a significant
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amount of individualCNTs along with some small aggregawereobserve whatever the CNT

content.

Figure 6.3.1: TEM micrographs of 80/20 and 60/40 (b) blends and 8/20/3 (c) and 60/40/3 (d) nanocompos

This blend compositionependenc of the dispersion level of the CNTs has also bdesewec
in PLA/PCL/CNT nanocomposit??°and has been related to the increased volumedracfithe
CNT-preferred polymer in the blend. When the dispersgével of CNTs in these PLA/PBA
blends is compared to that et PLA/PCL blendin Chapter 6.2, it can be ierred from Figures

6.3.1c and dhat dispersion is poorer in the former than in lditer. This indicates a low
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affinity of CNTs to PBAT than to PCL, which is igi@ement with the interfacial tension values
measured in the solid state for the PBAT/CNT andl/BBIT pairs (3.20 mN/m and 2.65 mN/m,
respectively), taken from Tables 6.3.1 and 6.2.1.

Figure 6.3.2: AFM micrograph of the 80/20/4 nanoposite.

Figure 6.3.1 also shows that the CNT changed thgmotogy of the starting PLA/PBAT blend,
whatever the composition. In the case of the 8@20position, there was a clear increase in the
size of the CNT-filled PBAT dispersed patrticlesdigating that the increased melt viscosity of
the minor phase hindered mastication by the mapase. In addition, the shape of the particles
changed from almost spherical to elongated onessdiwo morphological changes took place
regardless of CNT content but were more pronoumtedcreasing CNT contents. In fact 6.3.1
shows how the 80/20/3 composition presented an slntwntinuous dispersed phase
morphology, which will later be related to the wstastic and electrical behavior. This
morphological change in the PLA/PBAT blend causgdhe presence of CNT is similar to that
described in Chapter 6.3.2 for the 80/20 PLA/PGindl

With respect to the 60/40 PLA/PBAT composition, BB T-free reference blend was already
close to the phase inversion composition. Thiseffected in Figure 6.3.1b and was seen

previously in Chapter 4.2 (Figure 4.2.4). Figur8.Bd shows how the presence of CNT assisted
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the development of full continuity of the PBAT pkam the 60/40/3 composition. This also
happened in the ternary 60/40/CNT nanocompositetacong any other amount of CNT.

Table 6.3.1: PLA/CNT and PBAT/CNT interfacial temsivalues measured in the solid-state.

Pair Interfacial tension (MN/m)
PLA/CNT 6.35
PBAT/CNT 3.20

6.3.2 Viscoelasticity

Figure 6.3.3 shows the storage modulus (G") vsulandrequency ) plots for the 80/20/CNT
(6.3.3a) and 60/40/CNT (6.3.3b) nanocomposites wditfierent CNT contents. When the
behavior of each composition is individually studjighe storage modulus is seen to increase as
the CNT content increases. This is caused by tHeremeforcement effect of the nanofiller and is
also reported for both the pure PLA in Chapteram@ the 80/20 PLA/PCL blend in Chapter 6.2.

When the 80/20 and 60/40 compositions are compé#resinoteworthy that solid-like behavior
(plateau at the terminal flow zone) was observetath cases for the equivalent PLA/PBAT/3
composition. This result corresponds to a lowee ttontent of CNT in the 60/40 composition
(1.8%) than in the 80/20 composition (2.4%). Theothgical percolation of the filler took place
at these CNT contents. However, Figure 6.3.3 alsmws how, at lower CNT contents, the
relative increase in G in the terminal flow zoneswsignificantly higher in the 60/40
composition than in the 80/20 composition, even rwhbe initial value of the unfilled
composition was also higher and the real conter@T was lower in the 60/40 composition.
This enhanced reinforcement ability of the nanefiit these low CNT contents should be related
to the only structural difference between both cosmpons, i.e. the morphology of the dispersed
phase, where the CNTs are preferentially locatduichvis co-continuous in the 60/40/CNT
nanocomposites but “sea-island” type in the 80/RVCnanocomposites at these CNT

content&.

The results shown in Figure 6.3.3b also indicatat tthe development of a continuous
morphology of the minor phase within the major oeeen when the CNTs are preferentially
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located in the former, is not enough to obtain kbgical (and most likely electrical) percolation.
This is beacuse the 60/40/1 and 60/40/2 compositstiowed co-continuous morphologies but
still liquid-like rheological behavior.
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Figure 6.3.3: G” vao plots of 80/20 and 60/40 blends and of 80/20/ChlTahd 60/40/CNT (b) nanocomposites.
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However, in the 80/20/CNT nanocomposites, the mimmCNT content necessary to create a
continuous dispersed phase was enough to achievelguen of the filler (Figure 6.3.3a), so the

development of a continuous morphology simultankogeve rise to the solid-like behavior.

When the viscoelastic behavior of PLA(80)/PBAT(ZNT (in the present chapter) and that of
the PLA/PCL/CNT (in Chapter 6.2) nanocompositesdmpared, G” increases in the terminal
flow zone of the non-percolated nanocompositesl@se significant in this chapter, and the
percolation concentration takes place at higher @Niitents (2.4% with PBAT vs. 1.7% with
PCL). This suggests a poorer dispersion of the CMTthe PLA/PBAT blend than in the

PLA/PCL blend, as discussed in the previous section

6.3.3 Phase structure

tand

tand

20 30 40 50 60 70

Temperature (°C)

Figure 6.3.4: tahvs. temperature plots of the 80/20 (a) and 60¢4®lends and of the 80/20/5 (b) and 60/40/5 (d)
nanocomposites from 0°C to 80°C and from -50°@¢EC2
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Figure 6.3.4 shows the t&rvs. temperature plots of the 80/20 (a) and 606)0PLA/PBAT
blends, and 80/20/5 (b) and 60/40/5 (d) PLA/PBATIONinocomposites, as an example. All the
compositions showed two tansignals, marking thexr-transitions of the PLA phase (high
temperature peak) and the PBAT phase (low temperaeak). The position of the latter did not
change in the nanocomposites with respect to t#gdFRBAT reference blends, indicating that the

presence of CNTs did not influence the mobilityto$ phase.
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Figure 6.3.5: First DSC heating scans of 80/206d0 blends and of 80/20/3, 80/20/5, 60/40/3 &01d®5

nanocomposites.

The PLA-phase related peak located approximatetireaposition of pure PLA and its position
shifted to slightly higher temperatures in the PRBAT/CNT nanocomposites. This indicates
that the partial miscibility of PBAT in PLA thatdeto a decrease in the temperature of the PLA
peak was either counteracted by a second effesinply disappeared in the presence of CNTs.
Given that these Tg shifts were 1-2°C, no furtheestigation was followed in this direction but,
taking into account the affinity of PBAT to nanoégband the coarsening of the morphology of
the PBAT phase, full immiscibility between PLA aRBAT in the presence of nanotubes is
proposed. In addition, Figure 6.3.4 shows thatitiensities of the PLA-corresponding peaks
increased from PLA/PBAT blends to PLA/PBAT/CNT naomposites, pointing to a decrease in
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the crystallinity of PLA when the PBAT phase continanotubes. This effect was further
investigated by DSC.

Figure 6.3.5 shows calorimetric plots correspondmghe first heating scans of the 80/20 and
60/40 PLA/PBAT blends, and 80/20/3, 80/20/5, 6@4Gind 60/40/5 PLA/PBAT/CNT
nanocomposites. One endothermic peak, indicatiegntlelting temperature of the crystalline
PLA phase, and one exothermic peak, showing itd cojstallization process were observed.
The melting peak of PBAT overlapped with the calgstallization exotherm of PLA but, due to
its low intensity and as reported in Chapter 42, position and the area under the peak of the
exotherm were taken to be the cold crystallizatbPLA. Table 6.3.2 summarizes results of the
melting temperature and degree of crystallinityetakirom the first heating scans for all
compositions. As can be seen, the melting temperakmained constant whatever the CNT
content in both the 80/20 and 60/40-based nanocsitespindicating that the presence of CNTs
in the PBAT phase, or the morphological change tteysed, did not modify the crystalline
perfection of PLA.

Table 6.3.2: Melting (Tm) temperatures and degodesystallinity (Xc) of PLA in 80/20 and 60/40 PURBAT
blends and in PLA/PBAT/CNT nanocomposites.

Composition Tm (°C) Xc PLA (%) Composition Tm (°C)  Xc PLA (%)

80/20 156.7 15 60/40 155.1 13.5
80/20/1 155.7 6.7 60/40/1 158.1 6.2
80/20/2 157.1 6.4 60/40/2 156.7 3.5
80/20/3 156.7 2.2 60/40/3 156.7 3.1
80/20/4 156.7 11 60/40/4 155.7 4.4
80/20/5 158.0 1.3 60/40/5 155.1 3.8

Table 6.3.2 also shows how, even at the lowest Cbditents, the degree of crystallinity of the
PLA phase decreased sharply from the referencalblenthe ternary nanocomposites, while, at
increasing CNT contents, the decrease was moreugtadhis indicates that the presence of
CNTs somehow counteracted the nucleation abilitythed PBAT dispersed phase on the
crystallization of PLA, as stated in Chapter 4.2 tmfilled PLA/PBAT blends. Given the

preferential PBAT location of the CNTs and the fHwt the crystallization of the PLA phase
may not be affected, this effect could be relaidteeto the absence of PBAT in the PLA phase,
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due to the previously proposed full immiscibilityf LA and PBAT in the ternary
nanocomposites or the change in the morphologycediby the CNTs. The very finely dispersed
“sea-island” morphology of the 80/20 compositioersén Figures 4.2.4b and 6.3.1a evolved into
the coarse and elongated almost continuous morghad the 80/20/3 composition in Figure
6.3.1c.

6.3.4 Mechanical properties

Table 6.3.3 shows the Young’s modulus, yield stiierand elongation at break values of the
80/20 and 60/40 PLA/PBAT blends and of the 80/2088/20/5, 60/40/3 and 60/40/5

nanocomposites, as an example.

The table reflects how the stiffness of the PLA/AB#ends barely increased whatever the CNT
content. Although usually not as efficient as oMManoparticles, CNTs have been known to
significantly reinforce polymeric matrices (seepoeis chapters) thanks to their high anisotropy
and contact area. However, when dispersion leveh@efnanotubes is poor, the reinforcement
effect of CNTs can be drastically reduced, as destnated in HDPE/PE-g-SWCN¥ and
PMMA/MWCNT?** nanocomposites. The dispersion level of CNTs i& BLA/PBAT/CNT
nanocomposites, as previously stated by meanssobelastic measurements, is poorer than in
both the PLA/CNT nanocomposites (Chapter 5.2) anso athan in PLA/PCL/CNT
nanocomposites (Chapter 6.2), where modulus ineseas up to 10% with the highest CNT
content were recorded. In addition, the significdetrease in the degree of crystallinity of the
PLA phase from the PLA/PBAT blends to the PLA/PB&NNT nanocomposites could also help
to explain the lower reinforcement obseri7eéd*®

Unlike the PLA/CNT and PLA/PCL/CNT nanocompositesGhapters 5.2 and 6.2, where the
yield strength remained similar to that of the ledi matrix, the yield strength of these
PLA/PBAT/CNT nanocomposites decreased considerabbpth the 80/20 and the 60/40-based
nanocomposites, as Table 6.3.3 shows. The reldéeeeases reached approximately 20% for the
nanocomposite with most CNT. The literature gemgisihtes that the factors affecting Young’s
modulus can also explain the behavior of the yittengtf®” and it is indeed true that poor
dispersion of the CNTs and a lower degree of chysts in the major phase should worsen the
yield strength values of the PLA/PBAT/CNT nanocosipes. However, the morphological

change caused by the CNT could also help to exptésnunfavorable behavior. This is because,
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at the strain values at which yielding happensptiesence of an almost continuous rubber phase
could allow the whole material to yield at sigo#ntly lower strengths than the material with a

“sea-island” morphology, and consequent continisiismatrix?®”.

Finally, with respect to the ductility of PLA/PBACNT nanocomposites, Table 6.3.3 shows how
the high elongation at break of the 80/20 and 6@74A/PBAT blends maintained and all the
compositions elongated more than 150% before kbmgaKihis behavior, similar to that observed
for the PLA/PCL/CNT nanocomposites in Chapter 6s2related to the selective location of
nanotubes in the PBAT phase. The ductile behavipuoe PBAT must have maintained in the
presence of CNT2® and, the lack of interphase-located CNTs stitha#id an effective stress-
transfer between the PLA and PBAT/CNT phases.

Table 6.3.3: Young’s modulus, yield strength armhghtion at break values for the 80/20 and 60/4add and the
80/20/3, 80/20/5, 60/40/3 and 60/40/5 hanocompmsite

Composition Young’s modulus (MPa) Yield strength (MPa) Elongation at break (%)

80/20/0 2940+20 60.7+0.7 153+8
80/20/3 2950140 49.3+1.3 153+8
80/20/5 2980£70 48.8+1.1 156+11
60/40/0 2180+60 44+0.5 190+11
60/40/3 2200+20 37.1+1.3 156+8
60/40/5 2210+50 35.0+0.9 153+11

Figure 6.3.6 shows the impact strength of 80/20/Ciii 60/40/CNT nanocomposites with
respect to the CNT content. As can be seen, thedmsgtrength of the 80/20 and 60/40
PLA/PBAT reference blends, 23.4+4 J/m and 106.7+¥18, respectively, increased in the
presence of CNT. In the case of the 80/20/CNT nam@osites, the maximum value obtained
was 65.8+3.8 J/m for the 80/20/5 composition. Thesease involved an improvement of 180%
with respect to the PLA/PBAT blend and was morentd®0% better than the pure PLA.
However, the most noteworthy results were thos@®60/40/CNT nanocomposites. The impact
strength of the 60/40 blend increased to at le@5#20 J/m in the 60/40/3 composition, and a
maximum value of 27013 J/m was obtained in thd®&% composition. Although still far from
supertoughness, this impact strength was 2.5 thgdser than the 60/40 PLA/PBAT blend and
22 times higher the pure PLA.
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To gain further insight into these positive impairength results, cryogenically fractured impact
specimens of 80/20 (a) and 60/40 (b) PLA/PBAT bterashd 80/20/5 (c) and 60/40/5 (d)
nanocomposites were observed by SEM. Representatoregraphs are shown in Figure 6.3.7.
In all cases, the phase separation between PLABAd can be seen and the presence of CNTs
in PBAT in the 80/20/5 (6.3.7c) and 60/40/5 (6.3.@dmpositions can also be clearly observed.
Moreover, as previously shown by TEM (Figure 6.3abd AFM (Figure 6.3.2) and widely
discussed in this chapter, the micrographs showthevgea-island type morphology of the 80/20
composition (6.3.7a) and the close to phase inmersf the 60/40 composition (6.3.7b) became

almost co-continuous in the presence of PBAT-lat&nTs.
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Figure 6.3.6: Impact strength values of 80/20/Ch)'gnd of the 60/40/CNTA)) nanocomposites with respect to the
CNT content.

These morphological changes could explain the immpaength behavior observed in Figure
6.3.6, according to previous results obtained bgrdeét al. for 90/10 PLA/(PCL-co-PLA) blends
modified with silica nanoparticlé8 and by Xiu et al. for 85/15 PLA/PU blends modifigith
carbon black® and hydrophilic silica nanoparticféd In these three studies, nanoparticles also
modified the morphology of the minor elastomeriagd from discrete particles to a continuous
phase, and as a result, the impact strength obléreds increased dramatically. Odent et’al.

mentioned that the resulting “infinite” networkdatl a more efficient toughening mechanism
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compared to the individually dispersed nodules. &iual, meanwhile,suggested that the F
continuous network could act as a path for the ggapion of the plastic deformatirequired for
effective energy dissipatioff and/or that shear banding of PLA at the iphae was favored®,

as a result of the greater volume fraction of dilkreL.
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Figure 6.3.7: SEM micrographs of cryogenically ftaed surfaceof impact specimens of €20 (a) and 60/40 (b)
blends anaf 80/20/5 (c) and 60/40/5 (d) nhanocomposites.

The more favorable behavicof the 60/40/CNT nanocomposites when comparedth&
80/20/CNT nanocomposites is probably related to phmeximity of the reference 60/«
PLA/PBAT blend to the phase inversion, which algefavors coeontinuity, and to the initie
impact strength valuef this composition, not far from the fra¢-ductile transitio, where any

parameter affecting toughness can give rise t@largreasein impact strengt®.
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In summary, the poor low-deformation mechanical dvédr of these PLA/PBAT/CNT
nanocomposites was at least compensated by higihnakbility. Moreover, the impact strength
of the nanocomposites, unlike that observed in Bie&\/PCL/OMMT (Chapter 6.1) and
PLA/PCL/CNT (Chapter 6.2) nanocomposites, showedar&able improvements when CNTs

were added, particularly in the case of the 60/M0/@anocomposites.

6.3.5 Electrical conductivity

Figure 6.3.8 shows the volume conductivity valuds tlme 80/20/CNT and 60/40/CNT
nanocomposites vs. CNT content. Unfiled PLA/PBAIerals and the 80/20/1 and 60/40/1
nanocomposites were insulating materials. A traorsito semiconductivity was observed at
higher CNT contents, with the 80/20/2 and 60/40/2% and 1.2% real CNT content) showing
intermediate behavior. From the 80/20/3 and 60/4Q/8% and 1.8% real CNT content) to
higher CNT content levels, conductivity values $amito the PLA/CNT nanocomposites
(Chapter 5.2) were observed, independent of the/PBAT composition.
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Figure 6.3.8: Volume conductivity values of the BDCNT (o) and 60/40/CNT &) nanocomposites with respect to
the CNT content.
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This electrical behavior is consistent with thecerslastic properties shown in Chapter 6.3.2. This
is because the solid-like behavior in the termfleat zone, which is related to the percolation of
the filler, was observed from the 80/20/3 and tB&l6/3 composition on to higher CNT contents
(Figure 6.3.3). Since the true CNT content is hetgame for both compositions, the curve of the
60/40/CNT nanocomposites showed a slightly lowecteical percolation threshold than that of
the 80/20/CNT system. The development of a contisBAT morphology, where CNTs are
located within the PLA matrix appears to be the tefurning PLA/PBAT/CNT nanocomposites
into semiconductive materials, as in the case d&/PCL/CNT nanocomposites in Chapter 6.2.
When this behavior is compared with that of theabjnPLA/CNT nanocomposites in Chapter
5.2, the transition to conductivity is seen to h#alen place at similar CNT contents and when
this comparison is extended to the ternary PLA/RBDT system in Chapter 6.2, it is noteworthy
that, due to the double percolation effect desdritteere, the recorded decrease in the minimum
CNT content necessary to achieve semiconductivigs wmot observed here in either the
80/20/CNT or in the 60/40/CNT nanocomposites. Tigrobably due to the dispersion level of
the nanotubes in these PLA/PBAT nanocomposites;iwisi poorer than in the PLA/PCL ones,
as suggested by TEM and confirmed by the viscaelpsbperties.
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CHAPTER 7: CONCLUSIONS

1) The balance of properties in today’s most prargi®iopolymer, PLA, was further enhanced
by the addition of a second polymer and/or nanapeytwithout harming the bionature of the
system in any way. The all-important mechanicalavedr and/or other specific properties were

modified in different ways depending on the sectimidf component added:

a) Mechanical behavior: The addition of PCL or AB#® PLA produced either fully
immiscible or very limited partially miscible, comtible blends. The low-strain mechanical
properties were slightly poorer but maintained sigantly high values while the deformation at
break increased considerably, even at low PCL &kTP8ontents, with the PLA being brittle and
the blends highly deformable.

b) Mechanical behavior + gas barrier behavior: @tidition of oOMMT nanopatrticles to
both pure PLA and PLA/PCL blends produced new matemwith enhanced mechanical and
barrier properties. Young’s modulus increased ardhpability to oxygen decreased with respect
to the reference material and even to pure PLA he tase of the PLA/PCL/OMMT
nanocomposites. The presence of the oMMT partistesened the deformability of the material
but, in the case of the PLA/PCL-based nanocomotie ductility maintained over 80% at 5%
OMMT contents.

c) Mechanical behavior + electrical behavior: Hdelition of CNTs to pure PLA and both
PLA/PCL and PLA/PBAT blends produced new materigh®wing interesting mechanical
balance and semiconductivity. The PLA showed ims®sain Young's modulus and
semiconductivity from 2% CNT on, while large-straimechanical properties deteriorated. In
PLA/PCL blends the addition of CNTs helped to congage the decrease in rigidity caused by
the presence of PCL. It also made the blend semicdive at lower CNT contents than pure
PLA and did not hinder the high ductility of thefeeence material. In the case of PLA/PBAT
blends, the increases in Young’s modulus were lcamer the yield strength decreased, but the

ductility remained the same and the impact streigtteased.
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2) The addition of two different nanoparticles targp PLA and to binary PLA/PCL and
PLA/PBAT blends has helped to better understand thH#erent behavior and, in the case of

ternary nanocomposites their preferent locationthednorphology changes that they produce:

a) When both are equally well dispersed, CNTs shower rheological percolation
concentration than oMMTSs, indicating the superietwork ability of the CNTs over oMMTSs.

However, oMMT nanoplatelets are much more efficfemin a mechanical point of view.

b) Low residence times during melt-mixing and falde kinetic conditions can lead to a
nanoparticle location in contravention of the rudéthermodynamics. This effect was observed
in the PLA/PCL/OMMT nanocomposites. However, extshdesidence times favor the migration
of the nanopatrticles to the thermodynamically fadophase, as observed in the case of the
PLA/PCL/CNT and PLA/PBAT/CNT nanocomposites. Thanis to the melt-mixing procedure
as a design-parameter to be taken into considaratiben aiming to develop a specific

nanostructure.

c) Morphological changes with respect to the eziee binary blends, from sea-island to
almost co-continuous, and double percolation esféetve been observed in PLA/PCL/OMMT,
PLA/PCL/CNT and PLA/PBAT/CNT nanocomposites. WitMMT, the minor phase became
continuous at lower contents than the nanoclaygtetion concentration. With CNTs, the phase
development depended on the blend compositionowtnhinor polymeric phase contents (20%),
continuity was ruled by the dispersion of CNTs, duth the filler and the dispersed phase
percolated at the same CNT content. Since theemterblend was already close to the phase
inversion composition, at higher minor polymeri@apé contents (40%), the minor phase became

continuous at lower contents than the CNT percmtatoncentration.

d) The performance of ternary nanocomposites wittonphase located CNTs is directly
related to the dispersion of the nanoparticles. bhtter the dispersion, the easier it is for
continuous dispersed phase morphologies and CNtblag¢ion to be obtained. In addition, better

dispersed CNTs produce larger increments in ssfne
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GLOSSARY

'H-RMN

Ao

ABS
AFM
Al
ASTM
CDCl;
Cds
CL
CNT

COOH

DCP
DMODA
DMTA
DSC

E

-

£

EGMA
EPDM
EPDMgMA

FTIR

Proton magnetic nuclear resonance
Initial cross-section of a tensile specimen
Acrylic acid

Acrylonitrile butadiene styrene

Atomic force microscopy

Aluminium

American Society for Testing and Materials
Deuterated chloroform

Cadmium sulfide

Caprolactone

Carbon nanotube

Carboxyl

Basal spacing between montmorillonite sheetsXR
Diameter

Dodecadecyl amine

Dimethyl octadecylamine

Dynamic mechanical nuclear resonance
Scanning electron calorimetry

Young’'s modulus

Solid state storage modulus

Solid state loss modulus
Poly(ethylene-glycidyl methacrylate)

Ethylene propylene diene monomer rubber

Ethylene propylene diene monomer rubber-graftatbim anhidride

Fourier transmission infrared microscopy
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GMA
HO
HAR
HDA
HDPE

HDT

LA

LAR

LTI

MA
mEPDM
MFI
MFR

Mg
MMT
MWCNT

Na

O,
OH

oMMT
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Force at the maximum of the force-displaceméott p
Melt state storage modulus
Melt stage loss modulus
Glycidyl methacrylate
Water

High aspect ratio
Hexadecyl amine

High density polyethylene
Heat deflection temperature
Current intensity

Length

Thickness of the film (measurements for oxygemmgebility, electrical
conductivity measurements)

Initial distance between clamps (tensile tests)
Lactic acid

Low aspect ratio

Lysine triisocyanate

Maleic anhidride

Maleated ethylene propylene diene monomer rubber
Melt flow index

Melt flow ratio

Magnesium

Montmorillonite

Multi-walled carbon nanotube

Sodium

Oxygen

Oxygen molecule

Hidroxyl

Organically modified montmorillonite
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OTR

PA
PAl1l
PAG
PAG6
PAE
PBAT
PBT
PC
PCL
pCNT
PEG
PLA
PLLA
p-MWCNT
PP
PPS
PS
PU
PVME
SEM
Si
SWCNT
tano

Tc

O, transmission rate
Permeability
Pressure

Electric percolation
Polyamide
Polyamide 11
Polyamide 6
Polyamide 66

Polyamide elastomer

Poly(butylene adipate-co-terephthalate)

Poly(butylene terephthalate)
Polycarbonate
Polyg-caprolactone)

pristine CNT

Poly(ethylene glycol)
Poly(lactic acid)

Poly(L-lactic acid)

pristine multi walled carbon nanotube
Polypropylene
Poly(p-phenylene sulfide)
Polystyrene

Polyurethane

Poly(vinyl methyl ether)
Scanning electron microscopy
Silicon

Single-walled carbon nanotube
Loss factor

Crystallization temperature
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TEM Transmission electron microscopy

Tg Glass transition temperature

TQblend Experimental Tg value of the PLA phase
T-GMA Random terpolymer of ethylene, acrylic ester GiviA
TOpeAT Tg value of neat PBAT

TOpcL Tg value of neat PCL

TdpLA Tg value of neat PLA

Tm Melting temperature

TMC-328 N,N',N"-tricyclohexyl-1,3,5-benzene-tricarboxylamide
TMODA Trimethyl octadecylamine

TMpgat Tm of PBAT

TmpcL Tm of PCL

TmpLa Tm of PLA

T™MS Tetramethylsilane

TPP Triphenyl phosphate

Tg Secondary transition temperature

\% Voltage

W1 Weight fraction of phase 1

Wo Weight fraction of phase 2

WAXD Wide-angle X-ray scattering

WpBAT Weight fraction of PBAT in the PLA gde

WpLA Weight fraction of PLA in the mghase

Xc Degree of crystallinity

XRD X-ray diffraction

Y Deformation (Viscoelastic properties)

Y Total surface energy (contact angle measurements
v Dispersive surface energy (contact angle measutsjnen
7P Polar surface energy (contact angle measurements)
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AHc Crystallization enthalpy

AHmM Melting enthalpy

o Deformation of the material before breaking

& Elongation at break or ductility

] Melt viscosity

n* Complex viscosity

M Melt viscosity of phase 1

102 Melt viscosity of phase 2

0 Angle of incident or reflected radiation witletnormal to the plane of the

sample (XRD)

A Wavelength of the incident radiation (XRD)
p Resistivity

c Shear stress (Viscoelastic properties)

oy Yield strength

o Angular frequency
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