UNIVERSI'[‘A DI PISA
UNIVERSITA DI PISA

ENGINEERING PHD SCHOOL “L EONARDO DAVINCI”

PhD Thesis

SUSTAINABLE BIOCOMPOSITES
FROM RENEWABLE RESOURCES
AND RECYCLED POLYMERS

VU THANH PHUONG

Supervisor:

Professor Andrea Lazzeri

PhD Course in
CHEMICAL ENGINEERING ANDMATERIAL SCIENCE
(SSD ING-IND/22)
XXIII cycle

2010 - 2012



Contents

Contents

Chapter 1: Sustainable Biocomposites Review: CorsgpCurrent Applications and Research
Tendencies
1. Plastics and sustainability: current issuesapeh problems
2. Plastics recycling
3. Concept of sustainable bio-based matefials
3.1  Renewable resourcks
3.2  Bio-based
3.3  Biodegradable plastic
3.4  Compostable plastic
3.5 Main types of Bioplastics and Applicatichs
3.6  Sustainable materidls
4. Biocomposite$
4.1 The current application of bicomposite argkezch tendency
4.2 Natural fibers/biofibers
4.3  Biopolymer matrix for composite
4.3.1 Cellulose Acetaté
4.3.2 Polylactic acid’
5. The aims and structure of theSis
5.1  The aims of thesf§

6. Reference®

Chapter 2. “Green” Biocomposites Based on Cellulodeiacetate and Regenerated Cellulose
Microfibers: Effect of Plasticizer Content on Morp#logy and Mechanical Propertie¥
1. Introductior®
2. Experimental detaif¥
2.1 Materials”’
2.2 Processiny
2.3 Characterization methotfs
3. Theoretical analysf8
3.1  Constitutive equatiorts

Sustainable Biocomposites from Renewabl e Resour ces and Recycled Polymers



Contents

3.2  Young's modulu&
3.3 Yield stres§"
4. Results and discussidh
4.1  Mechanical properties of CDA-based blendsamposite$®
4.2  Thermal behaviodr
4.3 Relaxation transitions, structife
4.4  Morphology*
5. General discussich
6. Conclusiorf®
7. Reference?
Chapter 3: Compatibilization of Poly(lactic acid)@ffycarbonate blends through reactive blending and
in-situ copolymer formatior’®
1. Introduction’®
2. Experimental detaif®
2.1  Materiald®
2.2 Processing
2.3 Characterization methotfs
Theoretical analysf§
Results and discussiofis
4.1 The effect of processing conditidfis
4.1.1 Mechanical properti&s
4.1.2 DMTA (Dynamic mechanical thermal analysfs)
4.1.3 Thermogravimetric Analysis (TGA)
4.2  Investigation of all compositiofs
4.2.1 Mechanical properties of all blerttfs
4.2.2 Thermal behaviod?
4.2.3 Structure analysi¥
4.2.4 Morphology"’
4.2.5 Biodegradatiot®
5. Conclusiong®
6. Reference¥®
Chapter 4: Biocomposites Based on Poly(lactic agigaft-Polycarbonate bisphenol A Copolymers and
Regenerated Cellulose Microfiberé®

Sustainable Biocomposites from Renewabl e Resour ces and Recycled Polymers



Contents

1. Introductions®
2. Experimental detaifs®
2.1  Materials®®
2.2 Processing*
2.3 Characterization methotf8
3. Theoretical analysiS®
3.1  Young's modulus®
3.2 Yield stres$*’
4. Results and discussiot&
4.1  Mechanical propertié®
4.2 Thermal behaviodf®
4.3  Relaxation and structul®
4.4  Morphology*?
5. Conclusions®
6. Reference¥®
Chapter 5: Analysis on the influence of interfacenteractions on the mechanical properties of
nanofiller and short fiber- reinforced polymer conusites'®*
1. Introduction®
2. Theoretical analysi§®
3. Discussiort’™
4. Conclusions™
5. Reference¥"
Chapter 6: General Conclusion¥®
Chapter 7: Scientific Production$™

Sustainable Biocomposites from Renewabl e Resour ces and Recycled Polymers
1]



Abstract

Abstract

Chapter 1. General introduction

Chapter One reports on a review of sustainable oboiposite materials. The concepts on
sustainable materials, renewable resources, biomly; biocomposites, are summarized from the
literatures as background theories for this theli®e situation of plastic materials and its effemtsthe
environment, health, disposal matter (landfillgimerations, mechanical and biorecycling) are defito
explain why the applications of biopolymers andcbimposites are necessary for research and industry.
Current applications and the market of biopolymeisfibers, and biocomposite materials are reported
and analyzed. The availability of current biofibersnatural fibers on the market are listed and pamed
with mechanical properties and their economic vaseppose to non-biodegradable materials such as
glass, carbon fibers, etc. Moreover, biopolymer biodbased materials are being developed not amly o
guantity, but also for the quality of materials. dadition to this, their prices are getting cheaper
Therefore, biocomposites will become potential male for diversified applications in the futurehd
investigation into current research and applicatiohbiopolymer and biocomposites are essentifihtb
new research directions for this thesis and itslieqon to develop new materials that have high
mechanical and thermo resistance and biodegrajab8ipecially, some new tendencies and new
challenges found in the development of biopolynile-telluluse diacetate, polylactic acid, starckd an
biocomposites are discussed. Consequently, not thdyresearch presented in this thesis has been
focused on industrial application, but also ongbleition of some critical environmental problem.

Chapter 2. “Green” biocomposites based on cellulodiacetate and regenerated cellulose
microfibers: Effect of plasticizer content on masjwgy and mechanical properties

In Chapter Two, The mechanical properties of bigoosites based on CDA considered in the
literature are still not satisfactory in view ofeth possible applications, and the use types ofgmsing
are not economically viable on an industrial scafe.particular, the thermal characteristics of the

materials developed and their matrix-filler inteiags were not much investigated. So far, therenare
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publications about the effects of multi plasticzeon physical properties, thermal stability and
morphology of cellulose diacetate/cellulose fibemmposites under melt processing. Since both the
cellulose diacetate and Lyocell fibers can be pcedu from renewable forest biomass, their
manufacturing does not imply any competition fardaand water required for food production. Fromnt tha
reasons, a new processing method was developextlfatose diacetate (CDA) based biocomposites by
melt processing. The new strategy developed in whisk makes use of two different plasticizers: a
primary “external-type” or “non-reactive-type” ptaszer, Triacetin (TA), added prior to extrusioo t
enhance the “processing window” of the polymer andecondary “internal-type” or “reactive-type”,
Glycerin Polyglycidyl Ether (GPE), added during thetrusion step to reduce the amount of potential
volatiles or leachable products in the final pradand to help in the reduction of viscosity andsthu
further improving processability. The thermo-medbah properties and the morphology of
biocomposites with Lyocell microfibers, other wobdsed fillers, which are typically considered as a
reference to produce “green” biocomposites fronumgtresources, have been analyzed.

Chapter 3. Compatibilization of Poly(lactic acidblycarbonate blends through reactive blending
and in-situ copolymer formation.

To diversify the biopolymers from different resoescand combine them with recyclable polymers
from oil, we developed new biodegradable copolymbesed on Polylactic acid and aromatic
polycarbonates through a process of reactive bbgnili the molten state by the presence of a multi-
catalyst. Maintaining the mechanical propertiesnafterials at high temperatures are preferably lsleita
for the production of materials for different inthisl sectors such as transportation, electroniak the
electrical equipment industry. Polylactic acid igrently the most used biopolymer, but the matgrial
produced with it are brittle and have low thermsistance. To extend the functional ability of PLA t
different applications such as electric compondotg] trays, car components, etc. The meltingddesf
Polylactic acid (PLA) and Polycarbonate bisphenol(RC) prepared in different temperatures are
investigated for the mechanical properties, theragistance and morphology. The blends show phase

separation; the adhesion between two phases ofmgotyare poor due to high surface tension of each
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components. The multi-catalyst (tetrabutylammonitetnaphenylborate-TBATBP and Tricaetin-TA) is
added to increase the interaction between the tvasges in order to enhance the mechanical properties
and thermo resistance of materials. The dynamicharcal thermal analysis test shows a new peak in
tand that does not occur in the blends with a catallsis new peak appears at a temperaiyggdower
than theTy of PC and higher than tig of PLA. This aspect is related to the presende®@iblocks in the
copolymer. The tensile, thermogravimetric Analy6l$GA), differential scanning calorimetry (DSC),
scanning electron microscopy (SEM), transmissiorectebn microscope (TEM) and aerobic
biodegradability tests confirmed that the copolymeas formulated under the action of catalysts.
However, the Size Exclusion Chromatography (SEGicléar magnetic resonance (NMR) and Fourier
Transform Infrared Spectroscopy (FITR) do not shdivect evidence of a change in the materials’
structure due to similar polar function groups bARand PC. The new copolymer has been investigated
regarding its mechanical properties, morphologwrrttal properties and biodegradation behavior to
satisfy the understanding of all the propertietheke potential materials, which will serve fordmening

the application of bio- and biobase-polymers on riterket. Moreover, it will be used as a matrix for
biocomposites with required high mechanical prapsrand thermo resistance.

Chapter 4. Biocomposites based on Poly(lactic agidft-Polycarbonate bisphenol A copolymers
and regenerated cellulose microfibers.

After the development of a copolymer matrix withgthi mechanical properties and thermal
resistance, in this chapter we move back to ounrfwius to develop bio-base composite materiale. Th
blended Polylactic acid (PLA)/ polycarbonate bigphleA (PC) copolymer and Lyocell fibers with
different fiber contents and investigated the cosites in terms of their mechanical properties, rtiger
resistance and relaxation structure, which are showChapter Four. On the physical mixing, the
adhesion between two phases of polymers and teeagiton between the fibers and matrix are poor.
Therefore, not only do the Lyocell fibers reduce thermo resistance of composites, but they also
decrease the elongation at break of materials. Memyethe presence of multi-catalysts not only

formulates a new copolymer, but also increasedntegaction between the fibers and polymer matrix,
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therefore counterbalancing the negative propertésthe PLA/PC/Ly composites. The in-situ-
transesterification reaction of the polymer durimglt-blending which enables to obtain the reaction
between the ester group of the polylacti acid dredhydroxyl function of cellulose fibers. Exploigin
catalysts for formulating copolymers to increase ititeraction between fibers and the matrix camope
new methods for producing biocomposites.

Chapter 5. Analysis on the influence of interfanteractions on the mechanical properties of
nanofiller- and short fiber- reinforced polymer cpasites

Chapter Five developed a new method to estimatdntieeface shear strength of the fiber and
polymer matrix. The Puk&nszky's model for tensitergyth, originally developed for filled composites
has been recently used with success for short-fedeforced composites and various nanocomposites,
although no theoretical justification has been faed so far for this new use. Despite its simplieihd
widespread use to characterize nanoparticle- aond $iber-reinforced composites, the adimensional
Pukanszky interaction paramet@factor is not related to physical-mechanical pasrs such as the
interfacial shear strength, and other experimental variables such as ther fdlspect ratio&) and
orientation factor.

In this thesis Pukanszky's equation has been aedlin terms of the Kelly-Tyson model for the
prediction of composite strength. In this way it swpossible to establish a direct link between
Pukanszky's interaction parameiand fundamental material parameters such aseestsingths of the
matrix and of the fibers, the aspect ratio of tiherks, and the orientation factor and the intedlashear
strength IFSS. It was also possible to determiaentmimum value oB for which it is possible to predict
the tensile strength of the composite from the firediirule of mixtures, as well the maximum valuatth
B can achieve in the case of continuous aligneetdilvith the same type of matrix, fibers and irzteef
shear strength. Moreover, a critical volume frattio.;, was defined corresponding to the minimum
amount of filler content necessary for the commositrength to be greater than the strength of the

unreinforced matrix, i.e. corresponding to the ease,. It was also shown that for this conditiBg;; =3.
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From this analysis it was possible to express nkerfacial shear strength in terms®fand other
material parameters, Eq. (13). From such equatiois possible to verify the monotonical relation
between B and IFSS that has been suggested prvioubke literature.

A few examples of calculations of the IFSS, from Pukanszky’s interaction factor B have been
provided, using published literature values retptido nanocomposites with organically modified
nanoclays and carbon nanotubes, as well as corapasinforced with short natural fibers. All result

obtained fall within the value expected from simiigerature values and below the maximum predicted

according to the von Mises criterian= a,, /+/3.

The new equations presented in this work providbearetical basis for the use of Pukanszky's
model in the case of nanocomposites and discontmdiber composites. Compared to the traditional
Kelly-Tyson approach, the interaction factor B dealto give a rapid estimate of the interface shear
strength even when fundamental material constamth s fiber tensile strength, aspect ratio and
orientation factor as well as the stress in therimathen the composites breaks, cannot be simply
evaluated. This new approach can therefore be eipped in research and in the development of new
composites in industrial environments.

Chapter 6. General conclusions

In the final chapter the results of the thesis illcompared with original aims of this researath an
the new materials developed will be evaluated. dtheantages and disadvantages of each biopolymer and
biocomposite produced will be summarized, basethein mechanical properties, thermal resistance, an
morphology. From this viewpoint, some of the materiwill be developed on an industrial scale fa th
production of "green composites"” with a pilot eston machine. The results of this thesis couldamby
be applied to Italian plastic companies but towtwle European bioplastic industry,and in geneyallt

enterprises active in the most advanced countfidgeoworld .
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Chapter 1: General Introduction

l. PLASTICSAND SUSTAINABILITY: CURRENT ISSUESAND OPEN PROBLEMS

Today, plastic materials are widely used due t@ tfigersity in terms of type, properties, and thei
applications in our daily lives. In fact, plasti@atarials are the first choice for the productioralofiost all
components because they are durable, light, shémical and water resistant, easy to process and ar
cost effective. Regarding industry, plastic materigan be applied in packaging (37%), construction
(20.6%), automobile manufacturing (7.5%), electtodévices (5.6%), as well as in other applications
(27.3%). This wide range of application has leactsudden increase in their development in recent
years, not only in technology advancement, but mdbe sheer quantity of production. Accordinghe
European plastic market organization report, thewrhof plastics production has increased more than
five hundred percent from 1976 to 2010 [1].

Despite these positive aspects, more than 90% aaftipl or polymer materials available in the
market are produced from oil. As the use of plasticreases, the number of oil fields necessamédet
this demand is insufficient. Moreover, the polyrizedurable and has a high molecule weight, leattiray
long lifetime on land and sea for hundreds of yelaraddition, the production and degradation psecs
plastic can produce large quantities of carbonideand toxic gas, adding to the greenhouse edifiedt
therefore contributing to worldwide climate chafges].

To summarize the positive and negative effectsplastics have on the environment, the European

Union has released some framework conditions fastjuls expressed in Europe [1,4].

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers
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Policy Framework

L egal framework

* General Polices
- Sustainable Resource Strategy:

+ Promotion of energy efficie
production

+ Resource use: promote recover
+ and recycling (landfill no futu

drive use of Recycling ar
(RRM “lo

option),
Resource Management
carbon economy”)

-EU Integrated Product Policy:

+ Conception of products with t
highest possible degree of sustainability
from the cradle to the grave

- Sustainable Industrial product polig
(SIP)

* Specific Initiatives on European L evel

Green paper on market-basg
instruments for environmental technologig

+ Discusses / proposes measures
labeling, eco-taxes, GO-trading, VAT,
standardization, PR campaigns

- Sustainable Industrial Policy on big

based products

+Lead Markets Initiative for big
based products

+EU Policy Leaders Browne a

Sarkozy proposal of VAT Reduction (5%
EV)

European Packaging

Packaging Waste Directive

- Allow composting of packaging
Germany

d- Germany Packaging Ordinance: Regula
V\pf compostable plastic packaging

- Certificate biopackaging will be exempt
from recycling obligation until 2012. Value
€ 0.5-0.8 for bioplastic.
he

bottles with > 75% RRM until 2012. Support
by Coca Cola.

Yy

*

France: Law on Agriculture include
mandatory use of disposable retail carry bg
cotton buds and waste bags by 2(
(challenged by European Commission
therefore pending)

2d Italy: Intended mandatory bio-degradal
Hags from 2009 pending (Challenged by EC

9K / Austrial Cities: Looking for specific
recycling solutions and look for biodegrada
)_packaging.

* Netherlands: Subsidies from Ministry o
Environment for bringing down cost

hgompostable packaging; taxation of fos:
ifpased polymers

* Belgium: Compostable bags exempted frg
packaging tax pending. Value of € 0.3/kg
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_- Exemption planned of deposit for beverage
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A0S,
12

bie

e

f
Df

5il-

bm

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers



Chapter 1: General Introduction

In the analysis of the policy and legal framewook plastic production and its applications, two
main tendencies emerge that regard both the @dsticistry and the plastics market.
- Recycling plastic materials
- Using renewable resources or sustainable maleri@ produce bioplastics, which are

biodegradable, bio-based, compostable, and fastiag in new applications

[1. PLASTICRECYCLING

Manufacturing plastics requires large quantitieseagrgy, labor, natural resources, water and
harmful chemicals, which can strongly effect thevimmment and human health. They are also are
durable and persist for long periods of time, tfa@eegreatly affecting the environment. The Assticia
of Plastic Manufactures in Europe has concludetl Xttatons of oil are saved for every ton of reeycl
polyethylene produced [5]. Recycling plastic aleduces energy consumption, reduces the amount of
solid waste going to the landfill and helps redtive greenhouse effect, along with saving precious

natural resources.

f__:_ d products
Intermediates Production g
ﬁ =’ Organic wasle
A iz collection

Manufacturing

“'= Compost
Processing |

Renewable

Raw Materials:
Starch, Oil, etc.

Biodegradation

COz,HzO
Biomass

Agricultural
Feedslocks

Figure 1. Life cycle of plastic materials [6]

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers



Chapter 1: General Introduction

Despite the positive effects of recycling plastiosany applications do not utilize pristine
polymers such as trays, pots, toys, electric compits) and house construction components, impacting
the development of the plastic recycling industng anarket. Several polymers can be recycled such as
low density polyethylene (LDPE), high-density pdhgene (HDPE) , polypropylene (PP), PVC
(Polyvinyl chloride), , polystyrene (PS) and pdhgdene terephthalate (PET) , from bottles, trdijs,
tubes, shopping bags, as well as polycarbonatésphénol A (PC), and acrylonitrile butadiene stgren

copolymer (ABS) from electric components, cups, tmyd [6-7].

[Il. CONCEPT OF SUSTAINABLE BIO-BASED MATERIALS

3.1 Renewableresources.

Until now, this concept has not been defined ddflgi in scientific terms. The definition of
“renewable resources” according to Wikipedia isiattiral resource (such as wood or solar energy} tha
can be replenished naturally with the passage raktieither through biological reproduction or other
naturally recurring processé$s].

In terms of plastic materials, only those polym#rat are produced from renewable resources,
natural renewable energy, agriculture resourcel ssccellulose, corn, starch, natural sugar, oseho
resources that can be re-produced from nature earalled a biopolymer or a bioplastic. Conversely,
almost all plastics are produced from petroleumloling the definition of the European Bioplastic
Organization, bioplastics can be bio-based, bicattaisle or both [9].

3.2  Bio-based materials

The American Society for Testing and Materials (MTdefined a bio-based material aan“
organic material in which carbon is derived fromenewable resource. A commodity or resource that is
inexhaustible or replaceable by new growth) vialdmgcal process (ASTM D6866) [10]The product

must be produced 100% from natural resources shuti necessarily biodegradable or compostable.

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers
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As of now, bioplastics do not have many advantaggwoperties, as compared to the polymers
from oil, because it is a new field in research deglelopment. However, they present several banefit
that are environmentally friendly, for example:

+ They need less time to break down after beisgatded, so that means there will no longer be
tons of plastic dominating our landfills;

+They are produced from renewable resources,esbitplastics will be easy to renew or recycle
because they were produced from biomass, or alsmbfats, meats or other tissues;

+ They are good for the environment because tisane harm done to the earth when recovering
fossil fuels. Also, in this process there are viewy greenhouse gasses and harmful carbon emissions,
thereby decreasing the greenhouse effect. Moredwepjastic production needs less energy and few
harmful chemicals [11-16].

3.3 Biodegradable plastics

Similar to bio-based plastics, a biodegradabletiglasas defined by the American Society for
Testing and Materials d® degradable plastic in which the degradation rsufrom the action of
naturally occurring microorganisms such as bacteriangi, and algae. Biodegradable plastics must
biodegrade in specific environments such as soihost, or marine environments (ASTM D68da)).
Biodegradable plastics can be made from oil ormahtesources; it is not important where the materi
come from, they need only to meet the requiremaefimed above.

3.4 Compostable plastics

“ A plastic that degrades by biological processesraucomposting to yield CQwater, inorganic
compounds and biomass at a rate consistent witerdthown compostable materials and leaves no
visible, distinguishable or toxic residues. Toxa&sidues important for compost quality include heavy
metal content and serotoxins (ASTM D6400) 117]

3.5 Main types of Bioplastics and Applications [18-21]

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers
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Biodegradable/ compostable

Name

Application

Synthetic Polyesters
(BASF, Mitsubishi, etc.)

polybutyleneadipat:

terephthalate (PBAT),
polysuccinate (PSN),
polybutylene succinate adipate
(PBSA),

Films, toughening agents for
brittle biopolymers, bottles,
etc.

Biodegradable/ compostable
and Bio-based

Name

Application

NatureWorks, Purac/ Synbri
Futerro, Sidaplax, etc

Polylactic acid (PLLA, PDLA)

Rigid containers, film, barrief
coating, cosmetic covers, etc.

Novamcnt, Spher-Biotec,
Plastic, etc

Starch based materials

Loose fill, bags, films, tray:
wrap films, etc

Innovia, Acetati, etc

Cellulose based materia
Cellulose diacetate (CDA), etc

Glass components, helmets
car components, food trays,
etc

BASF, FKUR, etc

PLA compounds/blends

Films, tomato clips, tree-pots
etc.

Metabolix,, KaneKa, Biomer,
etc,

Polyhydroxyalkanoate (PH),
polyhydroxybutyrate (PHB),
polyhydroxyhexanoate (PHH)

Films, barrier coatings,
medicines, trays, etc.

Bio-based

Name

Application

Dupont

Bio-PDO based polymers, 1
propanediol (PDO), DuPont
Sorona, DuPont Cerenol

Textile Fibers, Automotive
Refinishing, etc.

Braskem, DOW

PE, PP from Bioethanol

Cups, food trays, films
medicines, food packaging,
beverage bottles, etc.

Solvin

PVC from Bioethanol

Pipes, etc.

Arkema, BASF, etc.

Polyamides PA 6.6.9/6.10

Car components, bumpers,
electric components, etc.

Tablel. Several types of bioplastics and theiriappbns.

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers



Chapter 1: General Introduction

3.6  Sustainable materials

Similar to the concept of renewable resources naausus definition for sustainable materials does
not yet exist. According to Mohanst al. [22], a sustainable, bio-based product is defiagda bio-
based product derived from renewable resourcesngargcycling capability and triggered biodegrahjlit
with commercial viability and environmental accdplity” .

Furthermore, in terms of polymers, the Institube focal Self-Reliance and European Plastic
Organization [5-23] established tHifatsustainable polymer is a plastic material thatdresses the needs
of consumers without damaging environment, healtid economy. Feedstock for the production of
sustainable plastics must be renewable, such agglavith preference to the use of by productsver o
production. Synthesis, production and processingustainable polymers should use less net water and
non-renewable energy, emit less greenhouse gaskdare a smaller carbon-footprint than their non-

sustainable counterparts, while still being econgatiy viable.”

Triggered
Biodegradable

Renewable Recyclable

Environmental Acceptability
&
Commercial Viability

SUSTAINABLE

Figure 2. Concept of "sustainable" bio-based prodydviohantyet al. [22].
According to the definitions above, biopolymerspatymers produced from renewable resources
can be considered sustainable materials. Biocortgsosi composites made completely or partially from
bio-resources (only the matrix or fiber) are alsgarded as sustainable materials. In the expreséibis

concept, we can ascertain that sustainable matexaild be biodegradable, whether they are recymled

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers
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not; but they must be produced from renewable ri@$erRegarding to development of friendly
environmental materials, biocomposites are consitlethe most important candidates for the
development of sustainable materials because ttres high mechanical properties, are thermo resjstan
and are cost effective, especially those basedapolymer matrices and renewable fibers and fillers
Considering those problems regarding the envirotiraed the tendency of material development,
sustainable materials have emerged as the matefitds future. For this reason, in 2009 the Snsatale
Biomaterials Collaborative Network elaborated nevingples for the development of sustainable
biomaterials such as: the elimination of single-psaducts that can neither be recycled nor composte
avoiding fossil fuel-based materials; developingtarials and products derived from renewable
feedstock; growing feedstock as a resource for fiaatwring biomaterials; and investigating the effetc

sustainable materials on the environment, heatith sacial and economic justice [24].

IV. BIOCOMPOSITES

Composite materials have been around for many y€arer the past 30 years, the composite
technology markets have developed greatly, espeaal glass, carbon, aramid fibers, laminate, and
thermoset. However, the composites based on lags dibers or laminates and thermoset are stiitdiin
in their application in smaller and cheaper apfilices such as such as pots, trays, boxes, fistasgs;
tubes, other car parts, chairs, etc. because theg h low elongation at break, are flexible andrthe
processing is too expensive. Therefore, a choicemade to base composite materials on a thermiplast
matrix and short fibers and fillers. At the sammdj processing methods, such as single/twin screw
extrusion and injection, were updated in orderdapd to economic requirements.

Based on the development of composite materialstaa appearance of new bio-based materials

as well as the problems of plastic materials witheénvironment, a new brand of composite matenats
formulated and called biocomposites to includellotar partially bio-based materials. This meanatth

they can have a matrix, fiber or both, which aredpced from renewable resources. Materials can be

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers
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completely or partially biodegradable such as palpglene/wood fibers, polylactic acid/glass fibers,
polyamide/cellulose fibers, and polycarbonate/ligni

4.1 Current applications of biocomposites and recent research tendencies

Nowadays, predictions about “peak oil” and the f#mbf oil production together with the
consideration that the risk of environmental damaben drilling flor oil and gas and the extractimysts
are increasing higher as these resources becomadesssible, make biocomposites that presente wi
range of advantageous properties especially importaengineering applications . Biocomposites are
therefore receiving much consideration from marsgagech groups, and industrial companies all over th
world, more specifically in the automotive industhye to their low environmental impact and theistco
effectiveness. Biocomposites can present the sanfiermance for lower weights and, at the same vieigh
as other composites, present 25-30% higher meddapioperties [22]. Depending on different
components of the car, the fiber and matrix arectetl to adapt with the using requirement of each
components. Since petroleum plastics are still phieand easier to process than biopolymers, car
components are being produced from polypropylertk afibers such as flax, hemp, and kenaf. The
goal is to decrease the lifetime of the materialitowill be consumed naturally by bacteria, so the
environmental impact of product will be reduced.

Biocomposites are not only promising materials tbhe automotive industry, but also for
agriculture, the packaging field, construction dmdise components [25]. In agriculture, pots or toma
clips together with other articles are producedrnfrbiocomposites. Most of them are produced from
polylactic acid, PHB or starch and wood fibers [2B, 27]. Their lifetime is short and can become
fertilizer once used. This tendency will increake life cycle of materials in nature as well asrdase
the environmental impact. Moreover, biocomposites the best candidates for choosing materials in
packaging applications due to different requirermemtf the mechanical properties, size, and
diversification in uses such as food packagingtaioars for cosmetics, chemicals, fish transpart a

biological eggs. All of them have a short lifetirued are 100% biodegradable.

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers
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From the potential applications above, the develmnof biocomposites are following four
tendencies [22, 27-30]:

» Develop new processing techniques to obtain ryped or treatment biofibers using physical or
chemical methods to obtain inexpensive yet highhaeical properties, cellulose content, uniformity,
and high surface energy;

» Modification of the polymer matrix through funetialization, blending to increase the
mechanical properties, thermo, oxygen, and chemésitance, etc;

 Using a coupling agent or catalyst to modify fledymer matrix and/or increase the interaction of
polymer and biofibers;

 Develop or select the best conditions for proogssaterials.

Due to the many different types of polymers andpbigmers, researchers have focused their
attention on modifying the polymer matrix and tmteraction with fibers, since it is rather easy to
combine or enhance positive properties througtctimbination of different polymers. However, natural
fibers such as kenap, helm, flax, tencel, coir, ancbnut are not abundant [28,29]. The main goal of
industry and research is to develop a processittint#ogy in order to obtain a fiber that preserngg h
physical properties, surface tension, cellulosaamnand geometry. Moreover, fiber manufacturees a
pushing to decrease the cost of processing togeiliediversifying the types of fibers in order adapt
the prices to the composite materials. The apjicatdictate the technical processes used for the
composites. For example, traditional processinghots such as RTM, sheet molding, and resin transfer
molding are used for long biofibers and thermoBet. short fibers and thermo plastics, extrusion and
injection are fashionable, but it is not easy mifthe best processing conditions for each maténidéed
modeling and research regarding processing isastithpen field [27]. Typically the choice of prosieg
method is adjusted according to the fundamentalryhen rheology of the polymer and the experierfce o
operator. In this thesis, we selected extrusioniajedtion for our processing method becauseetisy to

develop for industry and inexpensive to produce.
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Natural/Biofiber Composites (Bio-composites)

1
Biodegradable
Triggered Biodegradable

Bipfiber-Rene\Name Biofiber-Petroleum Based
Biopolymer Based Biodegradable Polymer

(Polylactic acid/ ~ _ _
Biofibers-aliphat

Cellulose plastic/ (Biofibers-aliphatic
Copolyester/

Starch/
PHA, PHB) Polyesteramides)

1 1
HYBRID BIO-COMPOSITES

Two or mor e Biofibers Reinfor ced Biopolymer
Composite: Purpose To
Manipulate Bio-composite Properties& To
Maintain Balance Among Ecology-Economy-Technology

Figure 3. Classification of biocomposites accordmdylohantyet al.[22].

4.2  Natural fibers/biofibers

Biofibers have become increasingly popular in récgsars because it has high mechanical
properties when compared to glass or carbon filiglisexpensive, has a low density, is renewabte an
environmentally friendly being completely biodegabte. Along with the development of biocomposites,
biofibers will become fashionable materials for fhaure, and this development will bring about avne
revolution in materials technology [22-30].

There are different biofibers on the market madenfbiomass or renewable resources. FatuX.
[27] has classified them into six categories: "H#strs (jute, flax, hemp, ramie and kenaf), leafrbe
(abaca, sisal and pineapple), seed fibers (coigreaind kapok), core fibers (kenaf, hemp and jgi@ss
and reed fibers (wheat, corn and rice)," and finalyod flour, and regenerated cellulose fibers. In
particular, the bamboo and coir fibers are undeigaievelopment in recent years not only in quantity
but also in quality [31,32]. However, they arelstdarse materials and have not made much progwess

production as other commercial fibers have.
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. Tensile ,

Density Strength Young's
Lignocellulosic Fiber (g/er) (MPa) Modulus (GPa)
Bagasse (Saccharurffiginarum) | 0.34 - 0.49 135-222 15-17
Bamboo (Bambusa vulgari 1.03-1.21 106- 204
Banana (Musa sapientul 0.67 1.5C 700- 80C 27-32
Buriti (Mauritia flexuosa) 0.63- 1.1Z 129- 254
Coir (Cocos nucifere 1.15- 1.52 95-22( 4-6
Cotton (Gossypium M. 1.5 1.6C 287-80C 6-13
Curaua (Ananas erectifoliur 0.57-0.92 | 117-300C 27-8C
Flax (Linum usitatissimumr 1.30-150| 344-1035 26 - 28
Hemp (Cannabis sativ. 1.07 389- 69C 35
Jute (Corchorus capsular 1.30- 1.4¢ 393-80C 13- 27
Piassava (Attalea funifer. 1.10- 1.45 | 109- 175C 5-6
Pineapple (Ananas comosc! 1.44-1.5¢ | 362- 1627 35-83
Ramie (Boehmeria nive: 1.t 400- 162( 61-12¢
Sisal (Agave sisalani 1.26- 1.5C 287-91: 9-28
Soft wood (spruce 0.46- 1.5C | 112-100C 11-4C
Hard wood (birch 0.67- 1.5C | 300- 150C 30-8C
E-glass 2.50- 2.5¢ | 2000- 345( 70-73
Carbon 1.78-1.81 | 2500- 635( 230- 40C
Aramid 1.44 3000 - 4100 63 -131

Table 2. Density and Mechanical Properties of $etebCFs [28-35].

The main problem of biofibers is that they are aniform and that they contain a lot of natural
chemical compounds such as lignin, wax, fat, heltolose, and water. They can reduce the physical
properties of fibers as well as the interactionmieen fibers and matrix. The weak interface between
fiber and polymer matrix will affect the stressniséer from the matrix to the fibers, so it will ek the
mechanical properties of the final materials. Mearp the natural compounds are also affected by the
processing condition, because the materials witdmly degraded at high processing temperaturdseby
absorption of moisture such as lignin [36]. To avdihat problem, modifying the natural fiber has
received much consideration before processing wittnposites. Two main processing methods are

formulated as physical and chemical methods [27].

Sustainable Biocomposites from Renewable ResoanteRecycled Polymers
12



Chapter 1: General Introduction

The physical methods for treating fibers are shieg, thermal treatment, and adding plasma. The
principles of the physical method is to activate shirface energy of the fiber or to increase thitingeof
the fiber in order to enhance the interaction witle polymer matrix. The stretching and thermal
treatments are inexpensive, but are not efficiemérwcompared to the plasma method. Treating fibers
with plasma has been quite popular over the lasyedrs, activating the surface oxidation of fiber.
Normally, this method is applied to the cellulod#zefs and hydrophylic matrix. However, it is neithe
economic nor easy to degrade the cellulose fibeestd the high-energy requirement for the treatment
process. In addition, this method is limited ini@éincy due to an increase in the compatibilization
between the fiber and matrix such as Hemp/PP, pdéyester, and Sisal/HDPE[38-42].

Unlike the principle of physical methods, chemio@thods are based on changing the chemical
structure of biofibers. It is a more economic, dapand presents diversified applications. Normaihg
chemical method focuses on changing the chemigaposition of the fiber or modifying the hydroxyl
functions on the fiber surface. Not only does hamce the adhesion of the fibers to the polymeriryat
also increases the other properties of the comgmsiich as water absorption and thermal resistéhee.
chemical treatment methods include silane, alkakcetylation, and enzyme treatments used as caupli
agents. The alkaline treatment is a simple and ajjgication for biofibers because it removes some
substances such as lignin, wax, oil from the serfaicthe fibers. This method interrupts the hydroge
bonding in the fiber structure, therefore improvithge surface roughness. The effect of the alkaline
method to mechanical properties and wetting abdityignocellulose fibers were investigated [43-51]
The alkaline treatment is the first step of fiberatment before processing. The silane couplingntage
used the amino group in the compound to react With groups on the surface of fibers to not only
increase the surface energy, but also to activateeschemical groups that easily react with the rpola
groups in the polymer matrix [52-55]. This methadused mostly for glass fibers and epoxy matrix

composites, but is still useful for cellulose fibeA bit different than the silane coupling agehie
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acetylation method uses the acetyl group to reéthtttve OH group of fibers to increase the hydrdpbo
character on the surface of fiber, decreasing #itemabsorption of the composite [56-65].

Using a coupling agent for the treatment of fib@réncreasing the chemical bond between fibers
and matrix in biocomposite is an attractive focasanly in research, but also for industrial apgtions.
The selection of the coupling agent must dependhenpolar or active functions of the matrix. The
coupling agent will form a chemical link betweehdis and the matrix by reacting with polar groups i
both. For example, MA+PP and MAg-PE [66-68] are chosen for biocomposites based on
polypropylene or polyethylene and biofibers. The Méupling agents are produced as commercial
products such as SEBRBEMA [69] and MAH-g-PP[70]. The grafted polymers with MA are desigihgd
the requirement properties of the final materialshsas good wetting, thermal and oxidation restsan
[71-76]. There are also some coupling agents withxg terminated short polymer chains such as epoxy
functionalized soybean oil [77-78], where the epyctions can react with the OH groups of biofter

When using coupling agents for processing, theerizdé must be completely dried to avoid
reactions with water in the biofibers. Althougle tboupling agent increases the interaction of ither f
and matrix, they may also give rise to crosslinkiegctions between polymer chains in the matrix,
making the matrix brittle. It is still a challender biocomposite technology to select a couplingrag
which can increase the mechanical properties ofrtatix, the interaction between fibers and therixat
and the processability of materials. Moreover, antioned above, the lignocellulosic fibers ard sttt
uniform, different chemical compounds such as fignivax, and fats will be affected by the
biodegradation of fiber as well as the physicalpprties and efficiency of the treatment method.
Confronted with these issues, Lenzing AG, Lenzifagstria has invented a new type of cellulose fiber
called Lyocell, also known as Tencel, an artifictatrofiber made from regenerated wood pulp ceflalo
It is produced by spinning bleached wood pulp digmbin a nontoxic (“green”) organic solvent, N-
Methylmorpholine-N-oxide or MMNO, which can recoedr by washing the freshly spun cellulose

microfibers in water, later purified, and recyclékencel fibers have 100% cellulose, a high surface
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energy, are uniform, and have an especially higreetsratio [79]. For this reason, these promisibgrs
have been selected to reinforce the biopolymeririatthis thesis.
4.3 Biopolymer matricesfor composites
In order to adapt to the environmental conditiamsl requirements of the market, bioplastic

production has increased suddenly over the pastyfawrs, from 249,000 metric tons in 2009 to 1.16
million metric tons in 2011 [9]. Following the agais of the European plastic organization, the arteu
of polylactic acid (PLA), polyhydroxyalkanoate (PhHAellulose acetate and starch will increase tgpid
in the next few years [9,19]. More specificallypplastics will be combined with biofibers to produc
"green composites" with 100% biodegradable materiBhanks to these developments, bioplastics are
being used for different applications such as fpadkaging, construction, automobile manufacturing,
electronic devices, medical products, and for petelthat can be found around the house. Howewey, th
still have some limited properties such as brit#ks) low toughness, and low thermo resistance,hwhic
must be improved if they are to replace traditigelaktics in the future. More specifically, polyi@acacid
and cellulose derivatives, which are selected pslymer matrix in this thesis, are remarkable paym
matrices for biocomposites having reasonable pacesdiversified manufacturers. That is why they ar
not only considered in research, but also in imilsapplications.

431 Cellulose Acetate

Cellulose plastics and their derivatives come fnmaterials that are found in nature. They are
produced through the reaction of polysaccharidesaaetic anhydride from wood pulp. In the past, the
production of cellulose acetate came from papeyctery. The most important thermoplastic cellulose
esters are cellulose acetate (CA), cellulose didedCDA), cellulose acetate butyrates (CAB), defla
acetate propionates (CAP) and nitrocellulose [G0le biodegradation properties of cellulose acetate
depends on the degree of substitution acetate CB)tor and Mechalas found that CA is biodegradable
when the DS is less than 2.4 [81]. However, thegtemperature of cellulose plastics is quite tiear

decomposition temperature. Therefore, they are rgépetoo difficult to be processed through
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conventional melt processing methods without theitexh of plasticizers. At present, only plastidze
formulations of cellulose esters have commercidityuas extruded films or sheets. For this reagbs,
formulation of cellulose acetate with plasticizexritical to its performance and has been théestilof
considerable research and industrial application.

As it is known, the major plasticizers of cellulaseetate are phthalate compounds, such as diethyl
phthalate (DEP) and dioctyl phthalate (DOP). Thimity of plasticizers has a relatively high rate of
migration and volatilization because of a low malec weight [81]. Moreover, CA was plasticized by
the other commercial compound such as Poly(capgamiatriol) [82], polyethylene glycol, propylene
glycol, dibutyl phthalate [83], glycol and TA as liplasticizers [84]. Most papers on the use of
plasticizers were only focused on improving thecpssibility of cellulose acetate. The plasticized
cellulose derivatives have high mechanical propsertand thermal resistance. They are applied to
injection processing to produce helmets, glass dmnsport accessories, automotive components,
finishing rods, construction and house components.

Cellulose derivatives are also modified by blendingm with other non-biopolymers to improve
different properties of materials such as elongatib break, thermo resistance, flexibility, and shaie
absorption. For example, CAP was blended with pbbmsulfone (PES) [85], Nylon 6,6 [86],
polyethyleneimine [87], polyestercarbonate [88]d arinyl polymers [89-90]. Almost all blends were
applied to production components, which were exgpdsehe environment. In addition, the presence of
cellulose acetate in the materials decreased thiecoemental impact factor of the materials, espicia
for non-bioplastics.

Moreover, the combination of CA and the other blgpers or biodegradable polymer received
much consideration from researchers and industiyd®ase biodegradation ability, biodegradatiometi
as well as the conditions of biodegradation. Théghnd is commonly used for film production based on
cellulose acetate such as poly(3-hydroxybutyra®&)R) [91], polylactic acid (PLA) [92], and starc®3].

The blends with biopolymers from natural resour@esmostly applied for medicine or films production
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Moreover, CA is also blended with some polymersdpoed using petroleum-based feedstock
biodegradable such as poly(butylene succinate) [@4hot like polymethyl methacrylate (PMMA) [95],
etc. With these blends it is possible to produltedfifor packaging because the materials show etimma
at break and argufficient biodegradability.

Nevertheless, the big problem of these materiafousd in the processing method. Almost all
studies on blends of cellulose derivatives witheotpolymers used the solvent mixing method. The
structure of such blends was thus porous and ntbthi Cellulose acetate is immiscible with most
polymers. Therefore, some maleic anhydride (MA) emoxy terminated coupling agent or some
transesterifaction catalyst must be used in o@érdrease the interaction [96].

As mentioned above, cellulose acetate usually reguplasticizers for industrial processing,
especially for extrusion. However, the plasticizatlulose acetate has a limit for application oy
periods of time. In fact, the plasticizers can bleased and can decrease the mechanical propefrties
materials such as elongation at break, toughnéssVereover, the problems of immiscibility withhatr
polymers forces the producer to change the pravesisod, since the solvent mixing method can only be
applied for lab scale and research, since it vatl e economically viable for industrial processiirg
addition, the development of cellulose derivativenposites is still limited, although the materiate
biodegradable and come from natural resources asdignin [97-98]. Most publications on cellulose
derivatives date were published in the period 1892002; after that they have not received attentio
from research, but it still remains a possible pitdor the market. For this reason, in this thesis aim
to produce composites based on this old biodegtadadlymer that can quickly be adapted to real life
applications, easy to apply for industrial procegsind the production of biocomposites.

4.3.2 Polylactic acid

Polylactic acid (PLA) is made from a natural reseur corn starch. PLA is formulated from the
condensation polymerization of D or L lactic acidring opening polymerization of the lactide. Swere

are PDLA and PLLA polymers on the current markets lcompletely biodegradable, compostable, and
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the materials can maintain their mechanical pragervithout rapid hydrolysis even in high humidity
conditions. Moreover, the prices of PLA are abouto24 USD/kg, very competitive with the other
petroleum plastics in the current market [99]. ffmse reasons, PLA is the most used biopolymer now
The amount of PLA produced is about 140,000 tomsypar and its production will increase by two or
three times that over the next few years. There seeral companies producing PLA such as
Natureworks, Purac, Samsung, etc.

PLA is a semi-crystalline polymer having mediumsiénstrength and Young's modulus. However,
the thermal resistance of these materials is rgit, iy = 60°C, and they have a low fracture toughness
and are also brittle materials (the elongation nmorkess 7%) [99]. To increase the mechanical ptase
of PLA, especially tensile strength and Young's alos, many studies focuses on PLA reinforced with
different types of biofibers to obtain biocomposifer diversified applications. The composites Hase
PLA and biofibers are expected not only to increiisemechanical properties, but also to decrease th
cost, the energy consumption, the environmentalagh@as well as to accelerate the development of
biofibers. New strategies open the possibilityrigplacing synthesized fibers in polymer compositith
the presence of PLA. In recent years, there haen bmany publications on biocomposites and their
products on the market based on PLA, such as Kelnaf[100], Jute/PLA [101], wood flour/PLA [102],
cellulose fibers/PLA [103], Flax/PLA [104], etc. Wever, the poor wetting ability between hydrophilic
microfibers and hydrophobic polymeric matrices vabuéad their simple mechanical mixtures to
composites with poor interfacial adhesion and kaitmechanical strength and ductility. Moreover, ofe
the problems of this composite is its poor intaomcbetween the fibers and matrix since PLA hagh h
surface tension. In order to enhance the adhestnelen the PLA and fiber, several treatment fiber
methods have been tried such as silane, acetylaiuh alkaline [105-109]. Besides maleic anhydride
[110] and (4,40-thiodiphenol) (TDP) [111], also MAPP was added as a coupling agent for the

composite [112]. Although this modification increaghe interaction of matrix and fibers, the conitpos
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remained still too brittle because of the origipabperties of the matrix. These properties alsdt lthe
amount of fibers in the composite during processing application.

Currently, there are two options for reducing trétleness of the materials. These are using
plasticizers and adding the other polymer with h@bngation at break. The principle of both cases
decreases thegTand interaction between polymer chains of PLA.tTiaans the tensile strength and
Young's modulus of PLA will be reduced. There areumber of plasticizers such as Polyethylene glycol
(PEG) [113] and Triacetin [114]. Similar to cellak acetate, the plasticizers will affect the mefzdn
properties of PLA if used over a long period ofdinMoreover, the toughening agents for PLA areequit
diversified and include poly(vinyl acetate) [11Bply(caprolactone) [116], and poly(butylenesucahat
(PBS) [117], etc. More specifically, Poly(butylemaate-co-terephthalate) (PBAT, Ecoflex®) produced
by the BASF company is the most popular tougherdggnt for PLA. The elongation at break of
polylactic acid increases more than 200% when ad8id wt% of PBAT [118-120]. Ecoflex can be
blended to starch, PHA, and PHB [120] to incredseflexibility of the materials. The plasticizensda
toughening agent are used to produce films base®®Llan for different applications. Similar to the
plasticizers PBAT and PBS have a loy, $lightly decrease tensile strength but becausthethigh
surface tension of PLA are not soluble in this pody and phase separate into a dispersion of smaill a
soft rubber particles. In addition, the toughenaggnts also present a poor interaction with filirerthe
composite. Hence, this will limit the applicatiohRLA based composites in fields where materialh wi
high thermal resistance, flexibility and fractu@ughness are required such as food trays, eldctrica
components, etc. As the aim of this thesis, weadrgevelop a new type of biopolymer composites dbase
on PLA to adapt with the conditions mentioned abolWe addition, the biocomposites with new
formulations will also be investigated in orderitgprove the interaction between the fiber and mato

it will enhance the mechanical properties and emvirental impact of materials.
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V. THEAIMSOF THE THESIS

Despite their potential, considering the long-teemvironmental issues and the progressive
resource depletion, the use of materials derivedn frenewable resources still often conflicts with
problems in the regular provision of raw materigsperty variability, high processing costs ana lo
properties of the final products. In order to erdeathe development of engineered biocomposite pisdu
that meet the diverse needs of users and to maxithiz sustainability of natural resources, research
needs to implement a biotechnological, materiaienee and an engineering approach in order to
improve biocomposite performance. Biocompositegnore specifically "green composites"”, consist of
biofibers and bioplastic matrices from renewableoteces. Thermoplastics have a lower impact on the
environment than thermosets because of their rabiity. Moreover, biopolymers and natural fiber
composites are commercially available from a numdfecompanies. The automotive industry is the
largest potential user of biocomposites. Due tollspraduction runs, material costs are typicallgter
than for fossil fuel equivalents. Manufacturing eyye costs may be higher too. In Europe, where
legislation ensures the polluter pays, large canpgamies are making significant effort to adopt reltu
fiber composites in the non-structural parts ofrtbars because they can be composted. This isch mu
cheaper form of disposal than landfill or incinerat

This thesis treats the valorization of forest reses for the production of bio-based products with
the additional contribution to solve the problensdated to materials produced from petro-derived
resource, to waste disposal, to the use of enengsuznption and polluting chemical pathways andhéo t
use of hazardous substances. Effort will be deviitéde promotion of the use of wood derived fikters
replace glass fibers and mineral fillers, in auttiaginterior and exterior parts; and as a compbiren
composite materials with biodegradable polymeridrites for application in the packaging (cardboard,
containers, etc.) and agriculture sector (mulchimgenhouse, tomato clips, pots, etc.).

However, the biopolymer matrix still presents liegitproperties such as being brittle, having low

thermal resistance, difficult for processing, etcorder to succeed in the focus above and diyethi
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application of materials, the polymer matrix must imodified in order to increase the mechanical
properties, processability (Chapter 2 with cellalogiacetate matrix) and thermal resistance, and
morphology and toughness (Chapter 3 with PLA/P@ddematrix). It is also common knowledge that in
case of weak adhesion at the fiber-polymeric mattierphase, the amount of fibers that can be kbdale
the composites without problems of dispersionmstéd since fiber agglomeration will lead to a nnizlle
with poor mechanical properties and difficult t@pess. The modification of plant material (e.gotiyh
physical, chemical, or biological means) has besmetplly considered necessary prior to its uséén t
manufacturing of natural fiber-reinforced thermagila composites. The amounts and properties of the
coupling agent are crucial for the properties @& tomposites. The appropriate coupling agents teed
be adjusted to the chemical composition of the pelymatrix. Each matrix/reinforcement pair requizes
different coupling agent such as glycerin polygiiyti ether (Chapter 1) or transesterification agents
(Chapter 4).

It seems very useful to determine the strengthlibpolymer-natural fiber interface to evaluate the
optimal level of physical, chemical or biologicabdification of such interface. In the current thedhe
interaction between the fibers and polymer matoiken described in term of ‘adhesion’, is generally
related to the interfacial shear strengthof IFSS) and is almost only applied for continudiler
composites. Several experimental methods have teesloped for their determination. These can be
divided into two general categories: single (diresting) and multiple fiber tests (indirect teg)inThe
experimental methods for single fibers are maihky pull-out and the fragmentation tests that pmvid
measures of IFSS [121-122]. Several methods hawe tezently developed for deriving values ftihe
IFSS) from the tensile stress-strain curve of thegosite and the fiber length distribution basedhan
modifications of the Kelly-Tyson equation [123-12Fhere are also some methods provided by Bader
and Bowyer [125-127], Thomason and Fu and Laulestionate the IFSS of fibers and matrix. However,
they can only be applied to continuous or longrbdhe interface shear strength between shorntsfibe

and fillers has not received much consideration desielopment from the theory of mechanical
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properties. For that reason, in the last chapteap@r 5) of this thesis, a new model will be depetl
for predicting the IFSS of nanofillers, short nafufibers and the polymer matrix based on the

developments of the Pukanszky and Kelly-Tyson tlesor
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Chapter 2

“Green” Biocomposites Based on Cellulose Diacesai® Regenerated
Cellulose Microfibers: Effect of Plasticizer Contem Morphology and

Mechanical Properties

. INTRODUCTION

Plastic materials are widely spread in everydag lifith diversified applications. Most of the
plastics of common use are currently produced ffossil fuels, consumed and discarded into the
environment, ending up with very long time for dsdgtion and relevant problems of collection and
disposal which often end up in landfills or inciagon. The increasing pressure on manufacturerselhy
environmental and waste management policies, comsudemand and also the escalation of oil prices is
steering the trends of polymer technology away fitoaditional materials. For these reasons, the new
field of biodegradable and bio-based polymers, Wwhiave some environmental friendly properties
(materials in which the production is based on weisde resources, characterized by low energy
consumption, low CO2 emissions, with possibility flomposting, biomethanation or recycling), has
received growing consideration which has been stofaised specifically on starch based productgy PL
(Polylactic acid), PHA (Poly hydroxyl alkanoates)particular PHB (Poly hydroxyl butyrate), cellubos
derived plastics [1], etc. The production of thesaterials is based on annually renewable agrialltur
and biomass feedstocks. Moreover biopolymers deérifrem natural sources can capture markets

currently dominated by products based exclusivalpetroleum feedstock [2-3].
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However, biodegradable polyesters like PLA and Rid¢ferally present some disadvantages over
oil based plastics such as low fracture toughnless,glass transition temperatureg(;Thigh moisture
absorption, difficult processing as well as limitadplications. Cellulose diacetate (CDA), the most
important cellulose derived biopolymer, from anusttial point of view, is a thermoplastic material
produced through the esterification of cellulosell@ose acetate has been reported to be potgntiall
biodegradable [4], so that new applications of CBwy be envisaged not only for packaging and
automotive but also for medical and pharmaceutiggilications, in the production of biocomposite
materials and other bio-related fields. A variefyraw materials such as cotton, recycled paper,dwoo
cellulose, and sugarcane are used in making ceubsters in powder form [5-6]. CDA possesses high
glass transition temperature G{T which results in limited processability comparedth typical
commodity plastics. In addition, it has low solitgiin common solvents and cannot be melt proceased
raw material because it starts to decompose befweliing. Therefore, CDA requires the use of
plasticizers to reduce itsyTand processing temperature. The role of plasti€ize to decrease the
intermolecular forces among the polymer chainsyltieg in a softened and more flexible polymeric
matrix. Traditionally plasticization of CDA has eaccomplished using citrate, phthalates, glycerol
derivatives, phosphates, triacetin, etc. Phthadaters, historically the most common industrialbed
plasticizers for CDA, have been subjected to emvirental scrutiny as a health threat and thus tisere
now a serious concern about their long-time useortfer to improve the processing of CDA, some
studies explored new plasticizers such as poly@tagton triol) [7], polyethylene glycol, propylene
glycol and dibutyl phthalate [8]. Others combinedl@ic anhydride, glycol and TA as multi-plasticizer
[9]. Their research improved the processing of Cbdsed materials but at the expenses of their
mechanical properties. On the basis of the examiitethture, TA was chosen to improve CDA
processing in this study, as an environmentallyasnable (“eco-friendly”) plasticizer because & iow
toxicity and fast biodegradability [10-11]. Moreayehe solubility of triacetin in CDA is high and

triacetin is a very effective plasticizer of CDA.tAermodynamic study has shown that the enthalpy fo
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mixing is exothermal over the whole range of conitimss and the Gibbs energy of the mixing of the
CDA/TA blend has a minimum corresponding to abduind% Triacetin [12]. It was also found a fall in
the entropy of the system following the formatidrsolvates between the functional groups of CDA and
triacetin for TA concentrations up to about 40 wf#lowed by an increase in the entropy of the eyst
as a result of disturbance of the interchain imtigwa in CDA on its solvation for larger concenioats.

In order to improve mechanical properties, cellalafiacetate was blended with Poly (vinyl
pyrrolidone), Poly (vinyl acetate), Poly (N-vinyl ymlidone — co - vinyl acetate) [13-14],
Poly(caprolactone monoacrylate) [15]. A number ridls were made to extend the cellulose diacetate
chain through reaction with octadecenyl succinioyanides [16] and also with other biopolymer sush a
Polylactic acid and starch [17-18]. Most of theeash related with cellulose diacetate used sadvent
dissolve the materials and then proceed with psiegsThis induced a porous structure and reduoed t
toughness of the materials. A few researchers wsemelt processing approach to improve the
performance of cellulosic plastics [19]. Moreoveeyveral studies have tried to develop biocomposite
based on cellulose diacetate with natural fibeis fikers [20], while others used organically maelf
clay to produce “green” nanocomposites [21]. Thitability of cellulose fibers for thermoplastics in
general and biopolymers in particular were inveded because of ecological advantages, high
mechanical properties in terms of Young’'s modulod &ensile strength, low density and dimensional
stability [20,22]. Glasser et al. reported the pration of composites based on continuous rayon and
lyocell fibers reinforced cellulose acetate butgr@@AB) and other commercially-available thermogitas
cellulose esters by using solution impregnatiore Tihers were also surface modified by acetylatmn
change the interfacial adhesion between the cekufiber and cellulose ester matrix, but no sigarii
increase in strength of the composites was obsglwading the Authors to the conclusion that irateidl
stress transfer is not a limitation in this sys{@®+25], although this result could be easily aptted by
anybody knowledgeable enough in the mechanics atiramus fiber reinforced composites. Until very

recently, the properties of composites prepareti e&lulose esters reinforced with short lyocedbefis
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(Ly) have not been considered [26]. From this studywas shown that the Young's modulus of
Iyocell/cellulose acetate butyrate (CAB) compositeseased from 2 GPa for neat CAB to 4 GPa for a
composite with a lyocell fiber content of 34.8% vjv/ Similar trend was obtained for flax/CAB
biocomposites which showed higher modulus thandyi@AB composites, with values of 5 GPa for a
flax/CAB composite with the same composition. Mareo tensile strength of lyocel/lCAB composites
with fiber content higher than 16.7% (v/v) resultedlower values than neat CAB, indicating a high
probability of failure cracks on lyocell/CAB comptes samples when increasing fiber composition. In
addition, compared to neat CAB, elongation at bidzdreased for all the composites studied.

In summary, the mechanical properties of biocontpsdiased on CDA considered in the literature
are still not satisfying, in view of their possibtdgplication, and use types of processing with reve
economically viable on an industrial scale. In jgatar, the thermal characteristics of the material
developed and their matrix-filler interactions wei much investigated. So far, there are no patitios
about the effect of multi plasticizers on physipedperties, thermal stability and morphology ofdeke
diacetate/cellulose fibers composites under meltgssing.

Since both the cellulose diacetate and Lyocellrfibean be produced from renewable forest
biomass, their manufacture does not imply any caitige for land and water required for food
production. The interest in the research on bioasites based on CDA/Lyocell fibers is the
development of high-performance, environmentaligrfdly, sustainable, potentially biodegradable

biomaterials.

[I. EXPERIMENTAL DETAILS

2.1 Materials

Cellulose diacetate (CDA, CAS # 9004-35-7) type SS/was kindly supplied by the Acetati
Company — ltaly, with a degree of substitution &f. Z'riacetin (TA, also known as glycerin triacetat

1,2,3-triacetoxypropane, CAS # 102-76-1) was pwetidrom Aldrich Chemicals as primary plasticizer,
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while a water soluble epoxy resin, polyglycidyl ethof glycerin (GPE), with an Epoxy Equivalent
Weight, EEW = 135 ~ 155 g/eq, type EJ300, purchésetbong-ang Special Industry Co — South Korea,
was used as secondary plasticizer (scheme 1). BeR€&P-10/400 microfibers, shown in Figure 1, with
a diameter of about 10.5 um and an average filngtheof 390 um, corresponding to an aspect ratig, a
37, were kindly provided by Lenzing AG, Lenzing, $itia. According to this manufacturer, these fibers
have a density: 1.5 g/cm3, a Young's modulus of~16 GPa, a tensile strength of 570 MPa and an
elongation at break of 11 %. Microcrystalline clklie with a diameter of 20 um and ar = 2-4 was
obtained by Aldrich Chemicals [27-28], lignocellsio fibers type Filtracel EFC 1000, with a diameter
63.9 um, a density of 1.5 g/cm3, and ar = 6.8 mseld from Rettenmaier & S6hne Gmbh — Germany,
were used as reference reinforcements since theylteen very well characterized in the literata@-[

30]. All materials were dried overnight under vacuat 100 °C before processing.

i
c
CH,0Ac 0~ CH,
P 0 CH,0ACc |
0,
HO 0 L CH; O\CH’CH\CH/O\C _CHg
ore O ° T
OAc n o 0
Cellulose diacetate (CDA) Triacetin (TA)

CH;—0—CH,~CH-CH, CH, —O—CH,; ~CH-CH,
A4
o}
HC—0—CH,—~CH-CH, CH—OH
CH;—0—CH; -Cl'\ic;,CHz CH, —0—CH,~CH-CH,

Glycerin Polyglycidyl Ether (GPE)

Scheme 1. Chemical structure of CDA, GPE, TA
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Figure 1. SEM micrographs for Lyocell fit

2.2 Processing

A cellulose diacetate (CDA) powder was mechanicallyed about 10 minutes with different rat
of primary plasticizer (TA) by means of a high spemixer. After this mixing stage, the fillers arte
secondary plasticizer (GPE) were added and mixedxtra 10 minutes, in the same equipment.
resulting mixtures were processed with a MiniLabldlake Rheomex CTW 5 conical t--screw extruder
(Thermo Scientific Haake GmbH, Karlsruhe, Germaay)g screw rate of 80 rpm/min and a cycle tim
30 secondsin the temperature range from 170 °C to 210 ¥petiding on the material formulation. 1
processing temperature was chosen for each systtameh below the onset of degradation phenom
evidenced by the appearance of a dark colorin@p@fmateric, accompanied by a very brittle behav
The content of Triacetin in this study was varieshf 20 to 40 wt%. In fact, based on our prelimir
testing, it is not possible to process CDA withslésan 20 wt% TA, because for lower TA contents
melt pracessing temperature of the plasticized CDA exceislecomposition temperature. Pr
experiments in our lab also showed that exceedihgi® TA the main mechanical properties (ela
modulus, tensile strength, and elongation at brefk)aterials beome unacceptably low. As mentior

in the introduction, this can be explained by thet that the functional groups of CDA are compie
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solvated by triacetin when the TA content reachg@svi®. Beyond this value, further increases in TA
concentration just separate the individual CDA rooles decreasing their interchain interactions.

The role of GPE is to increase the interactiontheffibers with the matrix thus acting as coupling
agent. In our preliminary testing, we tried diffieteGPE contents: 5, 10 and 20 wt% GPE, but we
observed a decrease in the mechanical propertiiseofomposites for concentrations beyond 5 wt%.
This can be explained by the fact that the chenstraicture of GPE is similar to TA, so adding more
GPE would have negative effects — in term of exgegdasticization — like using higher amounts &. T

The content of Lyocell fibers was limited to a mmaxim 10 wt% (corresponding to 12 vol%) for
physical limitation of the feeding system of thenlllab extruder (maximum 7 cm3) with a low apparent
volume filler. After extrusion, the molten matesakere transferred through a preheated cylindéneo
Haake MiniJet Il mini injection molder (Thermo Saiific Haake GmbH, Karlsruhe, Germany), to obtain
ASTM D638 V dog-bone tensile bars used for measarngsnand analysis. The specimens were placed in
plastic bags for vacuum sealing to prevent moisalsorption.

2.3 Characterization methods

Tensile tests were performed at room temperattire ceosshead speed of 10 mm/min, by means of
an Instron 4302 universal testing machine (Cantoh, MSA) equipped with a 10 kN load cell and
interfaced with a computer running the Testworks shftware (MTS Systems Corporation, Eden Prairie
MN, USA).

Thermogravimetric Analysis (TGA) was run under flesv of nitrogen gas, at a scanning speed of
10 °C/min, from room temperature to 1000 °C, usingGA 1000 instrument (Rheometric Scientific Inc.,
USA).

Dynamic mechanical thermal analysis (DMTA) was iegfrout on a Gabo Eplexor® 100N (Gabo
Qualimeter GmbH, Ahlden, Germany). Test bars wetdrom the tensile bar specimens (size: 20 x 5 x
1.5 mm) and mounted in tensile geometry. The teatper used in the experiment ranged from -100 °C

to 170 °C, at a heating rate of 2 °C/min and freqyeof 1 Hz.
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The morphology of the composites was studied bwyrsog electron microscopy (SEM) using a
JEOL JSM-5600LV (Tokyo, Japan), by analyzing thacfure surfaces of samples, broken in liquid
nitrogen. Prior to SEM analysis all the surfacesensputtered with gold.

The chemical bonding between Lyocell fibers and/mar matrix through GPE were analyzed by
using a Nicolet 380 spectrometer with diffuse mefidce accessory (DRIFT). The composite was
dissolved in acetone to remove the polymer ma€RRA) and then the fibers were drying under vacuum
at 100°C in 24 hours. Lyocell fibers were mixedhaftotassium bromide (KBr) in order to obtain the

DRIFT spectra. During the DRIFT measurement, potagsium bromide was chosen as background.

[1l. THEORETICAL ANALYSIS
3.1 Constitutive equations
The stress-strain curve of polymers and composiéesbe approximated to a number of idealized
constitutive equations. Brittle polymers often shalinear elastic stress-strain relationstip E€ up to
fracture, while a few exhibit a perfectly elastiagtic behavior:
o=E¢ foro< g
g=0 foro> g 1)

whereE is the elastic modulus arg the yield stress.

A number of polymers and composites, instead shoinerease in stress upon stretching beyond
their yield point (strain hardening). If the strégsreases linearly with elongation both before aftdr
yielding, the material follows the perfectly lineatastic — linear strain hardening model (bilinear
hardening for short). The stress-strain relatioy ®represented by:

o=E¢ foro < oy

o=0,+E (¢-¢€) foro > 0, @)
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where g is the yield strain, satisfying the relatian= ¢, /E and E, the strain hardening modulus
(sometimes called tangent modulus), correspondirthe constant work hardening slope. The rhto
E./E is defined as the strain hardening ratio.

The physical ground for the bilinear model can besry by the Neo-Hookean approach for true
stresye [31]:

1

= [ —— 3
Oye =0, +Gg(A ¥ ) ©))

true

whereGg is the rubbery strain-hardening modulus 2rigl the draw ratio. This gives for the engineering

StreSSGéng:
g 1
Ueng = 7)/ +G R(A - ?) (4)

Considering the relatioA=1 +&:

— Uy - 1
e O I ey ©

Expanding the second term in square brackets, wae@glecting terms with superior order:
Oeny =0 ,+3G £ (6)
Comparing the two expressions, it is apparentEhat3 Gr.
From the Neo-Hookean theory, the strain hardeniadutus may be expressed as:
E, =3nkT ()
wheren, k, andT represent the network density (number of chairrsypé volume in the network),
Boltzmann'’s constant, and the absolute temperatespgctively.
In this way, the strain hardening modulus can bectly put in relation to entanglement network
density, at a given temperature.

3.2 Young's modulus
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Several theoretical expressions have been develfipetthe prediction of the elastic modulus of
short fiber composites. One of the most successplroaches considers long straight discontinuous
fibers, completely embedded in a continuous matnaking use of the so-called shear-lag concept [32]
This model introduces some simplifying assumptisogh as: (1) uniform alignment of the fibers withi
the matrix; (2) stress transfer by shear alonglehgth of the fiber-matrix interface; (3) perfetastic,
isotropic behavior of both matrix and fiber; (4xfeet bonding between the two materials at therfate.

However, it is now well established that the predit of composite modulus calculated by the
Cox’s model does not provide sufficiently accurastimations when the fiber aspect ratio is smdl,[3
as in the present work. The predicted modulus nbthby the Cox’s model is significantly smallerrtha
the experimentally observed values for short fitmposites. In fact, the Cox’s model neglects thess
transfer across the fiber ends(xL/2) = 0.

Since the early work of Cox, several improvemeragehbeen proposed to the original shear lag
analysis and some of these developments have leeently reviewed [34-37]. In particular Kim has
proposed the following modified equation for thastic modulus of short fiber composit€&™, taking
into account both fiber end traction forces andssticoncentration effects [30-32]:

£ = E0p, H £ _lJ%a@}Em a-4,) ®

whereE; , E,, are the fiber and matrix Young's modulus, respetyi ¢; is the fiber volume fraction anl

is given by:

= 2F, (9)
P
E; (1+Um)|09(¢4)

f
where v, is the matrix Poisson’s modulus aRds the fiber packing factor.

Of all the micromechanics equations, Halpin-Tsaésni-empirical equations are accurate and

straightforward. Halpin and Tsai showed that thenids solution to Hill's self consistent model dan
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reduced to a simpler approximate analytical forrd extended its use to a wide variety of reinforcetme

geometrie$38]. For the longitudinal modulus, the Halpin-Tsaiquation gives the following expression:

1+2a /]
E(I:':T — 2@ |¢f Em (10)
1_/1I¢f
with
E _1
/]l = m/ (11)
5 +2
E, &
while the transverse modulus takes the form:
E(:HtT - 1+ ZaAT/‘I ¢f Em
1_ I¢f (12)
— -1
Em
where A=—=— (13)

Ef
— |+2
Em

For composites with fibres oriented randomly inanp, the Halpin-Tsai’'s equations give:

E(I:_n- :§Eé-llT +§ECI;:T
8 3 (14)
A more rigorous model for short fibers or partitalaeinforced composites inclusions has been
proposed by Tandon and Weng [39], on the basihi@fsblutions found by Eshelby on an ellipsoidal
inclusion surrounded by an infinite matrix [407d the concept of average stress introduced GyMati

and Tanaka

3.3 Yield stress

! For the complexity of the Tandon-Weng model, thlevant equations are not reported here for breity we

refer to the original paper for more details [34].

Sustainable Biocomposites from Renewable ResoantbRecycled Polymers
44



Chapter 2: "Green" Biocomposites based on CelluDseetate

Many models have been proposed in the specificatitee to predict yield stress of composites.
The Pukanszky's model [42] describes the effectshefvolume filler fraction ;) and the interfacial
interaction on tensile yield stress of particulfdted polymers:

1_
oo 1
1+2.59,

expB¢ ;) (15)

The parameteB is an interaction parameter that considers theagpof stress transmission
between various components. The tesnando;, are yield stress of composite and matrix, respelsti
The term ex@g;) considers the interaction, while the @)H1+2.5;) term indicates the effective
decrease of useful cross section due to filleotghiction. Interfacial interaction depends on thekitess
of the interphase, and the strength of the intemacts shown in the following equation:

B=(1+Ap,7) In% (16)

m
whereAy, py, 1, o; are the specific surface area, the density ofilliee the thickness of the and the strength
of interphase, respectively. The parameé®ecan be easily calculated by knowing the yield sstref

composites filled with different volume percentagéparticle fillers.

IV. RESULTSAND DISCUSSION

4.1 Mechanical properties of CDA-based blends and cosifes

Figure 2 shows typical stress-strain curves fotulmde diacetate (CDA) blends with different
amounts of plasticizers and their composites withdell cellulose fibers and the mechanical properti
of materials are summarized in Table 1. All curaggpear to follow an almost ideal elastic-plastic
behavior, closely following Equation 1.

In this series of materials, the content of TA wasied from 20% to 40% to prevent the
degradation of CDA during melt processing. As expecthe tensile strength of materials decreaséd wi

increasing TA amount while the elongation at breag&reased (Figure 3). Considering the strain
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hardening moduluskEp, we observe a strong decrease between 20-30 waitéwéd by a less rapid
decrease beyond this value (Figure 4). As discuabetle, a decrease of this parameter can be girectl

explained with a loss of entanglement density cdlbbyethe presence of the plasticizer (Equation 7).

100

—— CDA8O0TA20
——— CDA70TA30
80 -

~~~~~~ CDAB0TA40

w

& 60 -

=3

a | T

-

1) -~

= 40 + 4

b7 /

/
/
//
P N PP
I e
/ -
/-
/.
0 2 4 6 8 10 12

Strain (%)

Figure 2a. Stress-strain curves for CDA/TA blend$ different amount of TA

CDA TA GPE Lyocell Elastic Tensile Strain at

Samples name (%) %) (%) %) Modulus Strength break (%)
° o ° (GPa) (MPa)

CDABOTA20 80 20 0 0 454 +02 933x2 08506
CDAT0TA30 70 30 0 0 267 + 01 493:15 006805
CDABOTA40 60 0 0 0 096401 19713 939*07
(CDABOTA20)Ly10 80 20 0 10 557+03 984x3 ©08%0l1
(CDA70TA30)Ly10 70 3 0 10 357+01 546+03 °19*08
(CDAGOTA40)Ly10 54 3 0 10 181401 27.2:01 O°%*04
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CDASOTA20GPE5 76 19 5 0 367+008 805+1 0404
CDA70TA30GPE5 665 285 5 0 1754003 33%05 03802
CDAGOTA40GPES 57 3 5 0 034+001 104x04 B895*01
(CDASOTA20GPES)Ly10 68 17 5 10 478+015 953%4 (21%05
(CDA70TA30GPES)Ly10 505 255 5 10 248+008 44p3  10*06

(CDA60TA40GPES)Ly10 51 34 5 10 14014 214@0 8%02

(CDASOTA20GPE5)Ly10 76 19 5  Ly-10% 478+015 354 721205
(CDASOTA20GPE5)Re10 76 19 5 Re-10% 51%02 @+  +73%03
(CDASOTA20GPE5)MCC10 76 19 5 MCC- 4sgi01 79337 09104

10%

Table 1. Mechanical properties of materials witliedeént amounts of plasticizers
and several types of natural fibers

This behavior indicates that the optimum contenfT#a as primary plasticizer is about 20-30 wt%,
where tensile strength and modulus values arehigih. Exceeding a TA content of 30 wt% does not
seem advantageous, because the plasticizer retheedteraction of polymer chains to such an extent
that mechanical properties are substantially haetpber

On the other hand, the data of Table 1 show alabttte addition of 5% Glycerin Polyglycidyl
Ether (GPE) — the secondary plasticizer — to thserds not only facilitates melt processing bubals
enhances the values of elongation at break witbreamitant small decrease in tensile strength, more

limited in comparison with the effect of the addlitiof an analogous amount of TA (Figure 3).
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Figure 2b. Stress-strain curves for CDA/TA/Ly babthds with different amount of TA

Mechanical properties of plasticized CDA blends eveubstantially improved by the addition of
Lyocell fibers. The elongation at break of the cosife materials was unchanged compared to the
corresponding matrix (Figure 3), while the tensiteength and Young's modulus increased signifigantl
(Figure 3 and Table 1). The preservation of theieslof elongation at break, even in presence efdib
acting as reinforcement, suggests good adhesionebat the fibers and the polymer matrix. This
hypothesis is also supported by comparing the éxpetal modulus data with some theoretical models
which assume good adhesion between the fibershenthatrix (Figures 5a and 5b). Using the modulus
values for the CDA plasticized at different TA cemis, the Kim's equation (8) and Tandon-Weng's
model provides estimates of the composite moduhistware very close to experimental data, while the
Halpin-Tsai's equations (8) to (14) seems to prexadower bound value for the Young's modulus ef th

materials.
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Figure 3. Mechanical properties for CDA/TA/GPEnds with different amount of TA
and GPE
The Cox’s model enables an estimation of the alithspect ratio, i.e. the ratio between the length

where shear stress transfer occurs and the diaofetes fiber [43]:

a, = 2.303\/ E (1E: ) log /4;1 (17)

Using a value of 12.5 GPa for the fibre modulus #rel values of Table 1 for Em, the critical

aspect ratio can be estimated to vary from a mininafi 2.9 for (CDA80TA20)Ly10 to a maximum of
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10.6 for (CDAG0TA40E5)Ly10. Since the Lyocell filseown an aspect ratio of 37, this ensures a proper
stress transfer from the matrix to the fibers amal uildup of the tensile stress in the fibers auhe
maximum value achievable in a corresponding congasinforced with continuous fibers of the same

type, even for the softest matrix tested in thiskwvo

250 —@— CAxTAy
— -0 —  CAxTAyGPE5
A — —y——  CAxTAyLy10
\ ————— CAxTayGPE5Ly10
200 \ b y

150 -

Ep (MPa)

100 -

50 A

Triacetin (%wt)
Figure 4. Hardening modulus of materials with dife plasticizers content

The addition of GPE improves the adhesion betweeriilbers and the polymer matrix. This effect can b
measured quantitatively by using the B-factor adicwy to Pukanszky's equation (15). For example, for
the composite based on TA-plasticized CDA reinfdregth Lyocell fibres — (CA80TA20)Ly10 — a B-
value of 3.77 could be estimated, while for the pogite with same fiber volume fraction but with the
matrix modified by the further addition of GPE —(B@NA20GPES5)Ly10 — a B-value of 4.86 was
obtained. On increasing the triacetin content thiaddor for the matrix modified with GPE is always
larger than for the reference material (Figurebglt the difference between B-factors referringhe t
same TA content progressively increases, and thésgknce is particularly relevant at 40 wt% TAUSh

it seems that GPE is more effective on the yialelsston increasing TA content.
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Figure 5a. Young's modulus for (CDAXTAy)Ly10 at fégifent TA content. Comparison between

experimental data and theory prediction
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Figure 5b. Young’s modulus for (CDAXTAYGPES5)Ly10different TA content. Comparison

between experimental data and theory prediction
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Figure 6. Pukanszky's B parameter of materials ditferent content of plasticizer

CDA polymer chains

Lyocell fibers

Scheme 2. Mechanism reaction of GPE with Cellutbaeetate and Lyocell fibers
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This suggests the hypothesis that epoxy groups RE @ould react with the hydroxyl groups
present on both the Lyocell fibers and along thkulcse diacetate chains, during melt processing,
improving the fiber-matrix interactions. Thus tlieef's could be covalently bonded to the CDA matbgix
means of a glycerin polyglycidyl ether bridging ewlle (scheme 2).

To test this hypothesis, samples of (CDAB0TA20)Lydadd (CDABOTA20GPE5)Ly10 were
dissolved in acetone to remove CDA from the Lyofibkérs and check for the evidence of ester groups.
As shown in Figure 7, the fibers obtained from ¢benposite without GPE show an FTIR spectra totally
overlapping with that of the original Lyocell fiteerwhile those removed from the composite with GPE
modified matrix show an additional peak at 1730 ceprresponding to the stretching of C=0O bonds,
which clearly indicates that the molecule now corgaa carbonyl group, not present in the cellulose
fibers solvent removed from the composite withoBE> This can be interpreted as an indirect proof of
the presence of CDA molecules attached to the créd the Lyocell fibers. The GPE seems thus to
behave both like a plasticizer for the CDA matniddike a coupling agent. To better assess thenpate
of Lyocell fibers in CDA, it is interesting to cormpe the behavior of other natural fibers in the sam

matrix.
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Figure 7. FTIR spectra (see text for details)

Table 1 compares the tensile strength of compobiised on cellulose diacetate and wood flour
(Rettenmaier) and microcrystalline cellulose aefixcontent of multi-plasticizers (20% TA and 5%
GPE). The tensile strength and elongation at bogédkocell fibers/plasticized CDA (CA80TA20GPES)
composites are higher than for the correspondimgposites reinforced with the lignocellulosic fibers
(Rettenmaier EFC 1000, Re for short), particulagyfar as the elongation at break is concernede whi
the composite with microcrystalline cellulose shaw intermediate behavior. For these composites,

however, the Young’'s modulus pursues a differettepa with the composites with lignocellulosicdiis
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showing the highest value, followed by the compmssiteinforced with Lyocell fibers, while the
composites filled with microcrystalline celluloseepents the smallest values. In fact, Lyocell beave

the highest aspect ratio, so one would expectligatomposites with these fibers should have thedst
modulus, and the slightly higher stiffness of teenposites with lignocellosic fibers can be explditg
their higher inherent Young’'s modulus due to thespnce of lignin in these fibers. On the other hérel
elastic modulus of composites with microcrystallaglulose (MCC) shows the lowest value because of
their small aspect ratio. In fact, using Equati@i)(and a Young’'s modulus of 25 GPa [44] a critical
aspect ratio (arc) of 4.6 can be estimated for Mib@}, is a value above the actual aspect ratic @)

of this type of fibers. The same calculation pregid value of arc = 3.3 for the lignocellulosicefig, by
assuming a Young's modulus of 13.5 GPa [45]. Siocethese fibers ar = 6.7, this ensures a superior
stress transfer between the matrix and the reiafoent respect to the MCC fibres.

While the tensile strength of composites with Lybemd lignocellulosic fibers are quite similar,
the elongation at break of the samples with Lyofikérs is sensibly higher. This can also be exgdi
with presence of lignin in Rettenmaier fibers whiohkes these fibers stiffer than the Lyocell bureno
brittle.

4.2 Thermal behavior

The thermogravimetric and derivative thermograviineturves of CDA blends with different
amounts of plasticizers are reported in FiguresaBd 8b, respectively, the corresponding data are
accounted for in Table 2. The pure CDA degrades single step starting from an initial temperatiie,
= 320 °C to the final temperature Tf = 480 °C, witlbDTG peak temperature at 410 °C, which can be
attributed to the thermal degradation of acetatetfanal groups and glucose rings in the polymeiirch

In CDA samples with plasticizers, two degradatideps were observed, instead. The first
degradation interval observed at lower temperatuces be related to the TA content, since the
temperature of complete degradation decreasesharldiG peak is broadened with increasing plasticize

content.
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Figure 8a. TGA curves for CDA/TA/GPE blends witlffelient amounts of TA and GPE
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Figure 8b. DTG curves for CDA/TA/GPE blends witfffelient amount of TA and GPE
The temperature of this peak is around 310 °C, érighan the boiling temperature and near to the

decomposition temperature of TA. The weight lodateel to this peak is consistent with the amount of
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TA added, so it was assessed that there was m@ihetioo loss of plasticizers during processing, via
volatilization. The second degradation peak strebout 340 °C, which is near to the initial delgitéon

temperature of pure CDA. Since the first DTG degtiaoh peak is attributed to TA and the second to
CDA, this suggests the presence of just physidaractions (van der Waals and hydrogen bonding)
between CDA and TA. Besides, the thermal stabditynaterials was slightly changed in the samples
where GPE was present. Although there are no $pddifG peaks that can be associated to the
degradation of GPE, probably masked by other psik® only a small amount of GPE (5%) is present
in these materials, the DTG peak for CDA60TA40GRESbout 10 °C higher of the corresponding peak
for CDA60TA40. This suggests interactions betwednafd GPE which increase the thermal stability of

the blend

Original Lyocell fibers
CDASOTA20LYy10
CDABOTA20GPE5LY10
CDAG0TA40Ly10
CDAG0TA40GPE5LY10

100

80 -
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Figure 9a. TGA curves for CDA/TA/GPE/Lyocell fibgfBdphr) composites with different
amounts of TA and GPE.
Figures 9a and 9b shows the thermogravimetric amivative thermogravimetric curves of CDA

and 10 wt% of Lyocell fibers with different plastier content. The thermal behavior of Lyocell
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reinforced CDA composites is similar to that shoviay the corresponding matrix. In the
thermogravimetric curve of Figure 9a, the firstgstas related to the decomposition of TA, but the
starting temperature and DTG peak temperature lboetal0 degrees lower than in samples without

fibers. This phenomenon might suggest a reducedsiction between TA and CDA molecules.

DTG

‘, —— Lyocellfibers
‘ — — — — CDAB0TA20Ly10
_____ CDABOTA20GPE5Ly10
| [, CDAG0TA40Ly10
—_—————— CDAG0OTA40GPESLy10

100 200 300 400 500 600 700 800 900

Temperature (°C)
Figure 9b. DTG curves for CDA/TA/GPE/Lyocell fibgfE0phr) composites with different amounts of
TA and GPE
No specific weight loss interval seems to be assedito the degradation of Lyocell fibers. Similar
GPE, the effect of Lyocell fibers is not clear disetheir small amount. Moreover, the degradation
interval of Lyocell fibres is partially overlapping that of CDA. In fact, pure Lyocell fibers shcam
initial degradation temperature Ti = 220 °C, comgplato a corresponding value of 310 °C for CDA, and
a final decomposition temperature Tf = 420 °C (480for CDA) with a DTG peak at 380 °C (410 °C
for CDA). Thus, in the second stage, the initiainperature for the composite is lower than the
corresponding matrix without fibers because, thefTLyocell fibers is shifted 90 °C lower respeot t

CDA. On the contrary, the DTG temperature pealeiroad stage of CDA80TA20Ly10 is 386 °C which
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is close to the degradation peak of Lyocell fibekdeanwhile, the DTG temperature peak of

CDAG60TA40Ly10 is 406 °C, quite similar to pure COYA10 °C). This might be a consequence of a

higher level of interaction between fibers and CibAhe composites with lower TA content.

First stage Second stage
Blends Temperature Temperature Temperature  TemperatureWt loss,
Wt loss, %
range’C peak’C range’C peak’C %
Pure CDA 310-980 410 100 - - -
CDABOTA20 200-340 310 20 340-960 390 100
CDA8OTA20GPES5S 200-347 320 20 347-960 392 100
CDAG60TA40 130-345 305 40 345-855 402 100
CDAG60TA40GPES5S 140-346 316 42 346-675 392 100
Lyocell fibers 220-572 380 100 - -
(CDABOTA20)Ly10 190-315 290 18 315-940 386 100
(CDABOTA20GPE5)LY10 190-336 304 20 336-954 377 100
(CDAG60OTA40)Ly10 120-332 277 37 312-905 406 100
(CDAB60TA40GPES5)LY10 130-352 280 40 352-1000 383 94

Table 2. Thermogravimetric data of CDA/TA/GPES/Lydith different amounts of plasticizers

It was also shown in the analysis of the tensifdsstethat exceeding a TA content of 30 wt% does not

seem advantageous, so this results further supfimetsview that there is a maximum level of this
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plasticizer which should not be overcome to avaiistantial degradation of the physical-mechanical
properties.

The presence of GPE introduces some differencéiseirthermogravimetric curve of Lycell fiber
reinforced cellulose diacetate. Comparing the sgéiage decomposition of (CDA80TA20)Ly10 and
(CDABOTA20GPES5)Ly10, (CDA60TA40)Ly10 and (CDA60TAGPES5)LYy10, we observe that the
initial temperature is clearly higher for the saegincluding GPE. This further suggests that a atedm
bonding is formed between Lyocell fibers and celiel diacetate through epoxy function of GPE.

4.3 Relaxation transitions, structure

Figure 10a presents the DMTA spectrum for celluldeeetate and its composites with different
plasticizer content. The temperature dependencgondge modulus and loss tangent is shown in this
figure. Considering the curves with TA only, we eb& two major transitions for the blends at 20 and
30% TA, while for the sample with 40% TA three tApeaks are visible. The high temperature peak
corresponds to the glass transition of CDA [46-ZHe addition of plasticizer leads to a linear dase
in the o-transition temperature of CDA (Figure 10) whicmdae fitted with Gordon and Taylor [48]

equation (18):

T = X1T91+ kGT(l_ X)Ez (18)

’ X1+kGT(1_ X_)

using the values of 4, = -68 °C for triacetin andy, = 195 °C for pure CDA47,49], and an interaction

parametekst = 0.96. These data are in agreement with prewquablished research work [12] and they

can be explained by the large miscibility of CDAdaPA [50].
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Figure 10a. DMTA curves for CDA/TA/GPE blends wittiferent amounts of TA and GPE

The low temperature peak at -28 °C, normally defias theF-peak, is sometimes associated with
the movement of the glucose ring units or to watssociated with hydroxymethyl groups]. The
sample at 40% TA shows an additional peak in laggédnt at about 60 °C while tjf&peak at -28 °C is
much more pronounced than the other two samples. ddditional peak at 60 °C can be probably
identified with theSZpeak discussed by Scandpid@] as a water-related relaxation. This explamatio
does not seem to hold in the present case sineeeight loss associated with water can be identified
the thermogravimetric curve for CDAXTAY blends.fatt the materials were dried before extrusion and

kept in a close environment prior to testing, sdewpick-up was minimum. Pukanszky and co-workers
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[46] also reported about@-peak associated to a relaxation of structurakuaitger than a single glucose

ring and dependent upon sample preparation conditio
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Figure 10b. DMTA curves for CDA/TA/GPE/Lyocell filecomposites with different amounts of
TA and GPE

The fact that this transition is present only ie gample with larger TA content can lead us to a
tentative explanation. At low TA content, the malles of this plasticizer intercalate between thairth
of polymers, spacing them apart and increasingftee volume". This increased space between polymer
molecules enables to reduce the activation enength& cooperative motions of the main chain argl ha
the effect of significantly lowering the glass ts@ion temperature of CDA. At higher TA content, a

critical value of free volume is reached where salvglucose ring along the chain have enough sfiace
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cooperative move even below tfig of the polymer. This could explain both the ins®én intensity of

the S-peak increases in intensity and the appearanttegf-peak.

Comparing the loss tangent vs. temperature curveCAS0TA20 and CDASOTA20GPES, we
notice that there are no new peaks that can beiasst to GPE, although, thetransition temperature of
CDA is further reduced by about 20 °C. This medret the second plasticizer is also miscible with
cellulose diacetate, and only one homogeneous phgseesent in the system. We have shown that a
reaction between epoxy groups of GPE and hydrompictions of Lyocell fibers is likely to have
occurred, so a similar reaction might occur betw&&t molecules and CDA polymer chains. Although
the specific study of the detailed mechanism oérmttion between GPE and CDA is beyond the
purposes of this work, it is likely that GPE belglige an internal plasticizer while TA is an exial

plasticizer.

200

160 -

120 -

Tg (°C)

80 -

40 ® Experimental data
Gordon and Taylor (KgT=0,96)

0 T T T 1
0,0 0,1 0,2 03 0,4
Triacetin (%wt)
Figure 11. Glass transition temperature versusdtia content for CDA/TA blends

Moreover, the curves of storage modulus versus eeatppre shown in Figures 10a and 10b,

indicate that, while modulus is obviously decreag@n increase in the plasticizer content, thetiaad
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of Lyocell fibers compensates this loss in stiffie€onsidering the loss tangent versus temperature
curves, it is possible to observe that #eansition temperature of CDA is unchanged in gnee of the
fibers — compare curves for CDA8B0TA20 and (CDA8ODHZ/10. On the other hand, the addition of
Lyocell fibers is also accompanied by the appeaasfca shoulder in the-peak of the tard curve,
which may indicate a new hidden peak related toptesence of the fibers, around 95 °C, partially
overlapping with the glass transition of CDA. A pilide explanation is that the Lyocell fibers haust]
physical interactions with the polymeric matrix.igtshoulder disappears when GPE is added to the
composite. Moreover, the glass-transition peakifes further down in temperature, at about 115iAC
presence of GPE. This further supports the hyp@heEsan increased interaction between fibers &ed t
reactive plasticizer.

4.4  Morphology

The fracture surfaces of cellulose diacetate wifferdnt amounts of plasticizer are reported in
Figure 12a, b, c. The morphology of these blengiears homogeneous also at high plasticizer coatent
well as in the presence of GPE. That means thét lasticizers are compatible with CDA. Moreover,
the good interaction between Lyocell fibers and/par matrix is confirmed by examining Figures 13a,
and c. With 20% TA, it is clear that most of thiefis were stressed until break, just a small amofunt
them being pulled-out. The amount of pulled-oueffhseems to increase upon increasing TA content, a
shown in Figures 13a and 13c images. This is asgprence of the reduction of yield stress of theimat
which lowers the interface shear strength and lea@ds increase in the critical fiber length, ascdssed
previously. However, figures 13a, and b show that ddhesion of fibers to the polymeric matrix was
improved by the addition of GPE. By combinationtefsile testing, DMTA, FTIR and TGA studies, it
could be concluded that chemical interactions atel#ished between Lyocell fibers and polymer matri

through the epoxy functions of GPE.
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CDA (60phr)/ TA (40phr)

Figure 12. SEM micrographs for CDAX/TAy matrix
Moreover, the morphology of different natural fiseran be observed in Figures 13d and 13e. In
case of microcrystalline cellulose and lignoceltitofibers, a certain number of fiber agglomeraték
sizes of the order of about 100 um can be note@nMhbile, microcrystalline cellulose and wood flour
presented better interaction with polymer matriaxrttyocell fibers because of their surface rougbnies
particular, wood flour has also about 15 % contérlignin, which could have reacted with GPE, dgrin

extrusion.
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GPE (5phr)/Re (10phr)

CDA (80phr)/ TA (20phr)/ GPE (5phr)/MMC(10p|

Figure 13. SEM micrographs for CDAX/TAY/ fibers cpasites
On the other hand, the mechanical properties ofposites with CDA and wood flour and

microcrystalline cellulose (MCC) cellulose do noegent better mechanical properties respect tethos
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prepared with Lyocell fibers, possibly becauseheflbw aspect ratio and not uniform geometry fooao

flour and MCC.

V. GENERAL DISCUSSION

Although CDA is a long time known and used polynm@gcomposites based on CDA have not
received recently as much attention in R&D as thzesed on other biopolymers such as polylactic, acid
as attested by the limited recent literature on Gia8ed composites, despite the fact that cellutote
most abundant biopolymer on our planet. One of¢lsons is related to the difficult processabdityce
the processing temperature for CDA is very closthéodegradation temperature. Thus, there is thd ne
for the addition of plasticizers such as phthalatkeh make the material not suitable for compastn
biodegradation.

Thus, as mentioned above, some studies considéfexkdt plasticizers, more compatible with the
envinronment like triethyl citrate or triacetin, ebding with other biopolymers and producing
biocomposites.

Triacetin is a relatively low viscosity liquid (20 °C = 23 mPaes) that can easily diffuse into CDA
molecules, leading to a rapid depression ofTigs thus enabling a larger processing window for
plasticized CDA. On the other hand, the GPE usedtisstudy shows a much higher viscosity (at 25 °C
about 250 mPaes), thus higher temperatures and tomgjer times are required for its diffusion into
CDA. Also GPE has shown to be capable of reactiith the matrix, thus acting more as an internal
plasticizer. Thus, the new strategy developed imwork, which makes use of a system of two diffiere
plasticizers:

. a primary “external-type” or “non-reactive-typplasticizer added prior to extrusion to enhance
the “processing window” of the polymer.
. a secondary “internal-type” or “reactive-type’ided during the extrusion step to reduce the

amount of potential volatiles or leachable produotshe final product and to help in the reductimhn
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viscosity and thus further improving processahililgay prove as an extremely useful approach in
establishing a new process route for CDA basedbiposites.

On the other hand, many natural fibers used in cwmitgs possess a limited aspect ratios, and their
non-homogeneity in both fiber diameter and fibergllh and their size distribution, results in lindite
property enhancement, and little materials repritoility.

Lyocell, also known as Tencel, is an artificial miitber made from regenerated wood pulp
cellulose. It is produced by spinning bleached waotp dissolved in a nontoxic (“green”) organic
solvent, N-Methylmorpholine-N-oxide or MMNO, whictan recovered by washing the freshly spun
cellulose microfibers in water, and later purifi@ahd recycled. Both fiber diameter and fiber lencgi
be accurately controlled during the production pesc

In this study, we investigated Lyocell fibers raeirfed CDA biocomposites and the effect of the
content of two plasticizers (TA and GPE). In firsstance it was considered the performance of the
system, with and without regenerated cellulose afitoers, varying the TA amount from 20% to 40% by
weight. Then GPE was evaluated as not only as @ndegglasticizer but also to improve the interaction
between the fibers and the polymer matrix and opumesetly to target an increase in stiffness. The
resulting materials showed excellent mechanicabenties, much better than those reported in the
literature for CDA composites prepared with traaiiil plasticizers and fillers. A comparison witlet
eco-friendly fillers like wood flour and microcrgdline cellulose, tested in this paper, showed that
cellulose diacetate composites with Lyocell fibglhewed superior dispersion in the polymer matnixi a
higher mechanical properties, related to the higlsprect ratio of these fibers and to the good andi
with the polymeric matrix.

Without overlooking the difficulty of scaling-up @rocess from lab-scale to industrial-scale, this
new approach enables to envisage potential inn@/htbocomposites, based on a readily availableralatu

resource.
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VI. CONCLUSIONS

The mechanical properties, thermal stability andphology of biocomposites based on cellulose
diacetate, plasticized with a combination of reactand non-reactive plasticizers and reinforced wit
fibers from natural resources, were investigated.

Values of tensile strength and Young's modulus esed with increasing the plasticizer content.
A good compromise between processing and mechaprcglerties for the composites with Lyocell
cellulose fibres was obtained for the systems wkiD4 is plasticized with 20 wt% TA. The presence of
GPE not only improved processability but also iasedl values of elongation at break in the materials
produced.

Thermo-gravimetric analysis confirmed that only gikbgl interactions (hydrogen and van der
Waals forces) are established between CDA and T#ewdironger interactions (covalent bonds) are
observed by the introduction of GPE.

The glass transition temperaturlg, decreased due to effect of the primary plasticizes
investigated by DMTA testing.

SEM micrographs evidenced that, in samples witiv®8 TA, the fibers were stressed until break,
with just a small amount being pulled-out. Fibellqput was more evident with increasing the plagéc
contents. The adhesion of the polymeric matrix it fibers improved by the addition of GPE, pdysib
because of the formation of strong chemical bonidk polymer matrix through the epoxy groups of
GPE.

Besides, the mechanical properties of celluloseedie composite with different natural filler
were determined as a reference. They showed higiidestrength as well as a good dispersion ofdibe
within the polymer matrix. However, the lower asp@tio of the filler and the less uniform dispersin
the polymer matrix prevented the achievement ofktrae level of mechanical properties obtained by th

composites with Lyocell fibers.

Sustainable Biocomposites from Renewable ResoantbRecycled Polymers
69



Chapter 2: "Green" Biocomposites based on CelluDseetate

Considering both processing conditions, econonmpeets and availability of raw materials on the
market, bio-composites based on plasticized CDAfoeted with regenerated cellulose (Lyocell)

microfibers could become an interesting optiontfie production of “green” biocomposites.
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Chapter 3

Compatibilization of Poly(lactic acid)/Polycarboadilends through

reactive blending anih-situ copolymer formation

l. INTRODUCTION

The development of new materials derived from reai#e sources is a goal of high technological
and environmental importance. In this context, pwys derived from agricultural sources, such as
polylactic acid (PLA) and its copolymers, are oka@r importance today [1]. Currently, one of the
processes used in the production of PLA is thatisgafrom corn starch [2]. Even though this prodisc
of great interest, as compostable material deriwedenewable resources, and has certain advantages
when compared to traditional plastics, like higasét modulus and transparency, the nature of ptdye
of PLA presents very important limitations suchhigh hydrolytic susceptibility, low thermal stalbjlj
brittleness and low crystallization rate. Improvemna PLA-based products are continuing eitherhmsy t
use of additives or through new formulation or dgpers. However, despite commercial advancements
there is still considerable request for cost-effectmethods to enhance PLA properties [2]. Itstietdy
low glass transition temperatureg(;Taround 60°C, does not allow the polymer to namits mechanical
properties in the temperature range during glaassition. Moreover, the possibility that further
crystallization may occur at temperature valuesvatibe T, may result in the dimensional instability of
the manufactured items under the operating comditid hese features preclude the use of PLA-based
materials in areas such as automotive parts, malctand electronic equipment, as well as durable

consumer goods such as mobile phones.
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In principle, PLA-based materials that are able ntaintain their mechanical properties in
temperatures above, &nd below the melting temperature can be obtained:

a) by a crystallization process, either by rehegtifter moulding or through the use of nucleating
and accelerating agents,

b) by physical mixing with a second polymer companemmiscible with the PLA, which is
characterized by a glass phase having a hidB]T

In the instance of using crystallization, a welbkyn method is used where the PLA is reheated
(annealed) after molding to improve the degreergdtallization; there is also the method of moldihg
PLA while a nucleating agent is added. The metHaahaealing after molding does not only present the
problems of having a complicated molding processatong molding period, but the annealing process
requires the use of a die or something similarrdeoto avoid deformation involved with crystallizm,
therefore creating problems in terms of cost awndipetivity.

Regarding the method of adding a nucleating agketdevelopment of a crystallization nucleating
agent to improve the degree and rate of crystéillimas at an advanced state; however, even ifte-sif-
the-art crystallization nucleating agent is addedrystallization period of about 2 minutes is rieepl
and therefore it is not possible to use a moldiygecsimilar to that of a petroleum-derived and eyah
purpose resin. Furthermore, it is necessary to wandrystallization at a temperature around 100 to
110°C, whereby it is not possible to conduct in@ttmolding with a normal water cooled mold,
presenting the problem of increasing the envirortaleimpact due to a required high molding
temperature. Moreover, when only polylactic acidngstallized, a maximum heat deflection tempegatur
(HDT) of around 55°C (at a load of 1.80 MPa) canditained even if sufficient crystallization is
obtained through annealing or the like, wherebyetli® a problem of an insufficient heat resistance.

In order to avoid these problems, an investigatias carried out to prepare a copolymer by melt
blending PLA with Polycarbonate (PC). In the patietature blends of PLA with PC [4-6], as well as

with some other commercially-available products88]have been already described although with other
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types of process. PC has been widely used as aneenigg plastic with high thermal stability and
mechanical properties (high tensile strength andggltion at break) [9]. However, most of the bkend
between different polymers are immiscible, and atirebetween the two polymers is weak due to high
interfacial tension and weak entanglements. Thipéas when the polymers involved are incompatible.
It is clear that the polymer system must exhibioad adhesion between the phases in order to a&chiev
good mechanical properties of polymer blends, abdye all, tensile strength.

There has been an extensive amount of literatuvestigating PLA blending and property
modification, and its effects on characteristicstsas biocompatibility or miscibility. In order bmprove
the compatibility between two immiscible componeatshird component is added as a compatibilizer or
catalyst in most cases. The compatibilizer canitberepremade or formeiah situ during melt blending.
One successful application of reactive blendintpésaddition of peroxides to several PLA blends{3]
by simultaneous melt blending. It was shown that &ddition of peroxides to those polymers blends
forms cross-linked and/or branched structures hgrbeadical coupling reactions, which improve the
compatibility of the polymer blends, the melt tams, and the extrusion stability. The other reactiv
application is principally based on the reactioasseen end functional groups (i.e., A-OH or A-COOH)
of PLA and other complementary functional groupsifity epoxide groups) of the compatibilizers, for
example, glycidyl methacrylate (GMA) [14-15], POE=gMA modifier [16], and the chain extension of
PLA with multifunctional epoxide [17]. Similarly fopolylactic acid, the blending of Polycarbonatehwi
the other polymer ester improved phase interadiipnsing some coupling agent for reaction with both
functional groups of two components [18 -19] or saratalyst for transesterification such as Dioatgte
phosphate [20,21], Alkyl titanium [22], Tin(ll) cxate [23], Tetrabutyltitanate [24], tetrabutylamriuon
tetraphenylboratetc [25], etc. Specifically, Polymmate was used as a good component for blending
with polyethylene terephthalate (PET), which waswn as a common polymer and widely applied over

the last 20 years. Moreover, some studies appl@tsésterification to obtain the copolymer of P@ an
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semicrystalline PET to develop some advantageoogepties such as transparency, stable processing,
high thermal resistance and crystallinity of matisietc. [20-23, 26-28].

However, PET is a polymer which can be recycledtbat is not biodegradable. Nowadays, with
the tendency of developing materials based on alat@sources or more environmentally friendly,
biobased-polymers and biocomposites have beerbijret®f a growing interests both among researchers
as well as industrialists. Of all the new biopolymePLA has become, over the past 10 years, the
biopolymer with the fastest commercial growth, desthe previously mentioned disadvantages. Due to
these reasons, only several studies were carriedroblended polylactic acid and polycarbonatg (T
~160C)as to maintain the thermal resistance and toeas® the biodegradation and recyclability of
materials [23-24, 29-33].In particular, the litenst makes reference to several patents and artitdes
described alloys based on PLA and aromatic polysaate (PC). However, the PLA/PC blends normally
show a phase separation behavior and the intebieteeeen two phases is quite weak because of the hig
interfacial tension between polycarbonate and PlpAthese polymeric compounds, compatibilization
agents of polymeric nature have also been usedder @o improve the interface adhesion between the
various phases. In these systems, however, théepnadif limited compatibility between the phases due
to the substantial difference in the chemical $tmgcof the two components (PLA and PC) remainsstMo
studies used the extrusion method for processumgthle processing lasted over long periods of fjhte
to 60 minutes). That condition is not realizable iftdustrial processing, because of the degradatfon
materials and of the energy cost. Although Kanzamwd Tokumitsu [33] added a toughening agent
(PBAT) to PLA/PC blends, two steps of extrusiongassing were needed and the thermal resistance was
decreased by the presence of PBAT. In the othaliestuon PLA/PC blends [29-32], the thermal
resistance and interface adhesion between the tnpanents were slightly enhanced. Although the
author used catalysts and compatibilizers for bhienmdPLA and PC, little chemical evidence of their

interaction could be demonstrated because of tegepce of similar chemical functions in the polymer
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chains of both polymers. Moreover, the biodegradasind thermal behavior of the blends were not much
investigated.

From the above results, it is evident that thera great need of new biodegradable copolymers
based on polylactic acid and aromatic polycarbantitat maintain optimum mechanical properties, more
specifically, tensile strength at temperatures #nathigher than the glass transition of the PLAsghand
preferably suitable for the production of materias different industrial sectors such as transgah,
electronics and the electrical equipment indusdtrythis work, new copolymers have been prepared by
process of reactive blending in the molten statatisg from mixtures of polylactic acid (PLA) arzch
aromatic polycarbonate (PC). The mixing conditisugh as temperature and duration of mixing are
selected to obtain interchange reactions betweerb#ise polymers. The procedure has been shown to
lead to the obtainment of new materials with theicstire of block copolymers, whose structure and
molecular masses are advantageously adjustablemityotling the parameters of the mixing process.
After that, the copolymer will be investigated retjag its mechanical properties, morphology, thdrma
and biodegradation behavior to satisfy the requémesn of all the properties of these potential niater

which will serve for broadening the applicationsbad-based polymers and composites to the market.

[I. EXPERIMENTAL

21 Materials

Poly (L-lactic) acid was purchased from NatureWotk€ having a nominal average molecular
weight M, = 199590 Da (IngeoTM 2002D Extrusion Grade), dgngi24g/cmi. Polycarbonate of
bisphenol A (lupilon S3000) with a density of 1.g@n? and average molecular weight,M 20 kDa
was purchased from Mitsubishi Engineering Plasficgcetin (TA, also known as glycerin triacetate o
1,2,3-triacetoxypropane, CAS # 102-76-1) and Teirdhmmonium tetraphenylborate (TBATPB, CAS #
15522-59-5) were purchased from Aldrich Chemic@lse chemical structure of these raw materials is

showed in Scheme 1.
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Scheme 1. Chemical structure of used raw materials.

2.2 Processing

The starting polymers were first dried at a tempeea60C at a pressure of 1 mm Hg for four
days. Then the polymers (PLA and PC) were mechiwindxed for about 10 minutes with different
ratios of PLA/PC by means of a high speed mixeteathis mixing stage, the Triacetin and TBATPB
were added and mixed for an extra 10 minutes usiagsame equipment. The resulting mixtures were
processed with a MiniLab Il Haake Rheomex CTW 5icaintwin-screw extruder (Thermo Scientific
Haake GmbH, Karlsruhe, Germany).The mixing was ootell at a temperature of 210°C and 230°C
with a screw speed of 100 rpm for a recycling tiohe@ne minute. After extrusion, the molten matarial
were transferred through a preheated cylinder éeoHhake Minidet Il mini injection molder (Thermo
Scientific Haake GmbH, Karlsruhe, Germany), to oh#aSTM D638 V dog-bone tensile bars used for
measurements and analysis. The specimens weredplagadastic bags for vacuum sealing to prevent

moisture absorption.
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2.3 Characterization methods

Tensile tests were performed at room temperattigeceosshead speed of 10 mm/min, by means of
an Instron 4302 universal testing machine (Cantok, MSA) equipped with a 10 kN load cell and
interfaced with a computer running the Testworks shftware (MTS Systems Corporation, Eden Prairie
MN, USA).

Differential scanning calorimetry (DSC) measurerseniere carried out for investigating the
thermal behavior of materials with a TA Q200 instant (TA Instruments, Newcastle, DE, USA) with
nitrogen as the carrier gas and indium used fobredion. The samples were first heated from 00
250°Cat 10C/min, and then cooled to -1 at 20C/min. Then, the second heating was investigated in
the same conditions as the first heating.

Size exclusion chromatography (SEC) analysis wadomeed with a Jasco PLUS system
consisting of a PU-2029 pump, CO-2063column overmas80C, RI-2031 differential refractometer, and
UV-2077 UV detector, fitted with two PL-Gel Mixed &lumns. Column calibration was performed with
narrow distribution poly(styrene) standards. A 4/mmg solution of the polymer in THF (0.1% w/V) was
filtered through a 0.2 mm membrane syringe filted 20 mL was injected using the same solution @s th
eluent at 1 mL/min flow rate.

NMR **C spectra have been acquired on a BRUKER DRX40@t8peeter in a deuterated
chloroform. Excitation pulse fol’C was calibrated to 30°C, and the repetition times \&.5s. Proton
irradiation was applied before each scan for Nuddserauser Enhancement and during FID acquisition
of 1s for heteronuclear decoupling.

The chemical bonding of PLA and PC polymers wadyaed by using a Nicolet 380 spectrometer
with Diffuse Reflectance Accessory (DRIFT). The qmsite was dissolved in choloroform, and the
fibers were dried under a vacuum at %@dor 24 hours. The materials were mixed with psitas
bromide (KBr) in order to obtain the DRIFT spectitauring the DRIFT measurement, pure potassium

bromide was chosen as a background.
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Thermogravimetric Analysis (TGA) was run under flesv of nitrogen gas at a scanning speed of
10 °C/min, from room temperature to 1000 °C, usingGA 1000 instrument (Rheometric Scientific Inc.,
USA).

Dynamic mechanical thermal analysis (DMTA) was iegftout on a Gabo Eplexor® 100N (Gabo
Qualimeter GmbH, Ahlden, Germany). Test bars wetdrom the tensile bar specimens (size: 20 x 5 x
1.5 mm) and mounted on a tensile geometry. The eestyre used in the experiment ranged from -100
°C to 170 °C, at a heating rate of 2 °C/min andudency of 1 Hz.

The morphology of the composites was studied bwrsog electron microscopy (SEM) using a
JEOL JSM-5600LV (Tokyo, Japan), by analyzing thectfure surfaces of the samples broken in liquid
nitrogen. Prior to SEM analysis all the surfacesensputtered with gold.

The transmission electron microscope (TEM) stughgrated at 120 kV, was performed by using a
JEOL 1210. The samples were trimmed with a Leic RACUT E ultramicrotome room using a
diamond-trimming knife and ultra-thin sectioned twa Leica ULTRACUT E ultramicrotome using a
diamond knife. The section thickness was nomin@lynm (setting). TEM-micrographs were made of
representative areas of the samples at 3000X nieatdihs.

An aerobic biodegradability test of three materiakss carried out under controlled composting
conditions according to ISO 14855. The test mdteneere tested in the form of granulates. The
composting inoculum was derived from an organictfoe of municipal solid waste that was aerated and
stabilized under pilot-scale composting conditioner a period of more than 20 weeks. The compost wa
sieved to remove particles over 5 mm in size, aedihe fraction was then used as the inoculumti©bn
reactors contained only this inoculum without testterial. The reactors were then placed in an iatwb
without light at 58°C + 2°C and continuously aedatBuring biodegradation, microorganisms present in
the inoculum converted carbon in the referencesirmaterial into C© The gas leaving each individual
reactor was analyzed at regular intervals for,@@d O2 content, and the gas flow rate was measured

Biodegradation was determined as the percentagjeeatarbon in the starting reference or test radteri
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that was converted into GO Continuation of the biodegradation test was ibptssince sufficient @
supply was present in the reactor headspace. Tdworealso held a beaker containing an aqueous
solution of KOH to absorb CQreleased during the composting process. The wests fully completed

after 150 days.

[I. THEORETICAL ANALYSIS
The Young’s modulus of binary blends will changettas amount of polymers varies due to the
different effects on the mechanical propertiesarfstituent polymers and the phase behavior of Isleimd
the literature, there are several studies thatmgitéo predict the mechanical properties of bir@slymer
blends [34-35]. In particular Davies proposed fue tnodulus of blends with dispersed morphologies th
following expression [34]:
EY5= 1 1Yo E, 1 1)

whereE;andE; are the elastic moduli of the two components.

Figure 1. Three-dimensional models for the calootabf the modulus of

dispersed polymer blends (a and b) and co-contmpolymer blends (c and d).
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Another model to describe droplet/matrix blendssve@oposed by Barentsen [35] who extended the
combination of parallel and series elements asqs@g by Takayanagi for two-dimensional geometries
to a three-dimensional arrangement.

Barentsen’s model can either be described as aessarbdel of parallel parts (Fig. 1(a) and Eq.
(1)) or a parallel model of serial linked partsg(FL(b) and Eg. (2)). The unit cubes, as showrign Ka)
and (b), can be used for modeling polymer blendl widroplet/matrix morphology when the dispersed

particles are evenly distributed in the matrix.

5 NME;+ (1 - 2A2)E, )
¢TIMA - DARE;+ (1 — A+ 13)E,

e AE, E,
S e =

The modulus of the blendE{ or E;) is expressed as a function of a volume fraction (
@ =1-¢ = A?), the modulus of the dispersed pha&g, (and the modulus of the matri..

However, in polymer blends, the morphology of thetenials will be different as the proportions of
each component vary. The morphology of the blemttéch can show a changing phase behavior from
phase-separation, to the formation of co-continuphases and even phase inversion, will have a
significant effect on the final properties and nakge prediction of such models, which do not abersi
the type of phase morphology, not fully reliable fact, both the Davies’'s and Barentsen’s modelseth
only on the properties of the individual separgibdses, do not fit well with the experimental dataco-
continuous blends.

In a co-continuous morphology, the dispersed plkass not consist of separate particles in the
matrix phase, but is interconnected and forms eltatyjdomains, which extend throughout the matmx. T
visualize co-continuity, Veenstra and co-workerspmsed that the dispersed phases consist of three

orthogonal bars of polymer 1 embedded in a uniteculhere the remaining volume is occupied by
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component 2. Repeating this unit cube in 3D shdwed tomponent 2 has the same framework as
component 1, i.e. both the components are inteexdded. In a similar manner to Barentsen, relatfons
a series model of parallel parts (Fig. 1(c) and @8}). and for a parallel model of serial-linked tsa(fig.

1(d) and Eq. (4)) can be derived [36] as:

_ (@ +2ah)E’+2@b+ b +ab’)EE, + (b *+b “FE,?
(@°+a’+2ab’)E, + (2ah+ab’+b°)E,

E (4)

_ a’bE +(a’+2ab+b°)EE, +ab’E;

Ed
bE, +aE,

(5)

Whereais related to the volume fraction of componeny13a’ — 2a® = ¢ andb is related to
a

the volume fraction of component 2lby1-a.

The model as depicted in Fig. 1(a) and equationwf2)be applied when the stiff component
dominates and Fig. 2(a) and equation (3) as tffecetinponent is the minor phase. The same arguments
can be used for the parallel model of serial-linkadts (Fig. 1(d) and Eqg. (5)) and the series modlel

parallel-linked parts (Fig. 1(c) and Eq. (4)) tixetre derived for co-continuous blends.

(AVA RESULTSAND DISCUSSIONS

4.1 Theeffect of processing conditions

To find the best conditions for processing Polytaatid (PLA) and Polycarbonate of bisphenol A
(PC) in extrusion, we chose the blend with PLA/P&vihg 40% and 60% in weight, respectively. The

blends were processed with the temperatures aalyst following the table below
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Blends PLA (Wt%)| PC (wt%) TE(B\%TAEP T(rﬁf)/eo;i” teEn)’(lt;;z?ell?Sre
(C)
Blend ] 40 60 21C
Blend 2 40 60 5 21C
Blend ¢ 40 60 0.2 21C
Blend 2 40 60 0.2 5 21C
Blend ¢ 40 60 23C
Blend € 40 60 5 23C
Blend ; 40 60 0.2 23C
Blend € 40 60 0.2 5 230

Table 2. Compositions of the blends PLA40/PC60 wifferent types of catalyst, and their
processing temperatures.

Mixing was conducted at temperatures of 210°C a&3@f@ with a screw speed of 100 rpm, for a
recycling time of 1 minute. The material was thejeétion moulded into ASTM D638V tensile bars. The
chamber temperature was 210°C, the mould temper&0fC, injection time 20s, and the injection
pressure 790 mm Hg. Afterwards, the moulded sanwpées annealed at 80°C for 48 hours at a pressure
of 1 mm Hg. The specimens for dynamic-mechanicalysis were obtained from the tensile bars. The
samples were tested by using dynamical-mecharieaal analysis (DMTA) and tensile testing.

4.1.1 Mechanical properties

Blend 1 is just a mechanical blend since no catalysco-catalyst was added. The mechanical
behavior of this blend was very poor, as indicdigd tensile strength of 54.6 MPa and an elongatton

break of 5.1%, as shown in Table 2, because afetheced compatibility of the two starting polymers.
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Blends | Tensile strength (MP | Young's modulus (GP | Elongation at break (¢
Blend ] 54.¢ 2.9i 5.1

Blend - 63.1 3.21 98.7

Blend : 50.7 3.07 2.2

Blend ¢ 65.5 3.14 46.5

Blend 5 62 3.03 96.4

Blend ¢ 65.1 3.2 100.7

Blend 7 63.9 3.14 46.9

Blend ¢ 68.€ 3.2 35.2

Table 2. Mechanical properties of the PLA40/PC&hbs.
The corresponding mechanical blend extruded at@3Bfend 5, showed a better mechanical behavior,
associated with an elongation at break of 95.5%s feans that a higher extrusion temperature irdluce
some transformations leading to improved compdtibiBlend 2 where triacetin was used as a catalyst
displayed very ductile behavior, with an elongatiah break 0f98.7%, an indication of excellent
compatibility between the two polymer phases: RB-end PLA-rich. Blend 3was even more brittle than
Blend 1, with an elongation at break of 2.3%, megrthat TBATPB is not active as a catalyst at this
temperature (210 °C) because of the limited mixinge achievable in a twin-screw extruder. Blend 4,
where both TBATPB and triacetin was added, showeh doetter mechanical properties than Blend 3,
with a tensile strength of 65.5 MPa (correspondm@ 20.0% increase with respect to the mechanical
blend), while maintaining an excellent value ofrglation at break reaching 46.5%, thus showing the

synergistic action of the TBATPB-triacetin co-cgiilsystem.
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Figure 2. Tensile curve of the blends PLA40/PC6hdifferent types of catalysts at 200

This is confirmed by comparing the stress-strairvesi of the blends prepared at 230°C. As mentioned
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above, Blend 5, the simple mechanical mixture, shawather ductile behavior, with a tensile striaraft

62 MPa and an elongation at break of 96.4%; but Béends 6 and 7 show an increased yield strerfgth o
65.1 and 63.9 MPa as well as an elongation at boédK0.7% and 46.9%, respectively. This indicates
that both TBATPB and triacetin are active as catalyat this temperature. The best mechanical

performance is shown by Blend 8 where both catalgsé added during the extrusion, with a tensile

strength of 68.6 MPa (with an increase of 12.1%eesto the mechanical mixture), while maintaining

very good elongation at break of 35.3%, thus caoifig the synergistic action of the TBATPB-triacetin

co-catalyst system in promoting the compatibilifyttte PLA-PC system by means of the formation of a

copolymer.
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Figure 3. Mechanical properties of the blends PLUREBO

with different types of catalysts at 280

4.1.2 DMTA ( Dynamic mechanical thermal analysis)

The dynamic-mechanical analysis data, performexeotangular samples having 10 dimensions of
20x5x1.5 mm, were analyzed in the range of temperat100°C to 250°C with a heating rate of
2°C/min, and a frequency of 10 Hz. From the poihtview of dynamical mechanical properties, the
traces obtained by plotting tanversus temperature show a new peak that doescoot i the case of a
simple physical mixture of two homopolymers. Thesspeak appears at a temperatugddwer than the

T, of PC. This aspect can be related to the presafife€-blocks in the copolymer.
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Figure 4. DMTA of the blends PLA40/PC60 with
different types of catalysts at 200
For example, in Figure 3 for the blends extrudetl@tC, these new peaks appear for Blend 2
(catalyst: triacetin only) and Blend 4 (TBATPB-tréin co-catalyst system) at 123.5°C and 113.5°C,
respectively, while they are not present for Blehdmechanical mixture) and Blend 27 (catalyst:

TBATPB only).
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Figure 5. DMTA of the blends PLA40/PC60 with diféett types of catalysts at 280
A similar analysis for the DMTA data shown in Figut for the blends prepared at230°C can be
carried out. Blend 6 (catalyst: triacetin only) é8lénd 7 (TBATPB-triacetin co-catalyst system) shaw
new peak at 128°C, while the mechanical blend @Bnshows a peak associated with th@fTthe PC
phase at 160°C. Blend 31, where TBATPB is used astalyst, shows a peak at a slightly lower

temperature, 155°C, and this can be explainedtivétoccurrence of the transterification reacti@adleg
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to PC blocks with lengths shorter than in the maid# blend. The analysis of the DMTA data is
consistent with the fact that these materials slaowolyphase structure consisting of PLA domains
dispersed in a matrix of PC, or vice versa, dependn the volume ratio of the components. In additi

for the PLA rich phase, there is an amorphous plas® a crystalline phase. The, Transition
temperatures of both PLA (50-70°C) and PC (155-C§@fre not, in general, much different from typical
values of the two polymers PLA and PC, but a neakp&ppears at intermediate temperatures (110-
130°C) for the copolymer.

A comparison is also made in Figure 5 between morealed samples of pure PLA, Blend 1 and
Blend 4, showing how both blends have a much higdmmg’s modulus across and beyond the Tg of
PLA. Also the modulus of PLA tends to increasetstgrfrom about 80°C to 120°C where it reaches a
new maximum. This is associated to the partialtatljzation of the PLA phase. A similar phenomenon
is present in Blend 1, although with a much mamgtéd entity, while it is not visible for Blend Zhis
can be explained by the block-copolymer naturdnisf inaterial. The PLA-blocks are shorter than irepu
PLA or in the mechanical mixture with PC. Moreovthey are surrounded by rigid PC blocks that
strongly limit molecular mobility and hinder theystallization process. As proof of this statemenw,
can observe an increase in the modulus of Blenolo#ea160°C, which corresponds to theof the PC
blocks, up to 200°C, where the Young's modulusha& blend reaches a new maximum. This can be
explained by the fact that when the PC-blocks as®bd their T, the PLA blocks recover their mobility

and are able to crystallize.

Sustainabl e Biocomposites from Renewabl e Resour ces and Recycled Polymers
93



Chapter 3: Compatibilization of Polylactic acid/ Polycarbonate

Storage Modulus (GPa)

Tan delta

AL s
3 R

R *
(et

AR nl'{—ffff,‘,ﬁ«ffi,,"} 00000
R R AR NI GG LT A

-80 -60 -40 -20 0 20 40 60 80 100 120 140 160 180 200 220

Temperature ( °C)

Figure 6. Comparison the storage modulus of masdnaDMTA.

4.1.3 Thermogravimetric Analysis (TGA)
The thermogravimetric and derivative thermograviimneturves of PLA40PC60 (Blend 1 to
Blend 4) with and without catalyst at 200 are reported in Figures 8a and 8b, respectivibly,

corresponding data are accounted for in Table 3.
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Solid residue
Formula | T (°C) T 50%(°C) T 0% (°C) Tmax (%)
at 800C
PLA 320.62 347.78 355.51 356.1 1.8
BLEND 1 346.32 389.49 430.43 358.75 8.9
BLEND 2 325.36 373.64 411.82 341.3 7.9
BLEND 3 341.14 385.32 423.01 353.48 8.0
BLEND 4 332.16 377.41 413.93 351.51 7.7
BLEND 5 335.71 379.05 412.06 349.72 7.4
BLEND 6 329.52 376.53 428.72 353.2 8.2
BLEND 7 330.7 372.6 397.02 356.2 7.3
BLEND 8 329.25 371.42 419.69 345.5 8.6
PC 439.4 506.1 528.54 508.95 21.34

Table 3. TGA and DTG of PLA40PC60 with and withoatalysts in different processing temperatures.
The pure PLA degrades in a single step startingy 28CC to the final temperature 4Z7, with a DTG
peak temperature (F) at 356C. The T, iS the temperature at the maximum rate of weigst, lthat is,
the decomposition temperature. Moreover, the pobaaate bisphenol A showed the degradation
behavior in air with two stages. The main stagetstaom 435C and ends at about 7AW with 21.3%
solid residue, the ., of the main stage is 580. A shoulder peak appears at Z1®efore the main peak.
From the literatures, some complex chemical reastiake place at the first stage of thermal oxigati
degradation including the free radical chain soissif the isopropylidene linkage and the brancland

crosslinking reaction of molecular chains includgdoxygen besides the reaction in inert atmosphere
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[37]. Lee and Jang [38, 39] suggested that thélrstep of thermal oxidative degradation of PGuis
oxidative hydrogen cleavage from the isopopylidénkage and then carbon-carbon scission, followed
by hydrolysis and alcoholysis of carbonate. Oxygey facilitate free radical branching reaction tia
formation of peroxides and a high cross-linked ctrire with diaryl ester; ether and unsaturated
carbonaceous bridges are formed abové@40

The blends of PLA40PC60 with and without differaratalysts at the processing temperature
210°C created two main stages of degradation. The dtexge is Polylactic acid and the second stage is
polycarbonate bisphenol A. The degradation of tlemd starts at the starting temperature of PLA and
finishes at 547 before the end temperature of polycarbonate sfhginol A. This thermal behavior is
quite similar to the blends that were processe@38fC, which was shown in Figures 9A and 9B.
Following the table and figures, the.k of PLA in both cases did not also change withpgtesence of a
catalyst. However, thek of PC was changed from 5@ in pure polymer to 458 in blends. This
phenomenon could possibly be explained by the tfzat the degradation product of PLA could have
facilitated the thermal degradation of PC. In bgtiocessing temperatures, the DTG peak of PLA
degradation of blends is broader than in pure Pin&aning that the thermal resistance of materials
increases with the effect of polycarbonate. Moregtree residual solid of the blends ranged betwéen
and 8.5%, almost leaving behind the product of agation PC. More specifically, Blends 2, 4, 6, 8nd
having Triacetin as a catalyst, appeared to haslat peak from 12T to 220C, and T,.,of this peak
was 186C. This peak was far from the boiling and degramtatemperatures of Triacetin, 2680and
312C, respectively [40]. Thus, this peak started rtkarboiling temperature of acetic acid; we suggest
that the Triacetin molecule could be broken dowarld react in the presence of PLA and PC in order
to formulate acid acetic or other hydrocarbon fioms or molecules. However, this evidence needigeto
carefully studied in the future with the support BTIR and NMR in different decomposition

temperatures of PC and PLA.
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Figure 7A. TGA of the blends PLA40/PC60 with ditfet types of catalysts at 200

Following the data from Table 3, the temperature dbtaining 10% and 50% degradation
percentages (Fw Tsow) Of all blends at 23T is quite similar until 40KC. After that, the decomposition
temperatures () of blends at 70% degradation is different withl avithout a catalyst, which can be
seen clearly in the small square in Figure 9A.

The increasing thermal resistance in the stageobfcBrbonate indicated that there are some
specific interactions or chemical reactions betwepetylacticacid and polycarbonate of bisphenol A,
which is quite similar to the thermal behavior @iy (vinyl chloride)/ethylene-vinyl acetate copolgm
blends [41]. This fact is compatible with the asidyof DMTA and the tensile test above.

After investigating the effect of catalysts and pematures on the formulation of copolymers in the
blends, the middle peak {+128C) between the jlof PLA and PC in blends in DMTA testing serves as
constructive evidence to confirm that the copolymvas formulated with the presence of Triacetinis It
possible that the reaction between PLA and PC caddh a maximum as processing at’€3éind with

multiple catalysts (TA and TBATPB) thanks to theuk above.
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Figure 8A. TGA of the blends PLA40/PC60 with ditfet types of catalysts at 280
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Figure 8B. DTG of the blends PLA40/PC60 with difet types of catalysts at 280
Following this part of research, it was decidedptocess the materials at 2@80with multiple
catalysts for the investigation of different comiioeas of PLA and PC blends as changing in weight
percent of each component and their characterizaticdterms of tensile tests, chemical analysis, and
thermal, morphological and biodegradation analysisis investigation will establish if most
advantageous properties of PLA/PC blends occurediio composition as well as the optimimum

processing conditions in view of industrial applicas.

4.2 Investigation of the full range of compositions

4.2.1 Mechanical properties

The mechanical properties of the blends of PLA B at varying amount of their composition,
are shown in Table 4. The tensile strength, Youngadulus and elongation at break of pristine

Polycarbonate are 57.2 MPa, 2.25 GPa and 84.4%¢gctgely.
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Blends Tensile strength (MPa) Young's modulus (GP&)longation at break (%
PC 57.2+0.8 2.25 £ 0.06 844143
PC70PLA30 55.3+£0.3 2.86 £ 0.07 125+ 3.3
PC60PLA40 55.2+0.7 2.99 £0.17 126 £+ 3.4
PC40PLAG0O 56.1£0.7 2.98 £0.03 3.3£05
PC30PLA70 51.1+1.7 3.18 £ 0.08 2.3+04
PC20PLAS8O 525+23 3.38£0.19 20+£0.1
PLA 60.4 £0.26 3.54+£0.12 4105

Table 4. Mechanical properties of physical blends wdifferent amounts of PLA and PC.

As the amount of PLA increases, the Young’s moslalublends increases up to 3.54 GPa, i.e. the
Young's modulus of pure Polylactic acid. The temsilrength of the blends do not change becaudgeof t
tensile strength of pure PLA and PC is quite simiowever, the elongation at break of blends desge
from 126% for the blend with 60wt% PC down to 38the blend with 40 wt% of PC and neat the value
of 4.1% for pure PLA. This point can be explaingdabphase inversion, occurring around 50%, from a
situation where PC is the matrix and PLA the dispdrphase to another condition where PLA is the
continuous phase and PC is the discontinuous phasas worth noting that the elongation at break f
the blend with 60wt% PC reaches the value of 126fch is significantly higher than that of pure PC
(84%), evidencing a strong toughening effect ofRlhé domains in these blends.

Figure 9. Young’'s modulus of the blends with diéier amounts of PLA/PC, processed both in
presence of catalysts and without (physical blenditle experimental data appear to fit well with
Barentsen’s model [35] at the two extremes of tmmosition range. In the middle range, the Young's
modulus of the blends is substantially higher thémat predicted by the Barentsen’s model. A beiter f

can be obtained with the model proposed by Veersith his co-workers [36]; the higher values of
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Young's modulus can be explained by a co-continupli@se behavior [43]. Moreover, the Young's

modulus approached the parallel model and appeds isotropic, which means that in these blends bo

phases fully contribute to the blend modulus inditections. These results follow the general phase

behavior of polymer blends [42] and have been ool by the morphological analysis (Figures 17 and

18 below). However, the big difference of elongatet break between PLA40PC60 and PLA60PC40

indicates that the phase inversion can occur aitaédwt% of PLA. Above this concentration, thestila

modulus followed the trend predicted for a rigidAtich matrix phase, with the PC domain dispersion;

that is why the experimental data are fitted ageith Barentsen's model, and the elongation at break

rapidly decreased to the values characteristigsistine PLA.
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Figure 9. Young’s modulus of the blends with diéier amounts of PLA/PC. Comparison between

experimental data and theory prediction.

In figure 9, for the droplet/matrix morphologiegjuation (2) has been used up to 20 wt% when

PLA, the stiff component, is the matrix, while fr®88 wt% to 100 wt%, where the stiff PLA component

is the minor phase, equation (4) has been apghethe case of co-continuous morphologies, when the
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stiff PLA component dominates, from 50wt% to 60 WA, equations (3) has been used. In the range
20 wt% to 50 wt% PLA, equation (5) has been useith Wiiese calculation, the experimental data aed th

theoretical models fit in a quite satisfactory way.

Tensile strength (MPd)Young's modulus (GPa) Elongation at break (%6)

PC 57.2+0.8 2.25+0.06 84.4+4.3
PC70PLA30| 58 +0.6 3.01 £0.09 110+5.3
PC60PLA40| 60.9+0.7 3.22+0.05 126 + 3.6
PC40PLA60| 51.9+24 3.33+0.12 2.0+0.12
PC30PLA70| 49.1+1.6 3.34£0.06 1.8+0.1

PC20PLA8B0| 48.9+1.1 3.38 £0.09 1.65+0.1
PLA 60.4 + 0.26 3.54+0.12 41+05

Table 5. Mechanical properties of blends with défg amounts of PLA/PC with catalysts.

The Young’'s modulus of PLA/PC binary blends fit Ixstble model of Veenstra [36] as can be seen
in Figure 9. However, at all compositions, the Yg@smmodulus of the blends prepared in the presefce
a catalyst is always higher than the elastic mafduthe corresponding physical blends, as camobed
comparing the data in Tables 4 and 5. The Youngidutus of blends decreases for PC contents from
0 wt% to 30 wt% and then does not change much BOmt% to 40 wt%, which indicates that the
materials start to reach a co-continuous phase ltwgy, which is similar to the behavior observed f
physical blends.

It is interesting to observe that the experimedtdh of Young's modulus for the blends prepared
in the presence of a catalyst is even greater ti@nheoretical predictions. Also the compositiange
for full co-continuity seems to be widened from @Dwt% PLA, for the physical blends to 20- 60 wt%

PLA for the blends obtained in presence of thelgsttasystem. This can be explained by a reduced
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interfacial tension for these blends, and is caestswith the hypothesis of the formation of a dgpeer
between polylactic acid and polycarbonate of bispheA, as a consequence of transesterification
reaction between PC and PLA

4.2.2 Thermal behavior

The thermal behavior of materials was investigdigdifferential scanning calorimetry (DSC).

Figure 10 shows the thermogram of the second sithravheat rate of £&/minute.
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0,5 PLA

E PLA40PC60
PLA40OPC60-CATA

PLA8OPC20

0,0

Heat Flow (W/g)

-0,5 1
PLABOPC20-CATA
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Temperature (°C)

Figure 10. DSC thermograni{Zcan) for PLA/PC blends prepared with and withzaialysts.

The crystallinity of materials was calculated bjngsthe formulaX, = A'_'Am—/o%”**100%, where

m
AHC, is the theoretical heat of fusion of 100% crysatallPLA with a value of 93 J/g [40]. Upon the
second scanning, the melting of pure PLA showed peaks, which means that there are two types of
crystalline phases in PLA. According to severaldis, the crystalline phase of PLA depends on the

crystallization temperature processing [45, 46]erEffore, the disorder’ and ordem phase of poly (L-
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lactide) crystalline phases are formed at low<(TLOCC) and high (T> 120°C) temperatures,
respectively. In our case, with the heat rate &€1000C < T.<12C°C, PLA crystalline formulated at the
disorder-to-order phase transition, which was itigaged by Zhang and his co-workers [47].

The glass transition temperature of pure PLA and Riblends did not differ and remained at
about 59.9C, also in different formulations. However, thiscomases to 48°8 with the existence of a
catalyst in blends at 20% and 60% weight of PCsThct indicates that Triacetin not only works as a
catalyst, but also plays the role of a plasticiaarthe Polylactic acid [48] because of the remajnin
triacetin amount. This is in agreement with the T@#a in Figures 7 and 6. Triacetin can reduce the
interaction between polymer chains. The materidllsbe softer and can move easier to the glase stat
the temperatures increase. Moreover, the crystatiimperature peak of PLA in blends is higher than
pure in PLA because of the steric hindrance of qganllyonate chains on the crystallization of PLA. In
addition, polycarbonate phases is an amorphoussstatich affects to the percentage of crystalbpat
process of PLA orX.) in the blends. Similar to the explanation aborel® T,, the action of the catalysts
make the crystalline temperature peak of PLA imtiéedecrease, thereby increasing the percentage of
crystallinity in all formulas as well as formulagithe new disordar' crystalline phase.

More specifically, the X of PLA in PLABOPC20-CATALYST is higher than theystallinity
percentage of pure PLA due to the effect of thalgsts. At low amounts of PC, the catalyst easibkb
down the PC chains, and the broken chains will fomelecule weight than those of the original PC
chains in blends without a catalyst. Hence, thgrmpel chain of PC is long and harmless for dispersio
the PLA phase matrix. Therefore, the dispersioPloA will increase, and the PC molecules will avoid
neighboring PC molecules. In this way, they camigiate a uniform complex in order to develop the
crystalline of PLA, which acts as a nucleation ItAPThis phenomenon is similar to the role of PDIA
the crystalline processing of PLA in the study @fnYane and Sasai [49]. To the contrary, at high aisou
of PC, the molecule will be large and voluminouwmrefore it will very difficult to create the unifo

complex with PLA or to prevent the crystalline fadation of PLA, which is clearly shown on the
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thermogram of PLA40PC60 and PLABOPC20 by addingtalyst. In this case, the crystalline percent of
PLA is very low also when adding catalysts. Thetimglpeak is not very clear, similar to the data of

DMTA, so the materials can maintain the mecharpeaperties at high temperatures.

Tg(°C) | Tonse°C) | Tep (°C) | AHc (I/9) | AHm(J/9) | AH (I/9) | Xc (%)
PLA 59,1 97,3 110 26,6 31,7 5,5 5%
PLABOPC2!( 60, 105t 116, | 16,7 19,2 2,6 2,6
PLAB0OPC2¢
CATALYST 48,8 94,6 108,5 18,9 24,5 5,6 6,0
PLA4OPC 6C | 58, 109, 128 2,1 3,4 1,2 1,4
PLA40PC6C-
CATALYST 48,7 95,4 114,5 1,7 3,4 1,7 1,
PC 147,4

Table 6. Thermal analysis of blends by DSC testing.
The dynamic mechanical thermal analysis of blenittsout a catalyst was shown in Figure 11 after
a crystalline at 8 in 24 hours. The first peak on the tan delta eusvthe relaxation of pure PLA at
69°C. The tan delta curve usually indicates the relamgrocesses of the polymer. The major relaxation

process is associated with the glass transitiopeeature () of PLA [50].
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Figure 11. DMTA of the blends PLAx/PCy without dgs at 230°C
after crystalline 24h at 8G.
After the T of PLA, the storage modulus of blends enhancetie@sontent of PC increased because the
thermal resistance of polycarbonate is high; innlpshe storage modulus at 260 it will maintain the
losing storage modulus of PLA by the interactiotwaen the polymer chains. As mentioned in part A,

the blends without a catalyst show two peaks &C6&nd 166C, that is the J of PLA and PC,
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respectively. This indicates that the blend is passted phase, fitting well with SEM, TEM and
mechanical property results. Furthermore, the haflthe tan delta peak is associated with the hitpbi

of the amorphous region in the polymer [51].As dmeount of PC increases, the peak of PLA broadens,
and the height of the tan delta peak decreasesedMer, the peak of PC is sharpened and heightened
because of the hindrance of the PC chains, deogett® mobility of the PLA molecule in an amorphous
phase.

In the presence of a catalyst, the blends showedtiof PLA at 60C in Figure 12, a reduction
similar to the DSC analysis. Additionally, a newakenccurs between the temperature of PLA and PC.
Similarly to the explanations above, this pointhis most important evidence for the formulatioraafew
copolymer that is based on PLA and PC. In the altyisé condition, the middle peak on the tan delta
curve did not change much as the amount of PC diaiibe difference lies in the performance as
exhibited in Figure 13, where the blends are ngstailine before testing. This dissimilarity can be
explained by the consequence of the crystallines@ha PLA in the blends; they reduce the moving
ability of the polymer chain, so the relaxatiorttoé new copolymer is affected.

In Figure 13, with pure PLA, once the, The storage modulus decreases toC8@nd then
increases to 12Q, implying that the crystallization of the PLA eaproceeds during a DMTA run (low
scan rate). The decreasing storage modulus of RU#ends starts and ends sooner than in the ofigina

PLA, although the gquantity of losing storage modukssens at high amounts of PLA.
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Figure 12. DMTA of the blends PLAx/PCy with catalgs 230C

after crystalline 24h at 8G.

This fact again correlates well to the results &®Din Figure 10 and indicates that the crystalline
of PLA are prevented by high amounts PC. Figuresidws that the blends PLA40PC60-CATALYST
and PLA30PC70-CATALYST do not decrease the stomagelulus at the crystallization temperature
zone of PLA, which is completely different from P&BPC60 physical blends. This is the strong

evidence to confirm that the catalyst makes a gpéttieraction or chemical link between PLA and PC,
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so the mobility chain of PLA was obstructed and tmgstalline process did not happen. This is a
significant point for the application of PLA, becguthe material can maintain the mechanical priggert

up to 100C.
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Figure 13A&B. DMTA of the blends PLAX/PCy with céats at 230°C.

Moreover, the temperature of the middle peaks pooffthe new copolymer change with different
amounts of PC, which also compares with the priegicinodels of glass transition temperatures on
polymer blends suggested by Gordon Taylor [52] aochplex polymer blends or copolymer system
suggested by Kewei and Kalogeras [53,54]as sedfigare 14. The different models for the glass

transition temperature are reported as follows:
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e Gordon-Taylor

¢1Tg 1 + kGT (1_ ¢1)Tg 2

T, =

¢, +ksr 1-91) (5)

Kwei
Pily 1+ K (1= 4T,
. — 1'g1 K 1 g,2+q¢l(1_¢1)

¢1 + kKW - ¢1) (6)

« Kalogeras and Brostow
Tg = ¢1Tg 1 + (1_ ¢1)Tg ,2+ ¢1(1_ ¢1)[ao+ a1(2¢ 1 1)+ a 2(@ 1 1} 7)

where “kst"Kkw, 7, “ @, &, &" are adjustment parameters of equations (5), (8),

respectively.

By increasing the amount of PCy Slightly decreases and does not change from 4 .60
wt.% of PC; at this point, it will increase. Thewed, this complex behavior of Toes not fit the model of
Gordon-Taylor when applied to a binary polymer watsimple interaction in an amorphous state of two
polymer chains. In that equationg Fersus the weight fraction follows a linear or éstmlic function.
However, the crystalline processing temperatureldi is the same as the glass transition temperature
the new copolymer. Thus, the crystalline procesi alter the transition temperature of the new
copolymer complex as opposed to variations in eachponent's composition. Concerning this peculiar
phenomenon, Kalogeras explains that in terms ofasinucture, such intriguing variations may be lgart
attributed to the different types of segregationtled amorphous new copolymer and their relative
contributions to the overall structure. To incretiee degree of segregation, one finds: (a) intereléar
segregation (the amorphous new copolymer residdgseimter-lamellar region within the lamellar dtgc
(b) inter-fibrillar segregation (the amorphous cisaare placed outside the lamellar stacks of th& PL
crystalline component(s), but are still located hivit the spherulite), and/or (c) inter-spherulitic

segregation (the amorphous phase is expelled fhenteinellar stacks and resides at the inter-spltierul
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region of the PLA component) [54]. For this reaséwgei and Kalogeras extended their original equmatio
of the Gordon-Taylor model. Their results were aaphnd fit perfectly with the experimental datatos
new copolymer of PLA and PC blends in the presefeecatalyst. Therefore, variations igdf the new

copolymer are affected by the content of the PGgare but also by the crystalline processing framA.P

450 A
400 A
<
L3
(=2}
|_
350
[ Experimental data
-------------- Gordon and Taylor (k=0.85)
Kwei (k~0, g=-180, R = 2,1)
300 7 —_———- Kalogeras and Brostow
(a0 =17,al =-258.3, a2 =370.7, R=2.4)

00 01 02 03 04 05 06 07 08 09 10

Polycarbonate (weight fraction)

Figure 14. The newglof blends following the models in different weigigrcents of PC.
4.2.3 Structure analysis
An investigation of the distribution of molecularasses, the traces obtained by molecular
exclusion chromatography (SEC), was performed liiyguthe IR and UV detectors shown in Figure 15.

The molecular weights relative to polystyrene stadd of the two pure samples are reported in Table

Mn Mw Id
PLA 108000 175000 1,62
PC 24000 46000 1,92

Table 7. Molecular weight of PLA and PC.
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From these curves there does not seem to emergeewuigignce of actual grafting or
transesterification as the curves of blends witlalgats when comparing the pure materials. Theeurv
results to be chromatographic and consists of & aehigh elution times (lower molecular weightsied
to polycarbonate, with a shoulder at shorter time t the PLA. The data from SEC can be explained b
the fact that the molcules in blends with a cataly® not much affected by the transesterification.
Following the mechanism of reaction, the PC chaiese broken down using a catalyst, and then were re

reacted with PLA and PC; therefore the blendingemales did not vary much.

—— PLA
————— PLA80OPC20-CATALYST
——————————— PLA60PC40-CATALYST
e e PLA40PC60-CATALYST

.................. PC

9 1'0 1I1 1I2 1I3 1|4 15
Retention time (min)
Figure 15. SEC analysis of PLAX/PCy with the preseof catalysts.
NMR spectra of the two pure polymers are ratherpimas shown in Figure 16A. Small

impurities are also present, but the assignmethe@NMR signal is quite straightforward and acceunt

for the monomeric structure.
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Figure 16A: NMR 13C of PLAB0OPC20 with cataly

In Figure 16B examples of physical blend (c) arported as well as a mixture of the t
polymers in the presence of the catalysts (d), reviiee weight ratio of PLA and PC were 80 and
respectively. Looking at thEC-NMR spectra, one cannot see ggculiar difference between the t
samples. The signal marked with * in spectrum g&djlile to residual acetone present in the samp
particular, at this stage, no evidence of copolymagion appears from the spectrum (d). The mainag
coming fran the starting polymers are all present and tménisity is in fair agreement with the wei
ratio in both (c) and (d) spectra. Other smallgnals are visible, but they are also present ictspda)
and (b) of the starting polymers. Since thele a lot of similar functions and hydrocarbon grqupe
dectection by*C-NMR could be overlapped by the original functiortloé polymer. The problem will k

similar also with FTIR testing.
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Figure 16B: NMR 13C of PLAB0PC20 without cataly

Studies canot show direct chemical evidence for the reacti@iween Polylactic acid ai
Polycarbonate bisphenol A, due to similar chemicalctions in both polyesters. From the literat
review of Lopez and Ziebaa [-56], the authors proposed the mechanisnmeattion between PLA ar
PC in the presence of triacetin and of a trandéistgion catalyst (TBATPB), which is shown in Sche
2. Triacetin will react with OH groups from polytac acid and Polycarbonate under the mel
conditions of extrusion and tledfect of TBATBP to become glycerol. The Polycaratenchain or PL/
will be broken down by acting of glycerol and TBAPBhrough esterification reactions. Therefore
new PC and PLA chains will be formulated. New ckawill be linked again with glycel in the same
mechanism to formulateew random copolymers. This fact can explain wheydhs not much change

theM,, of polymer blends.
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in the presence of triacetin and of a transestatifin catalyst.

Sustainabl e Biocomposites from Renewabl e Resour ces and Recycled Polymers
116



Chapter 3: Compatibilization of Polylactic acid/ Polycarbonate

4.2.3 Morphology

To investigate the effect of a catalyst on the rhotpgy of blends, the scanning elect
microscopy (SEM) was applied to the formulatiorPefAB0OPC20. Regarding the physical blends, pl
separation occurred with the PC domain and PLAimathich is slown clearly in Figures 17A and 17
with higher magnification. The surface tension & B high, so it will not be miscible with the PL
matrix. There is a large space between the PC isphetomain and the PLA matrix, therefore

materials will be brite and will have a low elongation. The domainds the same size; rather it is ab

lpm to 3um.

Figure 17B. SEM micrographs for PLA80/PC20 withatydts
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However, in the same formula, by the action of lgatathere is no space between PLA domains
and PC matrix, only a light boundary between the phases. It showed a new inter layer between the
domain and the matrix, indicating that a new copmy was formulated. The domain seemed flatter and
bigger than in the physical blends of about 5Spumm7ijlthis is in agreement with the observation by the

transmission electron microscope represented inr&$g18A and 18B.

4

Figure 18A. TEM micrographs for PLA80/PC20 with@atalysts.

~

4

Figure 18B. TEM micrographs for PLA80/PC20 withalgsts.
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This phenomenon can be explained by the decre#isingurface tension of the polycarbonate. To
obtain a reaction between PLA and PC, the PC atainbe broken down through the effect of a catalyst
in order to obtain the new copolymer; so the Pdrchadll be shorter than the original. That is whet

domain size is larger, but thinner than in physidahds.

Figure 18D. SEM micrographs for PLA60/PC40 withatysts.

Moreover, as the amount of PC in physical blendeemses, the size of the domain will increase as

exhibited in Figure 18C for PLA60PC40. This factsvepplied to model the mechanical properties of the
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blend. Furthermore, there seems to be some sntarspnside the PC domain, similar to a "salame"
structure. Nevertheless, similar to the behavioPbA80OPC 20, with the presence of a catalyst, the
domain in a separated phase is larger and movingrtts a co-continuous phase, which is confirmed in
Figure 18D.This fact deals with Young's modulusadiait Figure 9. It implies that the blends mixedhwi
a catalyst can obtain co-countinuous and inversgsat low amounts of PC as compared to the physical
blends. Therefore, the materials can obtain highngs modulus and elongation at break at low casiten
of polycarbonate.
425 Biodegradation

The average percent biodegradation of PLA, PC dmngipal blends granulates are shown in
Figure 19A. The pure polycarbonate is not compjetielgradated. Polylactic acid starts to degrader aft
18 days. The degradation obtained 50wt% after ai®ulays and 100wt% after about 80 days. After 150
days, the degradation is 138%. Biodegradation péages above 100% are explained by a synergistic
effect known as priming. A priming effect occurghe compost inoculum in the test reactor is prodyc
more CQ than the compost inoculum in the control react®tss results in a net GQproduction that
does not come exclusively from the test item andthie case of readily degradable products, in a
measured biodegradation percentage exceeding 108%.adding the polycarbonate, the speed of
degradation decreases suddenly from 70 to 80 dde, they degrade fast and quite stably after @dda
for PLABOPC20 and 100days for PLA70PC30, PLA60PCMre specifically, PLA40OPC60 blends
degraded very slowly up to 120 days, because m fthimula the materials performed co-continuous
phase, and the high amount of PC can prevent tqmadation factor on PLA. In summary, the percentage
of degradation of blends is similar to the percgataf PLA, which came from the defect of the contpos

That implies that the polymers in physical blendséhonly a physical interaction.
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Figure 19A. Biodegradation test of the blends PIER&y without catalysts.

On the other hand, PLA8B0PC20-CATALYST degradationFigure 19B is different than
physical blends. It starts to degrade after 10dayd continuously increases over the next 90 days.
However, the degradation amount of blends withtalgst is higher than physical blends after 70 days
concluding that there are some differences as @octiemical structure of blends. It seems that the
reaction of PC and PLA can break down the PC chEimas, the steric hindrance of the PC chains on
PLA will decrease, so the degradation factor willdasy to digest the PLA polymer chains. Moreover,
after 150 days, the final degradation amount ofspdal PLASOPC20 is higher than PLA80PC20-
CATALYST. It can be explained that the amount ofAPteaction with PC prevented the degradation
factor from the end chain. Finally, the degradatiest showed that the presence of a catalyst could
increase the speed of degradation, but could deetbe final degradation amount of materials. Wes,
fact is not much an effect to the application @& thaterials, because polycarbonate can be recsiétied

the degradation of the polylactic acid.
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Figure 20A. Biodegradation test of the blends PIRGy without and with catalysts.

V. CONCLUSIONS

The blends of polylactic acid and polycarbonatehvéhd without a catalyst were investigated

carefully. The effect of a catalyst and temperaturéhe mechanical properties of blends showedthieat

materials can obtain high miscibility processinga€’C. Additionally, the blends with multi-catalysts

obtained a new peak on tan delta, which is betwleenelaxation temperature of PLA and PC. Moreover,

the data of TGA shows an increasing thermal resistan blends containing a catalyst. It indicatest t

the new copolymer is formulated on that processorglition.

The mechanical properties of blends with varyingpants of polylactic acid demonstrated that

Young's modulus of blends would improve as the Paount is increased. The blends obtained the

maximum elongation at break as the phases of blerds inverted. More specifically, they fit well thi
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some current models of mechanical properties. Ag#talyst was added, Young’'s modulus of materials
was enhanced thanks to the increasing interfapelgiers by the formulation of new copolymers.

DSC and DMTA confirmed that as the content of PE@éased, the crystallinity of materials was
reduced. More specifically, the formula PLAAOPC&DATALYST showed that the materials would not
lose storage modulus after the temperatureyaif PLA, namely no crystalline processing in thahe.

Due to the catalyst, the links between PLA and REewncreased. Consequently, the PLA lessened the
mobility and the crystalline process could not béamed. These advantageous properties broadeaed th
application ability of materials as compared tarent polymers based on PLA.

In addition, the SEM and TEM confirmed once agam ¢ffect of a catalyst on the morphology of
blends. The interaction between domain and matnproved, and the size of the domains increased by
reducing the surface tension of PC and new copalyfiee biodegradable test demonstrated that the
materials combining a catalyst slightly decreasedvteight percent of degradation after 70 daysthmut
speed of degradation was higher than with physiealds.

Chemical analysis could not give clear evidenca ohemical reaction between PLA and PCsince
they have similar polar functions. However, witie results gained from DMTA, DSC, SEM, TEM and
mechanical properties, the new copolymer is corddrand its properties were investigated in order to
approach the new matrix, which has a high thermsistance. This could be developed into
manufacturing “green” composite materials for difet applications such as in phones, cars, and food
trays.

* This chapter was published on International Application Published Under the Patent Cooperation

Treaty (PTC) - WO201205907A1-01/03/2012
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Chapter 4
Biocomposites Based on Poly(lactic aegiaft-Polycarbonate

bisphenol A Copolymers and Regenerated Cellulosgdilbers

l. INTRODUCTION

In recent times, biodegradable polymer and bio-ausiips have received increasing consideration
from researchers as well as in technology due ¢o thotential in addressing environmental concerns,
biomedical and industrial applications, packagemy] in electronic components. Biodegradable polgmer
are broken down in physiological environments tigftoumacromolecular chain scission into smaller
fragments, and ultimately into simple and stablé products. The degradation may be due to aerabic o
anaerobic microorganisms, biologically active psses (e.g., enzyme reactions) or passive hydrolytic
cleavage. Recently, the critical discussion abbatgreservation of natural resources and recytiag)
led to renewed interest concerning biomaterial$ witfocus on renewable raw materials. The growing
focus thus far has been paid to starch-based pmdsuch as PLA (Polylactic acid), PHA (Poly hydrox
alkanoates) in particular PHB (Poly hydroxyl butgdaand cellulose derived plastics [1]. In the ifsiraf
biodegradable polyesters, polylactides (i.e. PLAyehbeen singled out because they are renewable,
biodegradable and compostable; moreover, they havg low or no toxicity and present a high
mechanical performance, comparable to those of ewiad polymers. However, the thermal stability of
PLAs is generally not sufficiently high enough fbem to be used as an alternative in many comniercia
polymer applications [2]. In order to increase tinermo resistance of polylactic acid, blending Rkith
aromatic polyester such as Polycarbonate (PC) kas lnvestigated [3-5], but there are also some

commercial products available [6-7]. PC has beettelyi used as an engineering plastic having high
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thermal stability and mechanical properties (highstle strength and elongation at break), while its
fracture toughness is still too low. In order taupterbalance these disadvantages, Suarez andlleigeso
used Acrylonitrile butadiene styrene (ABS) blendeth PC through melting extrusion [8]. Subsequently
they found that in blends with PC, Polylactic acidn replace ABS, not only improving facture
toughness, but also decreasing the environmengadtrof materials [9]. However, the blends of PLB/P
are immiscible; adhesion between the two polymeraséak due to high interfacial tension and weak
entanglements. Moreover, the materials showed @edse in the modulus from 80-£20) which implied

a crystallization process of the Polylactic acidr fhese reasons, in the previous chapter we sdedér
increasing the interface between PLA and PC iningeléxtrusion through using a transesterification
catalyst and formulating a new type of copolymehjoh presents high mechanical properties, thermo
resistance and morphology.

To continue the focus on increasing mechanical gnt@s and producing the eco-materials, which
are environmentally friendly, we applied celluld#gers to new copolymers based on PLA and PC to
produce bio-based or hybrid biodegradable compmsitethe literature, PLA was blended as a matrix
material for natural vegetable fibers or lignocklsic fibers such as kenaf, flax, jute, hemp, bambo
based composites [10-17]. However, the incompitilof natural or lignocellulosic fibers with the RL
matrix led to poor interfacial adhesion, leadingataecrease in the mechanical properties. Conteary
PLA, there is very little literature examining theinforcement of PC and natural fibers [18] in the
melting process. Since processing temperature dgPdgh, it will be easy to degrade the naturiaéfs.
Nevertheless, both PLA and PC matrices interagt peorly with natural fibers, because they havehhig
surface tension; therefore the contact angle with fibers will be low. Moreover, they are limited
reactive functions, which can react or obtain ptaisinteraction with polar functions on cellulosieefs.
Enhanced interfacial adhesion for natural fiber-Basenposites can be achieved either by modifyieg th
fibers and matrix chemical or physical treatmentsby using interfacial additives such as maleic

anhydride, epoxide additive, or TBATBP for transesication [19-30].
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Moreover, many natural fibers possess a limiteccetspatio and are non-homogeneous in fiber
diameter, length and size distribution. Thereforeroper stress could not transfer from the matrike
fibers, and the buildup of the tensile stress enfthers would result in limited property enhanceiend
reduced material reproducibility. Besides, the majonstituents of natural fibers (lignocellulosesg
cellulose, hemicellulose and lignin. The amount ceflulose in lignocellulosic systems can vary
depending on the species and age of the planteziesp Lignin is a phenolic compound that is gdhera
resistant to microbial degradation [1]. Althougke #xact structural formula of lignin in naturaldis has
not yet been established, most of the functionalgs and units that make up the molecule have been
identified. Lyocell, also known as Tencel, is atifiaial microfiber made from regenerated wood pulp
cellulose. It is produced by spinning bleached weadp dissolved in a nontoxic (“green”) organic
solvent, N-methylmorpholine-N-oxide or MMNO, whidan then be recovered by washing the freshly
spun cellulose microfibers in water, purified ahért recycled. Both fiber diameter and length can be
accurately controlled during the production procassl without the lignin content. Based on these
advantageous properties, Lyocell is the potentirfthat can increase the mechanical propertiés an
thermo resistance of biocomposites, even thoughrieeaction between the fibers and matrix is still
poor. However, Lyocell is still a new type of fiben the market, therefore studies on the effects of
Lyocell fibers on the polymer matrix are limiteddahave not received much consideration as yet [31,
32].

As stated above, the aim of this study is to itigage the effects of the mechanical properties and
thermo resistance of cellulose fibers (Lyocell)ommposites based on blends of PLA and PC. We obtain
the best results from the mechanism on transdstgiifn process of the polymer in blends to inceghe
interaction between the fibers and matrix due ®rémaction between the ester group and the hydroxyl
function of cellulose fibers, as well as the effeat cellulose fibers on the formulated processoboper.

The results of this research can present new metfmdthe production of biocomposites as well as

hybrid biodegradable composites.
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[I. EXPERIMENTAL DETAILS

21 Materials

Poly (L-lactic) acid was purchased from NatureWokk< having a nominal average molecular
weight Mw = 199590 Da (NatureWorks® IngeoTM 2002DdrEsion Grade), density 1.24g/cm3.
Polycarbonate bisphenol A (Mitsubishi Chemical @emtion - Japan, branch S3000) had a density of
1.20 g/cm3 and an average molecular weight of M@0=KDa. Triacetin (TA, also known as glycerin
triacetate or 1,2,3-triacetoxypropane, CAS # 102Z)@nd tetrabutylammonium tetraphenylborate
(TBATPB, CAS # 15522-59-5) were purchased from #&lirChemicals used as a transesterification

factor or an interchange catalyShe chemical structure of materials was perfornsesgen in Scheme 1.

O
O
)j\ O)LCHS o) CH; o)
HsC o< HOY)\ 0
O._CHj @) OH
\{3'/ CHs O I"CH,
Triacetin (TA) Polylactic acid (PLA

ﬁ CHs HiC ™\~~~ "CHs Q
N+
HTO0—C—0O

I B"
(l: OH HiC—"""" ~"\-CHs @
n
CHs,
Polycarbonate Bisphenol A (F TetrabutylammoniuiTetraphenylbora (TBATPB)

Scheme 1. Chemical structure of materials.
Tencel® FCP-10/400 microfibers with a diameter lodat 10.5 um and an average fiber length of
390 um, corresponding to an aspect ratio ar = 8rekindly provided by Lenzing AG, Lenzing, Austria
According to this manufacturer, these fibers hademsity: 1.5 g/cm?, a Young’s modulus of 10 —1:2GP

a tensile strength of 570 MPa, and an elongatiobreék of 11%. The morphology of Lyocell fibers
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before processing is shown in Figure 1. All matenieere dried overnight under a vacuum at 80°C rex

processing.

Figure 1. SEM of Lyocell fibers

2.2. Processing

Following the work in the previous chapter, we @t ratio between PLA and PC to be 40%
60% by weight, respectively. Then the matrix wasnhded with different contents of Lyocell fibe(5, 10,
15 wt%) with and without the presence of cataly3tse polymers (PLA and PC) were mechanic
mixed for about 10 minutes with different ratioslgfocell by means of a hi-speed mixer. After this
mixing stage, the Triacetin and TBATPB were ac and mixed for an extra 10 minutes using the s
equipment. The resulting mixtures were processed wiMiniLab 1l HaakeRheomex CTW 5 conir
twin-screw extruder (Thermo Scientific Haake GmbH, Kale, Germany). The mixing was conduc
at a temperater of 230 °C with a screw speed of 100 rpm, for @ckng time of 1 minute. Afte
extrusion, the molten materials were transferredufh a preheated cylinder to the Haake MiniJetifli
injection molder (Thermo Scientific Haake GmbH, Isauhe, Germar) to obtain ASTM D638 V dc-
bone tensile bars used for measurements and amalys¢ specimens were placed in plastic bag
vacuum sealing to prevent moisture absorf

2.3. Characterization methods
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Tensile tests were performed at room temperatuaecabsshead speed of 10 mm/min by means of
an Instron 4302 universal testing machine (Cantoh, MSA), equipped with a 10 kN load cell and
interfaced with a computer running the Testworks shftware (MTS Systems Corporation, Eden Prairie
MN, USA).

The chemical bonding of PLA-PC copolymers and Ljlditeers was analyzed by using a Nicolet
380 spectrometer with the Diffuse Reflectance Asogs (DRIFT). The composites were dissolved in
Tetrahydrofuran (THF) and the fibers were driedama vacuum at 14G for 24 hours. The materials
were mixed with potassium bromide (KBr) in orderdbtain the DRIFT spectra. During the DRIFT
measurement, pure potassium bromide was chosehakground.

Thermogravimetric Analysis (TGA) was run under flosv of nitrogen gas at a scanning speed of
10 °C/min, from room temperature to 1000 °C, usinfGA 1000 instrument (Rheometric Scientific Inc.,
USA).

Dynamic mechanical thermal analysis (DMTA) was iegrout on a Gabo Eplexor® 100N (Gabo
Qualimeter GmbH, Ahlden, Germany). Test bars wetefrom the tensile bar specimens (size: 20 x 5 x
1.5 mm) and mounted on a tensile geometry. The eestyre used in the experiment ranged from -100
°C to 170 °C at a heating rate of 2 °C/min anddesty of 1 Hz.

The morphology of the composites was studied byrsiog electron microscopy (SEM) using a
JEOL JSM-5600LV (Tokyo, Japan) and by analyzingftheture surfaces of the samples broken in liquid

nitrogen. Prior to SEM analysis all the surfacesensputtered with gold.

[Il. THEORETICAL ANALYSIS

Several theoretical expressions have been develfmpepredicting the elastic modulus of short
fiber composites. One of the most successful appesaconsiders long straight discontinuous fibleas t
are completely embedded in a continuous matrix,ingakse of the so-called shear-lag concept [33 Th

model introduces some simplifying assumptions, sagh(1) uniform alignment of the fibers within the

Sustai nable Biocomposites from Renewable Resour ces and Recycled Polymers
135



Chapter 4: Biocomposites Based on PLA-g-PC

matrix; (2) stress transfer by shear along thetterg the fibers-matrix interface; (3) perfect dias
isotropic behavior of both matrix and fibers; (4rfect bonding between the two materials at the
interface.

3.1 Young's modulus

However, it is now well established that the prédic of the composite’s modulus calculated by
Cox’s model does not provide sufficiently accuresémations when the fiber's aspect ratio is sifid],
as in the present work. The predicted modulus nbthby Cox’s model is significantly smaller thae th
experimentally observed values for short fiber cosifes. In fact, Cox’s model neglects the stress
transfer across the fiber ends(+L/2) = 0.

Since the early work of Cox, several improvemeragehbeen proposed to the original shear lag

analysis, and some of these developments have teeently reviewed [35]. In particular, Kim has
proposed the following modified equation for thastic modulus of short fiber composit&&™, taking
into account both fibers end traction forces anelsstconcentration effects [36-38]:

Kim _ 5_ tanh(Bar ) —
Ec _Ef¢f {l-l'[ Ef l] /Bar }-"Em(l ¢f)

(1)

wherep is given by:

_ 2F,

m

F= P
\/Ef (1+0,)log(;"-)
¢f (2)

Of all the micromechanics equations, Halpin-Tsaésni-empirical equations are accurate and

straightforward. Halpin and Tsai showed that thenii’s solution to Hill's self-consistent model dam
reduced to a simpler approximate analytical form extended its use to a wide variety of reinforceime
geometries [39]. For the longitudinal modulus, adpin-Tsai's equation gives the following expressi

1+28.A¢,

EHT -
° 1-A¢, "

3)
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with

A=

5 + 2
E, &

while the transverse modulus takes the form:

Ct Wm

where

(4)

(5)

(6)

For composites with fibers oriented randomly inanp, the Halpin-Tsai’'s equations give:

3 5
ECI;iT :gECI:-:T +§EHT

Ct

(7)

A more rigorous model for short fibers or partid¢alaeinforced composites inclusions has been

and Tanaka.

3.2 Yield stress

proposed by Tandon and Weng [40] on the basis @fstiiutions found by Eshelby on an ellipsoidal

inclusion surrounded by an infinite matrix [41] atie concept of average stress introduced by [42j M

Many models have been proposed in the specificatitee to predict yield stress of composites.

1-¢,
0,=0,————
1+ 2.5,

expBy; )

Pukanszky's model [43] describes the effects of whtume filler fraction ¢;) and the interfacial

interaction on tensile yield stress of particufdted polymers:

(8)
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ParameteB is an interaction parameter that considers thaagpof stress transmission among
the various components. The tersgendo,, are yield stresses of the composites and maesgactively.
The term ex@p;) indicates the interaction, while the @#(1+2.5) term indicates the effective
decrease of useful cross section due to filleoghiction. Interfacial interaction depends on thekitess

of the interphase, and the strength of the intemadés shown in the following equation:

B=(1+A p,7)In2t
o (9)

whereA, py, 7, oy are the specific surface area, density of therfillhickness of the interphase and
strength of interaction, respectively. ParameteraB be easily calculated by knowing the yield stiefs

the composites filled with different volume peraages of particle fillers.

IV. RESULTSAND DISCUSSIONS

As mentioned above, we investigated the effectcaifilysts in the formulation co-polymers
through the transesterification process on the mgchl and thermo properties as well as the intierac
between the fibers and polymer matrix. The matis\selected as a fixed amount of PLA and PC, which
are 40wt% and 60%wt, respectively. Subsequently, rtfatrix was blended with varying amounts of
fibers (5, 10, 15% wt) with and without the present catalysts.

4.1 Mechanical properties

The mechanical properties of materials are showiahle 1. In both cases, Young's modulus
improves with increasing amounts of Lyocell fibendhile the elongation at break of the composites
decreased when compared to the corresponding matrix

According to Cox's model, an estimation of the ical aspect ratio is possible, i.e. the ratio

between the length where shear stress transferoand the diameter of the fibers [43]:

Er(1+vy,)
a. = 2.303\jleog 4”7f (10)
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Formulas Teni(sllvtleps;;ength Young's modulus (GPa) Elogation at break (%)

PL A40PC60 55.2 2.99 126
(PLA40PC60)Te5 61.8 3.14 6.26
(PLA40PC60)Tel10 63.1 3.49 3.6
(PLA40PC60)Tel5 63 4.02 2.36

(PLA40PC60CATA) 60.9 3.22 126
(PLA40OPC60CATA)Te5 66.7 3.5 4.52
(PLA4A0OPC60CATA)Tel0 67.2 3.84 3.75
(PLA40PC60CATA)Tel5 68.4 4.2 3.16

Table 1. Tensile test of materials without and weiitalysts

Using a value of 12.5 GPa for the fibers modulud tve values of Table 1 forfEthe critical

aspect ratio can be estimated to vary from 7 faA@®PC60)Ly5 to 5.6 for (PLA40PC60)Ly15 and from

6.8 to 5.4 in the same formulas in the presenamtaflysts. Since the Lyocell fibers have an aspaixi

of 37, this ensures a proper stress transfer fremmtatrix to the fibers and the buildup of the ilerstress

in the fibers up to the maximum value achievableaircorresponding composites reinforced with

continuous fibers. However, in the blends withcatialyst, the tensile strength of materials reddicen

10%wt of fibers, which showed in Figure 2.
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Figure 2. Tensile curve of the blends (PLA40/PC&0)ith content of fibers

The composites cannot yield and become brittleigtt fiber amounts. From the literature, the
interaction between fibers and matrix is poor, éf@ne the structure of materials is weaker, altihoting
aspect ratio condition showed that the stress @asfer from the fibers to the matrix. Meanwhilee t
tensile strength of composites with an catalystaases, while amount of Lyocell fibers increasdsciv
is shown in Figure 3. Moreover, the elongationratak of composites is higher than the blends witlou
catalyst in the same amount of fibers. That enhaeat indicates that the interaction between filagis
matrix is sufficient to maintain the structure ofterials for transferring the stress from polymer t
matrix.

The presence of catalysts improves the adhesiavebetthe fibers and polymer matrix. This effect
can be estimated quantitatively by using the Befacccording to equation (8). The B values of
composites with and without catalysts are 4.2 addrg@spectively. The difference in B values paint

the higher interaction between fibers and polymatrix by acting of catalyst [43].
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Figure 4. B factors of PLA40/PC60 composites withemd with catalysts
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Figure 5. Comparison experimental data of (PLA4&®Cy with theoretical models

Moreover, Kim's equation (1), Halpin-Tsai's equatio(3) to (7) and Tandon-Weng's model
provides estimates of the composites modulus. Mene built up from the theory of long fibers, in
which the perfect interaction between fibers anlymper matrix. The experimental data of composites
are used to compare the models to authenticatendétohanical properties of materials. In Figurehg, t
experimental data of composites without a catalsiw data far from the model values, while Young's
modulus of blends with added catalysts fit wellhwtim and Tangdon-Weng, which were developed in
recent times and seem to be a better predictiomttiet of Halpin-Tsai. This implies that the intetfan
between the Lyocell fibers and polymer matrix i¢ aoly a perfect interaction, but also greater thran
blends without a catalyst.

To investigate the effect of catalysts on the raedal properties of composites, we suggested

that there is reaction between hydroxyl groups (0Hgellulose fibers and carboxyl functions (COOH)
of polymers, which can be obtained through formaiat process of copolymers under the

transesterification mechanism of catalysts. Thehaeism of this phenomenon was showed in Scheme 2.
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Scheme 2. Proposed mechanism of reaction betweg&fPRLLyocell
in presence of triacetin and TBATPB
Triacetin can be modified by a transesterificatigent (TBATBP) and OH functions in the end chain of
PLA and PC in order to formulate glycerol. Glycemain break down the original chains of PC and
formulate new shorter PC chains, so that the arsooh€COOH functions will increase. The TBATBP

will accelerate the reactions between the polyraadsthe OH groups of cellulose fibers [45,46].
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Figure 6. Comparison experimental data of (PLAAGB®CATA)Ly

with theoretical models
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Figure 9. FTIR of fibers after processing with PIO¥8C60 with and without catalyst
To test this hypothesis, samples of (PLA40PC60)Lyt (PLA40PC60CATA)Lyl5 were
dissolved in THF to remove the polymer matrix fragocell fibers and examined for the ester group as
evidence of a reaction between the fibers and rmdthe fibers were washed about five times using-TH

and Acetone and then dried under a vacuum in dodevaporate the solutions before testing FTIR. As
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shown in Figure 9, the fibers obtained from the posites without catalysts show an FTIR spectra that
completely overlap with that of the original Lyoc#bers, while those removed from the compositéh w

a catalysts-modified matrix show an additional paak725 crit, corresponding to the stretching of C=0
bonds in both PLA and PC, clearly indicating tHa¢ tmolecule now contains a carbonyl group, not
present in the cellulose fiber solvent removed ftbmcomposites without TBATBP and Triacetin.

This can be interpreted as indirect proof of thespnce of polymer molecules attached to the
surface of the Lyocell fibers. Again, this fact raily confirmed the reaction between the fibers and
polymer matrix, but also asserted our hypothesihemmechanism of reaction.

4.2  Thermal behavior
The thermogravimetric and derivative thermogravimeturves of PLA40PC60 blends with
different amounts of Lyocell fibers are reported kigure 7a and Figure 7b, respectively. The

corresponding data are accounted for in Table 2.

First stage Second stage

Blends Temperature Temperature Temperature Temperature

Wt loss, ¥ Wt loss, ¥

range’C peak’C range’C peak’C

PLA40PC60 287-421 345 73 421-900 455 82
(PLA40PC60)LY5 246-454 382 87 464-572 543 100
(PLA40OPC60)Ly10 240-451 365 87 347-568 542 100
(PLA40PC60)LY15 232-436 363 88 436-562 540 100
Lyocell fibers 220-572 380 100 - 551 -
PLA40PCG60CATA 275-438 357 73 435-569 465 100
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(PLA40OPC60CATA)LY5 267-452 388 76 452-594 579 100
(PLA40PC60CATA)LY10 241-452 388 83 452-573 550 100
(PLA40PC60CATA)LY15 238-452 388 86 452-558 545 100

Table 2. TGA analysis of materials
The TGA of PLA40PC60 blends shows that there amerhain states of degradation. Degradation
starts at an initial temperatufB=280C, and the first stage temperature ends at@aith the DTG peak

at 356C, which can be attributed to the thermal degradatf Polylactic acid chains in the blends.

PLA40PC60
(PLA40PC60)Ly5
(PLA40PC60)Ly10
(PLA40PC60)Ly15
Lyocell fibers

Loss weight (%)

0 T T T Ll T = T T - T
100 200 300 400 500 600 700 800 900

Temperature (°C)
Figure 7A. TGA of the blends (PLA40/PC60)Ly witHfdrent content of fibers
The second stage of degradation ranges fromMCGtad 900C with a 7% solid residua. The DTG
peak of this stage is 4%5 and lower than the temperature of pure PC °G0Brom literature PLA can
facilitate the degradation temperature of PC, cordd in our previous work or last chapter. Whenirzgld

the Lyocell fibers, the starting degradation terafume of the composites is lowered than that of the
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polymer blendsk=246'C. This change can be explained by the startingadiegion temperature of

Lyocell fibers -T; =220°C.

DTG

100 200 300 400 500 600 700 800 900

Temperature (°C)
Figure 7B. DTG of the blends (PLA40/PC60)Ly witlffelient content of fibers

In adding 5%wt Lyocell fibers, the DTG temperatpemk of composites is 382, which is near the first
stage peak of Lyocell fibers, but the DTG tempeamtdecreases while increasing the fiber content.
Moreover, the composites can be degraded completely 572C, having a different solid residua than
the PLA40PC60 blends. In addition, the second spagd of DTG for composites is 52 quite near
the second stage of Cellulose fibers. Consequehtyl,. yocell fibers acting as an agent can acceldhe
degradation process of composites.

Meanwhile, the TGA and DTG of composites with thegence of catalysts performed can be seen
in Figures 8A and 8B as well as in Table 2. Althouthe starting degradation temperature of
PLA40PC60CATAT; = 275C- is higher the corresponding one for PLA40PC6® second stage

temperature of blends with a catalyst related grat#ation PC, is lower than blends without a cataly
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This implies that the polymer chains of PC werekbro down, similar to our reaction mechanism
proposal and also confirmed by the last chaptenwéver, the starting degradation temperature of
composites with a catalyst is higher thamf Lyocell fibers. The DGT curve shows that thenperature
peak of composites is 3%3 even if the amount of fibers varies. This factinpletely different in
blends without a catalyst. Furthermore, the DTGkpeaperature in the second stage of composites is
also higher than in the second stage of Lyocelérfb This implies that there are some chemical
interactions between the fibers and matrix, andl ghaew type of chemical link between the fiberd an
matrix are created. This is why cellulose fibersndd only facilitate the degradation of polymer rixat

but also preserve the DTG temperature even thdughrount of fibers in the composites increases.

PLA4OPC60CATA

100 . (PLA40PC60CATA)Ly5
\ (PLA4OPC60CATA)Ly10

(PLA4OPCBOCATA)Ly15

Lyocell fibers

80 A

60

40 A

Loss weight (%)

20 A

0 . : : AN oo oo o o

100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 8A. TGA of the blends (PLA40/PC60/CATA)Lyttidifferent content of fibers
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DTG
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Temperature (°C)
Figure 8B. DTG of the blends (PLA40/PC60/CATA)Lytividifferent content of fibers
4.3. Relaxation and structure

Figure 11a presents the DMTA spectrum for PLA40P@®@ its composites with different

contents of Lyocell fibers. The temperature depaod®f storage modulus and loss tangent is alsersho

in this figure. The temperature of loss tanger@B€ is representative for the glass transition teapese

(Ty) of Polylactic acid [47], and the loss tangenL&fC is T, of Polylactic acid. The DMTA of blends

show that there is phase separation between Ptitylacid and polycarbonate in blends. The storage

modulus decreases to°8Dand then increases to 220 implying that the crystallization of PLA phase

proceeds during a DMTA run (low scan rate). Thespnee of fibers in the blend is not affected mugh b

the glass transition temperature of both polymerd, it is slightly affected by the re-crystallizai

processing of Polylactic acid in blends. This faes confirmed by the amount of losing storage masiul

of composites as compared to PLA40PC60. This caexpkined by the steric hindrance of fibers in the

polymer matrix. Moreover, the Lyocell fibers shovhigher storage modulus than the polymer matrix,

which is well matched with tensile test above.
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Figure 10. DMTA of the blends (PLA40/PC60)Ly withfdrent content of fibers
However, the DMTA data of PLA40PC60 and composlentls with a catalyst shown in Figure
11B. In PLA40OPCG60CATA, there is a relaxation peakieen the Jof PLA and PC. It specify aglof
new co-copolymer, which based on the reaction &k Bhd PC. This co-copolymer is authenticated and
the proposed mechanism of reaction in the last tehaps well as Scheme 2. Likewise, the low
temperature peak at -Z8, normally defined as th&peak, is associated with the glucose ring unit®or

water associated with hydroxylmethyl groups [4&]e8fically, thes-peak is pronounced at high content
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of fibers. In addition, the composites with 15%wWftfibers shows a new peak at°@5 which is shoulder

to the glass transition temperature of new copotgme&his behavior does not perform at low fiber

contents as well as without catalysts. Consequewiycan conclude that the OH groups of fibers can
react with a polymer matrix to formulate a new cimhinteraction through the transesterification

process. Besides, that chemical interaction entsambde the amount of fibers increases. That is ey

newp-peak and shoulder of thg Topolymer only performs at high fiber contents.
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Figure 11. DMTA of the blends (PLA40/PC60/CATA)Lyittv different content of fibers
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Moreover, the storage modulus of PLA4A0OPC60CATA doet show the I-crystalline of PLA
because of the acting of a catalyst, which explained in Chapter 3. Nevertheless, the addfdibers
changed the thermo properties of the materials.cbmeposites obtained the-crystallize processing k
losing storage modulus after tT, of PLA. This implies that the fibers have reactlmsiween PLA and
PC and affect the thermo behavior properties ofntla¢erials. This evidence confirmed the mechai
reaction hypothesis above.

4. Morphology

The fracture surfaces of (PLA40PC60)Ly15 are regzbih Figures 12A and 12B. Almost all fibe
pull out after cracking indicating that there are pauelactions between the fibers and polymer me
The high magnification of SEM images shows a n&ajap between the fibers and matrix. In addit
the morphology of the polymer matrix performed clphase separations as seen in Figure 12C. D
the high surface tension of Polycarbonate, the dwsnaf Polylactic acid do not have adhesion with
PC matrix. Similar to fibers, gaps were also ol#dibetween the PLA domains and PC matrix. Althc
the aspect ratio of Lyocell fibers is higher than thigical aspect ratio and the stress can trarfsfen
matrix to fibers, the mechanical properties of PODRE60LY15 decreased and defected due tc

heterogeneous structures of the materials andipteraction between the componel

Figures 12 SEM of (PLA40/PC60)Ly15
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D ———
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Figures 12 SEM of (PLA40/PC60/CATA)Ly15

To the contrary, the morphology of (PLA40PC60CATH]B shows perfect interaction betwe
the fibers and matrix as shown in Figure Lit is evident that most of the fibers were stressetil
broken down. Moreover, in Figure 12E, the morphglof the matrix seems -continuous phases and
perfect adhesion between PLA and PC or homogenkeicbpolymers instate of phase separatior
PLA40PC60LYy15. This morphology confirmed that there aot only reactions between fibers
matrix, which are also confirmed by the FTIR andaBtors, but also between the PLA and PC.
morphology of composites with the presence of algstt adequate authenticates our focus and exple

why we used a catalyst as a factor to increasmt#ehanical and thermo resistance of compo

V. CONCLUSIONS

The mechanical properties and thermo resistanceedisas morphology of PLA40PC60 a
Lyocell fibersare investigated carefully. Young’s modulus of cosites increases while the amoun
cellulose fibers increases, but the material will change the tensile strength significantly beeaafs¢he
poor interaction between the fibers and matrix alf as between the PLA and PC phases. The pres
of Lyocell fibers not only decreases the elongatibbreak, but also facilitates the degradatiorcgss o

the composites, which are shown in the tensile BBé testing. Moreover, the fibers prevent th-
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crystalline process of PLA in the PLA40PC60 matiiue to losing the storage modulus of materials at
low heat rates from the DMTA analysis.

However, catalysts can help overcome the negatiweepties of the PLA40PC60Ly15 composites.
The mechanical properties of the materials at #mesfiber content increase at the same fiber coaten
comparing to the composites without a catalyst. e chemical links between fibers and matrix are
obtained so that the thermo resistance and medctagmioperties of the composites are enhanced. This
was not only confirmed by the FTIR analysis, bsbdby the DMTA and SEM results. The homogenous
phase or co-continuous phase between PLA and P€ pegformed, and the adhesion between the fibers
and matrix was perfect, which fit well with the pased mechanism reaction of blends. The exploitatio
actions of a catalyst in the formulation process a@bpolymer to increase the interaction betweleer i
and a matrix can open the doors to new processathads on production of green composites, bio-base
or hybrid bio-degradable composites. This will ciewhalance the negative properties of low mechénica
properties and thermo resistance of biopolymergntially broadening its applications in electranicar

components, and in food packaging.

* This chapter was submitted Journal Composite Part A
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Chapter 5
Analysis on the influence of interface interacti@msthe mechanical

properties of nanofiller and short fiber- reinfadgeolymer composites

l. INTRODUCTION

In recent years there has been a rapid growthei@velopment and application of nanofiller- and
natural short fiber-reinforced thermoplastic polyneemposites. In correspondence with this interest,
increasing efforts have been devoted to betterrstated and measure the micro-mechanical parameters,
which control the structure-property relationships such composites. The properties of filled
thermoplastic composites result from both nanogaffiber and matrix properties and the ability to
transfer stresses across the nanoparticle/fibersmiaterface. Variables such as the volume fragtio
aspect ratio, tensile strength, orientation of nh@oparticle or the short fiber as well as therfatgal
strength are of primary importance to determine tiechanical properties of these composites. In
particular, the ability to transfer stresses acthesinterface is often discussed in terms of ‘adreé but
is, in fact, related to a complex combination aftfes such as surface energy of the reinforcings@ha
adhesion strength of the interphase and the théskn&the coating layer. Therefore, it is not sigipg if
the nature of ‘adhesion’ is still a matter of deb#at the literature and many techniques have been
developed to measure it. For continuous fiber caitps, ‘adhesion’ is generally related to the fiateal
shear strengthe Or IFSS) or to the interlaminar shear strengtl88l), which is somehow related to IFSS
yet still a different parameter. Several experimentethods have been developed for their deterinmat
These can be divided into two general categorhes:single (direct testing) and the multiple fibests

(indirect testing). The direct- or single fiberstiag methods aim at measuring the interfacial sidimeof
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individual fibers in a matrix (microcomposites), Mehthe indirect- multiple fiber- methods considke
collective behavior of fibers in a matrix (real gqoosite) and estimate the interface strength vigkstic
models. The experimental methods for single fitses mainly the pull-out and the fragmentation tests
and provide measures of IFSS [1,2]. In the casemaftiple parallel fibers, the most important
experimental techniques for the determination @&3Lare the Short Beam Interlaminar Shear and the
losipescu Shear tests. There is no general corsatmut which of these tests gives the most reliabl
measurements, but the situation is further comiditan the case of nanoparticle- or short fiber-
reinforced thermoplastic composites since thesenigues do not lend themselves to an easy extension
for these types of composites.

Several methods have been recently developed farirdg values forz (the IFSS) ang, (a fiber
orientation factor) from tensile stress-strain euof the composite and the fiber length distributimsed
on modifications of the Kelly-Tyson equation [3,4ader and Bowyer [5-7] presented a method for
deriving values for andy, from a simple combination of the tensile stresahstcurve and the composite
fiber length distribution. Recently, Thomason impd this method and illustrated its application to
injection molded glass-fiber-reinforced thermoplastomposites. Furthermore, he showed how the
analysis could be extended to obtain the aver&ge fitress at composite failusg; [8].

Although developed originally for composites contiag spherical particles, the semi-empirical
equation proposed by Pukanszky [9] to describeeffects of filler volume fractiongy, and interface
interactions on vyield stress and tensile strengthparticulate-filled polymers has been recently
successfully applied to anisotropic fillers such lagered silicate nanoparticles, multi-walled carbo
nanotubes (MWCNTSs), and wood fibers [10-12].

In Pukanszky's method and interaction paramBtethat considers the capacity of stress transfer
between various components, can be easily calculateknowing the yield stress of composites filled

with different volume percentages of particle file
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Despite its simplicity and widespread use in charége nanoparticle- and short fiber-reinforced
composites, the adimensional PukansBkfactor is not related with physical-mechanical graeters
such as the interfacial shear strengtland other experimental variables like filler vole fraction, aspect
ratio (@) and orientation factor.

In this paper we explore the relation between Psk@is interaction parametds and these
parameters, which are known to have a strong effacthe mechanical properties of composites. We
present a modification of sPukanszky’s approachdigparing it with the Kelly-Tyson equation to make
a connection between thifactor and the relevant physical-mechanical patareeWe apply this new
approach to nanoparticle- and short fiber-reinfdr¢bermoplastic composites. Values ©fand 7,
obtained using this improved version of the origimadel are presented and discussed. We furthermore
show how the analysis enables us to achieve valfigse interfacial shear strength similar to those

already published in the literature.

[I. THEORETICAL ANALYSIS
The reinforcing effect of a filler or a fiber is messed quantitatively by the following equation

proposed by Pukanszky [9]:

1) O, = 0p 1:.(:; - exp (Boy)

In this equation, terms. and s, are the yield stress of the composite and of thé&iry respectively,
while the (1-¢)/(1+2.5¢) term indicates the effective decrease of usefaks section due to filler
introduction. The term exB@) considers the filler-matrix interactions, by meaof the interaction
parameteB that considers the capacity of stress transfewd®t various components. For fillers, the
interaction parameter depends on the thicknesbeirterphase, and the strength of the interadtion

shown in the following equation:

2) B = (1+Appsl)in>*
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whereAy, py, |, o; are the specific surface area and the densitlieofiller, the thickness of the interphase
and the strength of interaction, respectively, tbah be evaluated by knowing the vyield stress of
composites filled with different volume percentagéparticle fillers [13]. Alternatively, the thicless of

the interphase between particles and matrix cagvbkiated by using the Shen-Li model which assumes
the formation of a non-homogeneous interphased fl4i this model, the mechanical properties ef th
medium at the microscopic scale do not change #grapthe interface between the spherical particle
and the polymeric matrix, but a transition regiaor (nterphase) exists, in which the properties
continuously relax until reaching those of the ponagrix at sufficiently long distances from the trof

the filler particle.

We can write Eq. (1) in linear form:

a.(14+2.5¢¢)
3) log(0yeq) = log W = Boy

and plotting the natural logarithm of reduced tlensirength,giq, against volume fraction (this graph
will be called Pukanszky's plot in the following)@uld result in a linear correlation, the slopevbich is
proportional to the interaction parameier

According to the Kelly-Tyson model, the strengthtloé composite can instead be estimated by a
simple modification of the mixture rule. Two casgesst be identified, depending on whether the aeerag
length of the fibersl, is lower or larger than the critical length,, which is the minimum length
necessary such that the stress is efficiently tearesl from the matrix to the fibers, so that teater of
the fiber reaches the ultimate (tensile) strength

4) L _ 9D _ osL

¢ 20 T 2ta,

whereD is the diameter of the fibers.
For a composite containing more than a certainmaeléraction,g@,, the Kelly-Tyson model leads to the

following equation &> @nin):
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L¢ ' o ,
5)ac = no0r(1 =) @f + on(1—¢f) =nopror(1 — Fgr) + om(1 — @f)

wheregy;, represents the stress borne by the matrix whestthim of the composite is such that the fibers

are strained to their ultimate tensile strain,

Substitutings, from Eq. (5) into Eqg. (3) we get

Of Nyt
No®rof\1=0zq, +om(1-9y) 1+2.5
6) log(0,eq) = log ( 4%) lo ((1_;{)

The second logarithmic term on the r.h.s. of Ejig@pproximately linear witlp, in the range
0 <¢r=<0.6:

(1+2.5¢0f)

7 log =))

= 3.04¢;

The first logarithmic term on r.h.s. of Eq. (6) damwritten as:

no(pfo'f(l_4:£r)+ar’n(1—(ﬂf) U;"_(pf[arln_noof(l_‘:gr)]
8) log - = log . =
Om Oy Or Om 9 o
o8 Om Pri o Om 47a, o8 Om o8 r o Om 4ta,

The latter equation, whep, — 0, can be approximated into:
- . 2 (1 =2 ~
1= gy [1on % (1-522)] =

Om O'f( O'f )]
log = — [1— (1=
Ogam Pr* Mo o 4ta,

9) logz—’,” + log

We can thus rewrite Eq. (6) in the following way:
10) log(Gyeq) = logZ—Z - @f [1—770;—,;(1 - 4:—;)] + 3.04¢;

We observe that a Pukanszky’s plot of Eqg. (10) giilk a straight line with slope

11) B =3.04— [1—77,, %(1 - ;—2)] ~ 2.04 +1, ;’—;(1 _ i)

4ta,
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and interceptogj—m forgs = 0. WhenZ—m ~ 1 the straight line passes from the origin of this,aas in the

m

original Pukanszky's plot. Therefore Eq. (10) pd®s the theoretical basis for the extension of
Pukanszky model for short fiber- and nanofillemferced composites. In general, the plolaf(o,.4)

for short fiber- reinforced composites is not linedth ¢, but we can obtaiB from the derivative of the
log(0yeq) VS. @y in the limit of o — 0.

From Eq. (11) we see that the interaction paranm@ter dependent upon the tensile strengths of the
matrix and of the fibers or fillers, the aspeciaathe orientation factor and the interfacial sheteength.

Eq. (11) enables us to calculate the maximum vialuB, considering continuous aligned fibers:

12) Biax ~ 204+ L =204+ L =204 +:L

mef Em

Eq. (11) also enables to estimate the IFSS fronvahee ofB":

o
13) 7= L
4,122

No—7—
Im

1

Egs. (5), (10) and (11) are valid only when theffifbexceed a certain minimum volume fractigg,, see
Fig. 1, that can be estimated by considering tlratmaposite will undergo immediate fracture if [16]:

14) o, = am(l - (pf) + r)oafg—quf

where the last term takes into account the factfibars that have ends within/2 of the cross-section at

which the first fiber fails will not be broken. Nowubstituting fow, from Eq. (5),

L ’ L¢
15) Mo0r (1 =2 )@r + om(1—r) > on(1—op) + No0f 5, Pf

Yn general, comparing Eq. (1) with Eq. (5) lead$hi® following expression:

g

— f

T= { om(1-¢)[exp (Boy) ]} forLe>Le
4a,q1

No@fof [(1+2.5¢f) «

!
wherea = 2.

Om
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Figure la. Schematic representation of mechanefsvior for composites with> @i,
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Figure 1a. Schematic representation of mechane@\ior for composites With<@n,
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we obtaing,,;,, as follows:

Om—0m Om=0m
(16) Pmin = I~ = oF ; (L>Lo)
T]OO'f(l—T)+O'm—O'm noo'f(l—m)+0'm—0'm

At volume fractions less thag,, the strength of the composite is given by theaityin Eq. (14).

ag

L :
a: :nugffi_z_;‘)@f+am(1_q)f)

L
o = Gm(i_ (Pf) +nogfﬁ(pf

O L

L)
NaOf 2L

Pr

Figure 1ctheoretical variation of composite strength,with volume fractiong, of nanofiller or short
fiber reinforcement (c).

Therefore, the strength of the composite will beagls greater the strength of the unreinforced matri

when:
L¢
(17) O'm(l - (pf) + T]OO'fz(pf > Om
that is:
18 be _
(18) Om <NMo%f 3/ = Tra,
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If g, > "o“f;_z , this defines a critical volume fraction in thentposite ¢ .,;;, Nnecessary for composite

strength to be greater than the strength of theinfarced matrix, i.e. corresponding to the case gy, .
The critical volume fraction is given by the followg expression [16]:

1 !
_ Om—O0m _ Om—O0m
19) Derit =

noor(135)-om  moop(1-32L) -0

2
Comparing Egs. (16) and (19), we can seeghat, = ¢isWhena, = noafg—z = no;—’;

From Eqg. (11) we can write:

20) o1, (B — 2.04) = 0,05 (1 - )

4ta,

and substituting into Eq. (10):

om
! ! T -1
21) @ _ Om—Om ~ Om—Om _ 9m
crit — g =77 nh_ — 7 L
7700'f(1_41£r)_‘7;n om(B—2.04)—0y, B-3.04

The last equation sets a condition for the valu® @bove which the nanofillers or the fibers show a

reinforcing actionBi:

G_m_l

22) B = 304+ ~ 3

Perit
Comparing Eq. (1) with Eq. (14), we can calcuthevalue oB corresponding t@n:

1-Pmin

o exp (B,,; ;
m 1+2-5<Pmin p ( mmgomm)

L¢
23) om(1— @min) + noo-fz(pmin =

Solving forB,,,;,, we get:

1 142.5@min of Le
24) Bpin = log { - [(1 - @min) + 7o éz gomin]}

Pmin 1-Pmin

Considering the approximation given by Eq. (7),oma write:

OfL
IOg[ (1-®min) +ﬂoﬁ¢min]

25) B = 3.04 +

Pmin

And with a suitable rearrangement:
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1 min oﬂ_
26) B,. =3.04+ o8]+ min (o751

Pmin
For small values op,,,;,, we can further approximate as follows:

2

27) Bonin ~ 2.04 + 1, -L2 = 2,04 4+ 7, —L

om 2L - 4TOomay

Bnin is the minimum value oB for which it is possible to predict the tensileesigth of the composite
from the modified rule of mixtures and that enalitesstimate from Eq. (13).

From Eqg. (27) we see that the minimum interactiarameteB,;, is dependent upon the tensile strengths
of the matrix and of the fibers, the aspect rafighe fibers, the orientation factor, and the ifgeial
shear strength.

Again, following Kelly and Davies [16], we now cadder the case wheln=L.. From Eq. (16) where it is
evident thatp,,;;, = 1, thus the failure of the composite will occur layw of the matrix.

However, from Eq. (18), it is evident that a strimeging effect will occur when:
28) Oy < 770% that is wherB,,;,, ~ 2.04 + nOZ"Tf > 3.04
in this case, the strength of the composite wilglven by

29) 0c =10 LL + on(1 - 9y)

In an analogous way, we get:

1+2.5(pf I G'f(pfl
log{d oL 'Jm(l_(Pf)]}
30) B =—omles)

or
For small values op we can approximate into:

31) B =204+, ;—; = Boin

Finally, for the case wheln< L., it is apparent from Eq. (16) tha} is always < @, S0 the failure of

the composite occurs by plastic flow of the matiiikus the strength of the composite will be givgn b

[16]:
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NoTarP
32) 0. = ==L+ 6, (1 - gp)

Substitutingo, from Eq. (1), we get

o {aﬁ(zl.s_j’f)[%n:r(pf+o-m(1_¢f)]} Ta
33) B=—"2""% = 2.04 4 1
oF 20m

Solving this equation for the IFSS, we find:

= 20, (B—2.04)

34) NoQr
Eq. 34 shows that the interfacial shear strengttiréstly proportional tdB. It is important to note that for
values ofB smaller than 2.047 < 0, which means that the fillers or the fibers do sbhbw any

reinforcing action on the matrix. Therefore, we @amclude that 2.04 is the lower limit f& for the

application of Egs. (13) and (34) in the estimatbthe IFSS,.

[Il. DISCUSSION

Pukanszky’'s equation for tensile strength, oridinaleveloped for composites reinforced with
guasi-spherical fillers [9], has been recently edtl to nanofibers, carbon nanotubes and shortahatu
fibers [10-12], although no theoretical justifieati for the use of such an equation for this type of
composites has been provided so far in the litezatim this paper we propose a new interpretation o
Pukanszky's model based on the classical Kelly—yagaproach for short fiber composites [3, 16]. With
this approach it was possible to find a correlabetween Pukanszky’s interaction facBand the IFSS,
. From Eg. (11) we can predict tHawill increase with the tensile strengths of tHeefs or fillers, their
aspect ratio, orientation factor and the interflasfeear strength, and decrease upon increasingtitbes
reached by the matrix when the strain of the coitgds such that the fibers are strained to thitimate
tensile straingy,.

In the present section we will show some exampfeapplications of this new approach with

reference to some published data reported in tentditerature.
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Bilotti et al. [10,17] showed the results of tensile tests edrdut on sepiolite clay/polyamide 6
nanocomposites obtained by melt compounding andpaced with similar hanocomposites prepared
with two organically modified montmorillonite clay&lentified by the geographic location from which

they were mined, i.e., Yamagata, Japan (Kunipiafedfter MMT-JP) and Wyoming, USA (Cloisite

hereafter MMT-USA) [18-19].

0.5
PA/MMT-Japan, B=11.4

S 0.4 4 \

e

3
= PA/MMT-USA,
- B=11.7
g 03
£

»
°

8

S 0.2 -
S

o}
x \

S (@]
2 1 PA/Sepiolite, B=12.6

0.0 1) L) L) L L] L)
0.5 1.0 1.5 2.0 25 3.0 3.5

MMT content (vol.%)
Figure 2. Pukanszky's plot of the data from Bilsttlata [25]

In Figure 2, we replotted Pukanszky's plot of thatadfrom Bilotti, and we show the data
regression lines, calculated without forcing thenpass through the origin of the Cartesian axistHe
three series of nanocomposites. In Tab. 1 we rdpervalues oB andgj;,0btained by the Pukanszky's
model, as modified by Eq. (11). It can be obsenyed theB values are approximately constant for all
types of nanocomposites. Also the valuesofifare similar but significantly larger than the témsi
strength of the unmodified matrix,, = 69.7 (MPa). This can be explained by considering that, in the

case of nanocomposites, the immobilized layer ¢fmer chains that forms the interface will altee th
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polymer — filler interaction at the molecular levsince the different structural organization af thatrix
at the interface, with respect to the original ixatrinders the polymer chain mobility [20].
Starting from these data we can estimate the IF3$ISeee composites. The aspect ratio reported in
Tab. 2 has been calculated by Bilotti et al. [1Dftdm experimental data of Young's modulus, using
as the fitting parameter of the Halpin-Tsai equeti@nd considering an elastic modulus of all the

nanoclays of 200 GPa [10, 21].

Om G 5

Material B MPa mex

(MPa) & ™pay | 7o | T(MP?)
PAG/Sepiolité 81.76 12.6 50 2500 0.6 29.5 32.¢
PAG/MMT-USA? 76.38 11.7 36 2500 0.6 3420 34
PAG6/MMT-Japafi 80.13 11.4 45 2500 0.6 28.71 33.2
PP/MWCNT 34.38 7.4 40 1720 0.6 13.1] 52.1
PP/wood flour nc 19.€
MAPF® 17.04 3.8 12.6 300 0.6 7.2
PP/wood flour witf 19.¢
MAPPF® 17.04 5.8 12.6 300 0.6 9.2

Table 1. Values recalculated from original experntakdata from
[12,24] a); b) data from [25]; c) data from [11].

A difficulty arises in the estimation af;, since no published data are available — to thleoas!
knowledge — on the tensile strength of individuahaoclay platelets. By considering that these nayscl
may possess the same tensile strength of indisgtpiadduced alumina-silica fibers with similar Yayla
modulus (150-250 GPa), we assume a value of 250@iNBur calculations [22].

Bilotti reports a partial inplane orientation ofpgdite needle-like clays, thus we assume an
orientation factor of 0.6 in our estimations. Takreports the results of the calculation of IFS6the
three systems. Values af in the range 28-35 MPa are obtained from Eq. ¥8dh insignificant

differences among the three types of nanoclay® s calculated value falls well in the expectauge.
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Figure 3 shows the dependencd3adn the aspect ratia,, calculated from Eq. 11) using the data in Tab.

1. As we can se® monotonically rises until a plateau value of ab@t3 is obtained for PA6/Sepiolite.
In the casey,=1, we obtain from Eq (12B.. = 32.6 as reported in Tab. 1. For PA6/MMT-USA and

PAG6/MMT-Japan, the same calculations give 34.73$4.

35

30 4 7

PP/MWCNT

25 1

20 A1

PA/Sepiolite
15 4

10 1

B factor

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Aspect ratio, a,

Figure 3. The dependence®bn the aspect ratio.

These figures compare well with the largBstalues published according to Szaedal. [23],
which are below 25, although the same authors gredvalue of about 200 for a completely exfoliated
silicate on the basis of the linear dependend® @i the specific surface area.

The specific surface area of a nanoclay platelet lwa related to its aspect ratio. By definitione th

specific surface is given by:

35) Ag =
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For a platelet, the aspect ratio is defined agdtie of mean diameter of a circle of the same area
as the face of  the plate to the mean thickness ohe t platelet,
a, = d/h, thus:

36) As = p—dar

For a nanoclay, botlp andd are constant for each specific type, whilean decrease with the
degree of exfoliation. Thus, our model predictd tha relation betweeB and aspect ratio and specific
surface area cannot be linear until complete eafiol is attained. In fact, Eq. 12) relat®gd, with the
ratio of the tensile strength of the nanofillethie stress reached by the matrix when the compdsiils.
Before leaving Figure 3, where a constanis assumed, we also note that for values,of 20,B is
negative which means that the filler is actuallirideental for the tensile strength of the compasite
Polypropylene (PP) multi-walled carbon nanotube (NIVY composites offer another interesting example
of the model proposed in this paper. We considerdidita published by Satapattyal. [12, 24], which
we replot in Figure 4. From the Pukanszky plot vistain a value oB = 7.36 andg), = 34.38 MPa.
Extracting a value of IFSS from these data, usiqg ([&3), requires knowledge of the tensile strength
aspect ratio and orientation factor of the MWCNTBe MWNTSs used by the group of Satapathy have
been produced using chemical vapor deposition (C\DJ have a diameter in the range of 10 to 15 nm,

lengths between 0.1 and {ifh, giving an average aspect ratio of 40 [12, 24].
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Figure 4. Pukanszky's plot from Satapathy's da2a24]

3.5

By using the value of tensile strength, 1.72 GPaasured by Past al. [25], on CVD-grown

aligned MWCNTs we can estimate an IFSS of 13.1 MRng these data in Figure 3 we observe that by

increasing the aspect ratio an asymptotic valuB @ reached at 31.5. For aligned MWCNT Eq. (12)

provides an estimate &f.x = 52.1.

The data of Satapathey al. [12, 24] are also replotted in the Pukanszky pfoFigure 5 together

with the theoretical predictions of Egs. (6) an@)(JAs it can be observed, the experimental datalthe

range where the curve obtained from the modifidel ofi mixture — Eq. (6) — can be approximated by Eq

(10). Significant deviations between the two cureely arise for volume fractions above 0.05.
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Figure 5. Comparison of the prediction of Eq.6 &aqdl0
with experimental data of Satapathy
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Figure 3. The dependenceBdn the aspect ratio.
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Finally, we examine some data published by the grotiProf. Pukanszky on PP/wood flour
composites [11]. In this work, an ethylene-propglerandom copolymer ethylene-propylene random
copolymer (Tipplen R 359 from TVK Plc. - Tiszai M\@g<ombinat - Hungary) has been mixed with
lignocellulosic fibers (Arbocel FT 400 from Retteaimr GmbH, Germany). To improve interfacial
adhesion a maleic anhydride modified polypropyl@fe (MAPP - Orevac CA 100 from Arkema Inc.,
Colombes Cedex, France) was used. The MAPP/woimwats chosen as 0.1.

Figure 7 shows the semi-log plot of reduced tersdilength as a function of the volume fraction for
the two series of PP/wood flour composites: witld avithout modification with PR-MA. From the
values of the interaction parameter obtained apdrted in Tab. 1, we can calculate the IFSS. Aga@,
are faced with some assumptions since no informasiqprovided in [11] to allow us to determine the

orientation factor; moreover, we do not know theiface strength of the wood fibers.

3.0
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Figure 7. Pukanszky's plot of the data from Pukbpn$z1]
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Considering the literature on lignocellulosic fipaeve find values between 130 and 600 MPa [26-
30]. Assumingg; = 300 MPa and an orientation factgy = 0.6, the IFSS for the composites with
PP/wood flour not treated with RPPMA is estimated to be 7.2 MPa. This is in agreeiéth the value
of 7.9 MPa found by Rodriguest al. [31] for corn stalk fiber reinforced PP. For PP/gMA/wood flour
composites, the estimated interface shear stretggh to 9.2 MPa, with an increase of about 30%s Th
value ofris substantially lower than that found from Rodgget al. [31] for composites containing 6%
MAPP, corresponding to 15.5 MPa. This can be erplhiby the fact that the addition of BRMA has

brought the IFSS very close to its maximum predicéecording to the von Mises criterion,=

om/V3 = 9.8 MPa [32-33]. It has to be noted that all valo& IFSS in Tab. 1 are below the respective

values predicted by this condition.

IV. CONCLUSIONS

The Pukanszky model for the tensile strength, oy developed for filled composites, has been
recently used with success for short fiber reirddrcomposites and various nanocomposites, althoogh
theoretical justification has been provided sdfdarthis new use. In this paper the Pukanszki eégndtas
been analyzed in terms of the Kelly-Tyson modeltif@r prediction of composite strength. In this wiay,
was possible to establish a direct link betweenaRsgki’'s interaction paramet® and fundamental
material parameters such as tensile strengthseahttrix and of the fibers, the aspect ratio offthers,
the orientation factor and the interfacial sheaergjth IFSS. Also it was possible to determine the
minimum value ofB for which is possible to predict the tensile sgtbnof the composite from the
modified rule of mixtures, as well the maximum \althatB can achieve in the case of continuous
aligned fibers with the same type of matrix, fibad interface shear strength. Moreover, a critioime

fraction, ¢+, was defined corresponding to the minimum amodriller content necessary for the
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composite strength to be greater than the streofgthe unreinforced matrix, i.e. corresponding he t
cases, = g,,. It was also shown that for this conditiBg.;; = 3.

From this analysis it was possible to express nkerfacial shear strength in terms®fand other
materials parameters, Eq. (13). From such an exyaitiis possible to verify the monotonical redati
betweerB and IFSS that has been suggested previously ilitéhegture.

A few examples of calculations of the IFSS,from Pukanszky's interaction fact8rhave been
provided, using published literature values refatito nanocomposites with organically modified
nanoclays and carbon nanotubes, as well as comapaginforced with short natural fibers. All result

obtained fall within the value expected from simiigerature values and below the maximum predicted

according to the von Mises criterian= o, /+/3.

The new equations presented in this paper provitieaetical basis for the use of the Pukanszky’'s
model in the case of nanocomposites and disconigfiber composites. Compared to the traditional
Kelly-Tyson approach, the interaction factor B daakio give a rapid estimate of the interface shear
strength even when fundamental material constamth s fiber tensile strength, aspect ratio and
orientation factor as well as the stress in therimathen the composites breaks, cannot be simply
evaluated. This new approach can therefore be epped in research and development of new
composites in industrial environments.

*This chapter was submitted Composite Science and Technology Journal

Acknowledgment

The authors gratefully acknowledge the financigbpsrt of the FORBIOPLAST (Forest Resource
Sustainability through Bio-Based-Composite Develepth project — Contract No. 212239-FP7-KBBE,
funded by the European Commission under the 7th mé&nrk Programme (FP7)

(http://mww.forbioplast.eu).

Sustainable Biocomposites from Renewable Resour ces and Recycled Polymers

180



Chapter 5: Analysis on the influence of interface interaction

REFERENCES

. Hull D, Clyne TW. An introduction to composite megss, 2 ed. Cambridge University Press,
Cambridge 1996.

. Matthews FL, Rawlings RD. Composite materials: Begring and science. CRC Press, Boca Raton
1999.

. Kelly A, Tyson WR, Tensile properties of fibre-reonced metals: Copper/tungsten and
copper/molybdenum. Journal of the Mechanics andgiesyf Solids 1965;13:329-350.

. Piggott MR. Short fibre polymer composites: A fraet-based theory of fibre reinforcement. Journal
of Composite Materials1994;28:588-606.

. Fu SY, Lauke B. Effects of fibre length and fibmeeatation distributions on the tensile strength of
short-fibre-reinforced polymers. Composites Sciemue Technology 1996;56:1179-1190.

. Bowyer WH, Bader MG. On the reinforcement of theptastics by perfectly aligned discontinuous
fibres. Journal of Material Science 1972;7:13154132

. Bader MG, Bowyer WH. An improved method of prodantifor high strength fibre-reinforced
thermoplastics. Composites 1973;4:150-156.

. Thomason JL, Interfacial strength in thermoplastmmposites - at last an industry friendly
measurement method?. Composites Part A 2002;33:1283.

. Pukanszky B. Influence of interface interaction the ultimate tensile properties of polymer

composites. Composites 1990; 21: 255-62.

10. Bilotti E, Zhang R, Deng H, Quero F, Fischer HRijga T. Sepiolite needle-like clay for PA6

nanocomposites: An alternative to layered silicat€omposites Science and Technology

2009;69:2587—-2595.

Sustainable Biocomposites from Renewable Resour ces and Recycled Polymers

181



Chapter 5: Analysis on the influence of interface interaction

11.Renner K, Kenyé C, Md6cz6 J, Pukanszky B. Micronaital deformation processes in PP/wood
composites: Particle characteristics, adhesionhamsms. Composites Part A 2010;41:1653-1661.

12. Satapathy BK, Ganf3 M, Pdétscke P, Weidisch R. Stiesisfer and fracture mechanisms in carbon
nanotube-reinforced polymer nanocomposites. Cap Vikas Mittal V (ed). Optimization of Polymer
Nanocomposite Properties. Wiley-VCH Verlag. Weimh&010.

13.Voros G, Fekete E, Pukanszky B. An interphase withnging properties and the mechanism of
deformation in particulate-filled polymers. The dual of Adhesion 1997;64:229-250.

14.Shen L, Li J. Effective elastic moduli of compesitreinforced by particle or fiber with an
inhomogeneous interphase. International Journ&btifls and Structures 2003;40:1393-1409.

15. Cioni B, Lazzeri A. The role of interfacial intetaoons in the toughening of precipitated Calcium
Carbonate—Polypropylene nanocomposites. Compageadces 2012;17:533-549.

16.Kelly A, Davies GJ. The principles of the fibreinflercement of metals. International Materials
Reviews 1965;10:1-77.

17. Bilotti E. Polymer/Sepiolite clay nanocompositesD Thesis, University of London, 2009.

18.Fornes TD, Yoon PJ, Keskkula H, Paul DR. Nylona®ecomposites: the effect of matrix molecular
weight. Polymer 2001;42:9929-9940.

19.Fornes TD, Hunter DL, Paul DR. Effect of sodium ntroorillonite source on nylon 6/clay
nanocomposites. Polymer 2004;45:2321-2331.

20. Pitsa D, Danikas MG. Interfaces features in polymenocomposites: A review of proposed models.
Nano 2011;6:497-508.

21.Chen B, Evans JRG. Elastic moduli of clay plagel8cripta Materialia 2006;54:1581-1585.

22.Bunsell AR, Berger MH. Ceramic fibres, Chap 7 iiglidperformance fibres, Ed. Hearle JWS, CRC

Press, Boca Raton FL 2000.

Sustainable Biocomposites from Renewable Resour ces and Recycled Polymers

182



Chapter 5: Analysis on the influence of interface interaction

23.Szazdi L, Pozsgay A, Pukanszky B. Factors andgsses influencing the reinforcing effect of
layered silicates in polymer hanocomposites. Elangeolymer Journal 2007;43:345-359.

24.Gan3 M, Satapathy BK, Thunga M, Weidisch R, P&sdp, Jehnichen D. Structural interpretations
of deformation and fracture behavior of polypropg@énulti-walled carbon nanotube composites.
Acta Materialia 2008;56:2247—-2261.

25.Pan ZW, Xie SS, Lu L, Chang BH, Sun LF, Zhou WYany G, Zhang DL. Tensile tests of ropes of
very long aligned multiwall carbon nanotubes. ApgIPhysics Letters 1999;74:3152-3154.

26.Méndez JA, Vilaseca F, Pélach MA, Lopez JP, BarheiTuron X, Girones J, Mutjé P. Evaluation of
the reinforcing effect of ground wood pulp in theeparation of polypropylene-based composites
coupled with maleic anhydride grafted polypropylentournal of Applied Polymer Science
2007;105:3588-3596.

27.El Mansouri NE, Espinach FX, Julian F, VerdaguefTirres L, Llop MF, Mutje P. Research on the
Suitability of organosolv semi-chemical triticalébdrs as reinforcement for recycled HDPE
composites. Bioresources 2012;7:5032-5047.

28.Vilaseca F, Valadez-Gonzalez A, Herrera-FrangdPRlhch MA, Lopez JP, Mutjé P. Biocomposites
from abaca strands and polypropylene. Part |: Etalo of the tensile properties. Bioresource
Technology 2010;101:387-395.

29.Vallejosa ME, Espinach FX, Julian F, Torrese Lllageca F, Mutjé P. Micromechanics of hemp
strands in polypropylene composites. Compositesnsei and Technology 2012;72:1209-1213.

30. Venkateshwaran N, ElayaPerumal A. Modeling anduatimn of tensile properties of randomly
oriented Banana/Epoxy composite. Journal of RegefrPlastics and Composites 2011;30:1957-

1967.

Sustainable Biocomposites from Renewable Resour ces and Recycled Polymers

183



Chapter 5: Analysis on the influence of interface interaction

31.Rodriguez M, Rodriguez A, Bayer RJ, Vilaseca Fo08és J, Mutje P. Determination of corn stalk
fibers’ strength through modeling of the mechanipabperties of its composites. Bioresources
2010;5:2535-2546.

32.Di Landro L, Di Benedetto AT, Groeger J. The efffetfiber-matrix stress transfer on the strength o
fiber-reinforced composite materials. Polymer Cogif@01988;9:209-222.

33. Pegoretti A, Della Volpe C, Detassis M, Migliargsi Thermomechanical behaviour of interfacial

region in carbon fibre/epoxy composites. Compodtad A 1996;27A:1067-1074.

Sustainable Biocomposites from Renewable Resour ces and Recycled Polymers

184



Chapter 6: General Conclusions

Chapter 6. General Conclusions

In the research focus of this dissertation, the haeical properties, thermal stability and
morphology of biocomposites based on cellulose efiie (CDA), plasticized with a combination of
reactive and non-reactive plasticizers and reifdneith fibers from natural resources, were ingggéd
and results were reported in Chapter Two. Valuetenéile strength and Young's modulus decreased
with the increasing of plasticizer content. A goooimpromise between processing and mechanical
properties for the composites with Lyocell cellddhers was obtained for the systems where CDA is
plasticized with 20 wt% Triacetin (TA). The preseraf GPE not only improved processability but also
increased values of elongation at break in the maddeproduced. The glass transition temperatuyre T
decreased due to the effect of the primary plasticias investigated by DMTA testing. SEM
micrographs evidenced that, in samples with 20 Wi the fibers were stressed until break with jast
small amount being pulled-out. The adhesion ofgblymeric matrix with the fibers improved by the
addition of GPE, possibly because of the formatibrstrong chemical bonds with the polymer matrix
through the epoxy groups of GPE. Therefore, thigpting agent can be applied to the blends, in which

the polymer matrix has OH or NH groups, to increhgseinteraction between the fiber and matrix.

Moreover, the mechanical properties of the celldgcetate composite with different natural
fillers were determined as a reference. Considdsoth processing conditions, the economic aspexts a
availability of raw materials on the market, bioquosites based on plasticized CDA reinforced with
regenerated cellulose (Lyocell) microfibers couktdme an interesting option for the production of

“green” biocomposites.
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However, cellulose diacetate presents a disadvanitagrocessing by extrusion. It seems difficult
to improve the elongation at break of celluloseceliate through plasticizers and processing by sixtinu
The author tried to increase the content of thetjgiaer GPE and TA but the elongation at breaksite
and modulus decreased due to a decrease in thacdid@ between polymer chains of the materials.
Moreover, it was attempted to blend plasticizedutete diacetate with different biopolymers and
toughness agents to enhance the toughness of ammtétowever, the cellulose diacetate has very high
surface tension and was immiscible with the comptsén blends. In addition, the TA and polymer
matrix have physical interactions as shown by theysis of TGA. It will be possible that the plastied
polymers and composite cannot maintain the mechhpioperties for long time in outdoor conditions.

This point can limit the application of materials.

To develop biocomposites with good mechanical pittgse and able to maintain them for long
periods of time that are inexpensive and that lagk thermo resistance for different applicatioihgs
necessary to develop a matrix with those propefitists For these reasons, blends of polylactid aeid
polycarbonate with and without a catalyst were @tigated carefully in Chapter Three. The effectof
catalyst and temperature on the mechanical pregenfiblends showed that the materials can obtgn h
miscibility processing at 230°C. Additionally, tha@lends with multi-catalysts in DMTA analysis
presented a new peak on tan delta, which is betwleenelaxation temperature of PLA and PC, as
evidence of the formation of a copolymer. Moreowbe data of TGA shows an increased thermal
resistance in blends containing a catalyst. It asicates that the new copolymer is formulatectaat

processing condition.

The mechanical properties of blends with varyingpants of polylactic acid demonstrated that
Young's modulus of blends improve as the PLA amasiiticreased. The blends obtained the maximum

elongation at break as the phases of blends weestad. More specifically, they fit well with some
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current models of mechanical properties. As thalgsit was added, Young's modulus of materials was

enhanced thanks to the increasing interface ofnpety by the formulation of new copolymers.

DSC and DMTA confirmed that as the content of P&@éased, the crystallinity of materials was
reduced. More specifically, the formula PLAAOPCE&DATALYST showed that the materials would not
lose storage modulus after the temperatureyatf PLA, namely no crystalline processing in thaheo
Due to the catalyst, the links between PLA and RLevincreased. Consequently, the PLA lessened the
mobility and the crystalline process could not btamed. These advantageous properties broadeaed th
application possibility of materials as comparedatorent polymers based on PLA. In addition, thé/ISE
and TEM confirmed once again the effect of a catatyn the morphology of blends. By reducing the
surface tension of PC and the new copolymer, ttezdntions between domain and matrix improved, and
the size of the domains increased. The biodegmdadsts demonstrated that the materials combined
with a catalyst slightly decreased the percentemfrddation after 70 days, but the speed of degoadat

was higher than with physical blends.

In Chapter Three, a new “hybrid” biopolymer wasnfioiated by blending PLA and PC. Although
the polycarbonates are not biodegradable, theyracgclable and thus are still friendly to the
environment. To decrease the environmental impécmaterials and to pursue the main focus of
development of biocomposites, PLA/PC copolymer didewith Tencel fiber are reported in chapter four.
The mechanical properties and thermo resistancsetisas morphology of PLA40PC60 and Lyocell
fibers are investigated carefully. Young's modutdi€omposites increases while the amount of cediilo
fibers increases, but the material will not chatige tensile strength significantly because of therp
interaction between the fibers and matrix as welbatween the PLA and PC phases. The presence of
Lyocell fibers not only decreases the elongatiobratk, but also facilitates the degradation proads

the composites, which are shown in the tensile B@é testing. Moreover, the fibers prevent the re-
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crystalline process of PLA in the PLA40PC60 matiiue to losing the storage modulus of materials at

low heat rates from the DMTA analysis.

However, catalysts can help overcome the negatiweepties of the PLA40PC60Ly15 composites.
The mechanical properties of the materials at t®es fiber content increase as compared to the
composites without a catalyst. The new chemicéklipetween fibers and matrix are obtained so et t
thermo resistance and mechanical properties of ctiraposites are enhanced. This was not only
confirmed by the FTIR analysis, but also by the DMdnd SEM results. The homogenous phase or co-
continuous phase between PLA and PC were achiewetithe adhesion between the fibers and matrix
was perfect, which fit well with the proposed meatken reaction of blends. The exploitation actioha o
catalyst in the formulation process of a copolymaeincrease the interaction between fibers and taixna
can open the doors to new processing methods atugiion of green composites, bio-based or hybrid
bio-degradable composites. This will counterbalaheenegative properties of low mechanical properti
and thermo resistance of biopolymers, potentialtpadening its applications in electronics, car

components, and in food packaging.

In the development the new types of biocompositis increased interaction between the fiber
and matrix by practical experiment, we found theg theory in determining the interface shear stteng
(IFSS) of short fiber and fillers is still open,cathis effect is not considered by the theory,@ltih this
is an important parameter on the mechanical prigsedf composites. For that reason, we developed a
new method for predicting IFSS by an expressioRufanszky’s model and of the Kelly-Tyson Davies

model, which is the focus of Chapter Five.

In this chapter, it was possible to establish adliink between Pukanszky's interaction parameter
B and fundamental parameters of the material sadbresile strengths of the matrix and of the fibdre
aspect ratio of the fibers, the orientation faetod the interfacial shear strength IFSS. It was pissible

to determine the minimum value & for which it is possible to predict the tensileesigth of the
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composite from the modified rule of mixtures, adlwee maximum value that B can achieve in the case
of continuous aligned fibers with the same typemattrix, fiber, and interface shear strength. Frbia t
analysis it was possible to express the interfasf@ar strength in terms of B and other material
parameters. It is possible to verify the monotdnietation between B and IFSS that has been suggjest
previously in the literature. A few examples ofadhtions of the IFSS;, from Pukanszky's interaction
factor B have been provided, using published litema values relating to nanocomposites with
organically modified nanoclays and carbon nanotuagsvell as composites reinforced with short ratur
fibers. This method will be used to determine TF®®& our experimental data in the previous chapter,
which will confirm the effect of the coupling ageo the interface shear strength of compositehén t
future, this new method will be used to comparehviihomason, Fu-Lauke or the current model in

calculatin the IFSS fiber composite.

The research focus of this dissertation was actieidew types of biocomposites based on
renewable resources and recycled polymers werdapmaeethat have high mechanical properties, thermo
resistances, that are biodegradable and recyclabéy will express the applications of biopolymansl
biocomposites in different life applications suehfaod trays, electric components, cell phone cwear
components, and helmets. In particular, new metHodsncreasing the interaction between fibers in
different polymeric matrices were obtained. They ba applied for different biopolymers and biofiber
present in the market to improve the mechanicapgmées and fracture toughness of biocomposite
materials. Moreover, the new model for estimatimg interface shear strength of fibers/fillers aseful
for predicting the mechanical properties of biocosifes not only in research, but also in production
The prediction of the IFSS of nanofillers in thetrixacan be applied, something that was never edéth

before in the theory.
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More specifically, materials were also developedinnndustrial scale for the production of "green
composites" with a pilot scale extrusion machinke products of this thesis not only apply to Iltalia

plastic companies but also to European projects:

- FP7 — KBBE project FORBIOPLAST (Forest Resoufagstainability through Bio-Based

Composite Development). 2010-2012.

- FP7-KBBE project DIBBIOPACK. (Development of agtion and blow extrusion molded
biodegradable and multifunctional packages by reafwtologies: improvement of structural and barrier

properties, smart features, and sustainability)222013

- FP7-KBBE project BIOBOARD (Bio-Board for a suist@ble protein-based paper coating

system) 2012- 2013.

- FP7-KBBE project OliPHA (Functional sustainabbeckaging)

- Thermozeta Company - Milano — Italy, producecaffee caps.

- Fiat Company - Torino- Italy - producer of cangmonents

- Acetati Spa — Verbania - Italy - producer ofrhet, sport components, etc.

- Mircotech - Venizia - Italy - producer of mixineellets and fillers for plastic components

- Euromaster - Prato - Italy - producer of mixirgjlets for plastic components
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